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Abstract Recently, scanning electron microscopy (SEM) has
been used for digital image correlation (DIC), as micrographs
can be acquired with high magnification, providing improved
resolution to quantify strain heterogeneities. However, it has
been shown by researchers that SEM images can be problem-
atic due to inherent electromagnetic distortions that are not
present in optical images. Drift, spatial distortions, and mag-
nification uncertainties are the main issues that can seriously
affect the accuracy of localized strain measurements. The
present work focuses on long duration experiments, for which
images are taken days or weeks apart. We have proposed a
systematic procedure to reduce drift, correct spatial distortion,
and account for magnification variations between pairs of ac-
quired images. Additionally, SEM parameters are discussed
and chosen to increase the signal-to-noise ratio and improve
the accuracy of the DIC measurements. The spatial distortion
correction increases the repeatability of the correlated values
and the precision of the measurements. The implementation
for this type of correction is done by applying the measured
distortion gradient of a certified grid onto the DIC strain field.
The magnification adjustment increases the reliability of the
strain maps, ensuring the measurements are in agreement with
the actual strain induced during the experiment. We have pre-
sented a systematic protocol for ex-situ DIC experiments
within the SEM and some basic cross-check procedures that

can be performed to evaluate the reliability of the reference
grid and the precision of the final strain map.
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Introduction

Digital Image Correlation (DIC) has become a very important
tool within the mechanics community to resolve strain hetero-
geneities. Additionally, DIC has been coupled with character-
ization techniques to identify microstructural features, which
has enabled the ability to resolve localized grain and sub-grain
level strains in polycrystalline materials (depending on the
grain size of the material compared to the speckle size and
distribution). Since the DIC technique is independent of
length scale, the resulting resolution of strain is only limited
by capturing fine details within the correlated image. To prop-
erly accomplish this task, speckle sizes using SiC particles on
the order of 1 μm can easily be resolved and correlated by
means of optical images [1, 2]. Yet, any speckle smaller than
1 μm will be very difficult to resolve and correlate from op-
tical images. DIC associated with scanning electron micros-
copy (SEM) imaging has improved the capability of strain
localization studies, by increasing the magnification and the
resolution within the grains [3–7].

Sutton et al. [8–10] have called attention to and proposed
corrections for SEM inherent distortions that could lead to
inaccurate displacement field measurements. They classified
the distortions as spatial and time varying drift, and postulated
that spatial distortion is more pronounced for low magnifica-
tions, while drift distortion dominates at high magnifications
[8]. The methodology proposed by Sutton et al. [8] required
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the acquisition of several images of a speckled surface at the
same and different positions. Variation in time will account for
drift, and variation in position will be considered spatial dis-
tortion. For the drift correction, they correlated consecutive
images in pairs to obtain drift disparity maps, defining a
time-based drift function at each disparity point. The correla-
tion of translated images accounted for spatial distortion, and
to obtain the disparity map in this case, they compared the
DIC displacements with the known commanded stage posi-
tion. The vulnerability of this procedure is that it considers the
positions (X, Y) of the stage as deterministic. However, even
ultra-high resolution SEMs currently available will have a
stage repeatability on order of 0.5 μm [11]. In the same work,
Sutton et al. recognized this issue and others, such as the
translation stage control systems are generally prone to back-
lash and/or overshoot and difficulty maintaining the orienta-
tion of the stage (X and Y movements are not decoupled).
Finally, Sutton et al. [8] stated that accurate grid targets are
the natural choice to quantify non-parametric spatial distor-
tions. However, at that time, it was difficult to acquire an
accurate grid target to resolve SEM resolution at the micro-
or nano-scale. With the evolution of lithography and nano-
technology, we will reexamine this topic, as discussed in the
sections to follow, and provide an alternate method for SEM-
DIC spatial correction that is more suitable for ex-situ
experiments.

SEM image distortions are a major concern, especially with
increasing resolution of the acquired DIC strain fields. For
instance, Kammers and Daly [12] used a self-assembled gold
nanoparticle surface patterning technique to enable nanometer
resolution. They could achieve 4 nm/pixel resolution from
SEM images. Working at that resolution, Kammers and Daly
[13] have presented a complimentary methodology and vali-
dation for corrections of SEM image distortions. In this work,
they implemented the procedures proposed by Sutton [8–10],
and showed that for in-situ experiments, the material stress
relaxation has to be accounted for concurrently when
correcting for drift. The displacements caused by stress relax-
ation are inherent to the material and they should not be re-
moved by imposing a drift distortion correction. This paper
focuses on ex-situ techniques that are not susceptible to mate-
rial stress relaxation, and through proper procedure the drift is
minimized. In addition to all good practices for distortion cor-
rection, Stinville et al. [14] proposed a methodology to reduce
noise during SEM image acquisition, and DIC parameters
adjustment to minimize the distortions’ effect on the mapped
strain field. With this approach, noise will be low, drift will be
minimized and spatial distortion will account for feasible
SEM-DIC correction.

When focusing on ex-situ experiments, the calibration and
repeatability of the reported magnification values need to be
consistent when performed over various SEM sessions. As
pointed by Dai et al. [15], the classical SEM magnification

calibration protocol is not sufficient to provide high accuracy
magnification settings; and they demonstrated a magnification
could be calibrated using a certified grid and correction via
Fourier transform. Additionally, Tortonese et al. [16]
discussed the proper method and limitations for using a certi-
fied grid for calibration inside a SEM. Despite all efforts for
magnification calibration, we show that even with the same
magnification and field of view, there is always some slight
variation in the actual scale of SEM images acquired during
disparate SEM sessions. The importance of this matter comes
from the fact that we have to deal with the outstanding issue
that small deviations in the magnification will manifest into
large discrepancies in the reported strains via DIC
measurements.

