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Characterizing crystallographic orientation is essential for assessing structure-property relationships in crys-
talline solids. While diffraction methods have dominated this field, low throughput and high cost limit their
applicability to small, specialized samples and restrict access to well-funded research institutions. We
develop a complementary method that expands applicability and broadens access. We demonstrate crystal
orientation mapping over centimeter-scale surfaces using nothing more than a conventional optical micro-
scope and commercial laptop. Our approach relies on a novel analysis method that correlates crystal lattice
orientation to optical reflectance of specially etched surfaces. We successfully apply the method to metal and
semiconductor surfaces. The simplicity, low cost, and enhanced sample throughput of our method promise
to expand the availability of crystallographic orientation mapping significantly, making it readily available in
education as well as academic research and industrial settings.

© 2020 The Authors. Published by Elsevier Ltd on behalf of Acta Materialia Inc. This is an open access article
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1. Introduction

Cornerstones of modern technology, such as miniaturized elec-
tronics, efficient energy harvesting devices, and high-performance
aerospace engines, exist due to advances in crystalline materials. The
majority of these materials are polycrystals—aggregates of crystalline
grains with different atomic lattice orientations [1]. The properties of
a polycrystal depend on the size [2,3], shape [4,5], and the relative
lattice orientations of its constituent grains [6]. Assessing these quan-
tities throughout the lifetime of a material—from its design in the lab-
oratory, through the qualification of parts for service, and the analysis
of eventual failure—is vital both for predicting the performance of
existing materials and for designing new ones.

Measuring the orientations of individual grains in a polycrystal by
electron microscope was an important milestone in the development
of crystallographic characterization techniques. Kikuchi diffraction
occurs when high-energy electrons strike a crystalline surface and
scatter back, projecting high density scattering bands along direc-
tions that are related to the structure and orientation of the crystal
[7,8]. This phenomenon forms the basis of electron backscatter dif-
fraction (EBSD), which has become the gold standard for characteriz-
ing the surface crystallography of crystalline solids [9,10]. However,
EBSD analysis of surfaces is a time- and capital-intensive practice,
limited to small, specialized samples. We present a new method for
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assessing crystal orientation based on directional reflectance micros-
copy (DRM) that avoids these shortcomings. Rather than diffraction
from the atomic lattice, this technique is based on optical reflection
from orientation-dependent features on the surface [11].

Many materials can be etched to preferentially remove small
amounts of material from the surface of specific crystallographic
planes [12]. The resulting structure is dominated by microscopic fac-
ets, which inherit their direction and geometry from the underlying
atomic lattice orientation [13,14]. This relationship provides the fun-
damental connection between surface structure and crystallography
which conveys lattice orientation information to a scale that is visible
by optical microscopy. By introducing a novel method to analyze light
scattering from these structures, we employ DRM to map crystal ori-
entation across the surface of nickel (Ni) and silicon (Si). Using this
technique, DRM becomes a powerful new characterization tool for a
variety of materials.

2. Methods

We demonstrate grain orientation mapping by means of DRM on
two samples; a >99% pure Ni coin and a fragment from a 1 mm thick
polycrystalline Si solar cell. We prepared the surface of both Ni and Si
samples by mechanical polishing. The samples were chemically
etched to generate the surface features for DRM. The Ni sample was
immersed in an unstirred chemical bath of Marble’s reagent (10g
CuSO4 dissolved in 50 mL 36% hydrochloric acid and 50 mL deionized
water) for 180 minutes at room temperature, and the Si wafer was
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immersed in unstirred 13wt% potassium hydroxide solution for 40
minutes at 40°C. We characterized etch-induced surface structures
and grain orientation by means of scanning electron microscopy
(JEOL 7600F field emission microscope) and EBSD (Oxford instru-
ments Nordlys 2S detector), respectively. EBSD measurements were
taken with 15 @A emission current, 20 kV accelerating voltage, and a
15 pum step size.

