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Focused ion beam combined with scanning electron microscope (FIB-SEM) is a powerful tool
that can be utilised to reveal the internal microstructure of materials. It basically uses ions to
make cross-sections with high precision and electrons to image the cross-section surface with
high spatial resolution. In addition to revealing the internal microstructure, FIB-SEM can be
used to perform a sequential slice and image procedure which, after some data processing, can
result in a 3D reconstruction of the microstructure, also denoted as FIB-SEM tomography.
Focused ion beam tomography is a well-established procedure since 1987. It has been
successfully applied to a variety of well conductive materials. However, to perform FIB-SEM
tomography on ion and electron beam sensitive as well as poorly conductive soft materials is
still challenging. Some of the common challenges are cross-sectioning artefacts, shadowing-
effects and charging. The presence of pores adds additional challenges. Fully dense materials
provide a planar cross-section while pores expose surface area beneath the planar cross-section
surface as well. The sub-surface pore information and the varying intensity from the sub-surface
areas give rise to intensity overlaps which complicates the data processing. Several solutions to
overcome these challenges have been reported. Examples are milling and imaging at low beam
energies and specimen preparations. However, the ultimate aim is to examine porous and poorly
conductive soft materials as close to their original state to avoid introduction of artefacts.

The aim of this work was to develop a general protocol for optimisation of FIB-SEM
tomography parameters for porous and poorly conductive soft materials. The optimised
parameters include the energies and currents of the ion and electron beams, reduction of
shadowing-effects, choice of electron detector and selection of method for charge
neutralisation. In addition, a new self-learning binarisation algorithm is introduced to enable an
automatic separation between pores and matrix. The binary data have been used to visualise the
interconnectivity in 3D of individual pore paths through phase separated polymer films. The
optimised protocol for FIB-SEM tomography is applicable to a variety of porous and poorly
conductive soft materials.

The porous and poorly conductive soft materials in these studies were leached phase
separated polymer films intended for controlled drug release coatings in pharmaceuticals. The
porous microstructure within the films acts as transport path for the drug. In this work, the
complex microstructure has been visualised in 3D. In addition, 3D visualisation of the shortest,
intermediate and longest paths through the films, based upon tortuosity calculations, have been
performed as well.

Keywords: focused ion beam, scanning electron microscopy, tomography, 3D, insulating
material, interconnectivity, polymer film
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- “Something unknown is waiting on being known”

INTRODUCTION
BACKGROUND

The correlation between structures and properties of materials is of great importance to
understand in order to optimise materials for their applications. One way to increase the
understanding of materials properties is to visualise their structures in three-dimensions (3D).
There exist several well established imaging techniques such as light microscopes and electron
microscopes. The choice of which analysis technique to utilise depends on various factors such
as what type of material and desired resolution of the structures. If the aim is to image structures
at the larger length scale, optical microscopes are preferred. However, if the structures are at
the smaller length scale, electron microscopes would be the choice (Subramaniam, 2005). The
conventional scanning electron microscope (SEM) is imaging materials by raster an electron
beam over the material surface. Depending on the desired information, different detectors can
be utilised. An SEM has one main criteria that needs to be fulfilled which is to operate under
vacuum, hence, liquid containing materials are not suitable to be imaged in an SEM. However,
the development of the SEM has resulted in that gas can be allowed into the chamber. This
instrument is known as a low vacuum — scanning electron microscope (LV-SEM). The LV-
SEM can be used to image soft materials such as polymers (Stokes et al., 2008; Jansson et al.,
2013).

Moreover, when the interest is to reveal and image the internal microstructure of a
material, a focused ion beam (FIB) combined with a scanning electron microscope (SEM) can
be utilised. It basically uses the ions to remove material with high spatial precision and create
cross-section. The electrons are utilised to image the revealed cross-section surface with high
spatial resolution. The FIB with a liquid-metal-ion-source has been around since 1979 and was
initially used as a tool for specimen preparation (Seliger et al., 1979). However, further
development of the instrument resulted in a variety of applications and one of them was FIB
tomography (Kirk ez al. 1987). In a FIB, both the milling and the imaging are performed using
the ion beam. It was quickly noted that the ion beam damaged the surface even during imaging.
The next generation of instruments introduced the combination of FIB and SEM. This provided
the opportunity to image without damaging using the electron beam (Inkson et al., 2001). The
FIB-SEM could now also be used for 3D data acquisition using the ion beam for high precision
serial sectioning and the electron beam for imaging with high spatial resolution.

It should be pointed out that FIB-SEM tomography is routinely applied to highly
conductive metals and ceramics. However, for soft materials such as biological specimens in
their natural state, 3D FIB-SEM data acquisition is still a challenge. One common factor for



biological specimens has been that they all need specimen preparation that includes several
steps in order to withstand the vacuum in FIB-SEMs (Heymann et al., 2006). From previous
findings, several examples of specimen preparations have resulted in successful imaging of
poorly conductive materials. If a soft material contains high amount of water, examination
under cryo-conditions can be preferable (Dubochet et al., 1988). During cryo, the specimen is
frozen during a specimen preparation prior to the imaging. Another example is if the contrast
is poor while imaging with SEM, a specimen preparation involving fixation using heavy metals
can be utilised (Seligman et al., 1966; Tanaka et al., 1984; Deerinck, et al., 2010). The heavy
metals enhance the contrast in the soft material and the SEM imaging can be performed. Even
though these specimen preparations have been successfully applied, the materials are not
examined during their natural state which can introduce artefacts.

Porous and poorly conductive soft materials are for example used in the pharmaceutical
industry as coatings for controlled drug release (Lecomte et al., 2003; Siepmann et al., 2007;
Siepmann et al., 2008). The desired release of an oral pharmaceutical product is an as optimal
drug therapy as possible. Tailoring drug release utilising drug cores coated with phase separated
polymer films is a well-established procedure and research have been performed within this
field over many years. The research has the last decades resulted in an increased performance
of these types of drug delivery systems due to a more controlled chemistry behind the
manufacturing process (Marucci et al., 2013).

