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The response of a polycrystalline material to a mechanical load depends not only on the response 
of each individual grain, but also on the interaction with its neighbors. These interactions lead to 
local, intragranular stress concentrations that often dictate the initiation of plastic deformation and 
consequently the macroscopic stress–strain behavior. However, very few experimental studies have 
quantified intragranular stresses across bulk, three-dimensional volumes. In this work, a synchrotron 
X-ray diffraction technique called point-focused high-energy diffraction microscopy (pf-HEDM) is used 
to characterize intragranular deformation across a bulk, plastically deformed, polycrystalline titanium 
specimen. The results reveal the heterogenous stress distributions within individual grains and across 
grain boundaries, a stress concentration between a low and high Schmid factor grain pair, and a stress 
gradient near an extension twinning boundary. This work demonstrates the potential for the future use 
of pf-HEDM for understanding the local deformation associated with networks of grains and informing 
mesoscale models.
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Introduction
The vast majority of engineering materials are polycrystalline: a 
network of distinctly oriented crystals, or grains. Understand-
ing how elastic and plastic deformation initiates and propagates 
through this network is the key to predicting polycrystalline 
material behavior, preventing catastrophic failure, and devel-
oping novel engineering materials with improved performance 
[1–7]. However, the connectivity of the grain network causes 
local, intragranular stress variations that can deviate from the 
average (macroscopic) stress response drastically, and many 
active areas of research are directed toward both predicting 
these variations and understanding the consequences on plas-
tic deformation [8–13], damage [14–18], and crack initiation 
[16, 18–21].

For example, one well-known consequence of intragranular 
stress variations is non-Schmid behavior. Non-Schmid behavior 
is observed in all polycrystalline materials but particularly in 
materials with hexagonal close-packed (hcp) structures like α 
titanium (Ti). The activation of both plastic slip and deforma-
tion twinning is predicted using a critical resolved shear stress 
(CRSS) criterion that states that a specific plastic deformation 
mode will initiate when its unique CRSS value is exceeded: This 
is known as Schmid’s law. For hcp materials, reports showing 
a breakdown of Schmid’s law called non-Schmid behavior are 
prolific (e.g., [22–41]), with potentially both atomic-scale and 
microscale origins. At the atomic scale, conventional Schmid’s 
law does not account for sensitivities to the full 3D stress state 
(i.e., beyond the RSS) in cases where non-glide stress compo-
nents influence non-planar dislocation core structures. At the 
microscale, grain neighborhood interactions can lead to intra-
granular stress concentrations, but without the ability to resolve 
these local stress states, the correct stress to Schmid’s law cannot 
be inputted thus leading to the appearance of non-Schmid-type 
behavior. To study and de-couple atomic-scale and microscale 
origins of non-Schmid observations, we need local measure-
ments of the full 3D stress state across statistically significant 
volumes. A slightly different but related example of a critical 
need for intragranular stress measurements is the study of grain 
boundaries and the initiation, transfer, and impedance of plastic 
deformation. The behavior of plastic deformation at and across 
grain boundaries is related to defect accumulation, stress con-
centrations, and orientation relationships, also becoming pref-
erential sites for damage and failure nucleation [42–49]. As a 
result, the direct experiment observation of the complex stress 
evolution at and across grain boundaries is of great interest to 
the material science community [18, 50–56].

Over the past two decades, high-energy diffraction 
microscopy (HEDM) [57], which falls under the umbrella of 
three-dimensional X-ray diffraction (3DXRD) [58–60] tech-
niques wherein the sample is illuminated by high-energy 

monochromatic synchrotron X-rays during a 360° sample rota-
tion, has opened new doors for resolving the microstructural 
and mechanical evolution of polycrystalline materials. When 
the detector is placed far (~ 1 m) from the sample, classified as 
far-field HEDM (ff-HEDM) [61, 62], the elastic strain tensor, 
crystallographic orientation, location, and relative volume of 
each individual grain can be measured for tens of thousands 
of grains per scan [63]. However, with ff-HEDM, these values 
are averaged over each grain, i.e., grain-averaged. When a high-
resolution detector is placed near (∼10 mm) the sample, clas-
sified as near-field HEDM (nf-HEDM), the crystallographic 
orientation can be spatially resolved (e.g., [64, 65]) revealing 
the morphology and connectivity of the grain network. How-
ever, with nf-HEDM, the elastic strain tensor cannot be easily 
measured (although exciting progress has been made toward 
these efforts recently [66, 67]). The ff-HEDM orientation, spa-
tial, and strain resolutions are approximately 0.02°, 5 μm, and  
2 × 10−4, respectively [68], and the nf-HEDM orientation and 
spatial resolution are approximately 0.1° and 1 − 2 μm, respec-
tively [6, 69, 70]. Ff-HEDM and nf-HEDM are performed using 
a "box" beam [16, 62, 71, 72] or a vertically focused "line" beam 
[62, 64, 65] wherein the entire width of the cross-section of a 
sample is illuminated.

