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Abstract

Segmentation of scanning electron microscopy (SEM) images of focused ion beam (FIB) cross-sections through indented
regions in nanoporous gold (np-Au) is carried out. A key challenge for image analysis of open porous materials is the appro-
priate binarization of the pore and gold ligament regions while excluding material lying below the cross-sectional plane.
Here, a manual approach to thresholding is compared to global and local approaches. The global thresholding resulted in
excessive deviations from the nominal solid fraction, due to a strong gray-scale gradient caused by the tilt angle during
imaging and material shadowing. In contrast, the local thresholding approach delivered local solid fractions that were free of
global gradients, and delivered a quality comparable to the manual segmentation. The extracted densification profiles verti-
cally below the indenter as well as parallel to the surface showed an exponential-type decay from the indenter tip towards

the nominal value of 1 far from the indenter.

Introduction

Nanoporous gold (np-Au) is an ideal model material for
fundamental research on the structure—property relation-
ships of open pore materials. An overview of the fascinat-
ing morphologies and mechanical properties of this mate-
rial is provided in a review article [1]. While macroscopic
compression testing assumes a homogeneous deformation of
representative volumes within the sample, nanoindentation
allows studying the densification behavior under heteroge-
neous strains across heterogeneous volumes. While such
studies provide useful insight into the deviation from the
nanoindentation strain field in monolithic, fully dense mate-
rials, quantified image analyses are needed—a non-trivial
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undertaking in open-porous materials. Nonetheless, various
studies have been reported, e.g. [2, 3]. Leitner et al. con-
sidered the effect of heat treatment on the densification of
np-Au [2], while Briot et al. prepared a cross-section of a
np-Au sample after nanoindentation and investigated the
densification as function of the depth [3] via SEM analysis.
In the latter study, the densified region is split into seven
parabolic segments that were aligned to the outer perimeter
of the densified region. Relative to the nominal solid frac-
tion, the data showed an increased value with a peak value
in zone 4, which is about the half distance to the contact
radius; at the outermost segment the analysis delivered a
densification of ~ 30%.

Due to the challenges that come along with the high depth
of field achievable by SEM imaging, sophisticated image
processing routines have been reported for the analysis of
nano-structured materials in e.g. [4—7]. Such workflows con-
tain sequential steps of image acquisition, pre-processing,
segmentation, post-processing and validation [5], followed
by the quantitative analysis [6]. The pre-processing can
include the tasks of noise reduction, contrast enhancement
and illumination correction, as summarized in [5]. For the
choice of the segmentation approach, ranging from manual
to automated custom-designed, the image characteristics and
further the specific aim of the subsequent analysis should be
considered [7].
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A special challenge with the segmentation of open-pore
materials is that secondary electrons from the underlying
gold ligaments (i.e., below the cross-sectional cut) make a
clear identification of the 2D distribution of gold difficult.
Depending on the chosen greyscale threshold value and
algorithm, an increased solid fraction often results. Our
work sheds some light on the challenges with the segmen-
tation of SEM images of FIB cross-sectioned np-Au after
indentation and proposes an improved method for deriving
the densification map of the indented region.

Materials and methods

Nanoporous gold (np-Au) samples were fabricated from
a Au,sAg,s master alloy by electrochemical dealloying.
Details regarding the dealloying can be found elsewhere
[8]. Finally, the sample was coarsened by annealing at 500
°C for 1 h in air, resulting in a nominal ligament diameter of
300 nm, as measured by SEM inspection. Nanoindentation
testing was carried out on the polished surface of the sample
using a Nanoindenter (Nano XP, MTS Corp.) equipped with
a diamond Berkovich tip. Indentations were carried out at a
constant strain rate of 0.05/s to a displacement of 20 um, and
then holding the load for 10 s followed by unloading. The
average of elastic modulus and hardness was 130 MPa and
6 MPa, respectively. Cross-sectional cuts were then made
perpendicular to the indented surface through the center
of the indent using focused ion beam (FIB) milling. SEM
imaging and FIB milling were performed using a dual-beam
system (Nova Nanolab 200, FEI Corp.) equipped with a plat-
inum (Pt) gas injection system. Depositing a Pt layer on the
indentation prevented the subsequent exposure of the ana-
lyzed surface to the Ga +ion beams, allowing a better cross-
sectional view at the surface. The FIB milling took place in
two steps: first the “regular cross-section” milling protocol
was employed, followed by the “cleaning cross-section”