In the present work, we discuss the parameters that affect
drift and spatial distortions of a SEM image. We have evalu-
ated the current, spot size, aperture size, and described other
procedures to obtain optimal acquisition conditions for DIC.
The objective of showing the optimization parameters for our
specific case is to call attention to the fact that noise and drift
can be minimized. A certified grid is used as reference for
creating a spatial correction displacement field, which offers
a full field method for spatial correction compared to a series
of individual images proposed by Sutton et al. [10]. We have
evaluated the grid in terms of resolution and reliability. The
emphasis of the present distortion correction procedure is for
long duration tests, including fatigue or creep, where ex-situ
methods are necessary. For the ex-situ method, the certified
grid that is placed beside the tested sample is also used as a
calibration image, which is acquired after each session to en-
sure the magnification readings are consistent and repeatable
over different SEM sessions (without the need to re-calibrate
the SEM during each session). We have also derived a distor-
tion gradient field from the grid corrections that can be applied
directly to the strain field, thus allowing the full capability and
filters of a commercial software to generate the final strain
maps. As a main contribution of this paper, we present a sys-
tematic protocol that can be easily reproduced and applied in
future high-resolution DIC studies.

Methodology

In this section, a systematic protocol is presented for obtaining
high spatial resolution strain fields by DIC within an SEM, by
means of long duration, ex-situ testing. Specifically, the SEM
parameters are presented to reduce noise and minimize drift,
followed by a detailed methodology to correct for spatial dis-
tortions during the measurement technique, and finally the
uncertainty quantification of the reported magnification from
the SEM. In this study, the materials examined are a Ni-based
superalloy and a Ti-6Al-4V alloy, speckled with self assem-
bled nanoparticles according to the methodology presented in
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[12]. All imaging was performed at the Purdue Life Science
Microscopy Facility. Two microscopes were used to check the
results, the FEI NOVA nanoSEM and FEI Quanta 3D FEG
field emission scanning electron microscopes (FEI Company,
Hillsboro Oregon), both using an ET (Everhart-Thornley) de-
tector operated at 5 kVaccelerating voltage.

Drift Minimization and Appropriate Parameters for Noise
Reduction

As a sample is scanned by a focused beam of electrons, the
image can be affected by charging effects. As a consequence,
an image acquisition is subjected to a time varying distortion
of pixels in consecutive captured images, which is known as
drift. Charge induced drift may exhibit random orientation and
varying speed [13]. The direction of this movement is subse-
quently difficult, if not impossible, to predict. Additionally,
the translational uncertainty caused by drift may be exacerbat-
ed by imprecision in the positioning stage holding the speci-
men within the SEM. Any moving stage has a relaxation pe-
riod that may cause movements similar to beam drift. Even
high resolution motorized stages can move up to 20 nm per
minute for the first 15 min after last commanded movement
[17]. The best way found to minimize these drifting effects is
to prepare the sample and deal with the setup parameters
accordingly.

One way to minimize drift is to properly ground the spec-
imen to make sure the current in the specimen is completely
drained of electrical charging. In our ex-situ experiments, the
sample and the grid are fixed in the holder by carbon tape, and
both ends of the specimens are connected to the holder with
copper tape. At both edges, the copper tape is folded, forming
a ~ 1 mm point of contact with the specimen and holder
without the use of glue. This technique provides excellent
grounding for the specimen. To guarantee the satisfactory
grounding, an ohmmeter is used to measure the resistance
between specimen/grid and stage. Figure 1 shows a speckled
specimen and a grid on the holder with improved connectivity
between sample and stage.

To choose the best parameters for DIC, pairs of images
were captured and subjected to slight rigid body movement
with exactly the same acquisition settings. Each pair of images
is then correlated and the standard deviation of axial strain is
computed for choosing the optimum subset size [1]. The SEM
acquisition parameters are then systematically changed fol-
lowing an optimization procedure based on minimizing the
standard deviation of strain that provides a pair of images
(with little noise and adjacent to each other) with an average
zero-strain. For the DIC, we aim for the minimum possible
subset size, in order to obtain high spatial resolution of the
reported strain fields from DIC. The larger the subset size, the
larger the capability to capture the extreme high and low strain

magnitudes, but compromising spatial resolution and locali-
zation measurements.

Considering the SEM imaging process [9], a lower accel-
erating voltage is important to avoid charging and to get better
information and contrast of the surface speckles. High accel-
erating voltage will provide more information of the substrate
under the surface portion, which may harm the correlation.
For all our experiments, we have used a 5 kV accelerating
voltage. For both FEI NOVA nanoSEM and FEI Quanta 3D
FEG field emission scanning electron microscopes, this accel-
eration voltage provided a good contrast between speckles and
substrate.

Probe current is determined by the size of the probe, which
is directly related with the number and size of apertures and
the control current of the condenser lens.We have investigated
the effect of the probe current on the signal-to-noise ratio of
acquired images. This is a very important guide for minimiz-
ing noise and distortions inherent to the SEM for the purpose
of measuring strain fields via DIC. To do that, we systemati-
cally changed the current while taking pairs of images, for a
Ti-6Al-4V specimen. Figure 2 shows the improvement of
DIC accuracy with probe current and subset size. For large
subset sizes, lower current is suitable, however, as previously
discussed, this result will compromise the DIC resolution.
Figure 3 shows the standard deviation of image pairs as a
function of probe current, for a normalized 1 μm subset size.
These results are in agreement with an extensive study by
Stinville et al. [18], relating accuracy with subset size. The
dependency with probe current, a consequence of changing
the electron probe diameter, can be explained by the fact that
for a higher probe current, more secondary electrons and
backscattered electrons are emitted, increasing the probe size
and the signal intensity. Therefore, probe current is a trade-off
between noise reduction and resolution. As can be seen in Fig.
3, the improvement in accuracy for a defined subset size is
saturated for values above 53 pA of probe current. The

Fig. 1 Specimen and grid on the holder with improved grounding setup
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purpose of this study is to describe a methodology that will
work with all SEM systems, it is not intended to give an
absolute value of current.