The apparatus used for DRM measurements includes a sample
stage, a fixed microscope focused on the stage from above, and a
moveable arm which holds the light source. The configuration is
shown schematically in Fig. 1c. We varied the direction of incom-
ing light by means of two motors, which control the light source
azimuthal angle, ¢, and elevation angle, 6. We used a Cold White
Collimated LED for Olympus by Thorlabs as light source, and an
Olympus SZ6145 equipped with a DMK 33UX250 CMOS black and
white camera as microscope. To automate data gathering, we
used an in-house developed Matlab software interface that con-
trols the angular motors and microscope camera. We collected a
set of 72 images taken in 5° increments across ¢. For each ¢, we
varied the elevation 6 between 5° and 70° above sample horizon
in steps of 2.5°. A complete DRM dataset consists of 1944 micro-
graphs—one for each (g, 0) illumination direction. To compensate
for uneven light intensity, we acquired a corresponding set of
micrographs taken after replacing the sample with a uniform
white reflector. We used this additional dataset as a background
for normalization [16]. As the elevation of the light source
increases, the intensity of illumination on the sample also
increases. In order to maintain ideal contrast in micrographs
taken across 6, we adjusted the exposure time of the camera to
compensate for the variation in illumination. The ideal light

[001]

intensity in a unit area of the surface varies according to

I = sin(6) (1)
so we adjusted the exposure time by
E= % = C-csc(f) - sin(45°) (2)

where C is the empirically determined optimal exposure time when
60 = 45°. This method assures approximately constant contrast
between features in micrographs taken at different incident light
angles.

3. Results
3.1. Crystallographic directional reflectance

In the face centered cubic crystal structure of Ni, {111} planes of
close-packed atoms have the slowest etching rate due to their mini-
mal surface energy. During etching, pits consisting of {111} facets
preferentially develop across the entire surface. Fig. 1a shows the cor-
rugated surface of an etched Ni grain, which is covered by two types
of {111} facets. When monodirectional light strikes such a surface
along the normal direction, much of it will undergo specular reflec-
tion from these facets and a much lower proportion will reflect in
other directions. Each facet orientation will reflect light in only one
direction, so grains that share the same surface structure will also
have the same specular reflection pattern—which we refer to as
directional reflectance. The directional reflectance corresponding to
the surface in Fig. 1a is visualized in Fig. 1b as a hemisphere above
the surface surrounding the point of illumination, with intensity

3 mm

[011]

Fig. 1. (a) SEM micrograph of the etched Ni surface showing faceting dominated by two main {111} crystal surfaces. (b) A 3D representation of the corrugated surface from (a) with
the corresponding angular reflectance superimposed. The bright regions of reflectance intensity highlighting two primary reflection directions which correspond to specular reflec-
tion from the two main facets. (c) A schematic representation of the DRM apparatus used to measure the reflectance distribution shown in (b) by changing the position of the light
to vary the incident angle in terms of two angular coordinates (¢, #). (d) Surface normal texture map produced by analysis of DRM measurements on a 2cm coin of polycrystalline

Ni. (e) The same texture map produced by EBSD.
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related to the reflectance in each direction. The two bright spots cor-
respond to the specular reflections from the {111} facets. Directional
reflectance is a subset of the bidirectional reflectance distribution
function which provides information about the orientation and
geometry of these reflecting features across the surface [15].

Designing a measurement apparatus based on an array of detec-
tors to compare reflectance in many directions simultaneously is
complex. Instead, taking advantage of the reciprocity of reflections,
we capture the angle-dependent surface reflectance by rotating the
light source relative to the fixed sample and camera. This implemen-
tation, shown schematically in Fig. 1c, forms the basis of directional
reflectance microscopy (DRM)[16]. DRM involves capturing a series
of optical micrographs of the sample illuminated from different direc-
tions. Through mathematical analysis of directional reflectance across
the series of micrographs (detailed in Section 3.2), we identify grains
and measure their three-dimensional (3D) crystallographic orienta-
tion (as explained in Section 3.3).

The signature output from EBSD is a map showing the crystal lat-
tice orientation at each pixel, color coded based on the inverse pole
Fig. of the crystal structure under analysis. By convention, [100]-ori-
ented grains are colored red, [110] grains green, and [111] grains
blue. Intermediate orientations are represented by colors that inter-
polate between these extremes. In Fig. 1, we show the grain map of a
2 cm diameter polycrystalline Ni coin that was calculated by DRM
analysis (Fig. 1d) compared to one produced using EBSD measure-
ments (Fig. 1e). The two maps are generally in very good agreement.
The DRM map took around 30 minutes to compile using a desktop
apparatus without atmosphere control. The EBSD map could take
several hours depending on the EBSD camera and settings (here ~6
hours) using professionally maintained commercial instrument and
must be conducted in high vacuum.