protocol, both with a current of 1 nA and excitation voltage
of 30 kV. For SEM imaging, a low voltage of 5 kV was used,
with a current of 1.6 nA. An in-lens backscattered electron
detector was used, with a low voltage (5 kV) to maximize
visibility and to ensure appropriate contrast at the edge of
the ligaments. Figure 1 shows an SEM micrograph taken at
an angle of 52° relative to the perpendicular cross-section of
an indent. The dashed lines indicate the edges between the
faces of the indenter. The inset shows a sketch of the relative
positioning of the Pt deposition and the cross-section relative
to the indenter triangular in-plane contact. The cross-section
was terminated at the mid-section of the indent, as evidenced
by the visibility of the sharp apex.

Results and discussion

For the image analysis, the 8-bit greyscale image needs to
be binarized, i.e. converted into black and white pixels.
The most common method is the global threshold value
[2, 3]. This threshold is set to a greyscale-value between
0 (black) and 255 (white). For np-Au, the initial solid frac-
tion @ = 0.3 + 0.02 of the sample as global value is known
from pycnometry. Under the assumption that the porosity is
distributed evenly within the sample, the threshold can be
tuned using the image greyscale histogram. For the SEM
images shown in Fig. 1a, the usual approach of applying a
global threshold was found to be not suitable. As observed in
Fig. 1b, due to the tilted imaging configuration, as discussed
in [4], and—most importantly—the surrounding material
of the cross-sectional trench, a strong gradient in grayscale
results.

The applied workflow consists of a minimum number of
image processing steps. To remove the global gradient, a
local threshold approach was applied. An individual thresh-
old value is calculated for each pixel, depending on the dis-
tribution of greyscale-values in just the surrounding (local)

Fig. 1 a SEM micrograph of the cross-section analyzed in this study, b binarized image with a global grey-scale value of 183, and ¢ binarized
image using the Niblack algorithm in a local threshold approach with a local region of radius » = 15. Images b and ¢ are magnifications from a
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circular region. Details about global and local segmentation
methods considering porous materials can be found in [9].
Here the Niblack algorithm [10] implemented in ImageJ [11]
was used. The Niblack algorithm calculates the threshold
T(x,y) for a pixel at (x,y) by calculating the mean m and
standard deviation s of the greyscale-values in its neighbor-
hood of radius r as follows: T'(x, y) = k - s(r) + m(r) [10]. The
resulting image shows a uniform black and white field, see
Fig. 1c. However, as a result of the local thresholding, the
solid fraction far away from the indentation is much higher
(52%) than that of the initial sample (30%). The question
arises, whether this approach obfuscates the local densifica-
tion in the area of interest, i.e., below the indented surface.
We used the time-consuming approach of manually
thresholding the image to provide a reference image for
segmentation validation. Certain features are readily visible
to the eye as belonging to the cross-section in the FIB cut-
plane and in contrast to those below the surface, so-called
‘shine-through’ artifacts [12], see Fig. 2a. As manually
segmenting several images is excessively time consuming,
machine learning approaches could be suitable. A recent
study on the application of machine-learning for FIB-SEM
image segmentation of porous polymer films can be found
[13]. However, many data sets for the training step would be
needed to this end; reliable information about both the origi-
nal image and the target segmentation are critical to accurate
machine learning. Therefore, our aim is to find a method that
allows translating the locally binarized image into one that
is at least sufficiently close to the manually binarized image.
Using GIMP [14], the features lying in the FIB cut-plane
were colored in white (255) pixel-by-pixel, Fig. 2b, followed
by thresholding the image with this value, Fig. 2c results.
For the coloring, the bright edges of the cut ligament were
helpful. However, these edge effects likely lead to an over-
estimation of the white regions by ~ 1 pixel. Again, the solid
fraction far away from the indenter is evaluated as 44%—a
value greater than the expected far-field density of ~30%.
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Fig.2 Image processing of a selected region beneath the indenter tip:
a original greyscale image showing ‘shine-through’ artifacts, b man-
ual coloring of all pixels in the FIB 2D cut-plane via GIMP, c¢ thresh-

In comparison, the result in Fig. 2d demonstrates the
quality of the local thresholding with the Niblack algorithm.
Although there are some small differences inside certain fea-
tures, the overall agreement between manual and local bina-
rization is good. The solid fraction evaluated in the selected
sample region is 59% and 53%, respectively.