Another crosscheck performed for improving the signal-to-
noise ratio and repeatability of features was the influence of
spot and aperture size. Figure 4 depicts our measurement of
the accuracy of the DIC characterization based on standard
deviation of εxx as a function of spot and aperture size. As
can be seen, the increase in resolution of pixel acquisition
based on smaller spot size must go with the increase of aper-
ture size to maintain satisfactory accuracy.

Finally, Fig. 5 shows the influence of pixel acquisition
dwell time and post-processing integration filter in the refer-
ence DIC standard deviation for a subset size of 1 μm, similar
to the procedure described by Sutton et al. [8, 9]. The acqui-
sition dwell time is the amount of time while the electron
beam is at a single pixel position. For low dwell time, normal-
ly it is necessary to employ a post-processing filter to average
acquisition passes. Image processing can be used for the im-
provement of image visual display and analysis, and integra-
tion techniques can be applied to a sequence of images to
highlight differences between pixel values. Integration will

work better if drift is very low, otherwise any type of post-
processing may compromise resolution. For any type of filter,
it is very important to assess the accuracy of the data with the
repeatability of the results. In our experiments, the best con-
dition determined for DIC is to increase pixel acquisition
dwell time with single integration.

After all these experimental checks, we can say that the
ideal condition for DIC is not to optimize any single parameter
but to find the lowest current (combination of accelerating
voltage, spot size, dwell time, and aperture) that minimizes
the standard deviation of strain between image pairs. For the
case of the set-up used in this study (Fig. 3), the ideal current is
53 pA for both Ni and Ti specimens, which represents suffi-
cient signal-to-noise that no integration or averaging of im-
ages are required. Any integration or average at this point may
be detrimental and result in an increase in the standard devia-
tion of the strain among the image pairs, thereby increasing
overall experimental error. The ideal current is unique to a
particular test and speckle material and must be experimental-
ly re-determined if either the material or speckle is changed. In
this paper, two different materials and speckles are evaluated
for distortion correction. For these cases, the SEM parameters
for (i) the Ni-base superalloy sample are: magnification
3,500×, spot size 3, and work distance of 5 mm, and (ii) for
the Ti-6Al-4V sample are: magnification 8,000×, spot size 5,
and working distance 10 mm. As noted, a methodology for

Fig. 2 Subset size versus standard deviation of εxx for 1.5 pA, 95 pA and
380 pA

Fig. 3 DIC accuracy from pairs of reference images as a function of
probe current for a subset size of 1 μm

Fig. 4 Effects of aperture size and spot size on εxx standard deviation for
a subset size of 1 μm and probe current of 53 pA

Fig. 5 Influence of dwell time and real time integration on DIC accuracy
for a subset size of 1 μm and probe current of 53 pA
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determining the specific SEM parameters are not intended to
be transferable across all SEM systems, but rather this proto-
col needs to be followed to identify the appropriate combina-
tion of parameters for each SEM system (as a single parameter
on its own is not sufficient to minimize DIC error).

Spatial Distortion Correction

For the application of this methodology, it is very important to
keep all parameters precisely the same, from the calibration
phase until the last DIC acquired image. For the results pre-
sented in this work, we used the signal-to-noise acquisition
optimization described in BDrift Minimization and
Appropriate Parameters for Noise Reduction^ section.

Procedure overview

The methodology consists of using a calibration image with
known, uniform, and well defined feature pattern to determine
the distortion field [19]. In sequence, this distortion field is
used to correct DIC computed strains. Considering that the
underlying SEM distortion mechanisms are from multiple
sources, the calibration image must be acquired precisely in
the sameway as the desired images in terms of pixel resolution,
magnification, accelerating voltage, spot size, working dis-
tance, and acquisition parameters, such as dwell time, integra-
tion or averaging methods. Additionally, all subsequent images
are acquired by replicating the brightness and contrast of the
reference images, to minimize gray level and blur effect.
Charbal et al. [20] have proposed image corrections when the
gray level is accentuated, although this is beyond the scope of
the current paper. Any available methodmust be used to reduce
the random variation and noise in the images. As mentioned
before, the proper grounding of the specimen is necessary to
considerably reduce the drift during acquisition.

For the purpose of clarity in the methodology development,
let us consider a simple image, which contains regularly
spaced and perpendicular features, deformed as depicted in
Fig. 6 (a). By identifying the average horizontal and vertical
vectors among rows and columns of features, we will find the
reference vectors u and v shown in Fig. 6(a). Using a desig-
nated point as reference, the vectors will be orthogonalized
and redefined forming an orthonormal basis. All the features
will be moved according to an updated position in the new
coordinate system, as illustrated in Fig. 6(b).

The perpendicular vectors are used to construct the physi-
cally correct grid of features centered on the reference point.
The displacements between each feature center, or grid tar-
gets, in the calibration image and the physically correct centers
is determined. The displacement field is found by interpolat-
ing the displacements of mapped grid points. In the example
of Fig. 6, the displacement field would be obtained by inter-
polation among all 25 known movements to bring points from

condition (a) to condition (b), represented in Fig. 6. Finally,
the displacements are used to generate a bi-cubic surface that
can be visualized as a distortion field of the typical SEM. An
advantage of using a well defined pattern, as opposed to trans-
lation of a random speckle pattern as described in [8, 9, 13] is
to avoid the dependence of an accurate translational stage in
the distortion correction protocol. The accuracy and resolution
of the grid targets will be further discussed in BGrid Accuracy
and Resolution^ section.

