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ABSTRACT
A novel approach evolved from the classical Wilkens’ method has been developed to quantify the
local dislocation density based on X-ray radial profiles obtained by 3D synchrotron monochromatic
X-raymicrodiffraction. AdeformedNi-based superalloy consistingof γ matrix and γ ′ precipitates has
been employed as model material. The quantitative results show that the local dislocation densities
varywith the depths along the incident X-ray beam in both phases and are consistently higher in the
γ matrix than in the γ ′ precipitates. The results fromX-raymicrodiffraction are in general agreement
with the transmission electron microscopic observations.

IMPACT STATEMENT
A new approach based on 3D synchrotron microdiffraction showing broad application potential
in heterogeneous materials was developed and applied to quantify local dislocation densities in a
fatigued two-phase Ni-based superalloy.
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1. Introduction

Dislocations are present in all crystalline materials.
A quantitative description of the dislocation content,
including their type, density and spatial distribution, is
essential for understanding their origin, dynamics and
contribution to the materials physical and mechani-
cal properties [1,2]. Transmission electron microscopy
(TEM) is one of themost frequently employed characteri-
zation techniques for such studies [3]. However, when the
dislocation density exceeds 1014 m−2, it becomes chal-
lenging to count the dislocations precisely. Features of
their spatial arrangement as mutual screening of their
strain fields [4] are hard to obtain in conventional TEM
and only assessable using high-resolution mode [5].

X-ray (and neutron) diffraction is able to provide
useful information about the characteristics of disloca-
tions. Based on the X-ray diffraction radial line pro-
files, Wilkens has developed a method to describe the

CONTACT Kai Chen kchenlbl@gmail.com; Yubin Zhang yubz@mek.dtu.dk

screening of the strain field of dislocations by introducing
two parameters, namely the effective outer cut-off radius
Re and the dislocation screening factor M (M = Re

√
ρ)

[6,7]. A small or large M value implies a strong or weak
screening of the strain field of dislocations, respectively.
His method has been applied successfully to quantify
the dislocation density in a number of material systems
[8–10].

The development of synchrotron sources enablesmea-
suring diffraction profiles with high accuracy. With
monochromatic synchrotron X-ray, high-resolution
reciprocal space mapping technique, for example, dislo-
cation structures with dislocation-free regions separated
by dislocation walls can be discerned in individual crys-
talline grains and the local dislocation density within
individual subgrains revealed [11,12]. However, the spa-
tial distribution of dislocations and their densities in real
space cannot be obtained using this technique. Effects
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of local microstructural heterogeneities on the plastic
deformation behavior are thus difficult to be studied.
Another synchrotron technique, 3D Laue microdiffrac-
tion, utilizes focused polychromatic X-rays and differen-
tial aperture to resolve the diffraction signals from local
micrometer-sized voxels [13,14]. Employing this tech-
nique, the dislocation contents have been linked with the
shape of the Laue peaks [15]. The method has been suc-
cessfully used to identify the slip systems in deformed
materials [16,17] and to quantify the local geometrically
necessary dislocation density [18–20]. Most properties
such as strength are controlled by all dislocations includ-
ing the redundant dislocation density (not causing any
geometrical consequences). Determination of the total
dislocation density by polychromatic X-rays is difficult,
however [21].

Alternatively, the 3D intensity distribution of a diffrac-
tion peak in reciprocal space from a certain volume
within a specimen, can be obtained by tuning the
monochromatic X-ray energy using a specially designed
monochromator [14,22]. From the 3D intensity distri-
bution, radial line profiles can be obtained. So far, such
radial line profiles have not been utilized thoroughly
for investigations of the dislocation content. The present
study aims to accomplish such a quantitative character-
ization by extending the classical Wilkens’ method to
the radial profiles obtained by microdiffraction tuning
monochromatic X-ray energies.

2. Material andmethods

A deformed directionally solidified two-phase Ni-based
superalloy, DZ17G, was used as model material to
demonstrate the broad usage of the method. During
solidification, dendrites grow with one of their 〈001〉
directions along the temperature gradient. Perpendicu-
lar to the growth direction the dendrites are ∼200 μm
in width. Boundaries between two adjacent dendrites
may be either low- or high-angle boundaries depend-
ing on their mutual misorientation. The resulting grain
width (defined by boundary misorientation angles of 15°
and above) ranges from 200 μm to 2mm. This alloy has
a structure consisting of coherently oriented cuboidal
precipitates of an ordered L12 γ ′-Ni3(Al,Ti) phase in a
matrix of face-centered cubic (FCC) γ -phase [23,24].
The cuboidal γ ′ precipitates have an average size of
∼360 nm, with their edges aligned with the three crys-
tallographic 〈001〉 directions. The cuboids are distributed
uniformly in the γ matrix, which appears as intercon-
nected 3D channels separating the cuboids. The average
width of the γ channels is ∼35 nm. The volume frac-
tion of the γ ′ precipitates is about 70%. An as-cast sample
was vibration fatigued using a D-300 vibrating machine

