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Abbreviations 

BJH Barrett-Joyner-Halenda IUPAC International Union of Pure and 

Applied Chemistry 

BSE Back Scattered Electrons KeV Kilo Electron Volt 

BSEC Back Scattered Electron 

Coefficient 

KV Kilo Volt 

CC Curved-Curved LAGB Low Angle Grain Boundary 

CDEM Continuous Dynode 

Electron Multiplier  

LN2 Liquid Nitrogen 

CF Curved-Facet LTB Local Threshold 

Backpropagation 

CL Cathodoluminescence MFI Mordenite Framework Inverted 

CNB Cryo-NanoBench PE Primary Electrons 

EBSD Electron Back Scattered 

Diffraction 

PMT Photon Multiplier Tube 

EDX Energy Dispersive X-ray PPM Parts Per Million 

ER Endoplasmic Reticulum SBE Surface Binding Energy 

ETD Everhart – Thornley 

Detector 

SE Secondary Electrons 

eV Electron Volt SEM Scanning Electron Microscope 

FCC Fluid Catalytic Cracking SI Secondary Ion 

FIB Focused Ion Beam t-EBSD transmission-Electron Back 

Scattered Diffraction 

GIS Gas Injection System TEM Transmission Electron 

Microscope 

HAGB High Angle Grain 

Boundary 

TLD Through the Lens Detector 

HFW Horizontal Field of View TSEM Transmission Scanning Electron 

Microscope 

HUVEC Human Umbilical Vein 

Endothelial Cell 

ZSM-5 Zeolite Socony Mobil-5 

IC Integrated Circuitry   

    

IUPAC Definitions of Pore Diameters 

Micro pore < 2 nm 
  Meso pore 2 – 50 nm 
Macro pore > 50 nm
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The Focused Ion Beam – Scanning Electron Microscope (FIB-SEM) is a versatile 

instrument which originates from the semiconductor industry. In recent years, the 

capabilities of the FIB-SEM have attracted a considerable amount of attention from 

various scientific disciplines. Presenting new types of samples to the FIB-SEM 

instrument implies presenting new challenges for the instrument, especially when it 

comes to the electrically insulating nature of many of the new samples. This PhD 

Thesis presents a survey across samples from Life Sciences, Earth Sciences and 

Material Sciences, exploring and validating the application of the FIB-SEM instrument 

to scientific questions from the three scientific disciplines. All the work presented in 

this PhD Thesis is performed on a Nova Nanolab 600 Dualbeam (FEI Company, 

Eindhoven, The Netherlands), although most of the work can in principle be done on 

tools from other manufacturers. 

In Chapter 2, the application of FIB-SEM tomography is demonstrated on a Life 

Sciences sample and Earth Sciences samples. The Life Sciences sample consists of 

cells embedded in a resin. The cellular membranes are stained with heavy metals, 

providing sufficient contrast in Back Scattered Electron (BSE) mode. The resolution 

achieved on the FIB-SEM instrument is estimated to be approximately 10 nm in x and 

y, using low-kV SEM-BSE imaging. The resolution in z is determined by the slice 

thickness and is 50 nm in this research. 

The first geological sample is a synthetic olivine sample with a 10% basaltic melt 

content. Although the coating is sufficient for SEM imaging of the surface, FIB milled 

cross section suffer from charging phenomena. It is shown that an automated FIB-

SEM tomography routine is still possible by carefully selecting the SEM imaging 

conditions. A second sample (a synthetic Al2O3 poly-crystal) is found to charge too 

severely for automated FIB-SEM tomography runs. Charge compensation during FIB 

milling is possible with the electron beam, but this option is not included in the 

automation software. 

The FIB-SEM tomography routine through both the cellular sample and the olivine-

basaltic melt sample is post-processed into 3D models. In the cells, mitochondria and 

endoplasmic reticulum (ER) are reconstructed, illustrating how both mitochondria 

and ER form a 3D network in this particular type of cell. The ability of visualizing the 

melt distribution in between the olivine grains is an important step forward in Earth 

Sciences, which is further explored in Chapter 6. 

Chapter 3 explores the novel combination of FIB-SEM tomography and 

Cathodoluminescence (CL). A major concern is the damage created by the FIB in the 

sample, which could potentially affect the CL emission. It is shown that the FIB does 
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influence the CL emission in diamond, but does not prohibit FIB-SEM CL 

tomography, as the interaction volume of the SEM significantly exceeds the 

interaction volume of the FIB. The interaction volumes of both beams depend on the 

acceleration voltages, resulting in a correlation between the acceleration voltages and 

the significance of the influence of the FIB on the CL emission. A lower keV ion 

beam results in a thinner surface defect layer. A decreasing thickness of a surface 

defect layer is known to enhance the CL emission, which is in agreement with the 

observations on diamond. 

FIB-SEM CL tomography is applied to a diamond exhibiting growth structures only 

visible with CL imaging. Automated tomography is found to be impossible, due to 

limitations of the experimental setup. However, a total of 12 slices are obtained 

manually and the growth structures are reconstructed in 3D by applying a dedicated 

reconstruction algorithm to the model. The reconstruction algorithm accounts for the 

orientation of the slices, which are not perpendicular to the surface of the sample. The 

standard reconstruction software assumes a perpendicular orientation, resulting in a 

parallelogram-like distortion of the model, which is corrected. 

Validating the application of the FIB-SEM instrument to various scientific disciplines 

is shown in Chapters 4-7. In Chapter 4, FIB-SEM tomography is used to characterize 

the meso porosity in large coffin-shaped zeolite ZSM-5 crystals. The meso pores are 

created by a steaming process and the smallest pores distinguishable in the SEM 

images are 5.2 x 5.2 nm2. The length of the meso pores varies from a few tens of 

nanometers to a few hundreds of nanometers. Performing FIB cross sectioning and 

FIB-SEM tomography across various regions of individual crystals reveals the 

influence of the various sub-units within individual crystals on the steaming process. It 

is concluded that the FIB-SEM is an excellent instrument for providing important 

complementary insights in the field of catalysis. 

Chapter 5 continues with a similar scientific question, characterizing the porosity of 

Fluid Catalytic Cracking (FCC) particles and the transport properties of the FCC 

particles. The porosity within the spherical FCC particles ranges from micro porosity 

to macro porosity and the heterogeneity is considerable across the entire particles, 

which have a diameter varying from 50 – 150 μm. As a consequence, from a practical 

viewpoint, FIB-SEM tomography is only able to characterize a small percentage of the 

entire particles. Therefore, a workflow is developed which makes use of statistics to 

up-scale the small amount of information obtained from FIB-SEM tomography data 

to the scale of entire FCC particles. 
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First, SEM images of mechanically polished cross sections from entire FCC particles 

provide the spatial porosity distribution across the FCC particles. Second, FIB-SEM 

tomography characterizes the porosity in 3D across small cubes of 2x2x2 μm3. 

Characterization is done for the porosity, the connected porosity (excluding isolated 

voids), the heterogeneity of the porosity within each cube and the percolation. Based 

on these geometrical parameters, an algorithm is formulated which generates virtual 

cubes with the same geometrical characteristics. The virtual cubes are smaller in terms 

of number of voxels, allowing for finite element simulations of diffusion through the 

virtual cubes. The transport ability is defined as the ratio of unhindered flow and 

hindered flow. Subsequently, transport through thousands of virtual cubes is 

simulated, resulting in a scatter plot of the transport ability as a function of the 

porosity. Finally, using an analogue with electrical resistance, the virtual cubes are 

combined into a larger volume while using statistical distribution functions for the 

porosity, the percolation and the transport ability, and the resulting transport ability of 

the larger volume is determined. 

FCC particles produced by two different methods are compared with the developed 

workflow. The transport ability is found to differ qualitatively between the two types 

of FCC particles, in agreement with bulk analysis of the conversion rates of reactant 

molecules. It is concluded that the difference in transport ability can be contributed to 

the spatial distribution of the porosity; one type of FCC particles has a dense crust 

around it, considerably limiting the transport towards the interior. 

