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Abstract: A ferrite-pearlite two-phase steel was investigated using in situ scanning electron
microscope (SEM) tensile testing combined with digital image correlation (DIC). Two different
speckled patterns were used and compared. The first pattern was achieved by etching a polished
surface in order to reveal the microstructural features. Second, a gold speckled pattern was obtained.
Here, a continuous layer of gold was applied to a polished surface. This continuous layer was
remodeled into gold nanoparticles by keeping the specimen at 180 °C for 96 h with an Ar/Styrene
mixture flowing across the specimen surface. The result is randomly distributed gold nanoparticles
on the surface. These particles and the etched microstructure were then used by the DIC software
to correlate an image series to obtain the local strain field of the material. The differences between
the two techniques are numerous. Considering the etched surface, most microstructural features
were grain boundaries and pearlite lamellas. As a consequence, large areas within grains did not
provide sufficient contrast for DIC, thus restricting maximum resolution. However, the technique is
fast and does not expose the material to any elevated temperatures. In contrast, the gold remodeling
method provides a finely dispersed gold speckle pattern on the surface, giving excellent contrast
across the recorded area. DIC with gold particles achieved a spatial resolution of 0.096 pm, compared
to 2.24 yum in the DIC for the etched specimen. As a result, DIC with gold speckles can resolve slip
lines. Conversely, DIC with etched microstructure resolves local strains on grain level. However, it is
less cumbersome and faster to perform the test on the etched specimen.

Keywords: digital image correlation; in situ testing; scanning electron microscopy; strain localization

1. Introduction

The industry commonly uses steels with a ferritic-pearlitic microstructure. In such steels,
the properties of the soft ferrite are combined with the harder pearlite to achieve a good combination
of strength and ductility [1]. Knowing the heterogeneous strain field at the grain scale is an important
tool in order to understand the relationship between the microstructure and the elastoplastic response.
Elastic deformations are reversible, meaning that the material returns to its original shape when
the applied loads are released. On the other hand, plastic deformations are permanent, introducing
non-reversible changes and damage to the material. During plastic deformation, typically micro-void
formation or micro-cracking is the dominating damaging mechanism leading to fracture [2]. Thus,
a thorough understanding of these processes is important in the design of steel structures.

Some studies have looked into the deformation process of pearlite. For instance, an early work
using the in situ scanning electron microscope (SEM) technique was performed by Porter et al. [3].
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They were able to study the effect of coarse versus fine pearlite and show how the deformation process
of the two phases differed. Building on their work, Sidhom et al. [4] combined in situ SEM with
electron backscatter diffraction (EBSD) to correlate the observations with the different orientations of
the grains. The conclusion from this investigation was that coarse pearlite has a more brittle behavior
than fine pearlite during tensile deformation. As a result, the damage caused by the plastic deformation
was found to be somewhat delayed by incorporating a fine pearlitic structure.

Peters and Ranson [5] published one of the earliest papers on the use of digital image correlation
(DIC) in mechanical testing and later others further developed the technique [6-13]. Recently, the DIC
technique has caught interest for images acquired with an SEM [14-16]. All that is required for
DIC is an image series of the desired region containing a speckled pattern with sufficient contrast
and the pixel-to-mm ratio. Using an SEM, it is possible to record high-resolution images with high
magnification. These images can be correlated using DIC to get strain fields which can resolve the
slip bands within grains (see, e.g., [16-20]). A challenge is to have a speckled pattern suitable for DIC
analysis. Several different approaches are taken, depending on the desired resolution. Allais et al. [21]
developed a technique using a micro-grid to measure the local strains in a dual phase (DP) steel.
This micro-grid consisted of several hundred gold dots. These were deposited on the surface using
a microelectrolithographic technique. The technique is briefly described here and is based on Appendix
A in Allais et al. [21]. First, the surface is covered with a thin layer of an electro-sensitive resin.
To polymerize the resin, it was cured for 30 min at 140 °C. The desired pattern was drawn using
the SEM electron beam. This irradiation lowered the molecular weight of the resin, making it easily
soluble. After the dotted pattern was created, the resin inside the dots was dissolved using a solvent,
before a gold layer was applied to the specimen surface. Finally, the remaining resin was then
dissolved using a different solvent, leaving only the dotted gold micro-grid pattern on the surface.
The displacement of the gold dots during an in situ SEM tensile test was used to calculate the strain
field in the microstructure. The resulting spatial resolution was 0.5-1 um. Several other techniques have
been utilized over the years to study the local straining of a microstructure, including, but not limited
to: etching, surface deposition and creation of micro-grids using electron beam lithography [16,22-25].

One technique not mentioned above is to use secondary electron images of the microstructure.
These images can then be correlated to find local strain values and distributions. The technique relies on
using the variation of gray-scale values in the recorded micrographs without any adaptations (such as
adding a micro-grid or a speckled pattern). The features in the microstructure (grain boundaries,
particles, different phases, etc.) are used as reference points for the subsequent DIC analysis. Using
the microstructure of the specimen to correlate images was first shown by Kang et al. [26] and later
by others [15,27-32]. Ghadbeigi et al. [27] compared results from DIC using the microstructure
as a reference to the micro-grid method. The results were quantitatively similar for the two
techniques, demonstrating the reliability of using the microstructure directly for the DIC analysis.
Banerjee et al. [30] correlated SEM topography images based on micrographs to investigate the local
strain variations in a grain of high strength steel. The applied global strain in that study was 8.3%,
but locally, inside a grain, strain values as high as 150% were observed. Other grains were found to
have a local average strain value of 1.9%. In the study by Kang et al. [26], a micrograph was acquired
for every 3-5% of macroscopic strain and then loaded into a DIC software and correlated to obtain the
microscopic strain field.