The newest variation of HEDM, which we refer to here 
as point-focused HEDM (pf-HEDM), is capable of both 
intragranular orientation and intragranular elastic strain tensor 
measurements, combining the collective advantages of nf-HEDM 
and ff-HEDM with up to 100 × increases in spatial resolution 
(from tens of micrometers to hundreds of nanometers depending 
on available beam focusing capabilities). With pf-HEDM, a 
horizontally and vertically focused (“pencil”) beam is rastered 
across the sample, recording ff-HEDM measurements at each 
raster location. Whereas ff-HEDM measurements are averaged 
over each grain, pf-HEDM measurements are averaged over 
the incident beam. Thus, if the beam size is smaller than the 
grain size, then ff-HEDM information (elastic strain tensor and 
crystallographic orientation) can be reconstructed intragranularly. 
In this way, pf-HEDM provides high-resolution spatially resolved 
measurements of orientation and elastic strain information similar 
to Bragg coherent diffraction imaging (BCDI) [73–76], dark-field 
X-ray microscopy (DFXM) [77–80], or differential-aperture X-ray 
microscopy (DAXM) [81–83]. The main differences between 
these other high-resolution techniques and pf-HEDM are that 
pf-HEDM measurements can be made across mm-sized networks 
of differently oriented grains with ease (i.e., without requiring 
any grain alignment or custom sample tilting), and pf-HEDM 
is not limited by sample tilting/rocking capabilities to capture 
potentially large intragranular orientation/strain gradients.

To our knowledge, pf-HEDM has been demonstrated by 
only two groups since 2019, both of which refer to it as scanning 
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3DXRD. (3DXRD is the preferred terminology outside of the 
U.S., while HEDM is the preferred terminology within the U.S. 
The International Union of Crystallography (IUCr) commission 
on Diffraction Microstructure Imaging (DMI) has current 
efforts to resolve these differences in taxonomy, the results 
of which are expected to be published in the near future.) In the 
first demonstration of scanning 3DXRD, Hayashi et al. measured 
the evolution of intragranular stresses in a low-carbon steel that 
undergone 5.1% elongation during tensile loading with 2.4 μm 
spatial resolution [84]. Later, Hektor et al. and Henningsson 
et al. used scanning 3DXRD to study local stress variations 
during grain growth around a tin whisker with 250 nm spatial 
resolution [85, 86].

To retrieve the high fidelity of intragranular orientation 
and strain variations, important notable efforts have been 
made by these groups. Initially, Hayashi et al. proposed a per-
voxel refinement method to approximate the orientation and 
strain using scanning 3DXRD data [84, 87–89]. The orientation 
and strain at each voxel within a grain were approximated 
independently by fitting the orientation and lattice parameters to 
the subset of diffraction peaks that intersected the voxel. Then, 
the grain morphology was determined by the discontinuity of 
orientation across a boundary based on the obtained orientation 
map. The primary assumption involved in this approach is that 
the subset of diffraction peaks intersected through a voxel only 
emanated from that single voxel, not from the entire region 
illuminated by the beam through the grain (and other grains). 
As a result, this method was shown to introduce bias and 
underestimate the strain gradient during strain reconstruction 
by Henningsson et al. [86]. Henningsson et al. [86] proposed 
a polycrystal refinement method that used prior knowledge of 
grain morphology obtained using a filtered back-projection 
algorithm before the intragranular orientation and strain 
reconstruction. Then, the connected grain map was obtained 
by superposing the boundaries of individual grains. The 
intragranular variation across the grain was retrieved by fitting 
the orientation and strain of all voxels inside a grain intersected 
by the beam simultaneously. To improve computational 
efficiency, an algebraic strain refinement method that added 
smooth constraints to suppress the high-frequency variation 
in strain components during the strain refinement process was 
proposed in the same work. More recently, Henningsson et al. 
[90] adopted a Gaussian process framework to incorporate a 
static equilibrium constraint during the local strain refinement 
and provided an uncertainty estimation in the reconstructed 
strain field. Only intragranular strain reconstruction results have 
been shown in Henningsson and Hektor’s work (i.e., without 
reconstructing the intragranular misorientation).