Distortion field

For the framework and results in this paper, a 3 × 3 mm (total
size) high precision, individually certified Pelcotec™ G-1C
Silicon Calibration Specimen was used, with 1 μm pitch, cer-
tified according to working standards traceable to the National
Institute of Standards and Technology with uncertainty within
0.005 μm, which is more accurate than most positioning
stages. The grid was placed on a specimen-like strip (i.e. same
thickness) and attached to the holder as shown in Fig. 1. The
grid lines are 150 nm wide. Despite the pattern repetition
being 1 μm, that is, according to our recognition protocol,
the minimum distance between identified features to generate
the reference grid for distortion correction, just a few points
are necessary to generate a distortion field by interpolating the
chosen disparity points [8, 13]. In this paper, we have worked
with 10 μm distance between mapped features. To generate
the distortion field, a code was written to identify the features
in the calibration grid. Figure 7 shows a grid with highlighted
subset tiles to illustrate the mapping. In this code, the user can
define the size of the tile that will be tracked to map the
reference points. This tile is identified within a subset on the
screen. The program recognizes the same tile at a certain dis-
tance from the first position and so on. The code searches for
the same tile at a given distance and looks around for the best
match. The best match is found by minimizing the pixel in-
tensity differences inside the tile. Let us consider a subset tile
with n x n pixels, as shown in Fig. 7. If IRefi , j is the normalized
intensity of the pixel in positon (i, j) in the reference subset, the
matching subsets will be found by minimizing

∑n
i¼1∑

n
j¼1 Iki; j−IRe f i; j

� �2
ð1Þ

where Iki , j is the pixel normalized intensity in position (i, j)
in the subset k. The center of the subset will be assigned as the
reference point. The positions are defined with subpixel reso-
lution, because (a) the subset tile can contain asmany pixels as
necessary for a stable and repeatable recognition of equidis-
tant features and (b) each target is averaged and set at exactly
the same distance to each other. This protocol works for any
type of grid or feature orientation.
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Figure 8 shows the same grid, where the programwas set to
recognize a grid reference point every 10 μm. In this case, the
program could map 9 columns and 8 rows for a total of 72
reference points. After identifying the grid points, the code
determines the basis vectors with the origin on a reference
point. The first identified point is used as reference (top left).
The choice of the origin does not affect the final result, since
the distortion field gradient will be used for strain computa-
tion. It can be noticed from Fig. 8, that the grid displays some
non-orthogonality, especially in the bottom right subset. This
is a typical distortion found in SEM images [21], and it is
present with the same intensity in all images acquired at the
same magnification. With proper manufacturer calibration
[21], this non-orthogonality can be reduced, but may reappear
with time. The tolerance in orthogonality accuracy is on the
order of 2% according to the standards of scanning electron

microscopes [21]. The current procedure corrects this and all
other spatial distortion in the DIC images.

As can be seen in Fig. 8(a), the match point was set as the
top left. It causes a maximum cumulative distortion to be
measured at the bottom right of the grid (Fig. 8(b)). After
the determined grid distortion points are mapped, the positons
with their respective horizontal and vertical displacements are
used to generate a bicubic distortion surface. Let’s consider
the discrete disparity points f(x, y) obtained from the grid
mapping plotted in the x-y plane of the image, as seen in
Fig. 9(a). Because f only exists in the mapped points, let’s
represent f in the coordinates ξ, η, where ξ = 1, 2, 3, … m
and η = 1, 2, 3,…n, and m and n are the total of grid mapped
points (targets) on x and y directions, respectively. For each
pair (ξ, η), we know the corresponding (x, y) coordinate.

At each point (ξ, η), f is known from the grid mapping, and
its derivatives can be estimated by:

f x ξ; ηð Þ ¼ f ξ þ 1; ηð Þ− f ξ−1; ηð Þ
2Δx

ð2aÞ

f y ξ; ηð Þ ¼ f ξ; ηþ 1ð Þ− f ξ; η−1ð Þ
2Δy

ð2bÞ

f xy ξ; ηð Þ ¼ f x ξ; ηþ 1ð Þ− f x ξ; η−1ð Þ
2Δy

ð2cÞ

A bicubic surface covering the area Ak, as shown in Fig.
9(b), can be interpolated using the above known values of the
four corners, and can be written as:

p x; yð Þ ¼ ∑3
i¼0∑

3
j¼0aijx

iy j ð3Þ

By performing a proper change of coordinates (ξ’, η’), as
shown in Fig. 10, the function values f and the derivatives fx,
fy and fxy are known at the four corners (0, 0), (1, 0), (0, 1),
and (1, 1) of the unit square.

The interpolation is solved by determining the 16 coeffi-
cients aij, matching p(x, y) with the four function values, eight
equations for the derivatives in x and y directions and four
cross derivatives xy, obtained in the four corner points of the

Fig. 6 (a) Regularly spaced and
orthogonal grid points shown
distorted for representation
purpose. (b) Orthogonal
transformation from previously
known spacing and
perpendicularity of features

Fig. 7 SEM Image of Pelcotec™G-1C Silicon Calibration Specimen, at
3,500× magnification, with highlighted subset tiles for pattern repetition
mapping
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patch. In the new coordinate system (0-1) with proper manip-
ulation, the coefficients aij can be determined by:

a00 a01 a02 a03
a10 a11 a12 a13
a20 a21 a22 a23
a30 a31 a32 a33

2
664

3
775 ¼

1 0 0 0
0 0 1 0
−3 3 −2 −1
2 −2 1 1

2
664

3
775

f 0; 0ð Þ f 0; 1ð Þ f y 0; 0ð Þ f y 0; 1ð Þ
f 1; 0ð Þ f 1; 1ð Þ f y 1; 0ð Þ f y 1; 1ð Þ
f x 0; 0ð Þ f x 0; 1ð Þ f xy 0; 0ð Þ f xy 0; 1ð Þ
f x 1; 0ð Þ f x 1; 1ð Þ f xy 1; 0ð Þ f xy 1; 1ð Þ