Recent advances in in situ SEM DIC is the ability to get higher spatial resolution. For instance,
Orozco-Caballero et al. [18] achieved a spatial resolution of 44 nm in their strain fields. This fine
resolution is accomplished by using a refined method developed by Gioacchino and da Fonseca [16].
Orozco-Caballero et al. [18] applied a gold speckled pattern on a magnesium alloy. This pattern
provides great contrast between the specimen surface and the gold particles in an SEM BSE image,
providing excellent conditions for DIC analysis. The resulting strain field in a magnesium alloy is
capable of resolving slip bands within grains, thereby quantifying the strain ratio between these bands,
the grain boundaries, and the overall average strain.
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The main objective of the current study was to demonstrate the difference between two techniques
for in situ SEM tensile testing. In these techniques, two different specimen preparation methods were
used, in combination with two different SEM imaging modes. For both methods, the same steel was
used, i.e., an NVE36 ferritic-pearlitic rolled plate steel. The first method presented uses an etched
specimen surface. Here, the grain boundaries and the lamellar structure of pearlite provides contrast
for the DIC using an secondary electron (SE) imaging mode when recording the microstructure.
However, inside the ferrite grains, there is little contrast for the DIC. The second method uses a gold
speckled pattern applied to correlate the images in the DIC. This method provides excellent contrast for
DIC when recording in backscatter electron (BSE) imaging mode. Compared to etching the specimen
surface to obtain contrast for SEM imaging, applying a gold speckled pattern takes much longer time
and exposes the specimen for an elevated temperature. However, the spatial resolution in the DIC is
much higher.

2. Material

The specimens used in this study were taken from a commercial ferritic-pearlitic rolled steel plate,
named NVE36, with chemical composition as listed in Table 1. This steel contains 75% ferrite and 25%
pearlite, with an average grain diameter of 15 um. Figure 1 illustrates the microstructure of the material,
where the darker grains are ferrite, and the lighter grains are pearlite. Micro-hardness measurements of
the ferrite and pearlite gave average hardness values of 204 HV and 283 HYV, respectively. The hardness
measurements were performed with 10 g of force and a holding time of 15 s. The combination of the
two phases gives an alloy with superior strength and ductility compared to having a pure ferritic
or pearlitic microstructure. To make sure that the observed area is in the necked region and close
to the fracture initiation point, a notched specimen geometry was chosen. All specimens used in
this work were taken parallel to the rolling direction of the larger plate, with a thickness of 10 mm,
illustrated in Figure 2a. Then, the specimens were spark eroded to a 2 mm thickness to the dimensions
shown in Figure 2b. To reveal the microstructure in SE imaging mode, the specimens were prepared
by mechanical grinding and polishing to 1 pm, followed by etching for 10 s in 2% Nital. In addition,
the specimens were prepared for EBSD analysis and subsequent application of a gold speckled pattern
(see Section 4.3). These specimens were also prepared by mechanical grinding and polishing to 1 pm,
before vibration polishing using a VibroMet2 from Buehler (Lake Bluff, IL, USA) for 16 h. In the
vibration polisher, there is a suspension with pH 8 containing SiO, particles with the size 0.02 pm.
Finally, all specimens were rinsed in an ultrasonic bath with acetone for 5 min to obtain a clean
surface finish.

Figure 1. Secondary electron image of the undeformed microstructure. The darker areas are ferrite
grains and the lighter areas are pearlite grains.
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Table 1. Typical chemical composition of NVE36 (wt.%) [33].

Element C Si Mn P S Cr Mo Ni Cu Al Nb v Ti
Content 0.18 0.5 09-16 0.035 0.035 02 0.08 04 035 002 003 0.05 0.01

38
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Figure 2. (a) This figure shows how the specimens are taken from the NVE36 plate. The plate and
specimen are not in scale. (b) The notched specimen geometry used for in situ SEM tensile tests.
All measurements are in mm.

3. Digital Image Correlation

Digital Image Correlation (DIC) has become a well-established tool for full-field displacement and
strain measurements during mechanical testing. Various formulations of DIC exist in the literature,
where the principle of optical flow forms the basis for the technique. The traditional formulation
of DIC (see, e.g., Sutton et al. [6]) is the subset-based formulation, where subsets are optimized
individually. In contrast, the finite-element (FE) formulation of DIC proposed by Besnard et al. [10]
is a global approach where the parameters describing the displacement field are solved in a single
global procedure. FE-DIC uses a mesh of two-dimensional elements to describe the displacement
field, and the degrees-of-freedom (DOF) of the elements are optimized for each image in the series.
Various types of elements have been investigated in the literature (see, e.g., Réthoré et al. [12]) and
the technique is in principle independent of the choice of the element type. However, Q4 elements
(elements with four nodes and eight DOFs) are the most used. The reader is referred to Fagerholt [34]
for the mathematical details of the FE-DIC approach applied in this study.

From the principle of optical flow, DIC assumes all images in a series to be a transformed version
of the reference image, where the displacement field gives the transformation. Thus, effects such
as gray-scale pixel noise (or signal-to-noise ratio), light variations, propagating cracks, etc., cause
increasing residuals in the DIC optimization process and pose challenges to the algorithm. The pixel
noise must be considered in the design and setup of the experiment, in terms of choice of camera,
lighting conditions, room temperature, etc. In the analysis stage, it is possible to increase the element
size to overcome a high noise level, with the downside of losing resolution in the displacement field
measurements. Temporal changes in the ambient lighting conditions during the test may be optimized
by a normalization of the pixel gray values. Here, an elementwise normalization based on both mean
and variance of the gray-scale values is applied, i.e., using a zero-mean normalized sum of squared
differences (ZNSSD) criterion [14]. Updating of reference images in the DIC algorithm acts as a reset of
gray-scale value residuals and can be used when the appearance of the specimen surface has deviated
significantly from the reference image. Reference updates may be challenging and should, in general,
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be reduced to a minimum because errors in the displacement field are accumulated, as also discussed
by Tang et al. [35].