The pf-HEDM intragranular orientation and strain recon-
struction quality strongly depends on the peak searching and 
peak indexing capabilities of the chosen analysis software. 

Peak searching refers to the process of identifying individual 
Bragg reflections in the thresholded and background-sub-
tracted pf-HEDM images. Peak indexing refers to the process 
of determining each grain orientation, strain, and centroid by 
sorting the scattering vectors converted from peak searching. 
Multiple open-source software packages exist for ff-HEDM, 
including FABLE [91–93], HEXRD [61], and MIDAS [94, 95], 
and these packages can be adapted and used for pf-HEDM 
data analysis. The peak searching and indexing process in 
Hayashi et al. and Henningsson et al.’s work was performed 
using the main software package in FABLE, ImageD11 
(https://​github.​com/​FABLE-​3DXRD/​Image​D11). When the 
peaks can be unambiguously separated and determined dur-
ing the peak searching process, then the indexing process can 
be readily implemented. However, when the peaks overlap due 
to plastic deformation or the number of simultaneously illu-
minated grains being large, additional approaches, including 
volume reduction method [10] or the use of a conical slit [84, 
96, 97], have to be adopted. Moreover, the resolution of grain 
boundaries resolved by filtered back-projection will deterio-
rate [98], due to its sensitivity to diffraction peak intensity 
and indexing accuracy.

The pf-HEDM work presented in this manuscript uses 
advancements implemented in MIDAS [94, 95], namely, a 
multi-peak fitting approach and surface-scanning method 
designed to improve the peak indexing even in the case of 
overlapping or plastically deformed Bragg peaks. In this work, 
we present the results of a pf-HEDM experiment on a plasti-
cally deformed commercially pure (CP) hcp α-Ti specimen 
that was strained to 7% under uniaxial tension with a residual 
plastic strain of ~ 6.5%. A new framework for reconstructing 
pf-HEDM datasets is used that is now available within MIDAS. 
Instead of using the filtered back-projection algorithm, each 
grain is reconstructed based on the obtained orientation map 
at each voxel without prior knowledge. The advantage of this 
algorithm is the ability to yield more accurate information at 
the grain boundaries, down to one voxel, even under signifi-
cant sample deformation and diffraction peak overlap. The 
intragranular orientation and strain at each voxel are then 
refined and optimized using a gradient descent algorithm [99] 
by taking into account all voxels within the grain intersected by 
the beam simultaneously. (The details associated with this new 
analysis are discussed more in the section titled "Pf-HEDM 
analysis" and are the subject of an upcoming paper by Sharma 
et al.) The results show both the intragranular orientation and 
the local stress field across individual grains and grain bounda-
ries. Pf-HEDM reconstruction results are compared against 
those measured using ff-HEDM and nf-HEDM and match well 
with grain-averaged orientation and strain results. Finally, a 
stress concentration between a low and high Schmid factor 
grain pair and a stress gradient near an extension twinning 

https://github.com/FABLE-3DXRD/ImageD11
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boundary are observed and discussed. These results demon-
strate the potential for future cross-cutting opportunities for 
using pf-HEDM to understand the local elastic and plastic 
deformation associated with networks of grains in polycrys-
talline materials.

Ff‑HEDM and nf‑HEDM measurements
The HEDM experiments were conducted at beamline 1-lD-E 
at the advanced photon source (APS). A monolithic Si (111) 
bent double-Laue crystal monochromator was used on the 
synchrotron radiation of a superconducting undulator source 
at 55.67 keV with 0.001 relative energy bandwidth ( �E/E) 
[100]. Prior to the HEDM experiment, LaB6 standard pow-
der was used to calibrate the detector parameters (sample-
to-detector distance, detector tilt angles, and detector distor-
tion) of the far-field detector. And Au standard was used to 
get an initial guess of the sample-to-detector distance at each 
position for the near-field detector. The exact position was 
calibrated using the Ti sample. For the ff-HEDM measure-
ments, a 1.7 mm (width) × 0.2 mm (height) beam was used 
to characterize the volume of interest. The far-field detector 
consisted of a single amorphous silicon flat-panel GE detector 
[101] (2048 × 2048 pixels) with a pixel size of 200 μm, placed 
at a distance of 0.968 m from the sample. Diffraction patterns 
were integrated over 0.25° rotation increments with an expo-
sure time of 0.02 s as the sample rotated 360° about the verti-
cal axis (zS) as shown in Fig. 1, which coincided with the origi-
nal loading direction of the sample. A total of 1440 diffraction 
images were collected per measurement. Including the time 
for the detectors to output the data, each ff-HEDM measure-
ment took roughly 6 min. For the nf-HEDM measurements, 
the near-field detector consisted of a LuAG:Ce 25 μm-thick 
single-crystal scintillator and 2048 × 2048 CCD camera (QIm-
aging Retiga 4000DC, using a Kodak KAI-4022 CCD chip) 
with a 5 × Mitutoyo long working distance optical objective 
lens; the camera has 1.48 μm effective pixel pitch. Nf-HEDM 
measurements were taken with the near-field detector placed 
nominally at 5 and 7 mm from the sample. For each nf-HEDM 
measurement, a line-focused beam of 1.7 mm (width) × 1 μm 

