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The local microscopic deformation of polycrystalline low carbon steel under uniaxial tension is

measured through SEM moiré method. In order to produce high frequency gratings, focused ion beam

(FIB) milling is used due to its direct writing capability. With gratings of 2000 lines/mm, the variations

of SEM moiré fringes with the increase of stress around a triple point of grain boundary and inside a

grain are observed respectively and it is found that we can tell whether the specimen has yielded by

moiré fringes. With gratings of 5000 lines/mm, SEM moiré fringes around five different types of grain

boundaries are recorded and analyzed with random phase shifting algorithm. By observing the strain

fields around different types of grain boundaries, it is found that the deformation fields around these

grain boundaries are inhomogeneous and increase with stress. However, the strain distributions are

different, which is probably related with the angle between the loading direction and the grain

boundary and the misorientation of two adjacent grains. It is also found that the inhomogeneous strain

is caused by slip and the bending direction of moiré fringes is in agreement with the direction of

slip band.

& 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Most metallic materials are polycrystalline formed by a collec-
tion of fine grains on the order of 100 mm or even smaller.
Therefore, it is reasonable and accurate enough to consider the
material as homogeneous and isotropic at the macroscopic scale.
However, it is increasingly evident that local microstructural
effects cannot be ignored at the microscopic scale, such as grain
boundary, grain size, grain shape and crystallographic texture.
Microstructure-based models like crystal plasticity models have
been developed to predict the microscopic mechanical response
of polycrystalline material. However, the accurate applications of
these models are still currently limited to a narrow range of
circumstances. Developing more accurate models will require an
improved understanding of deformation mechanisms at the grain
level, which will, in turn, require grain level experiments that give
quantitative measurements on a full field basis.

The applicable experimental methods for quantitative, full-
field, grain level measurements are digital image correlation (DIC)
[1–4], grid technique [5], moiré interferometry [6] and SEM moiré
method [7,8]. DIC makes use of the gray intensity to calculate the
ll rights reserved.
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full field displacement by correlating the images captured before
and after deformation. It is based on an assumption that the gray
intensity of each point before and after deformation is constant.
In other words, this method does not allow the obvious changes
on specimen surface; otherwise, only the relative deformation
between adjacent stages, not the real deformation, can be directly
calculated. The grid technique has been proven to work well for
large amounts of global strain (on the order of unity). Moiré
interferometry is successfully utilized to measure polycrystalline
Al with large grain sizes on the millimetric scale [6]. However,
due to its limitation of spatial resolution, moiré interferometry
does not apply to the deformation analysis of grain at micron-
scale or smaller. Compared to the above mentioned methods, SEM
moiré method possesses three major advantages: (1) insensitive
to the surface changes; (2) high displacement sensitivity up to
0.1 mm; (3) high spatial resolution. Therefore SEM moiré method
is well suited to analyze the full field deformation of polycrystal-
line with fine grains.

Grating fabrication and fringes analysis are two critical steps
for all kinds of moiré methods and SEM moiré method is no
exception. For microstructural deformation analysis, gratings of
frequency higher than 1000 lines/mm are required. As reported,
there are four available fabrication techniques for such high
frequency gratings, including holographic photolithography [9],
electron beam lithography (EBL) [10], nano-imprint technology
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[11] and focused ion beam (FIB) milling [12,13]. The process of
holographic photolithography is relatively cumbersome, which
consists of coating photoresist, exposure, developing, depositing
metal film and removing the rest of photoresist. This technique
can produce gratings very quickly and the size is usually a few
tens of millimeters. The disadvantages lie in the high precision
demand of optics setup and vibration isolation. The process of EBL
is almost the same as photolithography except that the exposure
source is electron beam instead of laser beam and the grating
pattern is formed by pattern generator instead of the interference
of two laser beams. Nano-imprint technology requires a high
precision mold, which is expensive. This technique involves an
imprint step with physical deformation of a thin film of a
thermoplastic polymer cast on a substrate using a rigid mold
under pressure and elevated temperature above the glass transi-
tion temperature (Tg), followed by solidification and demoulding
after the polymer cooled to a temperature below Tg. Compared to
the other three methods, FIB milling is a more straightforward
technique (maskless and resistless) to directly write the grating
on a specific region of the specimen surface. Both FIB and EBL
allow producing grids with frequencies up to 10,000 lines/mm,
but they are time consuming and of low throughput due to the
serial nature of the process. Thus neither is suited for large scale
patterning. Besides, the size of the processed sample is limited by
the size of the vacuum chamber. Therefore the grating made by
EBL and FIB is more suitable to measure microscopic deformation.
In this study, FIB is selected due to its direct writing capability on
a specific site.