3.2. Quantitative analysis of directional reflectance

A DRM dataset contains a series of micrographs where the angle
of incoming light for each micrograph is defined by azimuthal and
elevation coordinates (¢ and 6, respectively). Because the sample
and microscope detector are both immobile, there is no need to
refocus the image or perform image registration within a dataset;
the same point on the sample will appear in the same pixel of each
micrograph. The DRM dataset forms a 4-dimensional matrix of
reflectance where each element is defined by its Cartesian coordi-
nates on the sample surface (2-dimensionally) and the incident
light angle (by the two angular parameters). The individual micro-
graphs are slices of this data space at fixed ¢ and 6. The data can
also be sliced holding the position constant, giving a description of
angle-dependent reflectance for a single pixel or group of pixels (i.
e. a grain) in each micrograph. We call this representation a direc-
tional reflectance profile (DRP). DRPs quantify the intensity of light
reflected along the sample normal as a function of the incident illu-
mination angle. Fig.s 2a, 2d, and 2g show example DRPs from three
different grains. DRPs main features are bright specular reflection
peaks centered at specific angles as well as dimmer bands connect-
ing the peaks, which we attribute to the curvature of the edges
between {111} facets.

The angular coordinates of each peak can be used to recover the
normal vector to the associated {111} surface facet [17]. The in-plane
component of the vector, ¢_;;7-, is the ¢p-coordinate of the reflec-
tance peak center, ¢p, While the out-of-plane component, 0_;;;-, is
given by
01, = 5(90+0p) 3)
where 6p indicates the 6-coordinate of the reflectance peak center.

The 6 measurement angles in DRM are practically limited to 5° < 6
< 70°. At shallower angles, light is attenuated by self-shadowing

between features on the sample surface. At higher angles, the light
source interrupts the light path to the microscope. This range of mea-
surement angles corresponds to 47.5° < 6_;;;. < 80°, limiting the
visibility of {111}-facet peaks for crystals with out-of-plane orienta-
tion near [001] and [111] (e.g. Figs. 2a and 2d, respectively). In these
cases, the center of a reflection peak is not visible, so calculating ori-
entation is not possible solely by identifying peaks.

We also consider the reflectance bands which follow great circles
that connect <111> poles of the crystal via <101> directions, as
shown schematically in Figs. 2b, 2e, and 2h for the three principal
crystal orientations. In these schematics, blue and green facets corre-
spond to {111} and {101} planes, respectively. Because peaks and
bands all lie along the same family of great circles, we compile the
total reflectance along many possible great circles in the DRP to iden-
tify those with highest intensity. This group of great circles are all
related by the symmetries of a cubic crystal, so they are equivalent
with respect to crystal orientation. We apply a discrete implementa-
tion of the Funk-Radon transform (FRT), which converts a DRP
parametrized by ¢ and 6 into a function of great circle angular coordi-
nates (yq, y2). The FRT is the polar coordinate version of the linear
Hough transform operation used to index diffraction patterns in
EBSD [9]. Mathematically, the FRT is expressed as

[ rwdsw (4)

ueC(x)

FRTf(x) =

where FRT f(x) denotes the FRT of a function, f(x), which expresses
the reflectance intensity in the DRP. The basis of great circles along
which to integrate is defined on the sphere S Each individual great
circle C(x) is formed by a set of vectors, u. This set is defined in terms
of the normal vector x by

C(x) :{uesz

xu:O} (5)

The FRT integral is evaluated by integrating all u for each great
circle C(x) in the set of great circles of interest, where f(u) is the
value of the function along the direction of u and ds(u) is the arc
length of the great circle associated with u. In our implementation,
we parameterize x by the elevation, y;, and azimuthal, y,, angles,
similarly to the two angles varied during DRM. Some great circles
can be omitted from our FRT because they will never intersect the
domain of the DRP. One such instance is the great circle that coin-
cides with the equatorial line in the sample reference frame. Thus,
we only identify the DRM angle pairs corresponding to each
remaining great circle. Using this correspondence, we populate
a fourth order tensor, T, describing the discrete FRT, F, from a DRP,
R, by

By, =Ty 000 Roo (6)

In general, each point on the DRP will transform into a curve on
the FRT containing all the great circles which intersect at that
point. A pair of points in the DRP transforms in two curves in the
FRT, whose intersection identifies the great circle connecting the
two points. An arc on the DRP transforms to a standalone peak in
FRT space. Once T has been computed, we apply Eq. 6 to transform
any DRP into the corresponding FRT. The FRT matrix can be plotted
to visualize the integrated intensity along great circles in a y;-y»
Cartesian space. Figs. 2c, 2f, and 2i show the FRT matrices corre-
sponding to the DRPs in Figs. 2a, 2d, and 2g, respectively. We iden-
tify the great circle which contains the most total reflection
intensity in a DRP by locating the global maximum in the corre-
sponding FRT. Using the FRT to identify this great circle has the
advantage of increasing the orientation-dependent information
that can be extrapolated from DRPs by considering reflectance
peaks and reflectance bands together, as opposed to using fitting-
based methods on DRPs directly.