AIM OF THE WORK

The aim of this work was to develop a general protocol for optimisation of FIB-SEM
tomography parameters for porous and poorly conductive soft materials. The optimised
parameters included the energies and currents of the ion and electron beams, reduction of cross-
sectioning artefacts such as curtaining and redeposition, shadowing-effects, choice of electron
detector and selection of method for charge neutralisation. In addition, a new self-learning
binarisation algorithm was introduced to enable an automatic separation between pores and
matrix. The binary data were also used to visualise the interconnectivity in 3D of individual
pore paths through phase separated polymer films intended for controlled drug release.
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- “No one is you, that is your power”

CONTROLLED DRUG RELEASE USING
POLYMER COATINGS

Controlled drug release coatings have been around for more than 50 years and their performance
has increased significantly since their beginning partly due to a more controlled chemistry
during the fabrication (Rhodes et al., 1998). The overall goal of a pharmaceutical product is to
obtain an optimum therapeutic as well as tailored treatment for its cause (Klein, 2002). In order
to achieve this overall goal, a combination of an effective active pharmaceutical ingredient
(API) and a tailored controlled release (CR) rate is required (Hutton ez al., 1992). In addition, a
minimisation of the total amount of drug that is needed and elimination of plausible side effects
(Edsbicker et al., 2003; Anderson et al., 1999). There exist different aspects that needs to be
considered in order to obtain the specific drug release behaviour that is envisioned. One aspect
that is of great importance to be considered is the gastrointestinal tract (GI). It is where the drug
release will occur and be further directed to the targeted location (Gruber et al., 1987). Different
pH-values exists throughout the GI tract. It does also need to be pointed out that the pH-values
within the GI tract also vary depending on fed or starving condition. The different pH values
need to be taken into account when selecting a soft material as controlled release coating. This
is due to that different materials have different solubilities within different pH-values.

Immediate release (IR) formulations gives a rapid release of the drug from the
formulation. IR can be utilised for several formulation systems such as capsules and pellets by
adding a coating that surrounds the drug and dissolves fast in the surrounding medium. The IR
formulations are desired whenever the drugs have a wide therapeautic window and a long half-
time in the body (Divoll ef al., 1983). The IR formulations can also be utilised as an oxygen
barrier since some drugs are sensitive to the presence of oxygen. (Felton et al., 2006; Felton,
2007).

Controlled release (CR) formulations can be used when a release of a drug needs to occur
during a longer period of time (Rhodes ef al., 1998). There exist two major types of CR
formulations which are based upon either coating a drug core with a film or dispersing a drug
within a matrix material.

The source of the polymers can be either natural or synthetic. A common constitute of
these types of films is cellulose derivative (Langer ef al., 1983). One major advantage with
cellulose is that it is non-toxic and harmless. Cellulose derivatives are modified cellulose, and
they possess a great variability since they can be modified by adding substitution groups to the
backbone. Therefore, a two-component film could consist of one hydrophilic cellulose and one
hydrophobic cellulose, depending on the added substitution groups.



SOFT MATERIALS FOR CONTROLLED DRUG
RELEASE

It was mentioned in the previous section that there exist two major types of CR formulations,
where one coating surrounds a drug core and where the drug is dispersed within a matrix. This
section gives an overview of polymer sources for CR formulations. Depending on the source
the polymer is produced from, it is either denoted as natural polymers or synthetic polymers
(Langer et al., 2003). Some advantages of natural polymers are that they are highly accessible
since their source are for example plants. The synthetic polymers are synthesised in a controlled
way which gives better control of instance molecular weight distribution. This can be used to
more carefully tailor the drug release.

Additional components can be added to the CR formulations. These additional
components are called excipients. As already described, one excipient can be the coating that
is utilised to control the drug release from a drug core. Pores within a coating can be added by
addition of so called porogens which can be utilised to affect the release mechanisms
(Sakellariou et al., 1995). Another important aspect is storage of the final pharmaceutical
product. It is of great importance that agglomeration due to stickiness of the pharmaceutical
does not occur. Hence, antiadherents could be added as an excipient which prevents the
pharmaceutical product from agglomerating. If the film flexibility needs to be improved,
plasticizers can be added. In addition, if a colour coating is requested, pigments can be added
as well.



POLYMER PHASE SEPARATION

The procedure of how to coat a drug core with a phase separated polymer film, intended for
controlled drug release, is a well-established procedure (Siepmann et al., 2008). The phase
separation kinetics during the manufacturing process is controlling the formed microstructure
within the films. This microstructure acts as the transport path for the drug. One way to coat the
drug core with the phase separated polymer film is by spraying a solution onto the drug core.
The solution consists of the two immiscible polymers solved by a solvent. When the solvent is
evaporating, the phase-separation between the two immiscible polymers occurs (Jones ef al.,
1999). There are several ways of going from a one-phase solution (two immiscible polymers
are dissolved with a solvent) to a two-phased solution (two immiscible polymers have been
phase separated). This will be explained by the following three examples. One way to induce
phase separation if to change the temperature, see Figure 1a). When the temperature is lowered,
the one-phase solution turns into a two-phase solution. Another way to turn a one-phase solution
into a two-phased solution is to evaporate the solvent, see Figure 1b). A third way could be to
increase the degree of polymerisation, see in Figure 1c).

Solvent

e One phase

Two phases

e
r :
o 1
a .
Two phases fs
t a
u t
r Two phases i One phase
¢ o
- n -
> >
Volume fraction of one polymer, ¢ Polymer A Polymer B Volume fraction of one polymer, ¢
a) b) c)

Figure 1. Illustration of three different factors that can cause phase separation where a) shows
that cooling of a solution of two immiscible polymers with a solvent result in a phase separation.
b) shows that solvent is evaporating can cause phase separation occurs and c¢) shows that a
higher degree of polymerisation causes phase separation (adapted from Jones ef al., 1999).



EC/HPC PHASE SEPARATED POLYMER FILMS

In literature, it has been shown that cellulose (EC) provides a coherent film and is therefore
often selected to be added as the majority polymer in the polymer solution utilised for coatings
for controlled drug release (Sakellariou et al., 1995; Lecomte et al., 2003). Hence, the EC is
defined as the matrix material of the films. Hydroxypropyl cellulose (HPC) is water insoluble
and is forming a porous microstructure within the films upon contact with water, hence defined
as the pore former. The solvent utilised to dissolve the two immiscible polymers can for
example be ethanol. The polymer phase separation is initialised by the ethanol evaporation. As
a consequence of the evaporation, segregative phase separation occurs and EC-rich and HPC-
rich phases are formed. In a certain polymer concentration regime,

bicontinuous structures are formed. The phase separation mechanism resulting in bicontinuous
structures is called spinodal decomposition. The film structure is kinetically trapped by a high
film viscosity which is reached at a certain ethanol concentration during the evaporation
(Marucci et al., 2013). By immerging the phase separated polymer films into water, the HPC
leaches out. This creates a porous microstructure within the EC matrix (Siepmann et al., 2007).
The porous microstructure is the transport path for the drug.