2
664

3
775

1 0 −3 2
0 0 3 −2
0 1 −2 1
0 0 −1 1

2
664

3
775

ð4Þ

This procedure yields a surface p(x, y) of (equation (3)) on
the unit square [0,1] x [0,1] delimited for four points, which is
continuous with continuous derivatives. The entire surface is
covered by stitching together the bicubic surfaces, ensuring
that the derivatives match on the boundaries. The derivatives
are obtained from the following identities:

px x; yð Þ ¼ ∑3
i¼1∑

3
j¼0aijix

i−1y j ð5aÞ

py x; yð Þ ¼ ∑3
i¼0∑

3
j¼1aijx

ijy j−1 ð5bÞ
pxy x; yð Þ ¼ ∑3

i¼1∑
3
j¼1aijix

i−1jy j−1 ð5cÞ

A preliminary verification can be done by applying the
distortion correction directly to the grid image, interpolating

the pixels. The newly corrected grid can be loaded in the
distortion code and new displacement field should be a flat
surface, exhibiting near zero gradient. This procedure can be
used for verification purposes only to ensure the spatial cor-
rection is calculated correctly. The cross check verification on
the grid has a similar purpose as Sutton et al.’s [8] simulation
of the correlation between two reference images, in order to
quantify the precision of the correction function fit for the
strain maps. In our case, the image correction should not be
applied to the raw deformed image prior to correlation, as it is
not possible to move a fraction of a pixel. The disparity field
has to be used to obtain the distortion gradient function that
will be used for strain distortion correction as shown in
sequence.

The gradient of the bicubic surface is determined using
(equation (5a) and (5b)) mapping the image pixel by pixel.
From the distortion map, we can define pu and pv as orthogo-
nal distortions in the x and y directions, respectively. In this
case, we solve the cubic interpolation in (equation (3)) for pu
and pv, independently. The gradient can then be composed
with the results from a commercial software strain map to
obtain the distortion-free Lagrangian strain fields, as proposed
in [13]. In the present work, the following correction for the
strain field is employed. Without loss of generality, consider
two subsets being stretched in distorted and undistorted image

Fig. 8 Spatial distortion mapped with SEM Image of Pelcotec™ G-1C Silicon Calibration Specimen, at 3,500× magnification

Fig. 9 (a) Discrete distortion
points from grid mapping, and (b)
surface fit for the mapped points
covering all the region
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pairs, as shown in Fig. 11, where the displacement geometric
solution based on a predefined subset size is depicted as first
order elements. It is important to notice that the commercial
software uses the strained and unstrained images in the
distorted system, which are the original acquired images,
and the strains are computed based on a subset size.

The corrected stain field is then computed as a composition
of the distorted strain field and the gradient of the distortion
field.

εxx εxy
εxy εyy

� �
¼ ε0xx ε0xy

ε0xy ε0yy

� �
1 0
0 1

� �
þ pux puy

pvx pvy

� �� �
ð6Þ

To assure symmetry of the final strain tensor, the shear
strain is averaged as follow:

εxy¼ε0xy þ 1

2
ε0xx puy þ ε0xy pvy

� �
þ ε0xy pux þ ε0yy pvx
� 	h i

ð7Þ

where ε′ij are the in-plane strains resolved by DIC software
and previously corrected for magnification as proposed in
BQuantifying Uncertainties in SEM Magnification^ section,
pux and puy are the derivatives of the horizontal distortion,
and pvx and pvy are the derivatives of the vertical distortion,
with respect to x and y. These gradients are computed at the
same position and with the same subset size as used in the DIC
software. For all the results presented in this paper, we have
used Correlated Solutions Vic-2D (2009) for digital image
correlation.

Grid Accuracy and Resolution

In the example presented in the last section, we have plotted
features equally spaced every 10 μm according to the grid
readings, and now to check the grid spacing reliability, an
additional experiment is described as follows. First, we took
a series of five grid images as depicted in Fig. 12. The images

were taken at different grid position. We moved the stage the
following amount between images: (a)→(b) 20 μm left; (b)→
(c) 20 μm down; (c)→(d) 20 μm down and 20 μm left; (d)→
(e) 20 μm down and 20 μm left. The real stage displacement
value is arbitrary, since any subset tile can be tracked in the
code from the position with respect to the acquired image. The
purpose of these experiments is to validate the certified equi-
spaced grid targets, by comparing different regions across the
grid and checking the reliability.