B. Gaskey et al. / Acta Materialia 194 (2020) 558—564

o
S

Reflection Intensity

o

561
100 -20
>\ >
- -
= =
o R C
[ [
b -
= £
[ = =
.2 il
- -
9] 9]
(] (]
= <
(] (Y]
o o
0 0

45 =
F . ™ K3 -
0 0 = L] 0
0 90 180 270 360 0 90 180 270 360 0 90 180 270 360
Y, Y, Y,
[111]
[001] [011]

Fig. 2. The relationship between directional reflectance, crystal lattice orientation, and Funk-Radon transform for three exemplary Ni grains. (a) DRP from a [001]-oriented grain
containing 4 notable reflectance peaks visible at the DRP edges; (b) corresponding crystal orientation showing that the reflectance maxima are associated with <111> directions
(in blue); and (c) corresponding FRT exhibiting 4 curves associates with the 4 reflectance peaks in the DRP. (d) DRP from a [101]-oriented grain similar to that shown in Fig. 1a and
1b, with only one reflectance band associated with (e) a single great circle linking the two <111> directions and giving rise to (f) a single maximum in the FRT. (g) DRP of a [111]-
oriented grain with weak 6-fold symmetry in the DRP compared to (h) a 3-fold symmetry of the crystal lattice itself, and (i) a single broad feature in the FRT. DRPs like this one are
the most difficult to index properly due to the lack of well-defined peaks or bands, and the ambiguity brought about by the symmetry.

3.3. Calculating grain orientation from directional reflectance

We segment a DRM dataset into the materials constitutive grains
using a Canny edge-detection algorithm described previously [36].
For each grain, we take the median value of the constituent pixels to
build a representative DRP and perform the FRT operation according
to Eq. 6. The DRP and FRT together form the input to the orientation
indexing algorithm.

Three angles are required to specify the 3D orientation of a crystal.
The FRT maximum provides the coordinates (y;, y») of the maximum
great circle. The third angle describes where on that great circle a
(111) vector can be found. We use different algorithms to calculate
this third angle, depending on features of the DRP and FRT. If the FRT
has a second local maximum, we use the intersection between this
second great circle and the global maximum, which lies along a (111)
vector. In situations where only one great circle can be found, we
examine the DRP directly and derive the third angle from the (¢, 6)
coordinates of the reflectance peak using Eq. 3. To provide additional
precision, we interpolate the location of the reflectance peak with a
simple quadratic fit independently along both ¢ and 6. Grains with
reflectance peaks that lie near the edge or outside the viewing area of
the DRP (such as those in Figs. 2a and 2g) require specialized analysis
to accurately calculate the location of the peak center or correctly
identify the optimal great circle.

When reflectance peaks fall below the low-0 edge of the DRP—
as it is for near [001]-oriented grains—only the peaks tail is visi-
ble (Fig. 2a). Plotting the reflection intensity in this tail as a func-
tion of & shows how the reflectance decays as a function of
distance from the reflection center. A Lorentzian or Cauchy distri-
bution empirically fits this decay well in most cases, and the cen-
ter of the peak can be estimated based on the fitting parameters
of the distribution.