Based on this result, a local densification map can be
derived. After binarization with the local Niblack threshold-
ing approach, the image is scanned in 1-pixel steps in x- and
y-directions with a chosen box size following the scan pro-
cedure by Leitner et al. [2]. At each box position, the average
solid fraction @ in that box is calculated and attributed to the
center pixel of the current scan box. The boxes of subsequent
scan steps overlap, which results in a more reliable floating
average of the solid fraction. To calculate the local densifica-
tion p*=¢/ @, the local solid fraction is normalized to the
solid fraction @, which is extracted from a representative
region far away from the indenter tip and the surface. While
due to the edge effect p and ¢, can deviate from the true
solid fraction, the local densification ¢* should not deviate
too much and, moreover, has a consistent reference of 1 for
the solid fraction that corresponds to the undeformed mate-
rial. It was found, that the densification maps of the manu-
ally binarized image and the locally binarized image using
Niblack algorithm qualitatively agree well.

Using this approach, the sample imaged at magnifica-
tion X 2500 is analyzed. The size of the image is 1024 X 943
pixels and the pixel edge length is approximately 100 nm.
For the binarization, the Niblack algorithm with a local
neighborhood region of radius 15 pixels is applied. For the
subsequent scan of the local solid fraction, a scan box size
of 50x 50 pixels was used. The resulting densification ¢*
is shown in Fig. 3a as an overlay with the binarized SEM
image, where the white box in the upper left corner is the
scan box, and the black frame on the right side indicates the
region for measurement of the reference value ¢_,. From
this map, densification scans along the surface and verti-
cally below the indenter tip can be extracted, as shown in

olding of image b with greyscale value 255, and d result with local
thresholding approach using Niblack algorithm (=15 pixel)
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Fig.3 a Binarized SEM image of sample with 300 nm average ligament diameter as an image overlay with the computed densification ¢* color
map, and b computed densification scan along surface and vertically below indenter tip; fit by exponential decay

Fig. 3b. Although the scans still show significant fluctua-
tions, an overall trend is observed that follows an exponen-
tial decay function with increasing distance from the tip with
an asymptotic value of 1.

Conclusions

Image analysis of FIB-sectioned np-Au samples after
nanoindentation revealed that a global thresholding can
lead to considerable deviations and misinterpretations of
the local solid fraction due to greyscale gradients within the
image, caused be the image tilt angle or shadowing due to
surrounding material outside of the trench milled in order
to view the cross-section. After manual segmentation of a
reference image, we showed that the local thresholding with
the Niblack algorithm provides a reasonable qualification
that removes the global gradient and conserves local densi-
fication introduced in the sample by nanoindentation. The
extracted densification profiles show an overall increasing
densification towards the indenter tip that follows an expo-
nential function, while local maxima can be attributed to
inhomogeneities within the sample. Further analyses of the
resultant densification distributions are ongoing.

As an outlook considering recent literature, the seg-
mentation workflow could be extended towards the more
comprehensive workflows as proposed for images of porous
structures [4-7]. Possible pre-processing tasks, such as
image enhancement techniques including denoising (e.g.
intensity gradient noise reduction), contrast enhancement,
illumination correction [5] could be tried. An application
of edge detection methods [5] appears to be not effective
due to ligaments that disappear into the background. For the
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densification scan, a quantitative analysis of the autocorrela-
tion length through fast Fourier transform could be tried, as
used in [6]. Such techniques could provide an alternative or
extension to a local threshold approach for the image seg-
mentation of FIB cross-sections of nanoporous gold after
nanoindentation.
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