(height) X-ray was used, and five sets of measurements were 
taken at a vertical separation distance of 10 μm. Diffraction 
patterns were integrated over every 0.25° interval as the sam-
ple was rotated 360° resulting in a total of 1440 diffraction 
images per scan. The exposure time for each image was 1.5 s 
for a total of ~ 35 min per layer. All ff-HEDM and nf-HEDM 
analyses were performed using MIDAS.

Pf‑HEDM measurements
The pf-HEDM experiment setup is shown in Fig.  1. To 
acquire the information on the intragranular length scale, 
the incident X-ray beam should only illuminate part of the 
grain. Therefore, for the pf-HEDM measurements, the inci-
dent beam is focused horizontally and vertically to a size of 
15 μm (horizontal) × 2 μm (vertical), which is smaller than 
the average grain size of the sample, using a pair of silicon 
compound refractive lenses [102]. During the pf-HEDM 
data acquisition process, the polycrystalline specimen is 
mounted on a turntable with a single rotation axis zS and 
is free to move along the transverse beam directions yL and 
zL by the translational stage. The lab Cartesian coordinate 
system (xL, yL, zL) is introduced to serve as a fixed point in 
all the measurements. The direction xL is made to parallel 
to incident X-ray beam direction. The sample coordinate 
system (xS, yS, zS) is introduced to extract the subset of the 
diffraction peaks at a voxel that is intersected by the X-ray 
("Pf-HEDM analysis"). The turntable which holds the sample 
is translated across the X-ray beam with a step size to col-
lect diffraction data from the volume of interest. Therefore, 
the rotation axis zS is given a new position in the laboratory 
coordinate system. In this paper, for a given vertical position 
zL, 105 rotation axis positions with a spacing of 15 μm were 
required to scan the entire sample cross-section. The scan 
step size along the yL direction was equal to the horizontal 
X-ray beam size. At each rotation axis position, diffraction 
spots from Ti sample were recorded using a far-field detec-
tor while sample was rotated around zS axis through an ω 
angle of 360° Each measurement was taken using the same 
rotation increment and detector distance as far-field HEDM 
discussed in "Ff-HEDM and nf-HEDM measurements." After 
the entire cross-section was scanned by the point-focused 
beam, the sample was then moved to the next vertical posi-
tion zL and the procedure was repeated until the sample 
was translated over a certain vertical range. In this paper, 
pf-HEDM measurement was performed at two vertical (zL) 
positions separated by a vertical distance of 10 μm. These 
two measurements were centered at the center zL position 
of the nf-HEDM and ff-HEDM measurements discussed in 
"Ff-HEDM and nf-HEDM measurements". Each pf-HEDM 
measurement took 9 h per vertical layer.

Figure 1:   Schematic of the pf-HEDM setup at the APS 1-ID-E beamline. 
The subscripts L, S, and d refer to the laboratory, sample, and detector 
coordinate systems, respectively. The diffraction angle 2θ, sample 
rotation angle ω, and azimuthal angle η are shown.
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Pf‑HEDM analysis
In this paper, the proposed pf-HEDM data reduction frame-
work is shown in Fig. 2. First, MIDAS begins with peak search-
ing at each rotation axis position yrot

L. The position of each 
peak is expressed in (xd, yd, ω ) coordinates, where (xd, yd) is the 
detector pixel coordinate system and ω is the sample rotation 
angle. Each peak position can also be defined by the diffrac-
tion angle, azimuthal angle, and rotation angle ( 2θ , η , ω ) in 
the laboratory coordinate system as shown in Fig. 1. During 
the peak search process, a list of peaks, which is expressed in 
a five-dimensional vector ( 2θ , η , ω , xd, yd), is identified and 
stored for each yrot