of Suzhou SuShi TestingGroupCo., Ltd. inChina, follow-
ing the standard of the Ministry of the Aviation Industry
of the P.R.C. (HB5277-84). More specimen details were
given in section A in the supplementary material.

Synchrotronmicrodiffractionwas conducted at beam-
line 34-ID-E at Advanced Photon Source in the USA.
A polychromatic X-ray beam was focused to a size of
∼0.3 μmusing non-dispersive Kirkpatrick-Baezmirrors.
The sample was mounted on a holder at an inclination
of 45° to the incoming beam. Laue diffraction patterns
were recorded using a panel detector mounted in a 90°
reflection geometry 513.2mm above the specimen. The
detector position with respect to the incident beam was
calibrated using a strain-free silicon single crystal. A
sketch of the experimental set-up and an indexed Laue
diffraction pattern from the investigated region can be
found in section A in the supplementary material.

A monochromatic beam was used for mapping the
3D intensity distribution around the 800 diffraction spot
in reciprocal space by scanning the X-ray energy with
an energy step of 5 eV from 21.348 keV to 21.688 keV.
For each energy step, a Pt knife-edge scanning along the
sample surface at a distance of 250 μm was used as a
differential aperture for resolving the diffraction signal
from different depths illuminated by themicrobeamwith
a resolution of 5 μm. The energy and depth step sizes
were chosen to balance between accuracy of the resulting
radial line profile and time consumption. Four examples
of depth-resolved diffraction patterns obtained at differ-
ent X-ray energies from a small volume along the beam at
a depth of 5–10 μm below the sample surface are shown
in Figure 1(a). Based on the diffraction geometry and
the energy of the X-rays, the diffraction vector, Qi, for
each pixel in the diffraction patternswas determined. The
intensity distribution as a function of the length of the
diffraction vector, Q = 4πsinθ /λ (λ is the wavelength of
X-ray and θ is the Bragg angle), was determined for each
energy and each depth. By collecting the intensity distri-
butions of all individual energy steps for each voxel, an
X-ray radial line profile from a local volume at each depth
was determined.

3. Results and discussion

An example of the radial line profile for a depth of
5–10 μm is shown as black circles in Figure 1(b). It is seen
that the radial profile is asymmetrical, with a longer tail
at the lower Q than at higher Q. This is mainly due to
the presence of the γ and γ ′ phases, which have slightly
different lattice constants. To reveal the diffraction sig-
nal originating from each phase, the radial line profile is
separated into two subprofiles using a mirroring method
described in section B in the supplementary material.
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Figure 1. (a) Examples of depth-resolved diffraction patterns obtained at different X-ray energies from a volume 5–10 μm below the
sample surface. (b) Radial X-ray line profile based on scans with different monochromatic energy. For calculating the radial profile, the
diffracted intensity was summed in an interval of 0.030 nm−1 of the diffraction vector Q. The black circles are the calculated data from
experimental diffraction patterns, while the black line is a fit to the calculated data by multiple Gaussian functions. The orange and olive
lines are two subprofiles decomposed from the black line. The inset in (b) shows the fit result on a logarithmic scale.

For this separation, the ratio of the integrated intensity
between γ and γ ′ subprofiles at each depth is assumed
equal to the ratio of the macroscopic volume fraction
between the γ and γ ′ phases, i.e. 30:70. Considering the
fact that the size of the probed volume is much larger
than the sizes of the γ channels and γ ′ cuboids, this is
a reasonable assumption. Also, in section E in the sup-
plementary material it is shown that the influence of
different integrated intensity ratio is insignificant.