With regard to fringes analysis, fringe centering technique
[14], which consists of filtering, fringe centerline detection,
binerization, peak detection, fringe thinning, fringe orders assign-
ment and fractional fringe order calculation, is adopted in most
previous studies on SEM moiré. This manually handling technique
only makes use of the information of fringes on integral order,
which leads to a lower displacement measurement precision. It is
well known that phase shifting technique not only can realize
automatic processing of moiré fringes, but also can enhance the
displacement precision. Although four-step phase shifting tech-
nique has been introduced to SEM moiré method [15], it is not
easy to implement this technique unless PZT actuator is intro-
duced since the specimen stage and the electron beam cannot be
moved precisely. This difficulty can be overcome by using random
phase shifting technique since it does not need to know the
precise phase shift step. Wang et al. [16,17] developed an
advanced iterative algorithm to obtain the phase shift step and
the phase information at the same time using three or more phase
shift images. Hu et al. [18] used random phase shifting SEM moiré
technique to reconstruct periodic structure. Wang et al. [19]
utilized random phase shifting SEM moiré technique to measure
residual thermo-creep deformation of copper interconnects.

This work aims at characterizing the local microscopic
mechanical property of polycrystalline material by SEM moiré
method. The tested object is low carbon steel, Q235B. The
principle of SEM moiré method is presented in Section 2 followed
by the grating fabrication method in Section 3. Experiments
and results are given in Section 4. Finally, conclusions are
summarized.
Fig. 1. Formation of moiré fringes. (a) Parallel moiré (b) Rotational moiré.
2. SEM moiré method

2.1. Measurement principle of SEM moiré

SEM image is acquired through point by point scanning of
electron beam from left to right, from up to down. Therefore the
scanning lines can be regarded as a horizontal periodical grid and
serve as the reference grating. In principle, SEM scanning moiré is
generated by the superposition of the specimen grating and the
reference grating with almost identical frequency. When these
two groups of grating are parallel, the formed moiré is called as
parallel moiré; otherwise, it is called as rotational moiré, see
Fig. 1.

Moiré fringes are isothetic lines of displacement [20]. There-
fore, the displacement field and the strain field can be obtained by
analyzing the fringes. Phase shifting moiré method not only
avoids the cumbersome of the fringe centering method [14] and
realizes the automatic processing of fringes, but also improves the
displacement accuracy since it makes full use of the gray
information of each point. Conventional phase shifting algorithms
require the phase shift amounts to be known. However, it is
difficult to meet this requirement in SEM moiré as the specimen
stage or the electron beam cannot be moved precisely on sub-
millimeter scale. To overcome this difficulty, random phase
shifting SEM moiré method is used in this paper. It consists of
two steps. First, record random phase shifting moiré fringes under
SEM by finely shifting the electron beam. Second, analyze the
recorded moiré fringes with an advanced iterative algorithm
proposed by Wang et al. [16,17]. The proposed algorithm is based
on the least-squares iterative algorithm and has been proved
effective for any three or more images with completely random
phase shifts. In this approach, both phase shift amounts and
wrapped phase distributions, f(x,y), are treated as unknowns and
they are determined simultaneously through an iteration process,
including pixel-by-pixel iteration to determine phase distribution,
frame-by-frame iteration to determine phase shifts and check out
the convergence limit. The algorithm repeats these two previous
steps until the phase-shift values converge.