When the DRP maximum occurs at high-6 angles—as it is for near
[111]-oriented grains—the peak center falls within the gap in the
DRP domain caused by obstruction of the camera (Fig. 2g). In this
case, the most important features on the DRP are the bands which
originate from this central reflectance peak. These bands lie on rele-
vant great circles, but they can be overshadowed in the FRT by the
high-6 reflectivity around the peak, leading to a spurious maximum
in the FRT. To simplify the analysis, we consider a binarized DRP that
assumes value zero unless the intensity at a point is a local maximum
along the ¢ direction. This operation yields a DRP with ones primarily
along the centers of reflectance bands. We smoothen the binarized
DRP by Gaussian blurring to limit measurement noise and apply the
FRT operation. This FRT specifically highlights the bands that inter-
sect at the obscured reflectance peak with much greater contrast and
it always contains at least two maximal great circles from which the
angular location of the <111> vector can be estimated accurately.
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Any of these methods yields a pair of rotation angles (y;, y») speci-
fying a great circle in the FRT, and the vector direction of [111] which
lies along the same great circle. The great circle also intersects [111],
so the normal vector to the plane containing the great circle is the
cross product of these two vectors, [110]. We calculate the compo-
nents of this vector from the great circle angles. Rotating [111] by
70.5° about [110] gives [111]. The sum of [111] and [111] lies along
the [001] crystal axis. Similar vector manipulations give the orienta-
tions of the basis vectors for the crystal coordinate system [100],
[010], and [010], which can then be converted into the standard Euler
angle triplet for that grain by well-documented methods [18].

In contrast to EBSD orientation mapping, the FRT-based method-
ology does not require material-specific parameters, such as the lat-
tice constant, to index DRPs. Instead, it depends exclusively on
reflection from surface facets with known crystallography. The same
mathematical framework applied to Ni is also effective on a Si sample
etched to induce {111}-faceted pits. Compared to Ni (Fig. 2), Si DRPs
(Fig. 3a) exhibit sharper {111} specular reflections connected by
brighter reflectance bands. The out-of-plane and in-plane grain ori-
entation maps are shown in Figs. 3b and 3c.

3.4. Error quantification

The DRM maps presented in Figs. 1 and 3 index the DRP for every
grain, but they include discrepancies with maps acquired by EBSD.
We quantified these differences by comparing EBSD and DRM orien-
tation measurements on a grain by grain basis. Using the grain
boundary map from DRM, each grain was assigned an orientation
based on the representative DRP for that grain. Each grain was also
assigned a representative EBSD orientation taken from the grain with
the nearest center in the EBSD dataset. To correct for image distortion
between the two measurement techniques, we manually registered
the two data sets in several sections. We then calculated the smallest
angle rotation required to bring the two orientations from DRM and
EBSD into coincidence, which we refer to as the angular difference
between the two methods.

Fig. 3d shows this metric for 9 Si grains, plotted in an inverse pole
figure. In general, we find good agreement between DRM and EBSD
orientation measurements. Because of the poor statistics in the Si
sample, however, we base the DRM error quantification on the Ni
sample. Fig. 4a shows that the angular difference between DRM and
EBSD is primarily distributed between 0° and 10° and centered
around 4°. Relatively few grains were indexed unpredictably, with
large random angular difference. We attribute these cases to inaccu-
racies in the grain boundary map, which causes a single DRP to con-
tain reflectance peaks from several smaller physical grains. The
additional peak around 60° originates specifically from grains near
[111] out-of-plane texture (Fig. 4b), for which the 6-fold symmetry of
three great circles passing through the DRP causes an in-plane rota-
tion ambiguity (Fig. 2g). Aside from this special case, the optical ori-
entation measurements enabled by DRM are broadly accurate. The
largest contribution to the angular difference spread shown in Fig. 4a
comes from grains with out-of-plane texture in-between [111] and
[001] (Fig. 4b), whose DRPs contain one single reflectance peak. In
these cases, the correct identification of the maximum great circle
largely depends on the brightness of reflectance bands. A low signal-
to-noise ratio in these DRPs may yield diffuse FRT peaks and thus
inaccurate indexing of crystal orientation.

More complex indexing strategies could both avoid ambiguities
when indexing high-symmetry crystal orientations as well as
improve the accuracy of DRM measurements. One such strategy is to
apply a physics-based forward model for indexing DRPs [19,20].

(a)

Reflection Intensity

[001]

[011]

Fig. 3. (a) The DRP of a Si grain showing very concentrated bright directional reflec-
tance features from {111} facets but retaining the bands connecting them. (b) In plane
and (c) out of plane inverse pole Fig. grain maps produced by DRM for a fragment of a
Si solar cell. Together these maps provide full orientation information about the grains
in this sample. (d) Visualization of the orientation difference in individual grains mea-
sured by EBSD (circles) and DRM (crosses) for a random sample of grains in this Si sam-
ple. One grain (orange markers) has been indexed incorrectly by DRM, while the others
are within a few degrees of the EBSD orientation.
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Fig. 4. (a) Quantification of differences between DRM and EBSD orientation measure-
ments for the Ni maps shown in Figs. 1d and 1e. The angular difference refers to the
smallest total rotational angle that brings the two measurements into coincidence. (b)
The same difference distribution is plotted as a function of out-of-surface texture and
shows the majority of errors cluster around [111].