When studying the etched specimen, reference updates were crucial to be able to analyze the
specimen until fracture and to overcome the deviations in specimen surface appearance, as seen in
the SE micrographs. Further, a robust DIC algorithm needs functionality to overcome large jumps
in displacements between succeeding images in a series. As the series of micrographs recorded in
the SEM needed continuous manual re-positioning of the specimen, such jumps were present for all
micrographs. To overcome this, a multi-scale coarse-search procedure motivated by Hild et al. [36]
was applied. Calibration of the SEM recordings (drift and spatial distortion) [14] were also considered.
However, due to the relatively low magnification and short exposure time in these tests, these effects
were assumed small. The error caused by spatial distortion was, however, quantified in a simple test
with a rigid moving specimen (see the last paragraph in Section 5).

Most strains in this study are referred to as average engineering strains. These strains are
calculated using virtual extensometers in the DIC software, defined as a vector between two material
points in the DIC mesh. The average engineering strain (epjc) is then calculated as

N
epic = )_epic, €pic; = % 1)
i=1 0
where Ly is the initial length of the virtual extensometer (vector), and AL is the change in length of the
virtual extensometer (vector).

Local strain at the nodes is calculated as principal logarithmic strains at element level (see,
e.g., [37]). Here, X = (X,Y) refers to the image coordinates in the reference configuration and bold
variables denotes vectors. First, the deformation gradient F = F(X,t) = 1+ du/0X is found from
the measured two-dimensional displacement field u = u(X, t) for a particular location X and time ¢.
The right Cauchy-Green tensor is then calculated as

C=F'F 2)

The principal stretches y;,i = 1,2 are found by solving the eigenvalue problem for the right
Cauchy—-Green tensor
(41~ C)n; = 0 ©

where the vectors n; gives the direction of the principal stretches y;. The in-plane logarithmic principal
strains ¢; = ¢;(X, t) are finally found as

g =1In(y;),i=1,2 (4)

The index i is arranged so that &1 > ;. In this work, the major logarithmic principal strain ; was
used for visualization of the strain fields as well as to access the local maximum strain within a DIC
element (and named epjc). These measured strains were eventually compared to the corresponding
maximum principal strains.

4. Experimental

4.1. Tensile Testing Using In Situ SEM Stage

The experimental work was based on in situ tensile testing in SEM. The in situ device used is
shown in Figure 3. This is a spindle-driven device, with the outer dimensions 155 mm x 95 mm x
45 mm. The device is placed inside the vacuum chamber, where it is mounted on top of the SEM
stage after removal of the rotation unit. It consists of a rigid frame with two gripping cross-heads,
where one is movable, and the other one is fixed. An electrical direct current motor drives the movable
cross-head. During testing, the displacement and load transducers record the elongation and applied
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force, respectively. Additional modules for the device can be mounted to provide other deformation
modes, such as compression and bending. For further reading and previous use of the in situ SEM
device, the reader is referred to [38-40]. During an in situ SEM tensile test, a selected area was recorded
with a series of images of the microstructure. These images were recorded using either SE imaging or
BSE imaging. An image series was loaded into the DIC software and correlated to obtain a local strain
field of the recorded area.

IConnector Electrical motor

Figure 3. Image showing the in situ SEM tensile test device.

4.2. Etched Surface

The specimens were ground and polished to 1 pm before being etched for 10 s in 2% Nital.
The microscope used for the etched specimen was a Field Emission SEM Zeiss Ultra 55 Limited Edition.
During the in situ SEM tensile test on the etched surface, the same area was continuously recorded
by an SE detector. This area is marked with the red square in Figure 4 and was located close to the
most critical region of the specimen, i.e., in the region having the highest stress triaxiality. It should,
however, be mentioned that it is challenging to select this area beforehand, and multiple tests may be
required if fracture initiation is of interest. The recorded images had a resolution of 2048 pixels x 1385
pixels and the recorded area was 160 pm x 108 um, giving 0.078 pm/pixel. This area was continuously
recorded during straining. The frame rate of the line scan to acquire each image in the SEM was 6 s
using an applied displacement rate of 0.2 um/s. This gave rise to some background noise and spatial
distortion of the images. When conducting the experiment, a compromise among image resolution,
exposure time and applied displacement rate had to be made to be able to perform the experiment
in reasonable time and acquire enough images of sufficient quality for the DIC-analysis. After the
test, the image series was uploaded into the DIC software eCorr v.4.0 [41] (described in Section 3) for
analysis. The mesh used in the DIC analysis was quadratic elements with size 30 pixels x 30 pixels or
2.24 pm x 2.24 pm.
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200 pm

Figure 4. Area observed during the two in situ SEM tensile tests. The red square has the dimensions
160 pm x 120 pm and is from the test on the etched specimen.