L position. For bookkeeping purposes, the 
dataset number, N, is then labeled by the yrot

L rotation axis 
position in the laboratory coordinate system. Since the rotation 
axis is translated along the positive yL axis, the peak position 
needs to be corrected (i.e., translated in the negative yL direc-
tion) with respect to the lab coordinate origin. Each peak is 
represented in a new five-dimensional vector ( 2θ *, η*, ω , xd*, 
yd*) after this correction. Then, a list of orientation candidates 

is independently generated by performing conventional ff-
HEDM analysis. This step improves the computation effi-
ciency. (Alternatively, MIDAS can also generate an exhaustive 
discretized set of candidate orientations based on the crystal 
structure and the full fundamental zone of corresponding ori-
entation space.) A square voxel grid is then generated for the 
sample cross-section for individual voxel indexing and fitting. 
The size of the voxels corresponds to the beam size in the yL 
direction (15 μm), so a total of 105 × 105 voxels are generated. 
Given a rotation angle ω and voxel position (xvox

S, yvox
S), we 

identify all of the yrot
L rotation axis datasets that illuminated 

the corresponding voxel at some point during the sample 
rotation using Eq. (1). The subset of measured peaks that may 
potentially correspond to this voxel is then determined when 
the relative distance between rotation axis position yrot

L and 
dataset number N, | yrot

L − N|, is less than half of the voxel size. 
Then a forward simulation [64, 103, 104] is performed at each 
voxel using the list of orientation candidates from ff-HEDM 
analysis. The forward-modeled peaks are then compared with 

Figure 2:   Flowchart for the pf-HEDM data reduction procedure. Conventional ff-HEDM data processing steps are used in blue and red, and diffraction 
data subset selection and sample voxelization are performed in orange and light green. The new voxel-specific and resultant intragranular pf-HEDM 
processing steps are presented in purple and dark green, respectively.
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the measured diffraction data subset. The resulting orientations 
with a completeness value (the ratio of simulated diffraction 
peaks to the experimentally measured peaks) higher than a 
predefined threshold (we used 0.8) are stored for each voxel. 
This procedure can yield multiple solutions for each voxel, 
especially close to a grain boundary. The orientation with the 
highest confidence value is then assigned to each voxel, and the 
grain morphology and grain map is automatically determined 

from the orientation map. A gradient descent algorithm [99] 
is used to optimize the forward simulation results of all vox-
els intersected by the beam with measured diffraction data-
set. The intragranular orientation and lattice parameters are 
then refined and determined from this optimization.1 The full 
details associated with this analysis procedure for pf-HEDM is 
the subject of an upcoming publication by Sharma et al.

 

Results
To verify the new pf-HEDM data reduction procedure, the 
pf-HEDM grain shape reconstruction results are compared 
with nf-HEDM in Figs. 3, 4, and the pf-HEDM strain mapping 
results are compared with the ff-HEDM results in Figs. 5, 7. 

(1)yrotL = xvoxS ∗ sin (ω) + yvoxS ∗ cos (ω)

Figure 3:   Comparison of nf-HEDM (a, c) versus pf-HEDM (b, d) reconstruction results: (a) and (b) shows the completeness of confidence value, (c) and (d) 
shows the spatially resolved crystallographic orientation maps where color corresponds to the inverse pole figure (IPF) shown which is normal to the 
vertical direction (zL).