An important conclusion from Chapter 5 is the limited capabilities of FIB-SEM 

tomography in terms of volumes which can be analyzed. As a consequence, 

complementary techniques, post-processing steps and statistical methods are essential 

when studying scientific questions alike the transport properties of entire FCC 

particles. 

Chapter 6 presents an extension of the case study on the olivine-basaltic melt sample 

used in Chapter 2. Of interest is the dihedral angle, or wetting angle, of the melt. In 

general, the dihedral angle is determined from mechanically polished cross sections, 

which implies that a 2D analysis is made of a 3D structure. Statistical methods have 

been described in the literature, enabling the calculation of the correct dihedral angle, 

based on 2D data. The assumption is made that the dihedral angle has a constant 

value throughout the sample. 

Conventional 2D measurements are compared with 3D data obtained from FIB-SEM 

tomography routines. It is found that the values of both the 2D and the 3D 

measurements are similar, although the error margin of all the measurements is quite 
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significant. An additional observation is the ubiquitous presence of faceting, a result of 

anisotropic grain surface energies. In agreement with the observed faceting, literature 

reports suggest a wide range of dihedral angle values as a consequence of the 

theoretical significant anisotropy of the grain boundary energies. Therefore, finding an 

approximately constant value for the dihedral angle is rather surprising.  Although the 

FIB-SEM data is yet inconclusive for a complete morphological description of the 

melt distribution, the contribution of the FIB-SEM to the field of olivine research is 

clearly demonstrated. 

Chapters 7 & 8 demonstrates the ability of handling hydrated cryo samples in the 

cryo-FIB-SEM. It has been shown in the literature that the FIB is able to produce thin 

cryo-lamellas from cells grown on a Transmission Electron Microscope (TEM) grid. 

However, there has been a long standing desire to produce thick (300 – 500 nm) cryo-

lamella from bulk samples. In Chapter 7, a workflow is developed, enabling the 

preparation of cryo-lamellas from bulk samples by cryo-FIB. Subsequently, the cryo-

lamellas are imaged in the cryo-TEM. The key of the workflow is proper handling of 

the sample, which requires continuous cooling below -138 °C and shielding from air. 

To avoid the use of tweezers as much as possible, a number of pieces of hardware is 

developed, including a dedicated cryo-stage for the FIB-SEM and a special holder for 

the cryo-TEM. The workflow is demonstrated for both room temperature samples as 

well as cryo samples. 

In practice, the workflow developed in Chapter 7 is found to be challenging and time 

consuming. Therefore, in Chapter 8, a method is developed for checking the cryo-

lamella, before transferring it to the cryo-TEM. If the cryo-lamella does not contain 

any structures of interest, or the structures are affected by ice crystals due to poor 

freezing, the transfer to the cryo-TEM can be cancelled, saving valuable time. 

The cryo-lamella is checked in the cryo-FIB-SEM using a cryo-Transmission Scanning 

Electron Microscope (cryo-TSEM) detector by placing a detector directly underneath 

the sample. After the cryo-lamella has been produced, transmitted electrons are used 

to observe and characterize the cryo-lamella. The advantage of cryo-TSEM imaging is 

its susceptibility to low-Z materials, providing strong contrast between the cellular 

structures and the surrounding ice. It is shown that diffraction contrast from ice 

crystals could be imaged, which allows for distinguishing ice crystals from non-

crystalline phases. 

Using the TSEM imaging mode in the cryo-FIB-SEM has a number of advantages. As 

any transfer possess a significant risk for the sample, being able to perform the 

preparation and the characterization within one instrument increases the chances of 



Abstract 

16  

 

success. Although the cryo-TEM has intrinsically a higher spatial resolution, for 

slightly less demanding questions, cryo-TSEM imaging could very well be sufficient. 

An important difference between TEM and SEM is the acceleration voltage. For low-

Z materials, such as cells, the low-kV SEM is likely to produce stronger contrast. 

Therefore, Chapter 8 concludes that in the near future, the cryo-FIB-SEM with a 

cryo-TSEM detector could be suitable as an all-in-one instrument. 

 

In conclusion, this PhD Thesis shows the applicability of the FIB-SEM to a wide 

range of scientific disciplines. New challenges presented by the new samples are met. 

With the ongoing technical improvements of the FIB-SEM instruments, it is expected 

that many more scientific questions can be answered using FIB-SEM techniques. A 

major challenge for the future, however, will be the data post-processing. 
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This Chapter introduces the basics of the instrument used throughout this research work; i.e. the 

Focused Ion Beam – Scanning Electron Microscope (FIB-SEM). Various imaging modes and 

milling operations are briefly reviewed and placed in perspective of the following Chapters. It will be 

shown what a tremendous potential the instrument has for a wide variety of scientific disciplines, 

including Life Sciences, Material Sciences and Earth Sciences. Broadening the fields of applying the 

FIB-SEM instrument, however, does increase the number of practical challenges of the FIB-SEM 

methodology. In addition, new challenges are encountered, related to the physics involved in the milling 

and imaging processes. 
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1.1 Introduction 

A Focused Ion Beam – Scanning Electron Microscope (FIB-SEM) is a powerful 

instrument originating from the field of integrated circuitry (IC). The capability of the 

FIB to cut through any material, combined with the imaging capabilities of the SEM, 

provided a versatile tool for the ongoing development of computer chips for the last 

few decades (Giannuzzi & Stevie, 2005; Volkert & Minor, 2007). While still heavily 

used in IC industries, FIB-SEM is now more and more introduced in other scientific 

areas, such as Earth Sciences, Material Sciences and Life Sciences (Inkson et al. 2001; 

Knot et al., 2008; Desbois et al., 2008; Holzer & Cantoni, 2012). Especially the ability 

to obtain 3D data with nanometer resolutions is of great interest to wider scientific 

communities. The power of the FIB-SEM instrument is in bridging the scales between 

bulk analyses and nano scale observations, as illustrated in Figure 1.1. For example, 

site-specific samples can be produced by the FIB-SEM for 3D Transmission Electron 

Microscope (TEM) studies, which allows the TEM result to be placed in the 3D 

context of the bulk sample. A second example is the FIB-SEM complementing light 

microscopy techniques with additional information, such as morphology. These 

complementary capabilities are the driving force behind the interest of an increasing 

number of scientists from Earth Sciences, Material Sciences and Life Sciences to use 

the FIB-SEM for their scientific questions. 

The variety of new samples to be studied by FIB-SEM, however, poses several new 

challenges in relation to the electrically non-conductive nature of these samples. The 

interaction of a charged particle beam (ionized gallium (Ga+) for FIB and e- for SEM) 

with an electrical insulator results in a charge build up near the surface, affecting both 

the charged particle beam and the charged particles emission used for analysis 

(Croccolo & Riccardi, 2008; Cazaux, 2012). As a consequence, the functioning of both 

the FIB and the SEM are potentially obstructed. The extent of the challenges 

presented by the charge build up does depend strongly on the specific insulating 

properties of the sample under investigation. 

In this PhD Thesis we have made use of the instrument shown in Figure 1.2a to 

image a variety of samples from Life Sciences, Material Sciences and Earth Sciences. 

Life Sciences samples are further divided in room temperature samples and hydrated 

cryo-samples. Each sample comes with its own scientific question, requiring different 

techniques and approaches. As a result, this PhD Thesis offers both the exploration 

and validation of FIB-SEM techniques for various samples and highlights three 

scientific questions addressed by the FIB-SEM. 
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Figure 1.1: The FIB-SEM as a complementary instrument to other techniques, for example when 

investigating Fluid Catalytic Cracking particles from the refining industry. The blue bands indicate 

the dimensions of the sample which can be analyzed by the various techniques. For the imaging 

techniques, the dark blue lines indicate the resolving power (spatial resolution) that can be obtained 

(in 2D or 3D) in the analyzed volumes. 