4.3. Gold Speckled Surface

To obtain the gold nanoparticle speckled pattern, the experimental set-up proposed by
Orozco-Caballero et al. [18] was used. First, the specimen has to be prepared for use in SEM, removing
the deformation layer from the surface. Second, the polished surface is coated with gold, creating a thin
continuous layer. Here, an Edwards S150B sputter coater was used to coat the surface. The setting used
to obtain this result is summarized in Table 2. Finally, to get this gold layer to remodel into particles,
the gold-coated specimen is placed on a heat source with heated gas flowing across the surface. Here,
a mixture of argon and styrene was used as the flow medium. A hot plate with the specimen placed
on top was located inside a desiccator to create an atmosphere without oxygen. This was to prevent
corrosion. In addition, by doing this, the argon/styrene fumes were contained. During the time the
specimen was in the remodeling chamber, the gold layer transformed from a continuous layer to
randomly distributed nanoparticles. The setup is illustrated in Figure 5.

Table 2. Settings used when coating the specimen with gold.

Parameter Setting
Current [mA] 40
Voltage [kV] 0.5

Time [min] 3-4

Pressure [mbar] 7.8
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Figure 5. Experimental setup for gold remodeling in an argon/styrene atmosphere. Argon gas flows

oo

into a gas washing bottle filled with styrene. From here, a mixture of argon and styrene is guided into
a remodeling chamber placed inside a desiccator. Inside the remodeling chamber, the specimen is
placed on top of a hot plate. The control box sets the temperature of the hot plate on the outside of
the desiccator.

When using a gold speckled pattern as the speckled pattern for the DIC, a continuous recording
of the surface is not possible due to the long image acquisition time. Here, the specimen was strained,
and then a BSE image was recorded while the tensile test was paused. The microscope used was
a Field Emission SEM Zeiss Supra 55 (Jena, Germany). The area recorded was closely aligned with
the region recorded on the etched specimen (see Figure 4). The field of view in the acquired BSE
image is dependent on the speckle size. To ensure a good quality speckle pattern for DIC, each
speckle should be covered by a minimum of 3-6 pixels in the image [14]. Depending on the size
of the speckles, the horizontal field of view is typically 10-15 pm. However, these images are not
a representative area for most materials. To overcome this, an area was mapped by acquiring images
in a grid pattern and merged. By doing this, a larger area of the microstructure could be imaged.
Here, the limiting factors were acquisition time, electron beam stability, and final image file size. Here,
each frame of the total image had a horizontal field of view of 16.33 um and contained 2048 pixels
x 1536 pixels. The total stitched image consisted of 81 frames, acquired in a 9-by-9 grid with 20%
overlap of each frame. The final image had the dimensions 119 pm x 90 um with 14,891 pixels x 11,233
pixels, yielding 0.008 um/pixel. Then, one mapped area was acquired at 0 pm (undeformed), 60 um
displacement (yield), 240 um displacement (during hardening) and 610 pm displacement (maximum
force). The images acquired after the maximum force could not be correlated with the DIC. This was
due to the topography in the image, which yielded poor images with BSE imaging mode. After the
test, the image series was uploaded into the DIC software eCorr v.4.0 [41] for analysis. The mesh used
in the DIC analysis were quadratic elements with size 12 pixels x 12 pixels or 0.096 pm x 0.096 pm.

After the acquisition, a set of images from each loading step were obtained, which needed to be
stitched together into one single image before DIC analysis. This stitching process was performed
using a plugin to the open source software Image] [42—44]. To measure the error from the stitching
and general distortions from the microscope, the recorded area was acquired twice at 0% strain.
The images were then stitched together to obtain two mapped images of the recorded area at 0% strain.
These images were then correlated using DIC to get an estimate of the error from the image collection.
The systematical error was assumed to be the same for each loading step during the tensile test.
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5. Experimental Results on Etched Specimen

Based on the measured elongation and force during the in situ SEM tensile test on the etched
specimen, the force—displacement curve shown in Figure 6 is plotted. As seen, the specimen exhibits
a sharp yield point at a displacement of about 60 um, before the force drops abruptly. After this drop,
the material starts to work harden and plastically deform. The force reaches a maximum of roughly
3.6 kN at a displacement of 610 nm. The force then decreases continuously until fracture takes place
after a displacement of 1410 pm.

* (d)
() ()

°| (b) ()

Force [KN]
N

(a)
0 300 600 900 1200 1500
Displacement [um]

Figure 6. Measured force-displacement curve for the etched specimen during an in situ SEM tensile
test. The labels (a—f) are related to the micrographs in Figures 7 and 8.

Figure 7 shows the evolution of the microstructure during the tensile test, where Figure 7a reveals
the undeformed microstructure. At the yield point (Figure 7b), there is very little difference from the
undeformed microstructure, but in Figure 7c it is possible to see that some topography has started to
evolve. Slip lines start to appear in Figure 7d, i.e., at the maximum force. More and more slip lines and
topography evolution can be seen in Figure 7d—f. During loading, the frames are also getting darker in
some areas and whiter in others. This is an effect of the microscope. The reason for the frames getting
darker is that the incoming electrons from the SEM contaminates the specimen surface, while the white
areas are due to the topography contrast nature of SE imaging.

The strain field from the DIC measurements are shown in Figure 8. Here are the same
micrographs as in Figure 7, but now with the strain field from the DIC measurements superimposed.
When comparing Figures 7 and 8, it is seen that the straining takes place mostly within the soft
ferrite, while the hard pearlite appears as less deformed islands within the microstructure. Another
observation is that the maximum local strain, measured at element level close to fracture, is more than
epic = 2.1. The corresponding average engineering strain across the recorded area was measured to
be epjc = 0.86, using several virtual extensometers (vectors) in the DIC software with an initial length
of 80 pm. The deformation bands seen in Figure 8c—f are oriented at an angle to the tensile direction,
and the most heavily deformed bands seem to be oriented at about 45°. This is consistent with the
results of, e.g., Ghadbeigi et al. [28]. Initially, the deformation takes place in the soft ferrite, as seen in
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Figure 8b. Then, bands start to form in Figure 8c during the work-hardening stage. After the formation
of these bands, nearly all subsequent deformation takes place inside the localized zones. Next to the
heavily deformed bands, there is little deformation. Some places these bands cut through pearlite
grains, but for the most part, the less deformed (blue) regions in the strain field are pearlite grains.