1  In this paper, the average number of diffraction peaks is 168 per 
voxel. The maximum grain cross-section length is around 150 µm 
(10 voxels). For this largest grain, for example, the total number of 
unknowns is approximately 9*10*10 = 900 (where 9 is the number 
of unknown independent orientation and strain components), and 
the number of knowns is 168*10 = 1680 (where 168 is the number of 
peaks measured). Therefore, this system is overdetermined and the 
gradient descent algorithm can be applied to optimize the orientation 
(3 unknowns) and lattice parameter (6 unknowns) for each voxel.
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Figure 3(a, b) shows the confidence map for nf-HEDM (left) 
versus pf-HEDM (right). As mentioned in "Pf-HEDM analysis," 
during the orientation indexing and optimization process, a 
forward simulation is performed in each voxel. A scalar met-
ric, the completeness or confidence value, is assigned to each 
voxel, defined as the ratio of expected simulated peaks to the 
experimentally measured peaks. As is typical of conventional 
nf-HEDM reconstructions, in Fig. 3(a), the confidence value is 
high at the grain center and decreases as one approaches the 
grain boundaries. The disparity between confidence levels near 
to and far from the grain boundaries reveals the grain shapes. 
In contrast, the confidence value remains high throughout the 
pf-HEDM reconstruction in Fig. 3(b), even in pixels close to 
grain boundaries. The average confidence value is 0.93 with 
a minimum value of 0.8, meaning that, on average, 93% of 
the expected diffraction peaks are experimentally observed at 
each voxel. Figure 3(c, d) shows the spatially resolved crystal-
lographic orientation at each voxel for conventional nf-HEDM 
(left) versus pf-HEDM (right). These visualizations were con-
structed using MTEX 5.8.1 [105]. Each grain and its neighbors 
can be distinguished by the discontinuity of orientation across 
the boundary. The nf-HEDM orientation map in Fig. 3(c) 

matches well with the pf-HEDM orientation map in Fig. 3(d) 
with the only major difference being the spatial resolution, i.e., 
the ‘irregular’ grain shape in pf-HEDM is because the current 
spatial resolution of pf-HEDM is 15 μm instead of 2 μm in 
nf-HEDM.

Figure 4(a, b) shows intragranular misorientation maps of 
matched cross-sections in Fig. 3. Intragranular misorientation 
is defined here as the misorientation angle of each voxel inside 
a grain with respect to the grain mean orientation. As expected, 
intragranular misorientation is almost zero throughout 
the nf-HEDM map in Fig. 4(a), but the intragranular voxel 
orientations deviate from the mean grain orientations with a 
misorientation angle greater than 1.5° for pf-HEDM in Fig. 4(b). 
The grain with the largest intragranular misorientation angle 
magnitude is plotted in Fig. 4(c) with an expanded scale ranging 
from 1.6° to 3.2° to highlight the local intragranular variation.

Figure 5 shows the comparison between the results of the 
ff-HEDM analysis and the pf-HEDM analysis. Figure 5(a) show 
the ff-HEDM reconstruction where each grain is represented by 
a hexagonal prism. The location of each prism corresponds to 
the grain centroid position, the size of each prism corresponds 
to the relative grain volume, and the color of each prism 

Figure 4:   Comparison of nf-HEDM (a) versus pf-HEDM (b, c) reconstruction results: (a, b) spatially resolved intragranular misorientation maps; (c) 
intragranular misorientation map for the grain with the largest intragranular misorientation magnitude, labeled Grain 1.
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corresponds to the grain orientation according to the IPF. 
Figure  5(b) shows the grain-averaged elastic strain along 
loading direction, εzz, obtained from the ff-HEDM analysis. 
(Although we can measure the full elastic strain tensor, for 
simplicity, only strain component εzz is shown.) Several grains 
near the sample surface display a relatively higher grain-
averaged elastic strain value due to the fact that this particular 
surface was polished. In comparison, Fig. 5(c) shows the local 
elastic strain values from the pf-HEDM analysis. Notice that 
the local strain values are nominally the same between the two 
analysis types, with the main difference being the higher spatial 
resolution of the pf-HEDM technique. Even the grains that 
exhibit high stress concentrations due to polishing are captured 

in both Fig. 5(b) and (c), though in Fig. 5(c), we can resolve 
the depth of the polishing effects, which end about halfway 
through the surface grains and cause a noticeable gradient. The 
heterogeneous strain distribution within one select individual 
grain is shown in Fig. 5(d).

The stress tensor can be resolved by ff-HEDM and pf-
HEDM from the measured elastic strain tensor using Hooke’s 
law. To convert the measured elastic strain values to stress, 
we used the elastic constants for pure Ti (C11 = 160, C12 = 90, 
C13 = 66, C33 = 181, C44 = 46.5 GPa) [106]. The spatially 
resolved stress measured using pf-HEDM is shown in Fig. 6. 
Although we can measure the full stress tensor, for simplicity, 
only the stress in the original loading direction, σzz, is shown. 