It has been shown that the release properties of the EC/HPC films can be varied by
varying different factors. For example, process parameters during manufacturing as well as the
molecular weights for the polymers (Marucci ef al, 2013; Andersson et al, 2013). It was found
that an increased molecular weight resulted in a decreasing film permeability (Andersson et al.,
2018, Andersson et al., 2016). In addition, varying the polymer volume percentage of the two
polymers shows that a percolation onset exists around 22 volume percentage of HPC (Marucci
et al., 2009). The film permeability was lower below the 22 volume percentage and higher
above the 22 volume percentage.

Different techniques have been utilised to investigate the release properties of phase
separated polymer films. For example, a diffusion cell has been utilised to investigate the
release mechanisms (Marucci et al., 2009). It was found that the release mechanism depended
on the initially amount of water soluble polymer. In addition, the release mechanism changed
from osmotic pumping to diffusion as the initial amount of water soluble polymer was
increased. Furthermore, Low-Vacuum Scanning Electron microscopy (LV-SEM) provided
new, valuable insights of the water transport through the phase separated EC/HPC polymer
films (Jansson et al., 2013). This method provided the possibility to visualise the water transport
and the film microstructure simultaneously.
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EXPERIMENTAL

This chapter provides an overview of the basic principles of a FIB-SEM instrument. It gives a
brief introduction to the ion beam milling and its challenges. In addition, electron beam imaging
is briefly described as well as common problems encountered while imaging poorly conductive
soft materials. The preparation of the studied phase separate polymer films is described as well
as the FIB-SEM tomography set-up.

MATERIALS

MANUFACTURING OF PHASE SEPARATED POLYMER
FILMS

Free standing phase separated polymer films were prepared from a solution. The solution
consisted of ethyl cellulose (EC) (Ethocel™ Standard Premium with viscosity grade 10 cP from
Dow Wolff Cellulosic GmbH in Germany) and hydroxypropyl cellulose (HPC) (Klucel® Pharm
HPC with viscosity grade LF from Ashland in USA) dissolved with 95% ethanol (Marucci et
al., 2009; Jansson et al., 2013). The films were produced by spraying the solution onto a rotating
drum using a nozzle that moved from side to side. Figure 2 shows the moving spraying nozzle,
the spray zone as well as the rotating drum.

—— S

Rotating drum

~— Spray zone

—_

—

<
< »

Moving spraying nozzle

Figure 2. Schematic illustration of the manufacturing process of the phase separated polymer
films. The polymer solution was sprayed onto a rotating drum using a moving spraying nozzle.



The phase separated polymer films was removed from the drum after the spraying processes.
Several films were produced by vary the volume percentage between EC and HPC. The films
were named after the added volume percentage of HPC, hence HPC22 had 22 volume
percentage of HPC and 78 volume percentage of EC. Three films have been examined in this
work which are HPC22, HPC30 and HPC45. As mentioned in previous section, EC is added as
the main component due to EC provides a coherent coating. The HPC was added as the pore
former. The HPC was removed by leaching the films in water. The purpose of the leaching was
to reveal the porous microstructure. The leaching of the films was done by cutting squares of
0.5 cm x 0.5 cm from the original films. The small squared film specimens were immerged in
700 ml stirred deionised water at room temperature for 24 hours. The deionised water was
changed two times. Finally, the films were air-dried and later on stored in a desiccator. Figure
3 shows a sketch of leached porous film where the different features of the film are marked.
The grey colour represents the EC matrix while the white represents the porous microstructure.
The dried leached films were mounted onto an alumina stub with sticky carbon tape. Followed
by deposition of a few nm thin palladium coating onto the specimen surfaces to reduce the
charging effects. The EMITACH K550X Palladium Sputter was used with coating current 25
mA, coating time 3 minutes and during rotation of the specimen holder.

v :|> Free standing phase-separated polymer film

Transport path for the drug

Drug transport direction I ﬂ “‘

Drug side Y
Z

X

Water insoluble polymer

Figure 3. Schematic overview of the leached porous polymer film. The grey colour represents
the porous ethyl cellulose (EC) matrix while the white represents the porous microstructure.



ANALYTICAL METHODS

3D reconstruction of porous and poorly conductive soft materials using a focused ion beam
(FIB) combined with a scanning electron microscope (SEM) involves several steps. This
section describes the basics of a FIB-SEM instrument as well as the interactions between the
ion and electron beams with the specimen surface. Several challenges are encountered while
working with porous and poorly conductive soft materials in a FIB-SEM, some of them are
briefed as well.

FIB-SEM DUAL BEAM MICROSCOPY
A focused ion beam (FIB) combined with a scanning electron microscope (SEM) provides the
possibility to reveal and image the internal microstructure of materials. The FIB-SEM utilises
the focused ion beam to make cross-sections with high precision and the electron beam to image
the internal microstructure with high spatial resolution (Bassim et al., 2014; Cantoni et al.,
2014). The FIB-SEM have one ion column and one electron column, where upon the ion and
electron beams are focused separately during vacuum conditions.

The FIB-SEM instrument utilised throughout this work was a Tescan GAIA3 (Tescan,
Czech Republic). The FIB-SEM tomography software from TESCAN was utilised to perform
the slice and image procedure. The instrument was equipped with a gas injection system
(platinum and carbon). The coincidence point of the ion and electron beam was at 55°, see
Figure 4 for the FIB-SEM set-up.

SEM-Column

Figure 4. The setup of focused ion beam combined with scanning electron microscope and the
specimen. The incident angle of the electron beam and the ion beam is 90° and 55°,
respectively, in order to perform milling an imaging immediately after each other.



ION BEAM MILILING

Ions can be utilised for removing material from a specimen with high precision, depositing
material onto the specimen as well as imaging the specimen surface. However, ions are
significantly more massive compared to for example electrons, which thus needs to be kept in
mind when imaging with ions. Imaging with ions may sputter away and thus damage the
specimen surface (Giannuzzi et al., 2005). A sputtering process occurs if the kinetic energy of
the ions is sufficient to overcome the surface binding energy of the surface atoms in the
specimen. Figure 5 shows a schematic illustration of the interaction between an ion and the
specimen surface (Nastasi et al., 1996). This sputtering process is referred to as milling in the
literature. The milling process can be controlled, hence be performed with high precision
(Giannuzzi et al., 2005). It has been shown that cross-sectioning artefacts such as curtaining

and redeposition can be reduced with fine tuned ion beam current and energy (Walley et al.,
1971; Suzuki, 2002; Drobne et al., 2007).

€5 Primary Ion

® Sputtered Ion

v Ok /-0

NV

Figure 5. Schematic illustration of ion-solid interaction between incident ion and specimen
surface resulting in sputtered ion from the specimen (adapted from Nastasi et al., 1996).

