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ABSTRACT ARTICLE HISTORY
Measuring elastic strain with nanoscale resolution has historically been very difficult and required Received 30 October 2017
a marriage of simulations and experiments. Nano precession electron diffraction provides excellent KEYWORDS

strain and spatial resolution but has traditionally only been applied to single-crystalline semiconduc-
tors. The present study illustrates that the technique can also be applied to polycrystalline materials.
The £20 strain resolution was determined to be 0.15% and 0.10% for polycrystalline copper and
boron carbide, respectively. Local strain maps were obtained near grain boundaries in boron carbide
and dislocations in magnesium and shown to correlate with expected values, thus demonstrating
the efficacy of this technique.

Nanobeam electron
diffraction; strain
measurement; transmission
electron microscopy
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IMPACT STATEMENT
This study demonstrates that nano precession electron diffraction can be extended from semicon-
ductor devices to polycrystalline metals and ceramics to map nanoscale elastic strain fields with high

strain resolution.

Introduction

Residual elastic strains can have a large influence on the
physical properties and reliability of engineering mate-
rials. It has long been known that elastic strain affects
the resistivity of semiconductors [1]. More recent stud-
ies have shown a strain dependence of carrier mobility
[2]. Additionally, local elastic strains affect many phys-
ical processes (e.g. dislocation mobility, precipitation,
deformation twinning) in metals and ceramics. Tradi-
tionally, it has been a challenge to locally measure elastic
strain at the size scale required to observe these mech-
anisms in action. Standard macroscopic strain measure-
ment techniques yield only global averages and cannot be
used to determine how strain is partitioned across crys-
talline boundaries or how it develops near interfaces and
defects [3-5].

Numerous techniques have been developed that pro-
vide direct spatially-resolved measurement of elastic
strains with sub-micron resolution: digital image corre-
lation [6], scanning x-ray microdiffraction [7,8], high-
resolution electron microscopy [9], dark field electron
holography [10], scanning convergent beam electron
diffraction (S-CBED) [11], nano-beam electron diffrac-
tion (NBED) [12-15], and nano-precession electron
diffraction (N-PED) [15-18]. Each of these techniques
have particular advantages, disadvantages, and specimen
types they are best suited for, with the most impor-
tant metrics typically being the spatial resolution and
strain resolution. Comparisons among different strain
measurement techniques can be found in [19,20]. N-
PED provides an impressive combination of spatial res-
olution (2-5nm), strain sensitivity (0.02-0.05%), and
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automation that allows for the collection of digital maps,
which led Cooper et al to conclude that N-PED pro-
vides the best combination of spatial and strain res-
olution among the four TEM-based techniques they
evaluated [20].

To date, the vast majority of studies utilizing nanoscale
strain mapping techniques have focused on semiconduc-
tor devices. A recent study done by Pekin et al measured
elastic strain near a twin boundary in austenitic stain-
less steel with nanoscale resolution utilizing NBED [12].
This study was done utilizing a condensed beam with-
out precession, resulting in diffraction patterns (DPs)
composed of disks, each with non-uniform contrast. The
strain resolution for the stainless steel specimen was sig-
nificantly lower than has been reported in NBED studies
of semiconductor materials. Moreover, the elastic strain
variation across the scan region was measured to be much
higher (4-6%) than would be expected from the disloca-
tion density of the specimen, and the authors attribute
this low resolution to hetereogeneity in the diffraction
disks. The experiments conducted in the current study
utilized N-PED with a near-parallel electron beam and
beam precession to improve the strain resolution when
applied to polycrystalline materials. In this work, first
the strain resolution obtainable utilizing this technique
is calculated for cold-rolled polycrystalline copper and
hot-pressed polycrystalline boron carbide. Armed with
this, the elastic strain associated with crystalline defects
is measured and compared to expected values. Thermal
strains near grain boundary facets in boron carbide are
measured as well as elastic strains due to dislocations in
polycrystalline Mg.

This work utilizes N-PED, in which a precessed elec-
tron beam is scanned across a region of interest, dwelling
at a grid of locations for a prescribed amount of time
(typically 10-100 ms), and collecting a spot DP at each
location. The 2D strain at each location is calculated
by comparing the DPs to a reference pattern obtained
from a nominally strain-free region at the same zone
axis. Beam precession has been shown to greatly reduce
artifacts resulting from dynamical effects and changes in
film thickness as well as greatly increasing the number of
diffraction spots in each pattern [16,17,21-23]. N-PED
provides a combination of nanoscale spatial resolution
(1 nm probe size is attainable) with high strain resolution
(0.02%) [16] that is well-suited to measure local elastic
strain fields in metals and ceramics. The Topspin mod-
ule, developed by Appfive [24,25], automates the process
of beam precession and scanning as well as recording
DPs using an off-axis camera [26]. The Topspin data
analysis program was used to calculate strains and make
strain maps.