Figure 5:   Comparison of ff-HEDM (a, b) versus pf-HEDM (c, d) reconstruction results: (a) ff-HEDM reconstruction where each grain is indicated 
by a hexagonal prism. The location of each prism corresponds to the grain centroid position, the size of each prism corresponds to the relative 
grain volume, and the color of each prism corresponds to the grain orientation according to the IPF shown on the right. (b) The same ff-HEDM 
reconstruction is shown in (a), except now the color of each prism corresponds to the grain-averaged elastic strain in the loading direction εzz. (c) 
pf-HEDM colored by the local elastic strain in the loading direction εzz. (d) Intragranular pf-HEDM elastic strain in the loading direction for one select 
grain from (c).
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The average stress component σzz from ff-HEDM and pf-
HEDM is approximately 0 MPa. The spatially resolved stress 
maps are compared for ff-HEDM versus pf-HEDM in Fig. 7. 
Figure 7(a) shows the local intragranular stresses resulting 
from the pf-HEDM analysis, which reveals the heterogeneous 
stress distribution across the sample as well as across each 
individual grain and grain boundary.

To compare the pf-HEDM results shown in Fig.  7(a) 
with that of the conventional HEDM analysis, the 
ff-HEDM measurements of elastic strain and the nf-HEDM 
measurements of spatially resolved orientation were merged. 
Two criteria were used to connect the nf-HEDM indexed 
grains to the ff-HEDM indexed grains: (1) Center of the 
grain position within 50 microns in the Euclidean distance 
in the xL − yL plane; (2) Misorientation angle within ± 5°. The 
results are shown in Fig. 7(b). As was observed for the elastic 
strains in Fig. 5, the grain-averaged stress values obtained 
via conventional HEDM match the nominal values obtained 
via pf-HEDM, and the pf-HEDM results provide additional 
information about the intragranular stress variations inside 
the grains.

To highlight the importance of resolving intragranular 
stresses, Fig. 7(c) compares the ff-HEDM versus pf-HEDM 
stress values along a dotted line across the sample. The vertical 
dotted lines indicate where grain boundaries exist, so that the 
spaces between the vertical lines corresponds to individual 
grains. The blue horizontal lines represent the stress value 
converted from the ff-HEDM results, and the red scatter 
points represent the intragranular stress values converted 
from the pf-HEDM results. This comparison shows that, for 
some grains, the deviation between local and average stress 
values is small (e.g., for the grain located between x = 410 and 
550 μm). However, for other grains, deviation between local 

and average stress values can be significant (e.g., for the grains 
located between x = 110 and 160 μm, and between x = 729 
and 780 μm). Figure 7(d) highlights the stress heterogeneity 
across one grain measured with pf-HEDM. Across this grain, 
the stress changes from − 68 MPa at the bottom left region to 
18 MPa at the top right region.

Furthermore, the stress discontinuity can be directly 
observed across each grain boundary as well as twin boundaries 
where present. Figure 7(a) shows many localized regions of high 
stress, i.e., stress concentrations, and stress gradients at and 
across grain boundaries. Figure 7(e–g) shows the ff-HEDM 
versus pf-HEDM stress values across the grain boundary 
between the grains labeled G2 and G3. These two grains have 
disparate maximum Schmid factors for plastic slip of 0.02 and 
0.42, respectively. This grain pair is surrounded by grains with 
heterogeneous stress state, with a tensile stress as high as 40 MPa 
near the pair’s grain boundaries (see Fig. 7(g)). Figure 7(h–j) 
show a boundary that can be identified as a {10 1 2} < 1011> 
extension twin boundary. Although the average stress between 
the two grains is within 10 MPa, a sharp gradient of roughly 
50 MPa can be observed across the twinning boundary labeled 
TB (see Fig. 7(j)).

Conclusion
The local, intragranular crystallographic orientation and 
elastic strain were mapped across a bulk plastically deformed 
CP α-Ti specimen using pf-HEDM. A novel pf-HEDM 
reconstruction algorithm based on the MIDAS software 
package is demonstrated. Compared with conventional 
ff-HEDM and nf-HEDM, the pf-HEDM reconstruction 
displays higher reconstruction confidence, especially at the 
grain boundary region, with significantly improved spatial 