Specimen Surface

CROSS-SECTIONING ARTEFACTS

Ion beam milling can cause cross-sectioning artefacts such as curtaining or redeposition
(Giannuzzi et al., 2005). Curtains are vertical lines seen in the cross-section surface caused by
the ion beam. Different hardness within a material or thickness can cause different ion milling
rates which can cause curtaining. Redeposition is removed material that is still in the chamber
and deposit onto the cross-section surface. Previous work has shown that deposition of a
platinum coating onto the specimen can be used to reduce the curtaining effect (Walley ez al.,
1971; Suzuki, 2002; Drobne et al., 2007). Platinum gas precursor is injected into the chamber.
The precursor is cleaved by the ion beam. This results in deposition of platinum under the ion
beam. The platinum coating provides a homogenous surface which give rise to a more constant
milling rate. It has also been shown that curtaining and redeposition can minimised by reduced
milling rates (Giannuzzi ef al., 2005).
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FLECTRON BEAM IMAGING

Electrons can be utilised to image as well as deposit material onto a specimen surface. The
incident electrons interact with the specimen surface which results in an interaction volume, see
Figure 6. This interaction produces different signals that can be detected with suitable detectors
for the different signals (Goldstein, 2003). The signals are for example backscattered electrons,
secondary electrons and characteristic X-rays. Figure 6 shows a cross-section with the
interaction volume and different types of signals. The backscattered electrons are produced
when a primary electron interacts with an atom from the specimen. The interaction causes the
path of the primary electron to deviate from its original path and thus leaving the specimen as
a backscattered electron. The secondary electrons are derived from when the primary electrons
are emitting electrons from the specimen. Characteristic X-rays are produced when electrons
from the specimen that are tightly bonded are ejected from the inner shell. This creates an
electron hole which is filled with an electron from a higher energy shell. The energy difference

between the shell above and the shell below is released in the form of emitted characteristic X-
rays.

Primary Electrons

|
|
|
|
|

| Secondary Electrons
Backscattered Electrons ‘

, Characteristic X-Rays

| /

Specimen Surface

Figure 6. Schematic illustration of the interaction between the electron beam and the specimen
(adapted from Goldstein, 2003).
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IMAGING CHALLENGES

Two common problems encountered when imaging a cross-section surface utilising an electron
beam are shadowing-effects and charging. The shadowing-effects are caused by the
surrounding material of the cross-section. In order to eliminate these shadowing-effects,
trenches on each side and in front of the cross-section (a U-shape) can be milled with the ion
beam. Figure 7 shows a schematic overview of the different steps involved to establish the U-
shape. The initial step was to deposit a thin platinum coating on the specimen surface to reduce
the curtaining effect. The platinum deposition was done within two steps, first by deposition
with the electron beam and then by the ion beam, see number 1 in Figure 7. A cross-section
was milled in order to reveal the internal porous microstructure, see Figure 7 number 2,
followed by milling narrow trenches on each side of the cross-section, see number 3 in Figure
7. In order to reveal the full cross-section surface, a bigger trench in front of the cross-section
was milled, see number 4 in Figure 7. Following, platinum was deposited in two squares where
fiducial markers (used to prevent drifting) was milled into, see number 5 in Figure 7. The last
step was to clean the cross-section from curtains and redeposition, see number 6 in Figure 7.
This was also the starting point of the slice and image procedure.

Figure 7. Schematic overview that shows the different steps required to establish a U-shape.
Number 1 represents deposition of a protective platinum coating. Number 2 shows the location
of the first cross-section of the U-shape. Number 3 represent the narrow trenches of the U-
shape. Number 4 shows the big trench that revealed the full cross-section surface. Number 5
shows the location of the fiducial markers for the FIB and the SEM. Number 6 is the starting
point of the slice and imaging procedure.

From previous findings, it is known that no charging of poorly conductive materials is present
when the number of primary electrons impinging on the surface is roughly equal to the number
of electrons emitted from the specimen surface, i.e. the total number of backscattered electrons
(BSE, n) secondary electrons (SE, 8) (Goldstein, 2003). The beam energy influences the ratio
between the number of incoming electrons and the emitted electrons and therefore needs to be
tuned to achieve the condition of no charging. There are two cross-over points, E; and E>, where
the primary beam energy gives an electron yield equal to 1, see Figure 8. For soft materials, the
low energy cross-over point occurs in the energy range of 0.5 keV — 2 keV and the high energy
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cross-over point at 2 keV - 5 keV (Goldstein, 2003). At low energy below the first cross-over
point, Ei, there is a negative charge accumulation. At energies between the two cross-overs
there is a positive charge accumulation and above the second cross-over point, Ez, there is a
negative charge accumulation.

Furthermore, when imaging conductive materials with low electron beam energy,
secondary electron detector is often selected (Goldstein, 2003). However, when charging
occurs, the secondary electrons are much more affected by the charging because of their low
kinetic energy, < 50eV than backscattered electrons. Therefore, BSE is preferred when imaging
of poorly conductive materials.

E, E,
~0.5-1 keV ~2-5 keV

.
Primary beam energy E,

Figure 8. Schematic illustration of the total emission of backscattered electrons (1) and
secondary electrons (J) as a function of incident beam energies. The lower cross-over point is
E1 and the upper cross-over point is E (adapted from Goldstein, 2003).

Another approach to reduce charging while imaging poorly conductive specimens with
electrons is to operate the FIB-SEM in a low-vacuum condition. It reduces charging through
ionisation of the gas molecule. The ions neutralise the accumulated charges at the surface
(Robinson, 1975; Moncrieff et al., 1978; Stokes, 2008). This approach can however not be
used simultaneously using the ion beam. In addition, it has been shown that a localised
discharge can be achieved by injecting a nitrogen gas using a gas injection system (Schulz et
al. 2009). This approach limits the area of lower vacuum and the area of interest can be
imaged with reduced charging.