b G e TLM&—» R AN
(e) 1140 pm global displacement (f) 1410 pm global displacement (fracture)
Figure 7. Micrographs at different displacements in the etched specimen. (a—f) The micrographs relate

to the force-displacement curve in Figure 6. In all frames, the pulling direction in the in situ SEM
tensile test is from right to left. Each frame has the same dimensions, 160 pm x 108 pm.
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I | 0.04 0.06 008

(a) 0 pm global displacement (b) 60 pm global displacement (yield point)

(e) 1140 pm global displacement (f) 1410 pm global displacement (fracture)

Figure 8. Micrographs with the measured strain field superimposed at different global displacements
in the notched specimen. (a—f) The strain maps relate to the force-displacement curve in Figure 6.
The white arrows in (f) indicate the deformation bands discussed in Figure 9. In all frames, the pulling
direction in the in situ SEM tensile test is from right to left. Each frame has the same dimension, 160 pm
x 108 pm. The fringe colors give values of the major principle strain.

Figure 9 shows the evolution of local engineering strains in pearlite versus ferrite grains as
compared to the average engineering strain over the recorded area. As observed on the etched
microstructure in Figure 8, the harder pearlite deforms less than the softer ferrite. When ep;c = 0.86
(i.e., the average engineering strain over the recorded area at fracture), the local engineering strain
in the pearlite and ferrite grains were ep;c = 0.39 and epjc = 0.90, respectively. Both of these strain
measures exhibit a rather linear relationship with the average engineering strain over the recorded
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area, but the spread is significant. In contrast, the heavily deformed bands seem to accommodate more
and more of the deformation, especially after the ultimate tensile strength (UTS).

2.5| —@— Local strain in deformation bands
—&— Local strain in ferrite grains (f)
—¥— Local strain in pearlite grains

2.0

A N
o (&)

Average engineering local strain
o
o

0.0

0.0 0.2 0.4 0.6 0.8
Average engineering strain over the recorded area

Figure 9. Local strain evolution in pearlite and ferrite grains and the localized deformation bands
marked in Figure 8f. The grains selected for the local strain measurements are indicated with blue
squares and red diamonds in Figure 10a for pearlite and ferrite, respectively. The average engineering
strain over the recorded area are measured using the vectors in Figure 10b.

All values in Figure 9 were acquired using virtual extensometers in the DIC software. The grains
selected for measuring local strain in ferrite and pearlite are marked in Figure 10a, while the virtual
extensometers for the average engineering strain across the recorded area are shown in Figure 10b.
In addition, the average value of the local engineering strain across the two deformation bands marked
with white arrows in Figure 8f is extracted and plotted in Figure 9. This is done by placing ten virtual
extensometers across the length of each band. From this, it is seen that more and more local strain
is accumulated in these bands and that the slope of this curve increases with increasing average
engineering strain over the recorded area. It is also worth noting that the error bars in Figure 9
represent the standard deviation of the average strains measured and that the amount of variation in
the measurements is seen as high.

In an attempt to validate the experimental results of the in situ SEM measurements, two types of
tests on an unstrained specimen were also conducted. First, a series of images without any pulling was
recorded with the same acquisition settings as in the in situ SEM tensile test, before being uploaded to
the DIC software and analyzed. Due to the gray-scale pixel noise, a fictitious strain of about 1.5% was
registered. This method is similar to the test performed by Buljac et al. [45]. However, they registered
an error of 0.3% in a DVC analysis, compared to 1.5% in this DIC analysis. Second, a test with the
same setup as in the in situ SEM tensile test, where the specimen was only fixed at one end and then
continuously pulled by the movable ramp (see Figure 3), was conducted. This rigid body movement
should not impose any strain in the specimen. However, since the microscope loaded the images
row-by-row, the last row of pixels was slightly shifted compared to the first row in the image due
to the continuous recording. This resulted in a measured constant strain of roughly 3% by the DIC
software. These strains are unphysical and should be accounted for. Note that the magnitude of the
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latter error is a function of exposure time and applied displacement rate during testing, which in this
experiment were, respectively, 6 s and 0.2 um/s.

(@) (b)

Figure 10. (a) Grains used for local strain measurements in Figure 9, where the blue squares are pearlite

grains and the red diamonds are ferrite grains. (b) Vectors used as virtual extensometer for the average
engineering strain over the recorded area, having an initial length of 80 pm.

6. Experimental Results for Gold Speckled Specimen

Figure 11 shows the evolution of the microstructure during a tensile test using a gold speckled
specimen, where Figure 11a reveals the undeformed microstructure. At the yield point (Figure 11b),
there is very little difference from the undeformed microstructure, but in Figure 11c it is possible
to see that some slip lines have started to appear. In Figure 11d, i.e., at the maximum force, many
slip lines can be seen throughout the microstructure, and the microstructure looks quite deformed.
During loading, the frames are also getting darker in a grid pattern. This is an effect of the microscope.
The reason for the frames getting darker is that the incoming electrons from the SEM contaminates
the specimen surface and it is in a grid pattern since there is an overlapping region being exposed
more than the center of each frame. In addition, the middle frame is extra burned due to prolonged
exposure between acquisitions.