An unwrapping procedure is required to obtain the unwrapped
phase, f0(x,y). The relationship between the unwrapped phase,
f0(x,y), and the displacement, v(x,y), is

f0ðx,yÞ ¼
2p
pr

v x,yð Þ ð1Þ

where pr is the pitch of the reference grating, v(x,y) is the
displacement of the specimen grating relative to the reference
grating along the principal direction of the reference grating, y.

The strain in direction y can be expressed by

eðx,yÞ ¼
pr

2p
@f0ðx,yÞ

@y
ð2Þ

In the tensile test, under a constant tensile load, translate the
scanning lines three times along y direction to acquire four fringes
images, as shown in Fig. 2(a). The translation amount is unknown
but less than pr each time. Using the random phase shifting
algorithm, the wrapped phase field can be got from these four



Fig. 2. An example of random phase shifting moire fringes and the calculated results, the dots in (c) and (d) are the locations of the maximum displacement and strain

respectively. (a) Four random phase shifting fringes, (b) wrapped phase, (c) displacment field, (d) strain field.

Fig. 3. Diagram of scanning lines and the view field under SEM.
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images, as shown in Fig. 2(b). Then the phase field is unwrapped,
the full field displacement (Fig. 2(c)) and strain (Fig. 2(d)) can be
calculated by the Eqs. (1) and (2).

2.2. Preliminary calibration of the frequency of reference grating

Assume that the scanning lines of SEM is parallel to axis x, as
shown in Fig. 3, the frequency of reference grating, fr, is given by

f r ¼
N

L
ð3Þ

where L is the length of the view filed along axis y and N is the
number of scanning lines.

Let L0 represents the gauge length of the SEM monitor along
axis y and M represents magnification, then

L¼
L0

M
ð4Þ

Therefore

f r ¼
N

L
¼

MN

L0
ð5Þ

Since L0 is a constant, the frequency of the scanning lines is
linearly proportional to the magnification with a specified num-
ber of scanning lines. In other words, the frequency of the
reference grating can be varied by altering the magnification. To
get moiré fringes in an efficient way, the relationship between the
frequency of the reference grating and the magnification should
be calibrated. The physical size of each pixel is measured by the
scale bar and the frequency can be obtained through taking its
reciprocal. Capture SEM images at different magnifications and
measure the corresponding frequencies of the reference grating.
Plot these data points and linearly fit them to obtain the relation
expression. Fig. 4 illustrate the relation curves of two SEM
systems utilized in our experiments, including Shimadzu S-550
and FEI Siron 400NC. This calibration method also applies to other
scanning moiré methods, like AFM moiré, STM moiré, TEM moiré
and LSCM moiré.

When the frequency of the specimen grating is equal to that of
the scanning lines and their directions are parallel, no fringes will
turn out and such case is terminologically called as null field
moiré. But a small frequency mismatch will lead to moiré fringes.
The larger the mismatch is, the denser the fringes are. According to
the above mentioned relation expression between the frequency
of the reference grating and the magnification, the magnification
M0 at which null moiré fringes are formed can be derived. It is easy
to observe moiré fringes by adjusting magnification around M0.
However, it should be noticed M0 is just a reference value. Due to
the measurement error and the difference of working distance, the
real magnification corresponding to null moiré fringes probably is
not equal to M0, but definitely around M0.
3. Grating fabrication method with FIB

FIB technologies are now widely used as powerful tools in the
semiconductor industry mainly for micro/nano-structuring, mask
repairing, device modification, failure analysis, integrated circuit
debugging and others [21,22]. Using FIB to fabricate specimen
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grating, not only extends the application of FIB, but also offers a
new tool for moiré method to fabricate grating. FIB milling is
achieved by accelerating concentrated ions to a specific site,
which etches off any exposed material, leaving a very clean hole
[13], as shown in Fig. 5.