As already mentioned, poorly conductive soft materials have to be prepared before they
can be inserted into the FIB-SEM for tomography. Previous work has shown that an increase
of the concentration of heavy metals in the specimen reduce charging. The heavy metals
increases the conductivity of the poorly conductive specimens (Seligman ef al., 1966; Tanaka
et al., 1984; Deerinck et al., 2010). In addition, it has been shown that a combination between
low electron beam energy, osmium-fixed specimens and backscattered electron detector can be
used to image poorly conductive specimens. The low electron beam energy reduced the
charging and the osmium-fixation enhanced the contrast as well as increased the BSE yield.
(Harris et al. 1976; Holzer et al. 2004; De Winter et al., 2009).
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DATA SEGMENTATION

3D reconstruction of materials using FIB-SEM tomography is done by reconstructing binary
2D image stacks. Binarisation of the 2D image stacks are usually performed by aligning the
image stack, followed by cropping and segmentation (Jorgensen et al., 2010). Global
thresholding is one common way to perform the segmentation (Efford et al., 2000). In global
thresholding, a prechosen threshold value is determined to distinguish the two phases. If the
grey value of a pixel is below the prechosen threshold, it belongs to one of the phases and if it
is above, it belongs to the other phase. However, the segmentation of porous materials is
complex. The 2D image of the cross-sections does not only contain information about the cross-
section surface but also information from inside the pores (Zils et al., 2010; Schulenburg et al.,
2011). This leads to overlapping intensities where global thresholding is not sufficient as
segmentation method. Even more advanced segmentation algorithms such as local thresholding
have been presented but does not solve this complex segmentation problem (Blayvas et al.,
2006; Thiedmann et al., 2011). An approach that does consider this is the local threshold
backpropagation method (Salzer et al., 2012). It is based on detection of structures that
disappear and subsequent thresholding backpropagation.
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RESULTS

3D reconstructions of porous and poorly conductive soft materials have been done by
developing a protocol of how to fine tune FIB-SEM parameters. In addition, a self-learning
binarisation algorithm has been developed to solve the segmentation problem. The
interconnectivity of individual porous paths have been visualised in 3D as well. The protocol
of how to fine tune the ion beam parameters is presented first. The fine tuned ion beam
parameters reduces cross-sectioning artefacts such as curtaining and redeposition. The
following section presents the protocol of how to fine tune the electron beam parameters. This
involves establishment of a U-shape to eliminate shadowing-effects. In addition, charging has
been reduced by deposition of a platinum coating and a method of charge neutralisation. The
segmentation problem for binarisation of the 2D image stacks has been solved by a new self-
learning binarisation algorithm. Three leached phase separated polymer films, intended for
control drug release with varied porosity have been examined.

OPTIMISATION OF ION BEAM MILLING

REDUCTION OF CROSS-SECTIONING ARTEFACTS

The protocol for optimisation of ion beam milling parameters to reduce cross-sectioning
artefacts, such as curtaining and redeposition, included deposition of a protective platinum
coating and fine tuned ion beam parameters. After the platinum coating had be deposited, the
ion beam parameters were fine tuned. The optimisation of the milling parameter was carried
out by tuning the ion beam energy and current. The conclusion was that the cross-sectioning
artefacts could all be avoided at 30 keV provided that the ion beam current was fine tuned. The
currents were optimised by following experimental approach. When milling the largest trench,
a high current as possible without causing too much cross-sectioning artefacts was required in
order to achieve a time efficient milling. The tuning of the highest ion beam current was started
using 20 nA followed by a stepwise increase to find the optimised current, which was 40 nA in
this case. Cross-sectioning artefacts were present here. However, these were removed upon
following steps during the cleaning of the cross-section where lower beam currents were used.
The other milling operations were optimised with same approach, but started at lower currents.
The specimen surface was examined after each milling current to choose the highest current
that did not cause cross-sectioning artefacts. The ion beam parameters used for slicing were 1
nA and 30 keV.
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OPTIMISATION OF ELECTRON BEAM IMAGING
REDUCTION OF SHADOWING-EFFECTS AND CHARGING

The protocol to optimise the electron beam imaging of porous and poorly conductive soft
materials involved elimination of shadowing-effects by establishment of a U-shape. In addition,
the charging was reduced by deposition of a platinum coating, fine tuned electron beam
parameters and a method for charge neutralisation.

Establishment of a U-shape was the first step towards optimised imaging. The U-shape
eliminated the shadowing-effects from surrounding walls of the cross-section surface. It did
also reveal the full cross-section surface from obscuring material in front of the cross-section.
The establishment of the U-shape did also involve deposition of a protective platinum coating
ontop of the U-shape, this coating reduced charging. Table 1 shows the ion and electron beams
parameters that have been used to establish the U-shape.

Table 1. Summary of the ion and electron beam parameters to establish a U-shape. Each process
step is numbered and can be seen in Figure 7.

Process step Beam Current | Beam Energy
1. Electron beam platinum deposition | 260 pA 3 keV

1. Ion beam platinum deposition 200 pA 30 keV

2. Cross-section 3nA 30 keV

3. Small trenches close to U-shape 3nA 30 keV

4. Big trench in front of cross-section | 40 nA 30 keV

5. Fiducial markers 2 nA 30 keV

6. Cleaning cross-section 1 nA 30 keV

The charging was further reduced by fine tuning the electron beam parameters. It was carried
out by vary the energy until as little charging as possible was noticed while sustaining sufficient
detector signal. The starting electron beam energy was chosen to be 2 keV, based upon the rule
of thumb that the primary beam energy for no charging of poorly conductive materials lies
within 2 keV-5 keV, depending on the material (Goldstein, 2003). By this experimental
approach, the optimised electron beam energy was found to be 700 eV. If the electron beam
energy was selected below 700 eV, less charging was observed, however too poor signal was
received. If the electron beam energy was selected above 700 eV, the signal was improved.
However, accumulation of local charges was observed which increased with longer exposure
time. Next step was to optimise the electron beam current. The electron beam current was
optimised with same approach as for the electron beam energy. The optimised electron beam
current corresponded to minimum beam current that could be chosen, which was 1 pA.
Charge neutralisation using carbon gas was also used to reduce charging. The gas
injection system from TESCAN was used. Cross-sectioning artefacts was present if the carbon
gas was injected during milling, hence the gas was only injected prior to the electron beam
imaging. The charge neutralisation procedure was carried out as followed. Carbon gas was
injected into the chamber during 5 seconds by opening the carbon gas valve. The valve was
closed after 5 seconds where upon imaging with reduced charging could be performed. This
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was incorporated in the automatic slice and imaging procedure by pausing after each slicing.
Therefore, the slice and imaging procedure resulted in a semi-automatic procedure. It was
observed that the distance between the specimen and the valve opening played an important
role. If the valve opening was too close to the specimen, curtaining was present. If the valve
opening was too far away from the specimen, no charge neutralisation occurred. The optimised
distance was experimentally tried out and was found to be by retracting the valve for 10 seconds
from its inserted end position.

The 2D image stacks were obtained by using the ion beam for serial sectioning with
slice thickness 50 nm for 10 um depth (z). The width of the cross-section was 45 um and the
height 35 um. The cross-section surface was imaged utilising a mid-angle BSE detector with
scan speed 2 ps/pixel and 10 nm pixel size. The electron beam parameters used for imaging
was 700 eV and 1 pA. Figure 9 shows one image of each cross-section of the porous polymer
films where a) HPC22, b) HPC30 and c) HPC45. The view field of each cross-section image is
30 um x 20 pm.