Experimental methods

It is likely that the background, or noise, in the strain
measurements will be greater for polycrystalline metals
and ceramics than for single crystalline silicon. Poly-
crystalline metals and ceramics often contain numer-
ous defects and interfaces that can influence local elastic
strains. Thus, obtaining a ‘strain-free’ reference DP and
determining the baseline strain resolution for a material
is not trivial. For this reason, the strain resolution must
be calculated using polycrystalline metals and ceramics
before measuring the strain near features of interest in
polycrystalline microstructures.

The specimens used to calculate the strain resolu-
tion obtainable using this technique were hot-pressed
boron carbide and cold-rolled polycrystalline copper.
Hot pressed boron carbide was prepared for TEM with
mechanical polishing and ion milling, as described in
[27,28]. To fabricate the polycrystalline Cu specimen, a
pure Cu (99.99%) sheet was rolled from an initial thick-
ness of 3.15mm to 50 um (98.4% reduction). The sheet
was then annealed at 300 °C for 30 min under vacuum
(3.1 x 107® Torr) to recrystallize the grains and reduce
the overall dislocation content of the specimen. The sheet
was then thinned using a precision ion polishing sys-
tem at liquid nitrogen temperature. A polycrystalline Mg
specimen obtained from collaborators at Los Alamos
National Laboratory was used to measure local elastic
strains near dislocations and a low-angle boundary. Pure
Mg was strained to 1% in tension, and a TEM specimen
was prepared by electropolishing.

All experiments were conducted with a Philips CM300
transmission electron microscope operated at 300 kV
with a 10 wm condenser aperture that provides a nearly
parallel beam and diffraction spots instead of disks. The
microscope was operated in TEM mode with the beam
location and precession controlled by the external DigiS-
TAR unit. For both specimens, an array of DPs were
recorded from a region at least 2 um from any bound-
aries using the following conditions: scan size: 100 x 100
DP, step size: 15nm, electron probe size: 4nm, beam pre-
cession angle: 0.8°, and the exposure time for each pat-
tern was approximately 20 ms. Precessing the beam did
not noticeably change the probe size. A large step size
(10-15nm) was used to mitigate the effects of beam con-
tamination. The reference used to calculate the strain
was taken to be the average of the 4 DPs in the center
of each scan.

Results and discussion

Figure 1 shows virtual STEM images highlighting the
location where strain maps were generated for boron



Figure 1. Virtual STEM images and respective s,, maps recorded
from (a) boron carbide and (b) copper. Diffraction patterns were
recorded from highlighted regions in STEM images and strain was
calculated relative to horizontal and vertical directions using the
central most DP as a strain reference.
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Figure 2. Histograms showing the distribution of strain values
from maps recorded from the center of grains in polycrystalline (a)
boron carbide and (b) copper. The standard deviations of the data
are represented by dashed lines and gray regions. The strain value
standard deviations are 0.025% and 0.039% for boron carbide and
copper, respectively.

carbide and annealed copper. The strain scans were
recorded from the central region of large grains to
reduce the influence of elastic strains associated with
grain boundaries on the measured strain resolution. His-
tograms plotting the combined ey, Eyys and &xy Strain
values for polycrystalline boron carbide and copper are
shown in Figure 2. The fraction of pixels at each cor-
responding strain value is plotted for each material
(30,000 total strain measurements were made for each
histogram). The standard deviation for the strain mea-
surements for boron carbide and copper was calculated
to be 0.025% and 0.039%, respectively, and the +0 and
£20 ranges are plotted on the histograms, showing the
68% and 95% confidence ranges for the strain values.
Taking the +20 95% confidence range as the res-
olution of the measurement, the strain resolution for
boron carbide and copper was determined to be 0.1% and
0.156%, respectively. These values are comparable to the
strain resolution of 0.1% commonly reported by others

MATER. RES. LETT. (&) 251

.'

Figure 3. Orientation map of boron carbide showing the relative
inclination of the a and c axes of grains 1 and 2 with respect to
facets 1, 2, 3 using hexagonal wire-frame lattices. In both grains a
(1120) direction is parallel to the electron beam direction. Since
the grains share an out-of-plane orientation, the color of each
pixel corresponds to the in-plane orientation to provide contrast
between grains.