An example of separated subprofiles is shown in
Figure 1(b), where the orange and olive curves are from
the γ and γ ′ phases, respectively. The full width at half
maximum (FWHM) of the separated radial subprofiles,
δE, for the local volumes at different depths is determined
and shown in Figure 2(a). It is seen that δE for both
phases is different along the depths and the values for
the γ ′ phase are in general smaller than those for the γ

phase. The lattice constant a determined based on the

Figure 2. Quantitative results for the γ and γ ′ phases at different depths determined based on the radial line profiles from tuning
monochromatic energy. (a) FWHMof the radial profile δE . (b) Lattice constant a. (c) Latticemisfit�γ /γ ′ between twophases. (d) Apparent
dislocation screening factor M∗. (e) Apparent dislocation density ρ∗. (f ) The volume-weighted average apparent dislocation density
ρ∗ over the two phases. The error bars in (a–c) are derived from profile separation using integrated intensity ratios of 25:75 and 35:65
between the γ and γ ′ phases. Those of the dislocation densities (e–f) are based on the variations in FWHM in (a).
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maximum intensity of subprofile is smaller for the γ ′ pre-
cipitate than the γ phase (Figure 2(b)), leading to nega-
tive γ /γ ′ lattice misfit,�γ/γ ′ = 2(aγ ′ − aγ )/(aγ ′ + aγ ),
in a range between −0.05% and −0.11% (Figure 2(c)).

Based on the separated line profiles, the dislocation
screening factor M and the dislocation density ρ are
determined using the Wilkens’ method [6,7] for each
phase. A brief summary of the Wilkens’ method of
describing the X-ray line profile of restrictedly random
distributed dislocations (with equal amount of disloca-
tions having opposite signs of their Burgers vector) is
given here, while more details can be seen in section C
in the supplementary material. Series of radial profiles
normalized by the dislocation density were determined
numerically for different screening parametersM∗ in the
range 0.5–10 based onWilkens’ theory [6,7]. The asterisk
indicates that the normalized profiles were calculated by
taking into account restrictedly random distributions of
solely screw dislocations. The series of calculated radial

profiles was then compared to the experimental radial
profile by comparing the ratios between full width at sev-
eral different intensities and the FWHM. The calculated
profile with best shape matching to the experimental one
(in terms of these ratios) is identified and its apparent dis-
location screening factorM∗ and its FWHM, denoted as
δM

∗, determined. The apparent dislocation density ρ∗ is
then given by:

ρ∗ =
(

δE

δM∗

)2
. (1)

The actual dislocation density ρ can be determined using
Equation (2), considering also edge dislocations:

ρ = ρ∗ (Q2b2)∗C∗

(Q2b2)C̄
, (2)

where C̄ is a geometrical contrast factor depending on the
angles betweenQ, b (Burgers vector) and l (line vector) of
the involved dislocations. The contrast factor is 0.1667 for

Figure 3. TEM image showing thedislocation structure of theNi-based superalloy sample. In theupper part,γ andγ ′ phases are labeled.
A selected area electron diffraction pattern is inserted on the bottom right corner. Orange arrowsmark a γ channel, where no dislocation
is seen. The yellow arrow is parallel to the primary dendrite direction. The blue arrow indicates the direction of the microfocused X-ray
beam.
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screw dislocations (i.e. C∗) and 0.1889 for edge disloca-
tions [6], the average value C̄will be in the range between
these two values. The small difference between C∗ and
C̄ will result only in small differences between the ρ∗
and ρ. For simplicity and avoiding further assumptions
about the involved dislocations, the apparent parame-
ters ρ∗ and M∗ are directly used in this article. Last but
not least, for the present analysis, peak broadening from
size and instrumental effects has little influence on the
dislocation densities (about 10%, see section D in the
supplementary material) and is therefore omitted in the
calculations.

The apparent parameters M∗ and ρ∗ for each phase
and each depth are displayed in Figure 2(d,e), respec-
tively. The results show that the apparent dislocation
screening factors M∗ for the γ channels are in general
smaller than that for the γ ′ precipitates (Figure 2(d)),
which implies that δM∗ is also smaller for the γ phases
(see Fig. S3b). According to Equation (1), smaller
δM∗ and larger δE lead to larger ρ∗ for the γ phase
(Figure 2(e)). ρ∗ in general decreases from the surface to
the interior for the γ ′ phase, while no clear pattern is seen
for the γ phase. The volume-weighted average ρ∗ over
the two phases, at different depths is shown in Figure 2(f).
The average ρ∗ is generally higher in the region close to

the surface (with depth below 20 μm) than that in the
deeper region.

The average apparent dislocation density over the
entire characterized volume is ∼12.1× 1014 m−2 in the
γ phase and ∼5.7× 1014 m−2 in the γ ′ phase. Con-
sidering the volume ratio between the two phases, this
result suggests that the number of dislocations within the
two phases is similar. The apparent effective outer cut-off
radius Re

∗ = M∗/
√

ρ∗ of dislocations (not shown here),
varies from 12 nm to 78 nm with an average of 35 nm in
the γ phase, and from 53 nm to 141 nm with an average
of 76 nm in the γ ′ phase.