Vv

Figure 9. SEM mid-angle BSE images of cross-sections of porous polymer films. The view

field of each image is 30 um x 20 um. The porous ethyl cellulose matrix is revealed in a)
HPC22, b) HPC30 and c) HPC45.
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3D VISUALISATION OF POROUS MICROSTRUCTURE

SEGMENTATION USING SELF-LEARNING BINARISATION
ALGORITHM

The 200 2D sequential images obtained by FIB-SEM tomography were aligned and cropped to
3000x2000 pixels using the software ImageJ (Schneider et al., 2012). The 3D reconstruction of
the material requires segmentation of the solid and pore phases in the 2D images. However,
each 2D image contains sub-surface information i.e. information about the structure in
subsequent slices. This fact makes segmentation particularly challenging by introducing e.g.
intensity overlaps. The first attempt was to use global thresholding (Efford ez al., 2000) for
segmentation, but the results were found non-satisfactory with no clear distinction between pore
and a matrix. Instead, a machine learning-based method as used. Based on manual segmentation
in 100 randomly placed square regions, each of size 256x256 pixels (corresponding to 0.5% of
the full data, but nevertheless taking about 2 days to manually segment), a random forest
classifier was trained to perform classification into one of two possible classes, matrix or pore.
The trained classifier was subsequently used for segmentation of the full data set. The results
from the segmentation algorithm can be seen in Figure 10. SEM mid-angle BSE images of the
cross-sections are shown in the left column in Figure 10 a), ¢) and e). The corresponding
binarised images are shown in the column to the right in Figure 10 b), d) and f). The view field
of each cross-section is 30 um x 20 pm.

18



-
- - - - - - e - =
- coan 7 N o 2
'Q'. AT Dl Tl FTRA A
LY ERE] R s e LTy S -
H SIS IS e R BT
- ’.- -—te™ ~ » w av
P AN N RS
- PRI St
- ‘-..._'.-v:.:""\_-:‘:‘"?) SN
C PR ool R g | JC U
S o - T ‘-- -~ - - ?..'.-!
L3 6 IR el cew & P
2 o™, T -_— - - - 'r
e - - W ~ 2 -2 o
2 ST . . ST
S R [Ep-gny -
- & L . - Y -,
“‘-,‘”””'-”.: -¥'P‘f?._-r-"-‘
e’-. > Vi < o
st e
- O P - - ;f
— *

)
A
N

x

X
i

\

Y
!

v
a

g
Ve

ocwATT

‘0‘,\ 4
A

LI e Wa-Man

Figure 10. SEM mid-angle BSE cross-sectional images and corresponding binarised images.
The left column shows SEM mid-angle BSE cross-sectional images of the three porous polymer
films a) HPC22, ¢) HPC30 and e) HPC45. The column to the right shows the corresponding
binary images to b) HPC22, d) HPC30 and f) HPC45.
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3D reconstructions were done by importing the binary 2D image stacks into the software ORS
Visual (Object Research Systems (ORS), Montreal, Canada). Figure 11 shows the SEM mid-
angle BSE image stacks in the column to the left where a) HPC22, d) HPC30 and g) HPC45.
The column in the middle in Figure 11 shows the 3D reconstruction of the porous network for
b) HPC22, 3) HPC30 and h) HPC45. The column to the right in Figure 11 shows the porous EC
matrix in 3D where ¢) HPC22, f) HPC30 and 1) HPC45.

Figure 11. FIB-SEM mid-angle BSE image data sets and 3D reconstructions of porous network
and porous EC matrix. The column to the left shows the SEM mid-angle BSE image stacks, the
column in the middle shows the porous network in 3D and the column to the right shows the
porous EC matrix in 3D. The three specimens are a-c) HPC22, d-f) HPC30 and g-i) HPCA45.
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ALGORITHM FOR SELECTING INDIVIDUAL PORES

The tortuosity, which measures the relative length of paths through the pore system, was utilised
to identify paths of individual pores through the films. All paths from the same films that were
considered started at the same pore. The algorithm that was utilised to extract these pores works
as follows: All points in the pore system are associated with its geodesic path G, which is the
shortest path through the pore system, which starts at the inlet pore, ends at the outlet and passes

through the point. Corresponding to G is the tortuosity, T = @, where [(G) is the length of the

path G and L is the length of the pore structure. The points of the pore system are divided into
three categories, shortest, intermediate and longest geodesic path. The shortest category
consists of all points with the lowest tortuosity, i.e. the points along the shortest path that starts
at the inlet pore, the intermediate category consists of points with 15%-50% tortuosity, and the
long category consists of points with 70%-90% tortuosity. The algorithm returns the shortest,
intermediate and long geodesic paths. A randomly chosen point of the intermediate category of
the long category returns the corresponding geodesic path associated with that point. The
computation of the tortuosities T and the geodesic paths G were implemented using Matlab’s
function bwdistgeodesic (Matlab, 2017).

INTERCONNECTIVITY OF ONFE CHOSEN PORFE AND
ITS SHORTEST, INTERMFEDIATE AND ILONGEST
PATHS

The tortuosity has been determined for three leached EC/HPC films with different porosities.
The tortuosity value describes how much longer the pore paths are compared to the shortest
possible path which is t=1. Three tortuosity intervals are determined to represent the shortest,
intermediate and longest paths. The shortest (a), intermediate (b) and longest (c) paths in
leached HPC22, HPC30 and HPC45 are shown in 3D in Figures 12, 13 and 14, respectively.
The front views give information about the pore paths morphologies in the cross-sectional plane
while the side views provide information about the pore paths morphologies in the depth. The
tortuosity values for each category and film are summarised in Table 2.

Table 2. Summary of tortuosity values for leached EC/HPC films.

Tortuosity / Film HPC22 HPC30 HPC45
Shortest paths 2.37 1.16 1.07

Intermediate paths 2.63 1.24 1.17
Longest paths 4.14 1.84 1.62
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The chosen pore and its shortest, intermediate and longest paths within leached HPC22 is shown
in Figure 12. The shortest paths seen in Figure 12a), t=2.37, are not widely wiggled through
the porous network, which can be seen in the front view. However, the side view reveals that
the pore paths are wiggled in the depth direction. The intermediate paths seen in Figure 12b),
1=2.63, are more spread out through the porous network which can be seen in the front view.
The intermediate paths are also partly wiggled. From Figure 12c¢), it is shown that the longest
paths in HPC22, 1=4.14, are spread out and wiggled.
Front view Side view  Tortuosity
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paths
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Figure 12. 3D visualisation in front view and side view of shortest, intermediate and longest
pore paths for leached HPC22. Where a) shortest pore paths t=2.37, b) intermediate pore paths
1=2.63 and c) longest pore paths t1=4.14.
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The chosen pore and the different lengths of the pore paths within HPC30 can be seen in Figure
13. The shortest paths for HPC30 is shown in Figure 13a), t=1.16, are relatively straight from
bottom to top, seen from both the front and side views. The intermediate paths seen in Figure
13b), 1=1.24, are more wiggled compared to the shortest paths. It is observed that the longest
paths seen in Figure 13c), 1=1.8.4, after the point that defines the geodesic path, i.e. the point
for which this is the shortest path through the pore structure.