A dual beam system (SEM and FIB) is used in the experiments
and the flow chart of grating fabrication is shown in Fig. 6. The
first step is to design grating patterns and the detail is described
in Ref. [13]. Parallel gratings are used to measure one dimensional
deformation and cross gratings are used for two dimensional
deformation. Then input the designed grating patterns into FIB
system and locate the specimen site of interest. Set etching
parameters, like the ion beam current and etching depth, and
start etching. Finally, observe the fabricated grating with SEM.

In the experiments, parallel specimen gratings of two frequen-
cies are fabricated, as illustrated in Fig. 7. In Fig. 7(a), the
frequency is 2000 lines/mm, the gratings are fabricated under
Tescan Lyra 3, the ion beam current is 139 pA and the setting
etching depth is 1 mm. In Fig. 7(b), the frequency is 5000 lines/mm,
the gratings are fabricated under FEI DB 235, the ion beam current
is 300 pA and the setting etching depth is 0.5 mm.
4. Experiments and results

Tensile tests are carried out under Shimadzu S-550 and FEI
Siron 400NC respectively. The material is low carbon steel,
Q235B. To display the grain boundary and fabricate high
frequency grating, polish the specimen to a mirror-like plane
with sand paper and diamond polishing paste followed by
corroding it with a mixed solution of nitric acid and alcohol by
volume ratio of 4:100 for 90 s. The boundaries of the grains can be
clearly observed under microscope, as shown in Fig. 8. The white
part is ferrite and the black part is pearlite. Then fabricate high
frequency gratings under dual beam systems, as illustrated in
Fig. 7. The principal direction of the specimen grating is parallel to
the tensile direction. Finally tensile tests are carried out under
scanning electron microscope. Before exerting the load, adjust the
principal direction of the specimen grating to be parallel to the
principal direction of the reference grating, i.e. the electron beam,
by rotating the specimen stage or the electron beam so that
parallel moiré fringes can be formed.

4.1. Tensile tests under Shimadzu S-550

The size of the tensile specimen under Shimadzu S-550 is
shown in Fig. 9. Since Shimadzu S-550 makes use of Tungsten
filament and its resolution is lower compared to field emission
scanning electron microscope, the gratings of 2000 lines/mm are
used. According to the calibration relationship between the
magnification and the frequency of the reference grating,
M¼0.306 fr, M0 should be 612� . Since the magnification cannot
be adjusted continuously, 700� is adopted to record moiré
fringes. Two tensile tests are carried out under Shimadzu S-550
to observe the moiré fringes variation with the increase of the
stress around the triple point of grain boundary and in the interior
of one grain respectively, as shown in Fig. 10. The stress–strain
curve and the moiré fringes corresponding to several stresses are
displayed. The stage of yielding can be distinguished clearly
through stress–strain curve. It can be seen that, whether around
a triple point of grain boundary or in the interior of one grain, the
moiré fringes are horizontal, parallel and equally spaced during



Fig. 7. Parallel specimen gratings. (a) 2000 lines/mm, (b) 5000 lines/mm.

Fig. 8. Microstructure of low carbon steel under optical microscope.
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Fig. 9. Size of the tensile specimen under Shimadzu S-550, the unit is mm, the

thickness is 0.9 mm.
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the stage of elastic deformation; once the specimen is in or has
finished the stage of yielding, the moiré fringes become curved
and non-uniform. With the increase of the stress, the moiré
fringes are more and more curved and denser. Therefore, we
can tell whether the specimen has yielded by the variations of
moiré fringes. As Shimadzu S-550 makes use of Tungsten fila-
ment, its resolution is lower than field emission scanning electron
microscope so that the recorded moiré fringes is not as good as
those of field emission scanning electron microscope. Therefore,
we will quantitatively analyze the influence of the type of grain
boundary to the plastic deformation under FEI Siron 400NC.
4.2. Tensile test under FEI Siron 400NC

The size of the tensile specimen under FEI Siron 400NC is
shown in Fig. 11. Parallel gratings of 5000 lines/mm are used.
Based on the calibration relationship between the magnification
and the frequency of the reference grating, M¼0.446 fr, M0 should
be 2230� . By adjusting the magnification of scanning electron
microscope around M0, we find that there are no moiré fringes
exactly at 2277� . In other words, the pitch of the specimen
grating is equal to that of reference grating at 2277� before
deformation. Therefore, the moiré fringes recorded at 2277�
after deformation will correspond to the real deformation of the
specimen.