The disparity of the grid position was computed every
10 μm for each image, as sketched in Fig. 12 (e), following
the procedure described in BSpatial Distortion Correction^
section. In this case, we mapped 8 horizontal by 6 vertical
points in each image starting at the same initial pixel positon.
All images were acquired with the optimization procedures
described before. In this case, we expect to have minimized
drift distortion that is on the same level as the SEM noise. To
analyze the accuracy of the grid targets, let’s consider S(x, y) to
be the matrix formed by the pixel positions of the mapped
points that are shown in the SEM image. If spatial distortion
is a stationary inherent SEM distortion, as demonstrated in [8,
13], then it does not depend on the substrate, and it shall always
present the same distortion. When translating the calibration
grid, we will have new set of reference data on the substrate.
By denoting Xi(x, y) , i = 1 , 2 , 3 , 4 and 5, the position of the
targets based on the grid pattern for each image i, the disparity
matrix computed for each image will be given by:

Di x; yð Þ ¼ S x; yð Þ−X i x; yð Þ ð8aÞ

If the hypothesis of fixed spatial distortion holds, then the
calculated disparity Di(x, y) will be related with the true dis-
tortion Ti(x, y) by:

Ti x; yð Þ ¼ Di x; yð Þ þ Gi x; yð Þ ð8bÞ

where Gi(x, y) is a matrix of Gaussian errors related with
the SEM image noise. Therefore, due to the nature of
Gaussian error, the true distortion can be estimated by:

Ti x; yð Þ≈ ∑n
i¼1Di x; yð Þ

n
ð8cÞ

In the present case, n = 5. The error in the disparity mea-
sured by the independent set of images is given by:

Gi x; yð Þ ¼ Ti x; yð Þ−Di x; yð Þ ð8dÞ

From the results of (equation (8d)), if the Gaussian errors
are high, then either the grid does not possess the claimed
accuracy or the noise and/or drift is not negligible as earlier
stated. On the other hand, if the errors are on the order of the
expected uncertainty, i.e. ~0.1%, then the grid targets are sat-
isfactory accurate for the purpose of this work and the noise is
sufficiently minimal.

Fig. 10 Change of coordinates for each patch, forming a unit square
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The Gaussian error based on (equation (8a-d)) was deter-
mined using the 5 images as exemplified in Fig. 12. The grid
targets were obtained finding the center of a subset tile of
50 × 50 pixels every 10 μm. The targets are numbered from
left to right and from top to bottom. The point on the top left is
the reference target used to compute the distortion field.

Figure 13 shows the vertical and horizontal distortion
Gaussian error plotted for all 48 mapped targets for the 5 inde-
pendent images. From Fig. 13, we can see that the errors be-
tween disparity measurements are confined in a band from −0.1
to 0.1 pixel. The standard deviations for the Gaussian error of
mapped points are 0.027 pixel for the horizontal distortions and
0.030 for vertical distortions. The maximum errors measured

for horizontal and vertical distortions are 0.055 pixel and 0.1
pixel, respectively. Considering that the distance between tar-
gets (10 μm) is determined to be 325.143 pixels, the maximum
percentage error between targets (determined by the ratio of 0.1
maximum pixel error by 325.143 pixel distance between tar-
gets) will be 0.03%. Therefore, we claim that the grid is suffi-
ciently accurate to perform the spatial calibration as proposed,
and the SEM noise is within the acceptable level, for target step
of 10 μm at the tested resolutions.

Despite the Gaussian error being small, by looking at Fig.
13(b), we see a clear tendency of the noise to increase as the
scan moves down (noted jumps from points 8 to 9, 16 to 17
and so on) for the vertical distortion within the same image.

Fig. 12 Sketch of cross check for
grid accuracy. Five images were
taken at different spots of a
certified Pelcotec™ G-1C Silicon
Calibration Specimen. Only the
sketch of mapped points in image
(e) is shown for simplicity

Fig. 11 Represents (a) the original images and (b) a new system with distortion correction applied to both, reference and strained images
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Interestingly, the first image shows a tendency of distortion in
one direction, having the highest dispersion, and the other
images show the opposite direction, but with values closer to
the central average. For the horizontal distortion, the noise is
random as seen in Fig. 13(a).

Quantifying Uncertainties in SEM Magnification

As previously noted, when performing time consuming or
interrupted tests, sequences of images are normally taken days
or weeks apart. Every time the microscope is turned on, there
might be a slight difference between the magnifications of the
acquired images. The typical uncertainty defined by the SEM
manufacturer for magnification, maintaining all parameters
exactly the same, is on the order of 3%. The sources of this
uncertainty are discussed by Watt [21]. For experimental me-
chanics of engineering alloys, this error can be far above the
maximum localized strain being measured. One important
technique to minimize this difference is to adopt the procedure
of always starting from the highest magnification available in
the SEM and then going to the desired magnification for the
DIC characterization. Figure 14 depicts a typical hysteresis
loop for magnification.

Figure 15 displays two grid images taken on a FEI NOVA
nanoSEM on different days, with exactly the same acquisition
parameters. This pair of images presented the largest differ-
ence in magnification during our experiments, and it was cho-
sen to clearly exemplify a recurring issue. The distortion code
presented in BSpatial Distortion Correction^ section can be
used to determine the correct calibration for each image.
Figure 15(a) displays 90μm in 1942 pixels, having an average
of 46.3 nm per pixel, while Fig. 15(b) displays 90 μm in 1906
pixels, with an average of 47.2 nm per pixel. If the same
difference in magnification is present in the DIC images, there
will be an erroneous average linear strain of −1.85% in the
final analysis.

During each DIC image acquisition session, the grid image
must be acquired for magnification correction purpose. Since
we are using the certified grid for local corrections, we use the

same grid to address the magnification correction that can be
automated by implementing the set of (equations (6 and 7)) in
addition to (equation (9)) that is described below. Both the
axial and transverse strains must be corrected for magnifica-
tion differences between the reference and strained images.
No correction is necessary for the shear strain, as the shear
strain will be properly corrected by the image distortion as
proposed in BSpatial Distortion Correction^ section. The cor-
rection for ϵxx and ϵyy will be:

ϵ0xx ¼
ϵxxV2D−ε

� �

1þ ε
ð9aÞ

ϵ0yy ¼
ϵyyV2D−ε

� �

1þ ε
ð9bÞ

where ϵxxV2D and ϵyyV2D are the DIC axial and transverse
strains from Vic-2D (the DIC correlation package used in this

Fig. 13 Gaussian error of defined image positions numbered 1 to 48 from left to right and from top to bottom as shown in Fig. 12, (a) horizontal and (b)
vertical distortions

Fig. 14 Typical hysteresis loops for the magnification in a SEM
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analysis) and ε is the erroneous magnification strain measured
from the two grid images as explained before. In this case, the
differences in magnification are consistent in both x and
y directions.