 

In what follows, a brief overview is presented of the main physics and the 

experimental setup of the utilized FIB-SEM microscope in this PhD Thesis, while 

detailed descriptions of the experimental setup or physical processes are reserved for 

the separate Chapters. In addition, the basic concepts of the various applications of 

the FIB-SEM microscope are introduced. 

1.2 Focused Ion Beam – Scanning Electron Microscope 

The FIB and the SEM are available separately as stand-alone instruments. Both beams 

can be used for imaging, while the FIB is also able to modify samples at micro- and 

nano scales. The ability of the FIB to modify samples is a disadvantage when using the 
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FIB for imaging, as each scan of the FIB damages the sample. Hence, integrating both 

columns has a tremendous advantage, as the FIB modifications can be continuously 

monitored and examined with the SEM.  

 

 

Figure 1.2: (a) The FIB-SEM instrument installed at Utrecht University. (b) The interior of the 

FIB-SEM microscope, indicating the FIB- and SEM column. (c) A schematic overview of the 

hardware installed in the FIB-SEM instrument at Utrecht University. PMT = Photomultiplier 

Tube; GIS = Gas Injection System; EDX = Energy Dispersive X-ray (detector); CDEM = 

Channel Diode Electron Multiplier; ETD = Everhart-Thornley Detector; CL = 

Cathodoluminescence (detector) and EBSD = Electron Back Scattered Diffraction (detector). 
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Table 1.1: A variety of detectors and additional hardware is installed on the FIB-SEM used in 

this research at Utrecht University. 

Hardware 

component 

Brand name Manufacturer 

ETD/TLD 

TSEM 

CDEM 

CN 

 

STEM I 

 

 

 

FEI Company 

GIS Platinum deposition 

Selective Carbon Mill 

Enhanced Insulated Etch 

/ custom input 

FEI Company 

EDX Inca X-sight Oxford Instruments 

EBSD Nordlys Oxford Instruments - HKL 

CL PanaCL Gatan 

Cryo-stage PP2000 Quorum Technologies 

Micro-

manipulator 

Omniprobe 100.7 Oxford Instruments - 

Omniprobe 

 

Integrated FIB-SEM instruments are available on the market from several 

manufacturers (in alphabetical order: FEI, Hitachi, JEOL, Tescan and Zeiss). Details 

of the integration of both columns vary from manufacturer to manufacturer, but in 

general the same method of integrating the columns is chosen. In this PhD Thesis, a 

Nova Nanolab 600 Dualbeam (FEI Company, Eindhoven, The Netherlands) is used, 

but the basic principles and methods apply to all FIB-SEM systems. 

The SEM column is directed vertically and the FIB column is mounted at a 38° angle 

with respect to the horizontal (Figures 1.2b and 1.2c). The alignment of the stage is 

such that both the FIB and the SEM are viewing the same area on the sample. As a 

result, the SEM is able to monitor the FIB processes continuously. Most often, the 

stage is tilted (52°) to ensure that the surface of the sample is perpendicular to the 

FIB. As a result, the FIB is able to make a cross section perpendicular into the sample, 

while the SEM is able to image the cross section (Figure 1.3). 

Before discussing the applications of the FIB-SEM, the individual columns and the 

hardware, as installed in the FIB-SEM used in this research at Utrecht University, will 

be discussed.  



Introduction 

25 

 

 

Figure 1.3: The FIB (green) scans from left to right, while moving backwards. As a consequence, 

the cross section moves backwards. The SEM (brown) scans the surface of the cross section. The inset 

shows the orientation of the stage (52°) required for milling perpendicular to the surface of the sample. 

It is possible to mill a sample with the FIB and monitor the process with the SEM simultaneously, 

due to the alignment of the FIB and the SEM.  

 

1.3 Scanning Electron Microscope 

The SEM approach focuses an electron beam through the high vacuum (10-6 mbar) 

microscope chamber onto the surface of a sample (Reimer, 1998; Zhou & Wang, 

2006). The beam is scanned across the surface and the interaction between the 

electron beam and the sample results in a number of signals, which are emitted from 

the sample. Various detectors can be used to record the emitted signal. The scan 

generator of the electron beam is coupled to the computer, linking the amount of 

signal measured by a detector to the corresponding pixel on the screen. The amount 

of signal is translated to a gray value, resulting in a 2D gray value image of the scanned 

area. Two examples of SEM images are shown in Figure 1.4. Figure 1.4a shows a 

structure manufactured by the FIB. Although the image is in principle 2D, the 3D 

nature of the structure is easily recognizable. As such, the SEM is initially used for 

navigation purposes to find the area of interest on a sample. Once the area of interest 

is found the SEM is used to investigate the area in greater detail. For example, Figure 

1.4b shows a high magnification SEM image of a cross section produced by the FIB. 
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Figure 1.4: (a) Secondary Electron (SE) imaging is typically used for navigating across the sample 

or examining structures prepared by the FIB, such as a row of cryo-TEM lamella, as depicted here. 

(b) Back Scattered Electrons (BSE) provide a strong contrast between elemental differences. In the 

resin-embedded cell shown here, all cell membranes are stained with heavy metals, which result in a 

bright signal, in contrast to the surrounding carbon. 

 

 
 
Figure 1.5: (a) Electron Back Scattered Diffraction (EBSD) patterns can be very clear, as shown 
from a copper sample. (b) A weak EBSD pattern obtained from ZSM-5, a low density zeolite 
structure. 
 

1.3.1 Physical Processes 

The Primary Electrons (PE’s) from the electron beam interact elastically and 

inelastically with the atoms of the sample. Elastically scattered PE’s are deflected by 
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the nuclei of the sample, changing the direction of the PE’s. The resulting trajectory 

can lead the PE’s back out of the sample, becoming so-called Back Scattered 

Electrons (BSE’s) (Jablonski et al., 2005). The percentage of PE’s turning into BSE’s is 

called the Back Scattered Electron Coefficient (BSEC) and depends on the elemental 

composition, the density and the crystalline orientation of the sample. An example of 

BSE imaging is shown in Figure 1.4b. The membranes of the cellular organelles are 

stained with heavy metals, providing strong contrast between the stained membranes 

and the surrounding resin. 

A special technique using BSE’s is called Electron Back Scattered Diffraction (EBSD) 

(Dingley & Randle, 1992; Humphreys, 2001). A crystalline sample positioned in the 

correct orientation with respect to the electron beam (the electron beam coming in at 

a grazing angle of 20°), yields a BSE emission containing a diffraction pattern. 

Diffraction of the BSE’s occurs along the crystallographic lattice planes and can be 

employed to determine the crystallographic orientation of a crystal. The quality of the 

diffraction pattern depends on the atomic number of the sample and the density. 

Figure 1.5 shows examples of a strong diffraction pattern from copper and a weak 

diffraction pattern from a zeolite ZSM-5 crystal (Pennock et al., 2001; Stavitski et al., 

2008). 

PE’s may also be slowed down along their trajectory, due to inelastic interactions with 

the sample. Ionization of the atoms present in the sample results in low-energy (per 

convention < 50 eV) electrons called Secondary Electrons (SE’s) (Lin & Joy, 2005). 

Depending on their energy, PE’s are also capable of ionizing inner shell electrons 

present in the sample. Subsequently, outer shell electrons fall back to the inner shells 

while emitting electromagnetic waves. In case of replacing inner shell electrons, X-rays 

are emitted with a characteristic wavelength, which contain chemical fingerprints of 

the elements present in the sample. Therefore detecting these X-rays is highly suitable 

for determining the elemental composition of a sample, a technique called Energy 

Dispersive X-ray (EDX) detection (Newbury & Ritchie, 2013).  

For some materials, for instance in semiconductors and some insulators, electrons are 

excited from the valence band into the conduction band. Electrons returning to the 

valence band, often via intermediate energy levels originating from defects or 

interstitials, emit visible light, a process called Cathodoluminescence (CL) (Garcia de 

Abajo, 2010). CL can be used for chemical or compositional mapping.  