Figure 6:   Pf-HEDM reconstruction of the stress along the loading direction σzz: (a) pf-HEDM reconstruction result with a large color bar range. (b) The 
same pf-HEDM reconstruction with a tighter color bar range to highlight the intragranular heterogeneity in the bulk.
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Figure 7:   Ff-HEDM + nf-HEDM versus pf-HEDM comparison: (a) pf-HEDM reconstruction showing intragranular stresses in the loading direction σzz. 
(b) Conventional ff-HEDM + nf-HEDM reconstruction showing grain-averaged stresses in the loading direction σzz (stresses measured using ff-HEDM, 
spatially resolved orientation map measured using nf-HEDM). (c) Comparison of ff-HEDM versus pf-HEDM stress values along a dotted line across the 
sample. (d) Comparison of ff-HEDM versus pf-HEDM stress values along a dotted line across one grain labeled G1. (e, f, g) Comparison of ff-HEDM (f ) 
versus pf-HEDM (e) stress values across a grain boundary between the grains labeled G2 and G3. (h, i, j) Comparison of ff-HEDM (i) versus pf-HEDM (h) 
stress values across an extension twin boundary.
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resolution. Pf-HEDM reconstruction results match well 
with that of conventional ff-HEDM and nf-HEDM, while 
the pf-HEDM results reveal the significant intragranular 
stress variations within individual grains and across grain 
boundaries. The comparison shows that the local stresses can 
deviate significantly from the grain-averaged stress values 
measured using ff-HEDM, with some stress values ranging 
from compressive to tensile within a single grain. We also 
observe a number of local, intragranular stress concentrations, 
including a stress concentration across a grain boundary 
between a grain pair with disparately low and high Schmid 
factors. And we also observe a number of large stress gradients, 
including a residual stress gradient across an extension twin 
boundary.

This work demonstrates the importance of developing 
techniques that can be used to measure local, intragranular 
stress concentrations and gradients such as pf-HEDM. Current 
mesoscale phase field and crystal plasticity simulations have 
evolved to the point where it is now computationally feasible 
to model the local stress state evolution inside a known 3D 
microstructure [5, 38, 39, 38–39], yet many such models still 
have difficulty capturing the local micromechanical evolution 
when significant plastic deformation has occurred. The 
measurement of intragranular orientation and stress evolution 
using pf-HEDM will significantly help inform and validate these 
models. These efforts will facilitate the materials science and 
mechanics communities’ ability to predict fundamental material 

and micromechanical phenomena such as plastic deformation, 
crack initiation, and fracture. Near-term future work includes 
in  situ pf-HEDM measurements to characterize slip and 
deformation twinning events from embryo, efforts which will 
be aided by increasingly higher spatial resolutions enabled by 
beamline and synchrotron upgrades at the APS and elsewhere.

Experimental and materials
A dog bone-shaped CP α-Ti sample with a cross-section area of 
2.97 × 1.02 mm2 was cut out from a 99.99% Ti sputtering target 
(Kurt J. Lesker Company) via electrical discharge machining 
(EDM). The sample was encapsulated in a quartz tube with 
residual argon pressure of < 50 mTorr and subjected to a heat 
treatment at 815 °C for 4 h then air quenched. A thin non-flaky 
uniform oxide layer formed on the surface and revealed the 
underlying equiaxed grain structure of 65 μm. One side of the 
sample surface was hand-grinded and mechanically polished, 
starting with 320 grit SiC abrasive paper and eventually, 1 μm 
suspended alumina slurry until a mirror surface was achieved. 
Then 600-grit SiC particles were painted on the polished surface 
for digital image correlation (DIC) analysis. The Ti sample was 
continuously loaded in uniaxial tension at a constant crosshead 
displacement velocity of 0.1 mm/min using an Instron hydraulic 
load frame as shown in Fig. 8(a). The experiment was stopped at 
a final macroscopic displacement of 0.9 mm. The macroscopic 
stress was calculated using output from a load cell placed at the 

Figure 8:   Macroscopic stress–strain data from tension experiment and digital image correlation images (DIC) for pure Ti specimen (a) Uniaxial tension 
loading curve with total displacement 0.9 mm control under strain rate of 0.1 mm/min. The yield strength is around 210 MPa. (b) DIC results in the 
loading direction at residual strain values of 0.85%, 3.88%, and 6.48%.
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top of the sample. An IMI-Tech 1200FT optical camera was used 
to collect images of the speckled surface every 2 s with 1200 × 
1600 pixels resolution corresponding to 3.9 μm/pixel. VIC-2D 
from correlated solutions was used to calculate the macroscopic 
strains. Figure 8(b) shows the spatial distribution of the strains 
along loading direction at residual strain values of 0.85%, 3.88%, 
and 6.48%. It was clear that the strain distribution was hetero-
geneous and accumulates in localized regions of the sample. 
After loading, a 1 × 1 × 5 mm3 sample was EDM’d from the gage 
section with the long 5 mm axis aligned with the loading direc-
tion. The polished surface was preserved to locate and orient the 
HEDM scans. This plastically deformed sample (Point C) was 
used for the HEDM experiment.
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