1210

utilizing NBED to study elastic strain in single crystalline
silicon [19,29]. The developers of the Topspin automated
N-PED technique used in this study were able to obtain
a strain resolution of 0.08% for single crystal silicon [24].
For boron carbide, a resolution comparable to single crys-
talline silicon could be achieved, while the strain resolu-
tion for the polycrystalline copper was lower. The poorer
resolution is attributable to the retention of defects in
the sample after the cold rolling process, annealing, and
recrystallization treatment (see Supplemental Material
for representative bright-field micrographs of the boron
carbide and copper specimens studied here). It is likely
that strain resolution for Cu could be improved by study-
inga specimen with lower concentration of defects. These
results confirm that the automated NBED strain map-
ping technique can be generally applied to a variety of
materials systems of engineering significance; however, a
defect-free region of material is necessary to establish a
strain resolution comparable to what has been observed
in single crystal silicon.

With the strain resolution established, the strain field
imposed on the materials by various defects can be quan-
tified. Figure 3 shows an orientation map of a boron
carbide grain boundary composed of three facets. Each
of the facets is inclined differently with respect to the a
and c axes of the hexagonal lattice. Both grains are tilted
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Figure 4. Strain maps (above) and line profiles (below) showing
the strain parallel to facets 1, 2, and 3. Strain values are averaged
across all pixels parallel to the boundary as indicated by dashed
boxes in the strain maps.

such that they share an a-axis, or (1120), parallel to the
electron beam. Figure 4 shows the results of strain maps
recorded near this grain boundary with the strain cal-
culated parallel to facets 1, 2, and 3. The average strain
parallel to each facet is plotted as a function of distance
to the boundary, i.e. from A to B in each map. The dashed
box in each strain map represents the pixels across which
the strain was averaged. The shaded region represents the
0.1% strain resolution obtained from the center of a grain.
The points closest to the boundary are not used in the
analysis to avoid spurious strain measurements resulting
from superimposed DPs.

For each facet, the strain measured far from the
boundary (>150nm) is negligible. As the facets are
approached, the strain values increase. For facet 1, com-
pressive strain develops and exceeds the threshold set by
the strain resolution 120 nm away from the boundary and
increases as the boundary is approached to a maximum
value of 0.22%. The strain parallel to facet 2 follows a sim-
ilar pattern, with compressive strains developing parallel
to the boundary starting 130 nm away from the bound-
ary. The magnitude of the strain parallel to facet 2 is
lower and does not surpass the strain resolution thresh-
old, reaching 0.032% nearest the boundary. The strain
parallel to facet 3 is tensile in nature and reaches a max-
imum value of 0.075% nearest to the boundary. The ref-
erence DP along with select DPs near the grain boundary
facets used to calculate elastic strain are included in the
Supplemental Material.

Table 1. Measured 6 values and calculated total % contraction
values using Equation (1) to determine the sign of the stress
parallel to the boundary in Grain 1.

Grain 1 Grain 2
Total % Total %
6 (9 contraction 6 (°) contraction Strain in Grain 1
Facet1 327 0.60 78.5 0.75 Compressive
Facet 2 5.8 0.52 63.1 0.71 Compressive
Facet3 507 0.67 17.9 0.55 Tensile

In order to provide physical meaning to the strains
measured parallel to the facets, a simple model was devel-
oped to predict the elastic strain that would develop
upon cooling of simple boron carbide bicrystals. It is
expected that thermal strains will develop upon cool-
ing as a result of the anisotropic coefficient of thermal
expansion of boron carbide, in which the length of the
c-axis is substantially more sensitive to changes in tem-
perature than the a-axis [30]. Elastic strains arising from
thermal anisotropy have been measured in the past for
other hexagonal crystal systems, such as Zircaloy-2 [31].
Since grains 1 and 2 share an a-axis nearly parallel to the
boundary, strain would only develop according to the in-
plane inclination of the ¢ and a axes, as seen in Figure
3. The researchers in [30] measured the percent thermal
expansion of the a and c axes, A, and A, respectively, and
from those expressions the effective thermal expansion,
A, in a direction inclined an angle 6 from the a axis
can be calculated. Equation (1) gives the effective percent
thermal expansion as a function of temperature and 6.