The DIC results obtained by analyzing the micrographs in Figure 11 are shown in Figure 12.
Large parts of the map are unstrained, while some areas are heavily influenced in narrow bands.
Figure 13 gives the phase map and the same DIC map as in Figure 12d, but with different scale bar to
highlight the undeformed areas. The phase map was created by outlining the NVE36 grains manually
from the mapped BSE image. The lamellar structure of NVE36 makes it easy to detect the pearlite
and ferrite grains even with the gold coating. By comparing Figure 13a,b, it can be seen that the least
strained parts of the microstructure are pearlite grains. In addition, the sharpest bands of strain in the
strain field in Figure 12d are in areas near or on the interphase between the two phases. These bands
are initially formed at angles close to 45°. Another observation is that the maximum local strain,
measured at element level at UTS, is more than ep;c = 1.4. The corresponding average engineering
strain across the recorded area was measured to be ep;c = 0.15, using several virtual extensometers
(vectors) in the DIC software with an initial length of 80 yum.
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(a) 0 pm global displacement (b) 55 pm global displacement (yield point)

20 um 20 um

| — [ —
(c) 240 pm global displacement (d) 610 pm global displacement (maximum force)

Figure 11. Stitched BSE images at different displacements in the notched specimen. (a—d) The
micrographs relate to the force-displacement curve in Figure 6. In all frames, the pulling direction in
the in situ SEM tensile test is from right to left. Each frame has the same dimensions, 119 um x 90 um.
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(a) 0 um global displacement (b) 55 pm global displacement (yield point)
Figure 12. Cont.
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(c) 240 pm global displacement (d) 610 pm global displacement (maximum force)

Figure 12. Measured strain field superimposed on the BSE images from Figure 11 at different global
displacements in the notched specimen. (a—d) The strain maps relate to the force-displacement curve
in Figure 6. The white arrows in (d) indicate the deformation bands discussed in Figure 14. In all
frames, the pulling direction in the in situ SEM tensile test is from right to left. Each frame has the same
dimensions, 119 pm x 90 pm. The fringe colors give values of the major principle strain.

(a) Phase map (b) DIC map

Figure 13. (a) A phase map of the same area as analyzed with DIC. The pearlitic phase is black and
ferrite is white. (b) The same strain map as in Figure 12d with a lower max value for the color legend.

Figure 14 shows the evolution of local engineering strains in pearlite versus ferrite grains as
compared to the average engineering strain over the recorded area. As expected, the hard pearlite
deforms much less than the soft ferrite. When epjc = 0.15 (i.e., the average engineering strain over the
recorded area at UTS), the local engineering strain in the pearlite and ferrite grains were ep;c = 0.07
and epjc = 0.15, respectively. Both of these strain measures exhibit a rather linear relationship with the
average engineering strain over the recorded area, but the spread is significant. All values in Figure 14
were acquired using virtual extensometers in the DIC software. The virtual extensometers for the local
engineering strain across the different grains are shown in Figure 15a, while the virtual extensometers
for the average engineering strain across the recorded area are shown in Figure 15b.

In addition, the average value of the local engineering strain across the three deformation bands
marked with white arrows in Figure 12d is extracted and plotted in Figure 14. In each of the three
bands, ten virtual extensometers were placed to measure the average strain across the band. It is
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shown that more and more local strain is accumulated in these bands and that the slope of this curve
increases with increasing average engineering strain over the recorded area.

As for Figure 9, the error bars in Figure 14 represent the standard deviation of the average strains
measured and that the amount of variation in the measurements is as seen higher at larger strains.
In addition, the spread is greater in the bands compared to the grains. In contrast to Figure 9, Figure 14
is only plotted until UTS. The reason for this is that the gold specimen was only recorded to UTS.
The damage and topography beyond this point made it impossible to correlate the DIC results.

1.2
—@— Local strain in deformation bands

—4— Local strain in ferrite grains

1.0 —¥— Local strain in pearlite grains

(d)

0.8

©
~

(c)

Average engineering local strain
o
o

(@ o)

0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14
Average engineering strain over the recorded area

Figure 14. Local strain evolution in pearlite and ferrite grains and the localized deformation bands
marked in Figure 12d. The grains selected for the local strain measurements are indicated with blue
squares and red diamonds in Figure 15a for pearlite and ferrite, respectively. The average engineering
strain over the recorded area are measured using the vectors in Figure 15b.

(@) (b)

Figure 15. (a) Grains used for local strain measurements in Figure 14, where the blue squares are

pearlite grains and the red diamonds are ferrite grains. (b) Vectors used as virtual extensometer for the
average engineering strain over the recorded area, having an initial length of 80 pm.
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The systematic error was calculated by comparing two images from the same region before
deformation. These images were then correlated using the DIC software. From this, a peak strain
of 1.5% was observed. The error is introduced by the microscope when acquiring BSE images of the
speckle pattern by mapping the region of interest (ROI) and stitching the individual frames together.
Although there are some nodes in the correlated, undeformed map recording strains of more than 1%,
99.2% of the nodes record strains less than 0.1%.

Further, the gold speckled specimen was analyzed with a mesh size equal (in pm) to the mesh
size for the etched specimen. Here, both specimens have a mesh with quadratic element with the
size 2.24 pm x 2.24 pnm. This corresponds to 280 pixels x 280 pixels and 30 pixels x 30 pixels for the
gold speckled specimen and etched specimen, respectively. The resulting strain fields are given in
Figure 16, where Figure 16a gives the strain field for the etched specimen and Figure 16b for the gold
specimen. Figure 16a is the same strain field as in Figure 8c. It is worth noting that the area for these
images is slightly different. The etched specimen has an area of 141 pm x 98 um and the gold speckled
specimen has an area of 114 um x 85 pm. When comparing the strain maps in Figure 16, the patterns
in both maps are similar. The bands in both have the same width and the strain levels are on the same
scale. A difference between the two maps is that the strain map from the gold speckled specimen has
smoother transitions between the deformed and undeformed areas.