Figure 1.6 shows an example of SE and CL imaging, in combination with elemental 

mapping using EDX, all recorded from a cross section of an integrated circuit board 
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made by the FIB. The example provides a clear example of the added value of 

integrating multiple complimentary detectors within a single instrument. 

 

Figure 1.6: An example of the combination of Secondary Electron (SE) imaging, 

Cathodoluminescence (CL) imaging and mapping silicon (Si), oxygen (O), titanium (Ti) and 

aluminum (Al) , using the Energy Dispersive X-ray (EDX) detector. The image depicts a FIB 

milled cross section of an integrated circuit board. While for SE and CL imaging each pixel contains 

a single grey value, the EDX detector records an entire spectrum for each pixel. Assigning various 

peaks in the spectra to specific elements results in a 2D elemental map. The platinum (Pt) peaks 

found in the spectrum originate from the deposition layer on top of the sample, as will be discussed in 

paragraph 1.5.1. 
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1.3.2 Detectors 

An overview of the various detectors and specific hardware installed in the system 

used in this research at Utrecht University is shown in Figure 1.2c and listed in Table 

1.1. The SE’s and BSE’s are detected by an Everhart – Thornley Detector (ETD). The 

SE’s or BSE’s strike a scintillator screen, creating a photon, which causes an avalanche 

in a photomultiplier tube (PMT). The electrical current measured from the PMT is 

translated into grey values on the computer screen. In front of the scintillator screen, a 

grid is positioned, which can be biased from +250 to -150 volts. A positive voltage 

attracts the SE’s from the sample, resulting in a SE image. At -50 volts the SE’s 

electrons are repelled from the detector, while the BSE’s with their higher energies 

still manage to reach the detector, resulting in a BSE image. In practice the SE image 

is an accumulated image of SE’s and BSE’s. However, the yield of SE’s is much higher 

than of BSE’s so the SE signal dominates the image. 

An alternative to the ETD for electron detection is the Through the Lens Detector 

(TLD), which guides the SE’s and BSE’s into the PMT through the pole piece, 

forming a very symmetric setup in contrast to the ETD, which is mounted to the side 

of the pole piece. The symmetric setup allows for an additional electric field to be 

created in between the pole piece and the sample, improving the focus of the electron 

beam and the collection efficiency of SE’s and BSE’s. Another option for electron 

imaging is the Continuous Dynode Electron Multiplier (CDEM), which can also be 

used for Secondary Ion (SI) beam imaging. 

In case of a very thin sample, any transmitted electrons can be detected underneath 

the sample, a technique called Transmission Scanning Electron Microscope (TSEM). 

The technique is also referred to as STEM (Scanning Transmission Electron 

Microscope) or STEM-in-SEM. To distinguish the transmission mode in the SEM 

from a similar mode in a TEM (Transmission Electron Microscope) the name TSEM 

is adopted (Klein et al., 2012). In order to detect the transmitted electrons, a diode 

(solid state electron detector) is placed underneath the sample, which collects all the 

transmitted electrons per scan position. The diode can be split in different sections to 

distinguish bright field and dark field. In bright field mode, the detection area is 

directly in line with the SEM, while in dark field mode, the detection area is off-axis so 

that diffracted electrons are detected. 

The EDX detector consists of a Si(Li) crystal, cooled by liquid nitrogen. A X-ray 

dissipating its energy in the Si(Li) crystal will induce a number of electron-hole pairs, 

creating a small current. The current is related to the energy of the X-ray. The 
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measurement of the detector current results in the spectrum of the X-rays emitted by 

the sample. The spectra are compared to a database to identify specific elements.  

CL emission is reflected by a parabolloidal mirror towards a light detector. The mirror 

is placed in between the electron column and the sample. The EBSD detector consists 

of a phosphor screen to display the diffraction pattern and a high speed camera to 

record diffraction patterns.  

 

1.3.3 Imaging Resolution 

The imaging resolution (spatial resolution or resolving power) of a SEM is given by 

the electron beam spot size, the interaction volume of the PE’s (Joy & Pawley, 1992) 

and the pixel resolution of the image. While the spot size depends on the electron 

optics and the experience of the operator (correcting for the focus and the 

astigmatism), the interaction volume is determined by the physical principles 

describing the interaction between the PE’s and the sample. Figure 1.7 illustrates the 

relative volumes from which the various signal originates. 

 

Figure 1.7: The primary beam of electrons (PE’s) interacts with the sample, resulting in the 

emission of a number of signals (electrons and electromagnetic waves) which can be used for analysis. 

Depending on the type of signal, the excitation volume, or interaction volume, has a certain dimension. 

This interaction volume is an important limitation to the resolving power, or spatial resolution, of the 

SEM. 
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The energy of SE’s is less than 50 eV (per convention), which means their mean free 

path in a solid is typically of the order of a few nanometers. Therefore, SE’s escaping 

from the surface can only originate from an area with a radius of a few nanometers 

around the PE’s point of impact, while the maximum escape depth is also a few 

nanometers only. Therefore, SE imaging has the highest resolving power, mainly 

limited by the spot size of the electron beam. Considering the origin of SE’s in more 

detail reveals that BSE’s exiting the sample at some distance from the PE will produce 

a few SE’s too, generally termed SEII. Additional SEIII are produced by BSE’s 

interacting with any part of the microscope chamber. These additional SE’s sources 

produce some noise. 

The interaction volume of PE’s can be up to a micron from the point of impact of the 

PE’s, depending on the acceleration voltage and the sample (e.g. elemental 

composition, density). BSE’s can escape from the surface after having travelled 

hundreds of nanometers through the sample, so the resolving power is around ten to 

hundreds of nanometers. Due to the depth from which BSE’s can escape, the 

information must be interpreted as coming from a volume rather than from the 

surface. In general a higher acceleration voltage will reduce the resolving power. An 

example of the acceleration voltage-dependent resolving power is shown in Figure 1.8. 

BSE’s travel in- and out of the sample, imposing a maximum depth from which BSE’s 

can still escape from the sample. PE’s remaining in the sample can travel deeper into 

the sample while generating EDX or CL emission. Therefore the resolving power for 

EDX and CL is less than for BSE’s (Figure 1.7). In the case of CL, the opaqueness of 

the sample can improve the resolution, as it determines from what depth the CL 

emission can still escape from the surface. A method to improve the spatial resolution 

for CL and EDX is using a very thin section (tens to hundreds of nanometers in 

thickness), which effectively takes away a significant part of the interaction volume. 

Although a disadvantage of the method is the strong reduction of the total emission, 

imaging the same area can be done in TSEM mode. Very thin samples (< 80 nm) 

allow very high spatially resolving powers, limited mainly by the spot size of the SEM. 

The resolution of the Nova Nanolab 600 Dualbeam is specified as 1 nm at 30 kV in 

TSEM mode. 

EBSD patterns are generally weak and usually require a large beam current. With 

increasing currents the spatial resolution decreases. In addition the PE’s enter the 

sample at a steep angle, projecting the spot size over a larger surface area. As a result 

the spatial resolution is typically a few tens of nanometers. A new technique which has 

recently emerged is called transmission-EBSD (t-EBSD) (Keller & Geiss, 2011), 

requiring thin electron transparent samples. Instead of a bulk sample, EBSD patterns 
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are recorded in transmission mode, similar to the TSEM imaging mode. Due to the 

absence of the interaction volume, the spatial resolution of the obtained EBSD maps 

is of the order of 2 – 10 nm. 