In order to study the influence of different types of grain
boundaries to the plastic deformation, five different types of grain
boundaries are investigated. Four random phase shifting moiré
fringes are captured at one load for each type of grain boundary.
Their moiré fringes and the strain fields calculated with random
phase shifting algorithm at different stresses are shown in Fig. 12.
The dashed lines are grain boundaries. It can be seen that,
although with different directions, the deformation fields around
these grain boundaries are inhomogeneous and increase with
stress. However, the strain distributions are different. In Fig. 12(a),
the direction of grain boundary are almost parallel to the loading
direction, the grain boundary has no obvious influence on the strain
distribution. In Fig. 12(b), the grain boundary is almost perpendi-
cular to the loading direction and the strain around the grain
boundary is minimum. There is almost an angle of 451 between the
directions of the grain boundaries in Fig. 12(c) and (d) and the
loading direction and the strain around the grain boundaries is
maximum. Fig. 12(e) correspond to a tricrystal, only the strain
around the left grain boundary is minimum and the other two grain
boundaries have no obvious influence on the strain distribution.
These different distributions are probably caused by the differences
of grain orientations around grain boundaries and the different
angles between the direction of grain boundaries and the loading
direction. The microscopic grain orientations can be detected with
Electron backscatter diffraction (EBSD), however, because of severe
oxidation, the experiment of EBSD is not successful. The further
study will be performed in future.

By observing morphologies of moiré fringes and grating under
the stress of 323 MPa corresponding to Fig. 12(d), as shown in
Fig. 13, it is found that a slip band appeared in the grating region
and the bending direction of moiré fringes is in agreement with
the direction of slip band. Therefore, we can tell the direction of
slip band according to the bending direction of moiré fringes.
At the same time, the moiré fringes become denser around the
slip band, which indicates that the inhomogeneous strain is
caused by slip.



Fig. 10. Variation of moiré fringes with the increase of the stress. (a) Around a triple point of grain boundary, (b) In the interior of one grain.
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Fig. 11. Size of the tensile specimen under FEI Siron 400NC, the unit is mm, the
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5. Conclusions

The local deformation at the microscopic scale of polycrystal-
line low carbon steel under uniaxial tensile test is studied through
SEM moiré method. The grating fabrication technique on metal
specimen with FIB milling is presented and the maximum
frequency is 5000 lines/mm. With gratings of 2000 lines/mm,
the variations of SEM moiré fringes with the increase of stress
around a triple point of grain boundary and inside a crystal are
observed under Shimadzu S-550 and it is found that whether the
specimen has yielded can be distinguished by moiré fringes. With
gratings of 5000 lines/mm, SEM moiré fringes around five differ-
ent types of grain boundaries are recorded under FEI Siron 400NC
and analyzed with random phase shifting algorithm. By observing
the strain fields around these different types of grain boundaries,
it is found that the deformation fields around these grain
boundaries are inhomogeneous and increase with stress. How-
ever, the strain distributions are different probably as a result of
different orientations. The further study is undergoing. It is also
found that the inhomogeneous strain is caused by slip and the
bending direction of moiré fringes is in agreement with the
direction of slip band.



Fig. 12. Moiré fringes and strain fields around grain boundaries with different directions, each row corresponds to one type of grain boundary, where the first two images

are the moiré fringes and strain field under the stress of 258 MPa while the second two images are the moiré fringes and strain field under the stress of 323 MPa, the

dashed lines are grain boundaries, the dots are the locations of the maximum strain.

Fig. 13. Moiré fringes and grating corresponding to Fig. 12(d) under stress of 323 MPa.
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are grateful to Prof. Zhaoyang Wang for offering his processing
software of moiré fringes.
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