Front view Side view Tortuosity
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Intermediate
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Figure 13. 3D visualisation in front view and side view of shortest, intermediate and longest
pore paths for leached HPC30. Where a) shortest pore paths t=1.16, b) intermediate pore paths
t=1.24 and c) longest pore paths t=1.84.
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Regarding the pore paths for leached HPC45, which can be seen in Figure 14, it is clear that the
paths are not wiggled through the porous network. The shortest paths seen in Figure 14a),
1=1.07, are more or less straight paths from the inlet to the outlet of the pore. The intermediate
paths seen in Figure 14b), 1=1.17, are relative straight as well and not widely wiggled. The case
is similar case for the longest paths within HPC45 in Figure 14c), 1=1.62
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Figure 14. 3D visualisation in front view and side view of shortest, intermediate and longest
individual pore paths for leached HPC45. Where a) shortest pore paths t=1.07, b) intermediate
pore paths t=1.17 and c) longest pore paths t=1.62.
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INTERCONNECTIVITY COMPARISON Or
INTERMEDIATE AND ILONGEST PATHS IN HPC?22,
HPrPCc30 AND HPC1S5

It is known from previous work that there is a percolation onset around 22 volume percentage
of HPC (Marucci et al., 2013). A comparison of the interconnectivity within the films HPC22,
HPC30 and HPC45 have been done by randomly choosing 5 of the intermediate and longest
paths. These 5 randomly chosen intermediate and longest paths are visualised in 3D in Figure
15 and Figure 16, respectively. The intermediate and longest tortuosity intervals are
summarised in Table 3. HPC22 has the highest tortuosity values in both the intermediate and
longest tortuosity intervals. HPC30 has lower tortuosity values than HPC22 but higher than
HPC45. 1t is observed that HPC45 always has the lowest tortuosity values.

Table 3. Summary of the tortuosity intervals for 5 randomly chosen paths in HPC22, HPC30
and HPC45. The 1 values in the brackets represents the lowest and highest tortuosity values.

Tortuosity / Film HPC22 HPC30 HPC45
Intermediate paths [2.51,2.92] [1.23,1.48] [1.13,1.28]
Longest paths [3.52,4.14] [1.82,2.18] [1.51,1.84]

The comparison between 5 randomly chosen intermediate paths for HPC22, HPC30 and HPC45
can be seen in Figure 15 a-c), respectively. The intermediate paths for HPC22, t € [2.51,2.92]
are significantly longer than the intermediate paths for HPC30 and HPC45. It can be seen from
the 3D reconstructions that the paths in HPC22 wiggle more than HPC30 and HPC45. In
addition, it can be seen that the paths in HPC30 spread out more compared to HPC45. This is
confirmed by the higher tortuosity values for HPC30 t € [1.23, 1.48] in comparison to the lower

tortuosity values for HPC45 t € [1.13, 1.28]. Besides the wiggling, there is also a bottleneck in
HPC22, at about one third of the length of the specimen from the top surface in the y-direction,
at which all paths intersect.

a) HPC22 b) HPC30

7 €[2.51,2.92] 7 € [1.23,1.48] 7 € [1.13,1.28]

Figure 15. 3D visualisation of 5 randomly chosen intermediate paths for a) HPC22 with t €
[2.51,2.92],b) HPC30 with t € [1.23, 1.48] and ¢c) HPC45 with t € [1.13, 1.28]. The values in
brackets are the lowest and the highest tortuosity values.
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The comparison between 5 randomly chosen long paths for HPC22, HPC30 and HPC45 can be
seen in Figure 16 a-c), respectively. It can be seen from Figure 16a) that the paths in HPC22
are highly wiggled throughout the whole porous network and the tortuosity values are t € [3.52,
4.14]. It is revealed from Figure 16b) that the long paths in HPC30 are not as highly wiggled as
for HPC22. The tortuosity for the long paths for HPC30 vary between t € [1.82, 2.18].
Furthermore, it can be seen from Figure 16¢) that the long paths for HPC45 are not as wiggled
as in HPC30. The tortuosity for the long paths for HPC45 vary between t € [1.51, 1.84]. The
same behaviour as for the intermediate paths can be observed here for HPC22, with a strong
bottleneck effect. There seems to be two bottlenecks at the same height, at about one third from
the top surface in the y-direction. Additionally, the long paths essentially coincide at the same
positions at the top as the intermediate paths, also indicating strong bottleneck effects.

a) HPC22 b) HPC30 ¢) HPC45
®
T € [2.51,2.92] T € [1.23,1.48] 7€ [1.13,1.28]

Figure 16. 3D visualisation of 5 randomly chosen longest paths a) HPC22 with t € [3.52,4.14],
b) HPC30 with T € [1.82, 2.18] and ¢) HPC45 with Tt € [1.51, 1.84]. The values in brackets are
the lowest and the highest tortuosity values.
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DISCUSSION

The FIB-SEM tomography parameters have been optimised for porous and poorly conductive
soft materials. The work has been carried out on leached EC/HPC films. 3D reconstructions are
presented for three films with different EC/HPC volume percentage. Based on the work and the
observations a general approach for the optimisation of milling and imaging parameters is
presented and discussed. First, we introduce a protocol for optimisation of the ion beam
parameters for milling to reduce cross-sectioning artefacts, such as curtaining and redeposition.
Thereafter follows the optimisation of imaging parameters which involves elimination of
shadowing-effects by a U-shape. In addition, charging is reduced by applying the developed
protocol of how to optimise the electron beam parameters as well as by deposition of a platinum
coating and a method for charge neutralisation. A self-learning algorithm for binarisation of the
2D image stacks for an automatic and time efficient 3D reconstruction is introduced.
Furthermore, the interconnectivity of the pore paths has been visualised in 3D based upon
tortuosity calculations.