 

 

Figure 1.8: (a) A BSE image of a FIB milled cross section through a micro porous material. The 

contrast indicates the presence of small particles (bright) with a higher atomic number. (b – d) 

Focusing in on a detail, as indicated in (a), comparing BSE imaging at 2 kV, 10 kV and 17 kV 

SEM acceleration voltage respectively. While at 2 kV (b) a clear bright line is visible, at higher kV 

(c-d) the initial interpretation of the images would suggest the presence of two phases. These images are 

part of a FIB-SEM tomography series, which show at 2 kV that the line (b) is moving towards the 

right throughout the image series. When imagining the 3D structure, it turns out that a plane of 

material with a higher atomic number is intersecting the FIB cross sectioning plane. Imaging at higher 

acceleration voltages probes a greater interaction volume, picking up the plane from the depth. In 

addition, small bright particles noticeable in (b) are no longer visible in (c-d). This is a clear example 

of low-kV SEM images in BSE mode exhibiting a higher resolving power in comparison to high-

kV SEM images. Scale bar in (a) is 2 μm. 
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1.4 Focused Ion Beam 

The FIB focuses a beam of single ionized gallium ions on the surface of the sample. 

Scanning and imaging strategies are employed similar to the SEM. In addition to 

imaging, the momentum transfer of the gallium ions sputters away atoms from the 

sample, a process called milling, used to modify the sample at the micro- to nano scale 

(Giannuzzi, 2005; Volkert & Minor, 2007; Bassim et al., 2014). An important 

application is the preparation of cross sections to be imaged by the SEM. 

1.4.1 Ion-Solid Interaction 

An ion entering a sample interacts mainly via inelastic collisions with the atoms 

present in the sample (Giannuzzi, 2005). Similar to BSE’s, the gallium ion will follow a 

trajectory through the sample governed by the collisions, as illustrated in Figure 1.9. 

The mass of the gallium ions is significant in comparison to single electrons, and the 

momentum of the ions is transferred to the atoms along the trajectory. The 

transferred momentum can be sufficient to displace atoms, so the atoms start 

traveling through the sample as well. The total momentum is distributed over a 

number of atoms in all directions, including some atoms traveling back towards the 

surface. Atoms with sufficient energy to overcome the surface binding energy (SBE) 

escape into the vacuum (Sigmund, 1969; Kudriavtsev et al., 2004). 

 

Figure 1.9: Ion – solid interactions. (a) Considering a sample as a simple stacking of atoms, the 

effect of an impinging energetic ion (green) resembles a collision of billiard balls. (b) Due to the 

momentum transfer, a number of atoms are displaced, including a few that are ejected from the solid, 

into the vacuum. This so-called sputter process results in loss of material, effectively creating a trench in 

the sample. 

The time a gallium ion needs to dissipate its energy is of the order of tens of 

picoseconds (Nordlund et al., 2000). The time between two subsequent gallium ions 
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entering the sample depends on the ion beam current. In addition, the FIB spot size 

determines the spatial distance of the point of impact for subsequent gallium ions 

across the sample. From a statistical point, it is expected only for very high currents 

that the interaction of a single gallium ion can be influenced by previous ions and 

subsequent ions, creating an accumulation of dissipated energy. 

The efficiency of the sputter process, or milling, is called the sputter yield and is the 

ratio between the number of atoms leaving the sample and the incoming gallium ions. 

The sputter yield is a material property varying from 0.1 to 20 (Mulders et al., 2007; 

Stark et al., 2009), with ice having an exceptionally high sputter yield of 100 times the 

sputter yield of silicon (Marko et al., 2006). In addition to the elemental composition 

of the sample, the sputter yield depends on the acceleration voltage (Sigmund, 1969; 

Grais et al., 2010) and the incidence angle of the FIB (Yamamura, 1982; Adams et al., 

2006). A higher acceleration voltage will increase the sputter yield within the range of 

5 keV to 30 keV, which is typically available in FIB systems. An incidence angle from 

perpendicular towards a grazing angle will also increase the sputter yield, as the 

interaction volume remains closer to the surface, increasing the probability for atoms 

to leave the sample. The crystallographic orientation of the sample, or individual 

grains, has a strong effect on the sputter yield too. Gallium ions entering the sample 

parallel to the major lattice axes or planes have a higher probability to travel deeper 

into the sample, a process called channeling, reducing the momentum transfer to 

atoms close to the surface. As a result, the sputter yield decreases significantly. Milling 

polycrystalline samples or samples with a compositional heterogeneity will therefore 

result in uneven milling depths (Kempshall et al., 2001; Yahiro et al., 2004; Wendt et al., 

2006). 

The gallium ion is slowed down mainly by inelastic collisions, resulting in the 

generation of SE’s which are used for imaging. In addition Secondary Ions (SI’s) are 

ejected from the sample, which are usually ionized sample species. As the ion beam is 

susceptible to the composition of the sample, crystallographic orientations and 

morphological features, imaging SE’s or SI’s generated by the FIB do provide a strong 

contrast for the aforementioned properties (Barr & Brown, 1995; Ishitani et al., 2002; 

Joy & Michael, 2014). An example of channeling contrast in nickel is shown in Figure 

1.10.  
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Figure 1.10: An example of imaging using SE’s generated by the FIB. The sample is a 

polycrystalline nickel sample and the microscope’s stage is tilted (a) 13° and (b) 18°. As a result of 

the tilting, the relative contrast between nickel grains changes, as indicated by the arrows for a few 

grains. The strong contrast between the Ni grains is created by channeling, which explains the strong 

effect of tilting the sample by only a few degrees. 

 

1.4.2 Sample Damage 

A key question is the consideration of damage inflicted on the sample by the FIB. 

Although damage does occur (Mateescu et al., 2007), it is important to realize that the 

damage layer is merely confined to the interaction volume of the ion beam, which is 

typically of the order of tens of nanometers for top down milling (ion beam 

perpendicular to the surface), down to a few nanometers for milling a cross section 

(ion beam parallel to a cross sectional surface)(Kamino et al., 2004; Yu et al., 2006; 

Montoya et al., 2007). During FIB imaging and milling, gallium ions are deposited 

within a thin layer. In addition, the displacement of atoms can alter or destroy a 

crystallographic structure. For example silicon is known to amorphitize under the ion 

beam radiation; unless an ion beam with an acceleration voltage of less than 2 keV is 

used. The actual form of damage depends on the thermodynamic properties of the 

sample, combining the processes of energy dissipation throughout the sample and the 

most stable phases available for a material. 

In most of the studies in this PhD Thesis, ion beam damage is not considered a 

serious issue. 
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 1.5 FIB-SEM Applications 

1.5.1 Deposition 

The FIB-SEM instrument is equipped with a Gas Injection System (GIS), which 

allows a platinum precursor gas (Methylcyclopentadienyl(Pt)trimethyl) to diffuse 

across the sample surface. Both the SEM and the FIB are able to dissociate the 

precursor molecules into volatile fragments and fragments containing the platinum 

which deposits at the surface. Repeatedly scanning of a small area (typical dimensions 

10 x 10 μm2) while leaving the gas diffusing across the surface, results in a cake-like 

structure on top of the sample surface. An example is shown in Figure 1.11b.  

Deposition is most often used to protect the area of interest from the FIB during 

subsequent FIB operations. In addition, deposition creates a smooth surface which 

improves the finish of cross sections. As the deposition is conductive, deposition can 

also be employed to improve the local conductivity of the sample. Finally, the 

deposition can be used as glue during the transfer of TEM lamellas, as will be 

described in the next paragraph. Although both the FIB and the SEM can be used for 

deposition, mainly the FIB is used, as the deposition rate is 100 times faster over the 

SEM deposition rate. When using the SEM, the process is called Electron Beam 

Induced Deposition (EBID), which has recently become a part of the field of Focused 

Electron Beam Induced Processes (FEBIP). When using the FIB for deposition, the 

process is called Ion Beam Induced Deposition (IBID). 