If the axial engineering strains are measured with accuracy
during the ex-situ DIC experiment, for instance by use of an
extensometer, the final DIC average strains can be checked for
similarity. If the average DIC strain is too far from the me-
chanical measured residual strain, then it is more likely
a consequence of an unmatched magnification between the
reference and strained images. The correction proposed in
(equation (9)) shall bring the average strain back to the expect-
ed value. After this algebraic manipulation of the strain field,
the local distorting correction proposed in BSpatial Distortion
Correction^ section must be applied.

Results

Figure 16 illustrates the computed u and v displacement field
obtained from the center portion of the calibration grid shown
in Fig. 8. The consistent increase in u-distortion in the y di-
rection is due to the orthogonality issue during SEM acquisi-
tion, as discussed before. The magnitude of the v-distortion is
smaller than the u-distortion, but exhibits more variation in the
x and y directions.

A Matlab code was written to prescribe the distortion cor-
rection gradient seen in Fig. 16 onto the DIC results from Vic-
2D, after proper magnification correction as proposed in
BQuantifying Uncertainties in SEM Magnification^ section.
This code was first used in a calibration phase for resolution
check between two reference images. The objective of this
procedure is to establish the minimum subset size for a max-
imum of 0.1% standard deviation, which is considered, for the

purposes of this study, as an acceptable signal-to-noise error.
We claim that if distortion corrections are performed, two
reference images correlated during the initial setup procedure
will present less noise, thus allowing reduced subset size dur-
ing the DIC analysis. In this analysis, the pair of images were
taken within the same SEM session, so they are not subjected
to the discrepancy in the magnification values. The distortion
correction was applied to this calibration phase results, for a
Ni-based superalloy speckled with Ti nanopowder. The stan-
dard deviation is reduced by 0.03% from the original result,
thus enabling the use of a smaller subset and therefore improv-
ing the spatial resolution of the measured strains while avoiding
excessive strain dipoles, as discussed by Efstathiou et al. [1].

The results comparing the localized strain for both
corrected and non-corrected DIC results, after the specimen
is loaded to 0.7% strain at 300 °C are shown in Fig. 17. The
subset for the corrected strain field was set as 0.6 μm (21
pixels), Fig. 17(a), while for the non-corrected strain field
was set as 1.5 μm (51 pixels), Fig. 17(b), granting the same
accuracy for both measurements; albeit the smaller subset size
allows higher spatial resolution, which implies much more
detailed strain localization measurements. In both cases, the
filter size was set to 15 with a step size of 1 pixel. Figure 17(c)
shows the speckle pattern used for DIC. The profiles repre-
sented by the red lines in Fig. 17 were plotted for comparison,
as depicted in Fig. 18. As observed in Fig. 18, the corrected
results enabled a sub-micron spatial resolution map of strain.
On the other hand, for the distorted images, the strain values
would be averaged over a region of a few microns.

Finally, the spatial distortion and magnification correction
are applied to two case studies. We performed two experi-
ments with different substrate and speckling method. First, a
fatigue test was conducted on a Ti-6Al-4V specimen, speckled
with gold nanoparticles [22]. The specimen and grid were

Fig. 15 Grid images taken at different SEM sessions with exactly the same acquiring parameters
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imaged in the FEI Quanta 3D FEG field emission scanning
electronmicroscope. The fatigue loading was monitored using
a calibrated extensometer and the specimen was loaded to 1%
strain followed by cyclic loading (in load control) at
Rσ = 0.05, at room temperature. After 1000 cycles, the spec-
imen was imaged within the SEM for ex-situ strain field
determination.

The preliminary DIC results, due to erroneous magnifica-
tion, showed an average strain of 1.43% for the area of interest
with horizontal field widths of 60 μm, as shown in Fig. 19(a).
Four images were taken at 8,000× and stitched together to
form the entire field of view. The DIC average strain was
above the expected value from the extensometer measure-
ments. Based on the grid images taken along with the refer-
ence and strained images, the correction proposed in
BQuantifying Uncertainties in SEM Magnification^ section

was applied, followed by the distortion correction (BSpatial
Distortion Correction^ section). The strain field, after correc-
tion is shown in Fig. 19(b). The average strain in this case was
reduced to 0.88%, which is compatible with the mechanically
measured values via the extensometer.

Second, a Ni-based superalloy was loaded to 0.7% strain
and returned to zero load at 700 °C inside a vacuum chamber
[23]. The specimen was speckled with 60 nm Titanium nano-
particles. After the test, the specimen was cooled to room
temperature and imaged for DIC in the FEI Nova Nano
Field Emission SEM. After magnification and distortion cor-
rection, the average strain in the mapped area was determined
to be 0.37%, closer to the expected residual mechanical strain
value. A comparison is shown in Fig. 19(c) prior to the spatial
distortion and magnification correction and in Fig. 19(d) after
applying these corrections.

Fig. 17 DIC of a Ni-based
superalloy after permanent
deformation at 300 °C: (a) spatial
distortion correction and (b) non-
correction; for both case the error
was kept below 0.1% strain. (c) Ti
nanopowder speckle pattern used
for DIC

Fig. 16 Distortion displacement field (a) u and (b) v from SEM image displayed in Fig. 8
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The two cases reported here serve as examples of the nec-
essary distortion correction for SEM –DIC analysis, thus
resulting in highly reliable strain maps with the ability to cor-
relate strain using smaller sub-sets thereby providing higher
resolution. In this procedure, a general framework is
established that can be applied in any ex-situ SEM-DIC ex-
periment, with the protocol established to focus on the nu-
ances of ex-situ strain maps.