OPTIMISATION OF ION BEAM MILLING

The optimisation of the milling parameters was carried out by tuning the ion beam energy and
current. The conclusion was that cross-sectioning artefacts such as curtaining or redeposition
could be avoided at 30 keV provided that the ion beam current was fine tuned. In general, a
high beam current is used for rough milling in order to remove large volumes time efficiently
(Giannuzzi et al., 2005). In our case, we found that 40 nA fulfilled the requirement for rough
milling. Depending on material structures this needs to be fine tuned. Next step was to remove
redeposition and curtaining. Previous work has shown that the curtaining effect is governed
both by the ion beam current and structural inhomogeneity of the specimen (Walley ez al., 1971;
Suzuki, 2002). Hence, a platinum coating was deposited on the surface, both to protect the
surface from the ion beam as well as to reduce the sputter rate difference caused by the surface
roughness. The tuning of the ion beam current for reduction of redeposition and curtaining was
started from a low current followed by a stepwise increase. This was done in order to find an
optimal current giving the combination of fast milling and minimised redeposition and
curtaining, which in our case was 1 nA.
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OPTIMISATION OF ELECTRON BEAM IMAGING

The optimisation of the imaging parameters included reduction of shadowing-effects caused by
surrounding material (Holzer et al., 2004). Hence, establishment of a U-shape was required.
The U-shape successfully eliminated the shadowing-effects allowing the full cross-section
surface to be imaged.

During the imaging of porous and poorly conductive materials using the electron beam,
charging effects needs to be reduced. The charging is related to the electron yield which
depends on the primary electron beam energy. If the beam energy is chosen so that the electron
yield is lower than 1, more electrons are impinging the surface than leaving, thus a negative
charge accumulation results in the specimen. If the energy is chosen so that the electron yield
is higher than 1, more electrons leave the specimen compared to the impinging, resulting in a
positive charge accumulation. There are two cross-over points where the primary beam energy
gives an electron yield equal to 1 (Goldstein, 2003). At low energy below the first cross-over
there is a negative charge accumulation. At energies between the two cross-overs there is a
positive charge accumulation. For soft materials, the low energy cross-over point occurs in the
energy range of 0.5 keV — 2 keV and the high cross-over point at 2 keV - 5 keV (Goldstein,
2003). The starting electron beam energy was chosen to 2 keV since higher beam energies
resulted in too much charging. Charging was present at 2 keV, hence the energy beam was
lowered stepwise with steps of 0.1 keV until as little charging as possible was achieved with
still sufficient detector signal. The charging had been reduced as well as sufficient detector
signal was obtained. 0.7 keV was found to be the optimised beam energy for imaging.
Depending on material structures this need to be fine tuned. The electron beam current was
optimised with the same stepwise lowering approach as for the ion beam, with the starting
current of 3 nA. The optimised electron beam current corresponded to minimum beam current
that could be chosen, which was 1 pA.

Even though charging was reduced by optimising the electron beam parameters,
charging was still present at smaller regions over the cross-section surface. This charging was
further reduced by charge neutralisation by injection of a carbon gas (Schulz ez al., 2009;
Robinson, 1975; Moncrieff e al., 1978; Stokes, 2008). It was observed that the distance
between the opening of the gas injection system and the specimen was important and had to be
optimised.
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2D IMAGE STACK BINARISATION

The presence of pores added additional challenges regarding segmentation. While fully dense
materials provide a planar cross-section, pores expose surface area beneath the planar cross-
section surface as well. This sub-surface pore information and the varying intensity from the
sub-surface areas give rise to intensity overlaps which complicate the data processing. It was
found that a first-resort method like global thresholding was non-satisfactory, not providing a
clear distinction between matrix and pore. A better method to distinguish between matrix and
pore would be to manually mark the pores, but this is extremely time consuming. Our solution
was to manually segment approximately 0.5 % of the full data and use that to train a
classification algorithm, with which the full data set could be satisfactory segmented and
binarised.

SD VISUALISATION OF INTERCONNECTIVITY
The interconnectivity of the pore paths within the EC/HPC films has been visualised in 3D. It
has been observed from the 3D reconstructions that both leached HPC30 and HPC45 comprised
of less wiggled porous paths compared to leached HPC22. This can be related to the percolation
onset discovered from previous studies performed on these films (Marucci et al., 2009). The
amount of leached HPC and the water permeability were lower below 22 volume percentage
and higher above the percolation onset.

A trend is observed where HPC22 is much more wiggled compared to HPC30 and
HPC45, for all three path categories. The paths in HP22 also seem to behave differently
compared to the other two films. There are significant bottlenecks in HPC22, where many of
the paths pass through the same position of the pore structure. One reason why the pore paths
are qualitatively different in HPC22 is that the structure is close to the percolation onset. HPC30
and HPC45 appear more similar in their porous paths, with less wiggled and more straight
porous paths. This could be explained by their structures being far beyond the percolation onset.

It should also be pointed out that the shortest paths for HPC30 and HPC45 appear as
more or less straight paths from the bottom to the top. However, there does exist a difference
between HPC30 and HPC45 when it comes to the tortuosity values. The intermediate and
longest paths for HPC30 are 1.24 and 1.84 while they are 1.17 and 1.62 for HPC45. This implies
that higher volume percentage of HPC result in less wiggled structure and lower tortuosity
values.
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- “If you want to accomplish something you never have done before,
then you must do something that you never have done before”.

CONCLUSIONS AND OUTLOOK

A general protocol for optimisation of FIB-SEM tomography parameters for porous and poorly
conductive soft materials has been developed. It optimises the reduction of cross-sectioning
artefacts, eliminates shadowing-effects and reduces charging. In addition, it handles the sub
surface and intensity overlap problems in the binarisation stage of the 3D reconstruction. The
cross-sectioning artefacts, redeposition and curtaining, were reduced by deposition of a
platinum coating and optimisation of the ion beam energy and current. The shadowing-effects
were eliminated by establishing a U-shape. The charging problem was reduced by deposition
of the platinum coating, optimisation of the electron beam energy and current as well as charge
neutralisation using a carbon gas. The sub surface information in the images caused
complications for the binarisation step of the 3D reconstruction. A self-learning algorithm for
binarisation of the 2D image stacks for an automatic and time efficient 3D reconstruction is
introduced. This approach for optimisation of the FIB-SEM tomography parameters data has
been demonstrated on leached EC/HPC porous polymer films with poor conductivity.

The 3D reconstructions of the EC/HPC films were quantitatively evaluated with respect
to tortuosity. The interconnectivity of the pore paths was visualised in 3D. A trend was observed
where an increased volume percentage of HPC resulted in a lower tortuosity value.

The next step in the studies of the EC/HPC films is to correlate the microstructure to
mass transport through the porous network. The quantitative data will be used for flow
simulations. A new geometry with EC/HPC films in pellets with a drug core will be introduced
and evaluated applying our optimised FIB-SEM tomography approach. Moreover, the porous
network developed during manufacturing by phase separation. New information about the
interface between the two immiscible polymers and the phase separation mechanism can be
obtained by transmission electron microscopy.
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