1.5.2 TEM Sample Preparation 

TSEM and TEM investigations require thin electron transparent samples called 

lamellas. The FIB is an excellent instrument for producing such lamellas from virtually 

any material (Wirth, 2004). Although many variations exist, the general approach is the 

same. Once the area of interest is located (Figure 1.11a), often with the SEM, the area 

is protected from FIB damage by platinum deposition (Figure 1.11b). Subsequently 

the FIB mills two trenches adjacent to the area of interest (Figure 1.11c). Typical 

dimensions are 10 – 20 μm in width and depth. A thick lamella remains in between 

the two trenches. Following, the thick lamella is almost completely separated from the 

bulk sample by FIB milling. Before the thick lamella is completely detached from the 

bulk, a micromanipulator, consisting of a fine needle with a sharp tip, is attached to 

the thick lamella, using deposition. Once the thick lamella is secured, the FIB 

separates the thick lamella from the bulk sample completely (Figure 1.11d).  
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A special TEM sample grid is put in place to accept the thick lamella, which is 

attached to the grid, again using deposition (Figure 1.11e). The FIB is used to cut free 

the thick lamella from the micromanipulator (Figure 1.11f). Further thinning steps are 

required to obtain the required final thickness of the lamella, which is typically of the 

order of 300 – 30 nm. 

 

 

Figure 1.11: The process of the preparation of a TEM sample. (a) An area of interest is selected 

using SEM (SE) imaging. In the present example, resin embedded cells (details in Chapter 2) are 

cut with a glass knife, leaving recognizable surface features to indicate the exact location of the cells. 

(b) A strip of platinum deposition is placed using the FIB. (c) The FIB removed two trenches from 

either side of the deposition. (d) The micromanipulator is attached to the thick lamella. The thick 

lamella is subsequently detached from the bulk by the FIB. (e) A special TEM sample holder is 

brought in contact with the thick lamella. (f) The thick lamella is attached to the TEM sample 

holder by platinum deposition and subsequently released from the micro manipulator by the FIB. The 

final thinning process is not shown. 

 

1.5.3 FIB-SEM Tomography 

Another major application for the FIB-SEM is producing cross sections with the FIB, 

which are subsequently imaged by the SEM (or in some cases by the FIB). Once an 
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initial cross section is made, thin consecutive slices of material can be sputtered away. 

The resulting cross sections are all imaged by the SEM, resulting in a stack of images 

representing a 3D volume. Digital post-processing of the data yields 3D models of the 

examined structure, which provides information of for example the distribution of a 

particular phase (Inkson et al., 2001; Holzer et al., 2004). 

The term FIB-SEM tomography is the generic term for the process. Another term is 

Slice&ViewTM (FEI), which is a trademark name by FEI Company. The generic 

terminology is used throughout this PhD Thesis. When combined with one of the 

available detectors, the name can be adapted accordingly, such as FIB-SEM CL 

tomography for the combination with CL imaging.  

1.5.4 Additional Hardware Components 

Two hardware components installed on the FIB-SEM instrument at Utrecht 

University have not been introduced yet. The Charge Neutralizer (CN) is an electron 

gun which sprays low-energy electrons onto the sample, counteracting the positive 

charge build-up from the FIB. Unfortunately, the control of the CN is not integrated 

in the FIB-SEM tomography routines. As a result, the CN is not used throughout this 

work. 

All the work done on frozen samples is conducted on the Quorum PP2000 cryo stage 

(Quorum Technologies). Nitrogen gas is cooled by a dewar containing liquid nitrogen 

(-195 °C) and sent through a dedicated cryo stage. In general, samples, especially 

liquid (hydrated) samples, arrive frozen and submerged under liquid nitrogen (LN2) at 

the microscope site. The transfer of these samples into the microscope is carried out 

by a dedicated cryo-transfer device, allowing the transfer under vacuum conditions 

and maintaining a low temperature. Before bringing the sample into the FIB-SEM 

chamber, a preparation chamber attached to the side of the microscope allows some 

manual handling of the sample (e.g. freeze fracturing) and sputter coating (Pt) to 

ensure electrical conductivity. 

 

1.6 Scope and Outline of the PhD Thesis 

In this PhD Thesis the applicability of the FIB-SEM microscope is investigated for a 

wide range of non-conductive samples from Material Sciences, Earth Sciences and 

Life Sciences. This PhD Thesis is divided in three parts. The first part (Chapters 2 & 

3) describes principle developments of FIB-SEM tomography, while the second part 

(Chapters 4 – 6) applies the FIB-SEM tomography to specific scientific questions.  
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The third part (Chapters 7 & 8) is dedicated to the development of cryogenic 

applications with the goal of making TEM lamellas from frozen hydrated biological 

samples. The most significant findings are listed in the Summary and Outlook. 

Chapter 2 investigates the applicability of FIB-SEM tomography to samples from the 

fields of Life Sciences and Earth Sciences. The central question is the compatibility of 

the application with the non-conductive nature of the samples. The conditions needed 

for milling and imaging are investigated and the limits on the spatial resolution of FIB-

SEM tomography of natural samples are considered. 

Chapter 3 investigates the possibility to combine FIB milling with CL imaging. FIB 

milling is known to create damage layers, which potentially affect the CL emission. An 

investigation of both the theory and the practical implications is required, before the 

novel combination can be considered as a viable technique. 

Chapter 4 investigates meso porosity (pore diameters ranging from 2 – 50 nm) in 

large zeolite ZSM-5 crystals. Zeolite ZSM-5 crystals possess catalytic properties, which 

make them valuable to for instance the oil refining industry. Molecular transport 

through the crystals is enhanced by meso porosity, which is introduced by a steaming 

process. The presence of several crystallographic orientations within the large coffin-

shaped zeolite ZSM-5 crystals has potential to create spatial differences in meso 

porosity, potentially affecting the efficiency of the crystals. FIB-SEM tomography is 

employed to investigate the meso porosity throughout the steamed coffin-shaped 

zeolite ZSM-5 crystals. 

Chapter 5 investigates the possibility to study the transport properties of entire Fluid 

Catalytic Cracking (FCC) particles by FIB-SEM tomography. These ~ 100 μm 

diameter FCC particles are used in refineries for cracking heavy crude oil fractions. Its 

hierarchical ordered pore structure is thought to be a limiting factor for the speed of 

the cracking process. A number of challenges become apparent. Current FIB-SEM 

technology does not allow imaging the macro- and mesopore space of entire FCC 

particles. In addition, a well-known problem occurs when 3D data is obtained by FIB-

SEM tomography from porous media: Automated post-processing of the sets of 

images into a binary data set (pore vs solid). Once binary data are obtained, physical 

transport properties must be derived from the 3D pore space. Finally, a statistically 

sound method is required to be able to use a small amount of data, that can be feasibly 

obtained by the FIB-SEM, and apply that data for entire FCC particles. In this 

Chapter, a workflow is developed, which would cover all these challenges. 
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Chapter 6 investigates the dihedral angle of a synthetic olivine-basaltic melt sample by 

SEM and FIB-SEM techniques. The dihedral angle determines the wettability of the 

olivine grains by the melt. The dihedral angle is theoretically linked to the permeability 

of the olivine-basaltic melt system. The permeability of the olivine has important 

implications for the understanding of the Earth’s seismicity and tectonic movements. 

It is noticed that in time, with improving technologies, the numerical results for the 

dihedral angle is decreasing. However, all measurements of this intrinsically 3D 

structure are performed on 2D images. This Chapter compares the dihedral angle 

measured in 2D and in 3D. 

Chapter 7 investigates the possibility of producing a FIB-milled thick (300 – 500 nm) 

cryo-lamella from cells frozen into a vitreous state. The vitreous status is important, as 

crystallization has the potential of disrupting the fragile ultrastructure of cellular 

membranes or molecular structures. Imaging molecular structures in cells require 

cryo-TEM techniques. Current techniques can produce thin cryo-lamellas for the 

cryo-TEM which are, however, already affected by cutting artifacts. Thick sections 

can’t be produced by conventional techniques. Recent developments have 

demonstrated that the cryo-FIB-SEM is a reliable instrument for preparing artifact 

free cryo-lamellas from already thin samples. In this Chapter, a method is developed 

to produce thin cryo-lamellas from bulk samples. 