Al

(a) (b)

Figure 16. Comparing the two techniques when having the same mesh size (in um): (a) etched specimen
with an area of 141 pm x 98 um; and (b) gold speckled specimen with an area of 114 pm x 85 pm.

7. Discussion

This work demonstrated that it is possible to correlate a continuously recorded microstructure
from an in situ SEM tensile test by DIC using the gray-scale values provided by the micrographs
imaged with the SE detector. From this, the strain field can be obtained and related to the evolution of
the microstructure all the way to fracture. This technique was compared with a specimen covered with
gold nanoparticles, which were used as the speckled pattern for DIC during an in situ SEM tensile
test. For the gold speckled specimen, images were acquired using the BSE detector and only at key
locations on the tensile curve until UTS. In the present study, these techniques were demonstrated on
the ferritic-pearlitic steel NVE36.

The resulting strain fields on the etched specimen obtained are similar to the results achieved
by, e.g., Ghadbeigi et al. [28] and Tasan et al. [31], displaying localized deformation bands oriented
at about 45° with respect to the loading direction (see Figure 8). These bands follow a path mostly
within the soft ferrite grains, reaching local strain values up to 170% before fracture at a much lower
global strain, clearly illustrating the heterogeneity in the deformation of the material. This is in line
with the observed results by Banerjee et al. [30], who recorded strain values of 150% inside similar
bands at a global strain less than 10%. As for the etched specimen, localized deformation bands were
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observed to form at 45° with respect to the loading direction (see Figure 12) in the gold speckled specimen.
This indicates an association with the maximum shear stress locally within grains. Locally, within these
bands, strain values of 110% were recorded at UTS, compared to 15% average engineering strain over
the recorded area.

When performing the heat treatment to remodel the gold layer in order to obtain a gold speckled
pattern, the specimen was kept at 180 °C for 96 h. To validate the effect of this heat treatment,
new tensile tests and a microstructural investigation were conducted. The grain size, phase composition,
and hardness were all measured before and after heat treatment on three different specimens. The results
from these investigations are summarized in Table 3, and it can be seen that all values for both specimens
are within the standard deviation of each other. In Figure 17, engineering stress—strain curves from two
tensile tests are presented. The curves indicate no difference between the heat-treated tensile curve and
the as-received tensile curve. However, this result is not unexpected. The microstructure of NVE36
is decided by the metastable Fe-Fe;C phase diagram (see Figure 9.24 in [46]). As a result, no changes
took place in the microstructure during the heat-treating process to remodel the gold layer into the gold
speckled pattern for this particular material. Other material can also be considered suitable for this
method. These would typically be materials designed for use at elevated temperatures, e.g., nickel alloys,
duplex steels, austenitic steels, etc. However, this would not be the case for all materials. As an example,
for aluminum alloys, the age hardening might take place at temperatures between 100 °C and 150 °C.
If left at 180 °C for 96 h, an overaged material would be the result [47]. In addition, in some cases,
tempering of martensite occurs at temperatures of 200 °C [46]. In general, the remodeling method
would benefit by reducing the remodeling temperature and remodeling time to increase versatility.

Table 3. Hardness, grain size and phase composition measured before and after heat treatment.

. Ferrite Pearlite Ferrite Pearlite
Variable
Before After
Phase composition 75 + 19% ferrite 74 + 16% ferrite

Hardness [HV] 204 £23 283+27 18829 306+ 39
Grain size [pm] 155+£31 12+£21 16+£25 11+£1.1

©
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d —— Heat treated
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Figure 17. The tensile test curve of the heat treated and as received specimen.
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During image acquisition, both the etched specimen and the gold speckled specimen were
contaminated by the incoming electrons. In the etched specimen, this results in a gradually darker
surface. To overcome this, the reference image in the DIC algorithm was updated several times.
The result is an accumulation of errors, as discussed in Tang et al. [35]. For the gold specimen,
the contamination resulted in a grid pattern due to the overlapping area during the image acquisition.
When studying the overlapping area, it was seen that the intensity of gold speckles are faded. However,
from the strain field no apparent changes were observed. The amount of contamination is related to the
amount of electrons impacting the surface (i.e., accelerating voltage and aperture size) and absorbed
current by the microscope. By reducing the accelerating voltage and aperture size and increasing
conductivity between specimen and in situ tensile stage, and in situ tensile stage and microscope stage,
the contamination would be reduced.

When studying the strain fields in Figure 8 and the plots in Figure 9, the local strain evolution can
be investigated at grain level. The localized deformation initiates in the soft ferrite grains, as seen in
Figure 8b. Then, distinct bands of localized strain are formed, which mostly consists of ferrite grains,
but occasionally propagate through hard pearlite grains. When the deformation continues to increase,
the intensity of the localized strain inside the bands leads to more inhomogeneous plastic flow and
unloading of the material outside the bands. In addition, the formation of slip lines was observed,
and some of the ferrite grains experienced significant plastic deformation, also activating secondary
slip systems. Conversely, some pearlite grains are hardly strained at all having an average engineering
strain eépjc less than 10% at fracture. Figure 8 also confirms that most of the undeformed regions
consist of pearlite grains. A few of these grains (situated in the localized strain bands) experienced
some slip activity, but no secondary slip systems were observed in this phase. Figure 7 shows the
large deformation experienced by the microstructure. From these surface observations, few damage
sites were detected, and no void growth could be seen. However, as shown by Maire et al. [48] on
dual-phase steel revealing the initiation and growth of damage observed by X-ray microtomography,
the void volume fraction is much higher in the center of the specimen where the stress triaxiality
is maximum compared to the surface. Such void growth is also well-known from ductile damage
mechanics (see, e.g., [49]). This may also explain why the specimen fractured abruptly, with seemingly
few damage sites, since a macrocrack might have propagated from below the surface, leading to the
final fracture.