Aetlny(T,6) = |/ A2(Dsin6 + AA(T)cos?0 (1)

This expression was used to predict the sign of the strain
expected to develop parallel to each facet in grain 1 as
a result of thermal expansion anisotropy. Table 1 pro-
vides the values of 6 for each facet of grains 1 and 2
together with the total percent contraction when cool-
ing from 1400 °C (the temperature above which large
scale creep relaxation is known to occur in boron carbide
[32]) to room temperature. The rightmost column indi-
cates the sign of the expected strain parallel to each facet
in grain 1.

From the table, compressive strains are expected par-
allel to facets 1 and 2, and tensile strain is expected to
develop parallel to facet 3. These predictions correlate
very well with the measured strains shown in Figure 4.
A more sophisticated model would be needed to account
for anisotropic elasticity and the contribution to strain
from other nearby boundaries, estimate the magnitude
of expected strain, and to predict the strain in non-
parallel directions to the facets. Nevertheless, this exam-
ple provides the first evidence that strains associated with
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Figure 5. Strain map of the region surrounding the low-angle
grain boundary in Mg. Strain contrast decorates the low-angle
boundary as well as through-thickness dislocations. TEM bright
field image from region within triangle is also shown. Strain pro-
files across two such dislocations are shown on the right. Exper-
imental points are plotted with dashed lines indicating the r~'
relation predicted by elastic solutions.

microstructural defects in polycrystalline ceramics can
be directly measured and correlated to expected values
using N-PED.

In addition to elastic strains associated with bound-
aries, elastic strains were measured near individual
inclined dislocations and at a low-angle boundary in
magnesium. Figure 5 shows a strain map recorded from
a polycrystalline Mg specimen that was strained to 1%
in tension. The strain is calculated parallel to the c-axis
in the map. A TEM foil was prepared using electropol-
ishing and analyzed using N-PED. The specimen was
tilted to a (1120) direction, or a-axis. The area in the
in the strain map contains a low-angle tilt boundary
extending from the top-left to bottom-right of the map
that is parallel to the beam at this specimen tilt. The tilt
across the boundary was determined to be a 0.9° rota-
tion about the a-axis parallel to the beam by measuring
the rotational difference between DPs on either side of
the boundary. The boundary is aligned along the c-axis
(indicated by the arrow on the figure) and is composed
of basal dislocations. The spacing of the dislocations is
close to the step size of the scan (3 nm), making resolu-
tion of individual dislocations is difficult. Nevertheless,
the average spacing in strain maxima along the bound-
ary was calculated to be 10.4nm, which corresponds
well to the expected spacing of 6.8 nm for edge disloca-
tions with b = 0.107 nm, as is the case for %‘(1120) or {a)
dislocations in Mg.

In addition to the dislocations comprising the low-
angle boundary, other through-thickness dislocations
inclined with respect to the beam direction were
observed in the strain map. Strain dipoles were associ-
ated with these through-thickness dislocations. Two such
dislocations are highlighted in the scan and the strain
values across them are plotted in (a) and (b), respec-
tively. Virtual dark field analysis revealed these disloca-
tions to be basal, or a-type dislocations (see Supplemental
Material for details). For each dislocation, the magnitude
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of the measured elastic strain increases as the core is
approached and the sign of the strain changes abruptly
as the core is passed. These results agree with elastic
solutions for the strain field around a single disloca-
tion, which follows a ! decay away from the core [33].
Equation (2) was used to compare the experimentally
measured strain to the elastic strain, ¢, for the simple case
of a screw-type dislocation.

b
E=AY LT O @

Where A and C are fitting parameters to account for
non-zero baseline strain and centering of the dislocation,
respectively; b is the Burgers vector of an (a) dislocation
in Mg, 0.107 nm; and r is the distance from the disloca-
tion core. The elastic solution fits very well at all locations
with the exception of the points very close to the dislo-
cation core; this can be attributed to the finite electron
probe size that averages the strain value surrounding the
dislocation core.

Conclusions

This study provides evidence that elastic strains can be
measured and mapped in polycrystalline materials with
nanoscale resolution and comparable strain resolution to
existing techniques.

e Measured strain resolution in maps obtained using
automated N-PED for polycrystalline metals and
ceramics is comparable to those measured previously
for semiconductor materials.

e Elastic strain fields near boron carbide grain boundary
facets correlate with compressive and tensile strains
predicted from thermal contraction anisotropy.

e Strain fields associated with single dislocations can
be measured using this technique and estimates of
dislocation spacing and strain dipoles are in good
agreement with predictions.
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