Chapter 8 investigates the possibility of checking the integrity (e.g. absence of ice 

crystals and the presence of cells) of cryo-lamellas within the FIB-SEM. The transfer 

towards the cryo-TEM, developed in Chapter 7, is labor intensive. Therefore, if at an 

earlier stage, a decision can be made whether or not to proceed, valuable instrument 

time could be gained. The integrity check is done with a cryo-TSEM detector, which is 

designed specifically for this project. Cryo-t-EBSD is employed to validate TSEM 

imaging of polycrystalline phases. 
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Tomography in a Focused Ion Beam - Scanning Electron Microscope (FIB-SEM) is a powerful 

method for the characterization of 3D micro- and nano structures. While this technique can be 

routinely applied to conducting materials, FIB-SEM tomography of insulators, including biological, 

geological and ceramic samples is often more difficult because of charging effects that disturb the serial 

sectioning with the ion beam or imaging with the electron beam. In this Chapter we show that 

automatic tomography of biological and geological samples can be done by serial slicing with a FIB 

and block face imaging using low kV back scattered electrons. In addition a new ion milling geometry 

is used that reduces the effects of shadowing and intensity gradients inherent in conventional 

tomography in FIB-SEM. 
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2.1 Introduction 

A FIB-SEM microscope is a Scanning Electron Microscope (SEM) combined with a 

Focused Ion Beam (FIB) such that both beams coincide at their focal points. This 

combination enables bulk samples to be locally sectioned by ion milling and then the 

new block faces are imaged with the electron beam at high resolution. One of the 

widely used applications of FIB-SEM microscopes is commonly referred to as FIB 

tomography (Inkson et al., 2001; Kubis et al., 2004). As FIB tomography can be done 

in a single FIB column instrument, we will use the term FIB-SEM tomography, to 

make a clear distinction. 

FIB-SEM tomography involves serial sectioning with the ion beam and imaging with 

the electron beam. FIB-SEM tomography is a powerful method to study 3D nano- 

and microstructures of man-made materials such as metals and semi-conductors 

(Inkson et al., 2001; Kammer et al., 2005 ; Williams et al., 2005; Holzapfel et al., 2007; 

Uchic et al., 2006; Uchic et al., 2007; McGrouther & Munroe, 2007; Kato et al., 2007).  

Recently several applications of FIB-SEM microscopy to natural biological and 

geological materials and man-made ceramics have been reported (Schaffer et al., 2007; 

Desbois et al., 2008; Knott et al., 2008). In Life Sciences the FIB-SEM instrument was 

first used to analyse difficult to cut material such as teeth (Giannuzzi et al., 1999; Nalla 

et al., 2005) and bone/dental implant interfaces (Giannuzzi et al., 2007). Next to SEM 

imaging, TEM lamellas were prepared in the FIB-SEM and analysed in a Transmission 

Electron Microscope (TEM). Another approach was to use the ion beam to mill a 

cross section at the place of interest and then to image the fresh surface with the 

electron beam (Drobne et al., 2005a; Drobne et al., 2005b; Drobne et al., 2007; Greve et 

al., 2007; Drobne et al., 2008) either in the Secondary Electron (SE) or Back Scattered 

Electron (BSE) mode or to avoid charging with the ion beam itself (Drobne et al., 

2005a).  

Also in Earth Sciences the FIB-SEM is used for difficult to prepare samples as well as 

rare and valuable samples. Heany et al. (2001) were the first to apply the FIB-SEM to 

prepare TEM lamellas from a variety of mineral and meteorite samples. The FIB-SEM 

technique has now been used to prepare TEM samples of natural micro-diamonds 

(Dobrzhinetskaya et al., 2003), phases from high pressure experiments 

(Dobrzhinetskaya et al., 2004; Irifune et al., 2005), and weathered surfaces of feldspar 

crystals (Lee et al., 2007). Other applications in Earth Sciences have used FIB milling 

to make sections of melt inclusions (Bleiner et al., 2006) and micro-fossils (Kempe et 

al., 2005).  
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The SEM has a great advantage over a TEM: In the SEM, large surfaces can be 

scanned at low magnification, to find the area of interest and then high resolution 

images can be obtained at a comparable resolution to the transmission electron 

microscope.  

In this Chapter we demonstrate the power of the FIB-SEM for biological and 

geological samples to find the place of interest and to analyze the area in 3D with FIB-

SEM tomography (Heymann et al., 2006). In our instrument, serial sections have a 

minimum thickness of 10 nm and volumes up to 4000 μm3 can be sectioned in a few 

hours to tens of hours. The technique is relatively straightforward when applied to 

conducting materials. In contrast, FIB-SEM tomography of insulators is more difficult 

due to the fact that the fresh surfaces that are produced by ion beam sectioning, can 

charge either during ion milling or electron imaging. 

To reduce charging of biological samples, extended osmification using the OTOTO-

technique originally developed by (Tanaka & Mitsushima, 1984; Tanaka, 1989) and 

surface coating (Drobne et al., 2005a; Drobne et al., 2005b; Drobne et al., 2007) can be 

used. Extensive use of osmium, however, can have a destructive effect on the cell 

morphology (Maupin-Szamier & Pollard, 1978; Behrman, 1984). For insulating 

geological and ceramic samples no such treatments can be applied. Here, imaging with 

the ion beam could remedy charging (Drobne et al., 2005a) but as milling continues 

during imaging other approaches are sought for. 

During FIB-SEM tomography of insulators, in addition to the charging problem, a 

brightness gradient from top to bottom, shadowing from the sidewalls, and a decrease 

of signal with depth in the sectioned trench can often be observed in the image. These 

are due to the conventional ion milling geometry used, that produces sections 

perpendicular to the sample surface (Figures 2.1a and 2.1b). In this Chapter we have 

developed ion milling conditions and electron imaging conditions suitable for FIB-

SEM tomography of insulating biological and geological samples.  Also, we propose a 

new FIB-SEM tomography geometry to overcome the problems of brightness 

gradient and shadowing. Furthermore, we will address some imaging aspects 

considering contrast, resolution and charging. 
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Figure 2.1: In the conventional FIB-SEM tomography geometry, the specimen is tilted towards the 

ion beam by 52°. (a) Endothelial cells were imaged with BSE using the through the lens detector. 

Note that the gradient in brightness from the top to the bottom of the section. (b) A sample of 

olivine-basaltic melt imaged in BSE mode using the Everhart-Thornley detector. Note the shadow 

effect from the right side. 

 

2.2 Materials & Methods 

2.2.1 Biological Sample 

Freshly isolated endothelial cells from the human umbilical cord (Human Umbilical 

Vein Endothelial Cell; HUVEC) were seeded on BD matrigel™ (BD Biosciences, San 

Jose, USA) coated culture dishes and cultivated until they form a dense layer called 

cobble stone. Then the cells were fixed with 1.5% glutaraldehyde. While fixing they 

are scraped with a rubber policeman and collected as a pellet in a centrifugation tube. 

After 1 h glutaraldehyde fixation the cells were post fixed with 2% osmium tetroxide 

and 1.5% ferrocyanide. Then they were dehydrated through a series of alcohol and 

embedded in Epon (Mollenhauer, 1964). 

Using an ultra-microtome (Ultracut E, Reichert-Jung, now Leica Microsystems, 

Vienna) the pellet was freed with a glass knife and a small pyramid was prepared. The 

small pyramid was cut-off the resin block and mounted on a support stub of the FIB-

SEM in a thick layer of conductive carbon. Special attention is paid that the carbon 

makes contact with the osmium blackened pellet to improve conductivity. With a 
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sputter coater (Cressington, HQ280) a 3 nm thick layer of platinum was deposited 

onto the sample. 

2.2.2 Geological Samples 

The geological samples studied include a synthetic olivine poly-crystal (Mg2SiO4) 

containing 10% volume inter-granular basaltic melt. The sample was held at high 

temperature above the melting temperature of the melt and then rapidly quenched to 

avoid crystallization in the melt (ten Grotenhuis et al., 2005). The second sample is a 

synthetic Al2O3 poly-crystal.  