In the in situ SEM tensile test with the etched specimen, it was hard to get any meaningful results
from the strain maps during the initial stage of the test, i.e., at low strains in the elastic region. This is
related to the level of noise in the recorded micrographs. To be able to record a continuous in situ
tensile test in the SEM, the exposure time for each micrograph has to be low. Conversely, if the time
spent to acquire each micrograph is long compared to the applied displacement rate, the recorded
area will move during the imaging. As a result, the final line in the line-scan moved 1.2 ym in the
pulling direction compared to the first line. This can, at least to a certain degree, be compensated for
with a lower applied displacement rate in the test. In the current experimental set-up, the applied
displacement rate was 0.2 um/s, and the frame rate was 6 s. Thus, the ratio between the applied
displacement rate and the frame rate has to be sufficiently low, leaving enough time to acquire good
quality micrographs, but high enough to avoid unwanted effects from the low applied displacement
rate. In the in situ SEM tensile test on the gold-coated specimen, this issue was resolved by increasing
the acquisition time. Here, a snapshot of the current state of the material is seen with slip lines and
shear bands forming. Conversely, for the gold speckled specimen, high-quality images were acquired
at the desired strain level. The resulting DIC maps achieve an excellent spatial resolution, but the
image acquisition time is long. As a result, a strain map was not obtained throughout the tensile test,
but at a few selected locations on the tensile curve. In addition, the images acquired for the gold
speckled specimen were acquired by mapping the surface frame by frame and then stitching all frames
into the ROI. To obtain the best results possible, a very precise stage is required. Ideally, this should
be a piezoelectric stage as they have superior precision when the stage moves between each frame
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acquired. The mechanical stage used here has a precision of 1 um. However, new piezoelectric stages
are 500-1000 times more precise [50].

Figure 18 compares the local strain evolution of techniques used on the specimens tested here.
It can be seen that the behavior of the grains and local average strain for both techniques captures
the same behavior for the pearlite and ferrite grains. However, in the deformation bands, there is
a clear difference. The maximum principal strain at UTS was found to be 325% higher in the gold
speckled specimen than in the etched specimen. Haltom et al. [51] reported similar differences based
on microscopic and macroscopic strain measurements in an aluminum alloy. From the in situ SEM
strain maps, it is readily observed where and in which type of grain strain localization takes place,
and at what time this occurs during the deformation process. It is also straightforward to relate
these measurements to the applied force or stress magnitude. Moreover, the technique can be further
developed by investigating other materials, such as quasi-brittle alloys at various temperatures where
fracture is essential.

1.20

—@— Local strain in deformation bands - Gold speckled surface
——-&-- Local strain in deformation bands - Etched surface

1.00 —4— Local strain in ferrite grains - Gold speckled surface
--@-- Local strain in ferrite grains - Etched surface (d)
0.80 Local strain in pearlite grains - Gold speckled surface

Local strain in pearlite grains - Etched surface

o
[N
o

Average engineering local strain

0.00

0.00 002 004 006 008 010 012 014 0.16
Average engineering strain over the recorded area

Figure 18. The local strain evolution in Figures 9 and 14 plotted together until UTS.

8. Concluding Remarks

In this study, the differences between two specimen preparation methods for DIC on images
acquired in an SEM have been demonstrated on the two-phased ferritic-pearlitic steel NVE36. The gold
speckled specimen has a significantly higher spatial resolution, and, as a consequence, more local
deformation is captured. In addition, if local information is required at the early stages of deformation,
the gold speckled specimen is the preferred method. Conversely, the images from the etched specimen
surface contain more noise, and in the first stages of deformation less local information is captured.
As a consequence of the lack of contrast for the DIC analysis, the etched specimen is not able to resolve
strains within grains. However, the advantages of using an etched surface are that no heating of the
specimen and fewer steps are required to obtain the strain field. In addition, continuous recordings
of the strain field are particularly important when studying localization and fracture, which may
occur abruptly. As a conclusion, the method with gold speckles is only required when a fine spatial
resolution is necessary to obtain results at only certain stages of the tensile curve.
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The gold speckled specimen gives more detail and higher accuracy compared to the etched
specimen. Local strain bands are found to be more narrow and more heavily deformed using
this approach. However, with the gold speckled specimen, only a few snapshots throughout the
tensile test are acquired, and after UTS the topography on the surface makes the image acquisition
more challenging. This is a consequence of acquiring BSE images. For the etched specimen,
images are captured continuously through the test. When performing a DIC analysis on the gold
speckled specimen with a mesh size (in um) equal to the etched specimen, the results are close to
identical. The differences between the two techniques are specimen preparation, image acquisition,
acquisition time, DIC quality, DIC resolution, and the number of strain fields available throughout the
stress—strain curve. The technique to be chosen will mainly depend on the material, and the spatial
resolution required.
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Abbreviations

The following abbreviations are used in this manuscript:

BSE Backscatter Electron
CASA  Centre for Advanced Structural Analysis
DIC Digital Image Correlation

DOF Degrees of Freedom
EBSD Electron Backscatter Diffraction

FE Finite Element

NTNU  Norwegian University of Science and Technology
ROI Region of Interest

SE Secondary Electron

SEM Scanning Electron Microscope

SIMLab  Structural Impact Laboratory

UTS Ultimate Tensile Strength

ZNSSD  Zero-Mean Normalized Sum of Squared Differences
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