To confirm the quantitative results, themicrostructure
of the sample was characterized using TEM (see section F
in the supplementarymaterial). An example TEMmicro-
graph is shown in Figure 3. The dislocations are het-
erogeneously distributed between both phases. Darker
regions depict the majority of the γ channels, suggesting
a high dislocation density there, while no dislocations are
seen in some of the γ channels (see e.g. the one marked
by the orange arrows in Figure 3). The average disloca-
tion density in the γ phase is determined to be about
8.5× 1014 m−2 (for details see section F).

A large number of dislocations are also apparent in
some γ ′ cuboids, while no dislocation is seen in others.

Figure 4. Pseudowhite beamdiffraction patterns, calculated by summing the diffraction patterns collected through a series of energies.
From left to right and top to bottom, the depth is increased from 0–5 μm to 40–45 μm.
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The majority of these dislocations are inclined approx-
imately 45° to the cuboid axes and appear in pairs. It
remains uncertain if these dislocations reside within the
γ ′ cuboids; they may actually lie in γ channels paral-
lel to the TEM foil [25]. The density of dislocation in
the γ ′ phase can therefore not be quantified, but is obvi-
ously much smaller than in the γ phase. Nevertheless,
the level of the average dislocation density in the γ phase
determined from TEM is comparable with that deter-
mined from the radial line profiles, suggesting that the
calculation based on the local microdiffraction data is
reliable.

The fact that dislocations in the γ phase are confined
to the channels and the γ ′ precipitates are isolated by
the channels is likely to be the reason for the small val-
ues of Re∗ between 12 and 141 nm determined from the
microdiffraction data.

To understand the variation seen in Figure 2, pseudo
white beam diffraction patterns are obtained by adding
all diffraction patterns collected through the series of
energies for each depth. The result is shown in Figure 4.
Peak splitting is seen in several of the patterns, indicating
the presence of a subgrain boundary in the correspond-
ing local volume, i.e. between a depth of 15 and 35 μm.
Hence, the region closer to the surface belongs to a differ-
ent subgrain than the region probed in larger depth. The
higher average ρ∗ (Figure 2(f)) for the subgrain close to
the surface than that deeper in the volume, suggests that
the crystallographic orientation of different subgrains
plays a role for their plastic deformation and dislocation
accumulation. (The presence of a subgrain boundary at a
depth of 20–25 μm is likely to be also the reason for the
small lattice misfit seen in Figure 2(c)). The misorienta-
tion angle between both subgrains is atmaximumaround
0.9° (seen at the depth between 15–20 μmand 20–25 μm).
The (geometrically necessary) dislocation density esti-
mated using the Read-Shockley formula ρ = θ/bx [26]
based on the misorientation angle θ between subgrains
is ∼2.5× 1013 m−2, assuming a spacing x of 5 μm. This
density is about one order of magnitude less than the
total dislocation density determined based on the radial
line profile. The overwhelming contribution to the dis-
location density in the sample comes from redundant
dislocations (with opposing sign of their Burgers vec-
tor) as a result of the fatigue deformation of the Ni-based
superalloy [27,28].

4. Conclusions

In the present study, intragranular dislocation densities
in a vibration-fatiguedNi-based superalloy, DZ17G, have
been quantified based on 3D synchrotron monochro-
matic microdiffraction data using the classical Wilkens’

radial line profile method. In this manner, the redun-
dant dislocation density is revealed locally on small
length scale of 5 μm, which has not been accessed before
by X-ray diffraction, neither by conventional line pro-
file analysis, which cannot capture heterogeneities on
micrometer length scales, nor by local polychromatic
X-ray investigations, which solely revealed the geomet-
rically necessary dislocation content.

Our results show that large amount of redundant dis-
locations (in the order of 1014 m−2) are generated during
vibration fatigue test. The dislocation densities resolved
in the γ channels of the superalloy are about twice that
in the cuboidal γ ′ precipitates. Local variations in dislo-
cation density are seen for the γ and γ ′ phases at different
depth along the incident X-ray. Significant differences are
detected between two subgrains with misorientation of
∼1°.

Upon continued upgrades and developments of syn-
chrotron achieving orders of magnitude higher brilliance
and smaller size, the powerful approach introduced in
this article will allow resolving intragranular dislocation
structures with a spatial resolution better than 100 nm in
a broad range of materials.
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