Comparing a measured DRP to a dictionary of simulated ones to find
the best match has the advantage of considering the directional
reflectance signal holistically. Ambiguities may be resolved by distin-
guishing the intensity of different reflectance bands and the mea-
surement accuracy may be improved by evaluating the DRP as a
whole, as opposed to extracting individual features such as a
single reflectance band and peak pair. Another approach is to
employ emerging data science tools, such as deep learning, which
could self-identify new methods for interpreting directional reflec-
tance data [21].

Although DRM does not require a mirror-like surface finish, the
etching of the surface is an important parameter. For materials
including commonly used metals, metal alloys, and semiconductors,
a large body of literature provides etching recipes and insight into
the crystallography of the resulting surface, which can be directly
applied to DRM surface preparation [12]. DRM can be relatively
robust to variations in etching behavior as long as the same facet
types are favored. Our results on Si demonstrate that variations in
etch pit size and distribution do not directly compromise crystal ori-
entation calculations, although they modify the reflectance distribu-
tion of individual DRPs.

4. Discussion

While DRM orientation mapping could become a valuable low-cost
alternative to EBSD, there are areas where the latter will remain the
method of choice. Because of the diffraction limit of light [22], the small-
est surface feature that can generate directional reflectance according to
specular reflection rules is on the order of half a micrometer [23]. To
form a complete DRP, several such features must fit on the surface of
each grain, so the grain diameter must be several times greater than
this limit to be suitable for DRM orientation mapping. In samples with
finer microstructures, DRM may still have utility as a complimentary
tool to EBSD, for example to rapidly identify regions of interest that
require further high-resolution investigation. The large-scale micro-
structure heterogeneity that is commonly found in additively manufac-
tured metals makes the common research practice of taking
representative EBSD measurements from a small subset of a sample
problematic [24]. DRM could provide a particularly valuable tool to rap-
idly assess microstructure across entire parts [25,26]. DRM could also be
applied to reconstruct the 3D microstructure of large samples using
repeated measurements and etching steps, providing a larger scale than
existing EBSD-based serial sectioning datasets [27,28].

Several other methods to measure crystallographic orientation
have been proposed as alternatives to EBSD. Statistical texture can be
inferred using ultrasound methods to identify changes in elastic
behavior associated with crystal orientation [29,30]. The basal tex-
ture of titanium can be inferred using its unique interaction with
polarized light [31]. Taking advantage of the crystallographic rela-
tionships of etched surfaces, the topography of etch pits have been
measured directly by coherence scanning interferometry [32,33].
Recently, 3D mapping of crystal orientation has been accomplished
in some materials using Raman microscopy [34]. However, all the
above-mentioned approaches are each limited to specific materials,
lack spatial resolution, or have low throughput. In contrast, DRM has
unique promise to overcome these hurdles and provide spatially
resolved orientation information over large areas of any material for
which a crystallographic etchant exists. In cases where the reduced
number of specular reflections and reflectance bands make DRPs
indexing difficult—such as in non-cubic, low-symmetry materials—
combining multiple DRM data sets acquired using different etching
conditions that favor the formation of facets with different crystallog-
raphy may be a suitable solution.

DRM can provide previously impossible large-scale characteriza-
tion at many stages of the fabrication process for crystalline compo-
nents. Because the rate of DRM measurements is independent of
overall sample dimensions, this technique lends itself to characteriz-
ing entire multi-crystalline Si solar cells or turbine blades at the same
rate as samples presented in this work. DRM is uniquely suited to in-
line quality assurance and adaptive manufacturing owing to the flexi-
bility of the equipment required. Having a record of the microstruc-
ture of each part would enable a new “smart” mass-manufacturing
paradigm, where processing is tailored to the microstructure of indi-
vidual parts in live time [35]. For education and academic research,
the low economic barrier to entry makes this technique accessible to
institutions that are unable to afford the capital investment of an
EBSD-equipped electron microscope. The simplicity, low cost, and
enhanced sample throughput of DRM compared to existing techni-
ques promises to vastly expand the availability of crystallographic
orientation mapping.
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