Conclusion

High resolution DIC measurements obtained via SEM images
enable sub-grain level resolution of strain and quantification
of individual slip bands. However, researchers have shown
that the resolution and accuracy of the measurements may
be compromised by the inherent electromagnetic distortion
of SEM images, giving rise to erroneous results. In this paper,
we emphasize a systematic distortion correction protocol for

long duration or ex-situ DIC measurements. We have
discussed (i) the importance of minimizing noise during ac-
quisition, since any perturbation caused by random effects
cannot be predicted or corrected, (ii) properly grounding the
specimen as a key step to minimize drift, and (iii) optimum
parameters that allow increased signal-to-noise ratios accord-
ing to the material and type of speckles in use.

A procedure to account for spatial distortions is introduced
by using a certified grid and an image-based feature identifi-
cation procedure to compute the distortion displacement field
for the calibration image. The accuracy of the certified grid
was tested and determined to be 0.03%, thus providing a reli-
able tool for correcting spatial distortions. Previous protocols
are based on rigid body motion of the specimen to capture
spatial distortions, which inherently relies on the precision of
the SEM translational stage. The reliability of the calibration
grid in the current study is better than that of traditional SEM
translational stages. This displacement field is then applied to
the DIC results thereby increasing the resolution of the

Fig. 19 (a,b) Ti-6Al-4V
specimen after 1000 fatigue
cycles (σmax = 1050 MPa,
Rσ = 0.05): (a) without any
correction and (b) after
magnification and spatial
distortion correction. (c,d) Ni-
based superalloy specimen after
0.7% strain at 700 °C: (c) without
any correction and (d) after
magnification and spatial
distortion correction. Fields of
view on both specimens are
composed of four images stitched
together

Fig. 18 Strain profiles mapped
over the red lines shown in Fig.
16
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computed strain fields (by utilization of a smaller subset size),
while keeping the strain error below 0.1%. In other words, the
uncertainty in the accuracy of the reference grid is approxi-
mately a third of the standard deviation of error during the
image correlation analysis.

Another important aspect of this study, especially in appli-
cation to ex-situ or long duration DIC experiments is the un-
certainty quantification of the reported SEM magnification.
According to the SEM manufacturer, the uncertainty for the
reported magnification value, given all other parameters are
kept constant, is on order of 3%. It is observed that two grid
images acquired at the same reportedmagnification displayed
a difference in strain of 1.85%, which is fictitious, and can
dominate the underlying deformation strains in the sample that
the DIC experiment is intended to quantify. This fake strain
can be removed by taking reference images during each SEM
sessions. These images are compared and the offset and am-
plification is properly applied to the DIC results. Finally, it is
important to mention that SEM images are subjected to sev-
eral internal and external variations due to variables, in which
the user has little control over. Therefore the methodology
reported in this manuscript provides a means to ensure con-
sistency of the measured data. The reported procedure is
intended to provide a systematic methodology, which can be
applied to any SEM system and is suitable over a wide range
of magnification values.
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Appendix

This paper provides a systematical protocol for distortion cor-
rections (due to inherent electromagnetic spatial distortion or
inaccurate displayed magnification values). The aforemen-
tioned procedures were developed for long duration, ex-situ
experiments, in which the referenced and strained images are
taken in separate SEM sessions and to minimize spatial dis-
tortion in SEM systems in which the xyz translational position
stage has low resolution. To ensure this procedure is repeat-
able and easy to implement by future users, Table 1 provides a
concise summary of the distortion correction protocol.

Table 1 Summary guideline for the bias correction of SEM-DIC

# Step Reason Reference

1 Define the proper
accelerating
voltage.

Lower accelerating
voltage provides
better contrast on
the surface
speckles. Higher
accelerating
voltage will reduce
external
interference.

Ref. [10]

2 Define the lowest
possible current
(combination spot
size, dwell time,
and aperture) by
keeping one
parameter constant
and systematically
changing the other
two parameters,
and then repeating
to toggle through
the possible
parameter
combinations.

Minimize DIC subset
size for a
satisfactory
standard deviation
of strain between a
pair of images.

BDrift Minimization
and Appropriate
Parameters for
Noise Reduction^
section

3 Place and ground
specimen and
adjacent, standard
certified grid in the
holder.

Minimize drift,
determine the
distortion field, and
have an accurate
reference for
magnification.

BDrift Minimization
and Appropriate
Parameters for
Noise Reduction^
section

4 Take sample
reference images
with the proper
field of view to
resolve features of
interest.

Digital image
correlation
reference.

5 Take image of the
grid with exactly
the same
parameters and
working distance
during the same
session as Step 4.

Map the distortion
field and have an
accurate reference
for run-time mag-
nification calibra-
tion.

BSpatial Distortion
Correction^
section

6 Calculate the
gradients of spatial
distortion field
from the certified
grid image.

Gradients will be
applied to the final
DIC strain field.

BSpatial Distortion
Correction^
section and
(equations (2-5))

7 Repeat Steps 4 and 5
after the sample
has been deformed.

Get sequence of
images for DIC
strain fields.

8 Calculate and correct
magnification as
necessary for
correlated images.

Slight differences in
magnification can
lead to large errors
in the reported
strain field.

BQuantifying
Uncertainties in
SEM
Magnification^
section and
(equation (9))

9 Apply the distortion
correction to the
strain field.

Spatial distortion can
lead to erroneous
localized strain
measurements.

BSpatial Distortion
Correction^
section and
(equations (6-7))
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