The bulk sample was sectioned and mechanically polished using a diamond paste and 

colloidal silica. All phases in the sample are insulators that charge strongly during 

conventional electron imaging. These insulating specimens are coated with carbon, 

gold or platinum to reduce charging and enable conventional SEM imaging, X-ray 

microanalysis (EDX) or Electron Back Scattered Diffraction (EBSD).  

2.2.3 Preparing for FIB-SEM Tomography 

Slice and View is an FEI software package of our Nova Nanolab 600 Dualbeam 

instrument (FEI Company, Eindhoven, The Netherlands), which allows automatic 

cutting of slices with the FIB and sequential recording of the freshly cut surface with 

the electron beam to produce FIB-SEM tomograms. The principle of the preparation 

for FIB-SEM tomography is similar for biological and geological samples while the 

imaging conditions and the volume studied by serial sectioning differ for each sample. 

The imaging conditions and volume studied mainly influence the total time of 

processing. In this section the preparation for Epon embedded cells is described and 

the specific parameter settings are given.  

Figure 2.2a shows an overview of the mounted Epon block taken with the electron 

beam at 5 kV acceleration voltage and a beam current of 0.40 nA, in secondary 

electron (SE) imaging mode. At higher magnification traces of the embedded cell 

layers become visible (Figure 2.2b, arrow) and an area of densely packed cells can 

easily be located. The sample is tilted 52° to orientate the surface perpendicular to the 

Ga+ ion beam and a U-shaped trench is cut around the area of interest (Figure 2.2c). 

The speed of the milling process depends on the sputter yield of the material, the ratio 

between the incoming ions, and the sputtered target atoms. The sputter yield is a 

material property. The milling time is a function of the sputter yield, ion current and 

the milling area and depth. To mill the U-shaped trench we usually use an ion current 

of 7 nA – 20 nA at 30 keV acceleration voltage and it takes typically 15 min for an 
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Epon sample. High ion beam currents are used in this “rough cutting” stage so that 

the sample can be prepared as fast as possible, without damaging the adjacent FIB-

SEM tomography volume.  

 

 

Figure 2.2: The new FIB-SEM tomography geometry. An Epon block with embedded 

HUVECs is mounted on a SEM stub with conducting carbon. The surface was sputter coated with 

a 2 nm platinum layer and images were taken in SE mode. The sequence of preparation FIB-SEM 

tomography is depicted. (a) An overview of the Epon block. At higher magnification individual cells 

are visible (b, arrow). At the area of interest a U-shaped trench is milled at 52° stage tilt, 

perpendicular to the ion beam (c) and a layer of platinum is deposited (d). Then the stage is set back 

at 0° and with an incident ion beam at 38°  the surface is smoothened (d) before performing FIB-

SEM tomography (e, f). 

 

Thereafter, the central part of the U-shape is covered with a ~ 750 nm thick layer of 

platinum by ion beam induced deposition (IBID) (Figure 2.2d). The ion current is 

chosen such that the deposition time is around 10 min – 15 min. For a volume of 100 

μm3 (10 x 10 x 1 µm) a current of 0.3 nA is sufficient. 
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Finally, for FIB-SEM tomography, the sample is tilted back to 0° and the block is 

milled with the ion beam pointing at an angle of 38° (Figure 2.2e) to the sample 

surface. First a coarse surface is created with a moderate current of 0.5 nA – 1 nA, 

then the surface is milled with a reduced ion current of 50 pA – 300 pA (Figure 2.2e) 

to produce a smooth surface. After this final milling the cells can already be seen at 

low magnification with SE imaging (Figure 2.2e, arrow). Now the sample is ready for 

FIB-SEM tomography. The minimum slice thickness is approximately 10 nm. 

Depending on the brittleness of the material ion currents between 30 pA – 30 pA are 

used. Figure 2.2f shows the arrangement after a set of FIB-SEM tomography images 

has been taken. 

2.2.4 Electron Imaging Conditions 

Electron beam interactions with the specimen yields several types of signals, which 

can be used for imaging. The most frequently used are Secondary Electrons (SE’s) and 

Back Scattered Electrons (BSE’s). Both the SE and the BSE can be detected with the 

Everhart-Thornley detector (ETD). In SE mode all electrons (SE’s + BSE’s) coming 

from the surface are attracted by a positive bias (+250 V). In BSE mode the low 

energy SE’s are repelled by a negative bias (-50 V). The Nova Nanolab 600 Dualbeam 

(FEI Company, Eindhoven, The Netherlands) has also a through the lens detector 

(TLD) for BSE’s, which is used optimally with the immersion lens mode. The choice 

between SE or BSE mode depends on the type of material and the microstructure 

being investigated. For both applications (Life Sciences and Earth Sciences) different 

imaging modes and their parameters are examined. Because of their fundamental 

differences they will be described separately. 

2.2.5 3D Reconstruction 

For the tomogram constructions, a series of FIB-SEM tomography images were 

combined into a single 3D volume using the Amira software package and converted 

into the .MRC-file format using the IMOD package (Kremer et al., 1996). These 

images were then aligned using the alignment operation in IMOD set to a zero-angle 

difference between the images. For the geological tomogram the images were analyzed 

and manually modelled in IMOD, whereas the biological tomogram was manually 

annotated in Amira. In both cases the structures of interest were traced to provide a 

3D representation. 
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2.3 Results & Discussion 

2.3.1 Electron Imaging Conditions: Biological Samples 

For a successful application of FIB-SEM tomography in cell biology, small ultra-

structural details must be resolved, such as membranes. This requires an (x, y) 

resolution of at least 5 nm on an area of typically about 10 x 10 μm2. For geological 

samples the resolution criteria vary depending on the application. In some cases 

nanometer scale (< 100 nm) resolution, in x, y and z directions, is required to image 

small particles or thin films along grain boundaries. In other applications on rocks 

with large crystals the resolution requirements are less demanding. For imaging either 

SE’s or BSE’s can be used. SE’s are predominately produced at the surface and 

therefore a high resolution can be achieved, mainly depending on the spot size of the 

incident electron beam. The contrast, however, is caused by surface topology and is 

therefore very susceptible to roughness and contamination. Furthermore, after slicing 

the surface of the material is rather smooth and only limited topological contrast will 

be available, unless the sample is porous or fractured. In addition the low energy SE’s 

are strongly influence by charging, which is most prominent in geological samples, e.g. 

olivine-basaltic melt (Figure 2.1b).  

BSE’s have in principle a lower resolution but they reveal atomic number-contrast, 

which is better suited for imaging heavy-metal stained structures in block faces. The 

biological samples investigated were fixed with osmium tetroxide and ferrocyanide, 

which results in high atomic number contrast. BSE’s are usually detected with the 

through the lens detector in the immersion lens mode. 

The final resolution is dependent on the spot size of the incident electron beam and 

the excitation volume. To estimate the size of the electron interaction volume 

simulations have been done with CASINO (http://www.gel.usherbrooke.ca/casino), 

a software tool that tracks multiple electrons through multi-layer materials. Important 

outputs are the radius and depth of the emitted BSE’s and the Back Scattered 

Electron Coefficient (BSEC). Figure 2.3 shows a simulation of 2 kV electrons in 

carbon (Figure 2.3a) and osmium (Figure 2.3b). 

In carbon the escape surface has a diameter from 8 to 800 nm with acceleration 

voltages from 1 to 10 kV (Figures 2.3a and 2.3c). Hence, the resolution would be best 

at 1 kV. For osmium the resolution at 1 – 5 keV is in the range of 2 nm and only at 10 

kV it gets worse (Figures 2.3b and 2.3d). The much higher BSEC for osmium 

compared to carbon by a factor of about 20 suggests that the detected BSE’s are 
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scattered mainly by osmium and the low resolution BSE’s from carbon can be 

neglected. We therefore chose 1 to 2 kV for imaging. 

 

Figure 2.3: (a) With Monte-Carlo simulation using CASINO the interaction volume of an 

incident electron beam for 200.000 electrons at 2 kV beam in carbon and osmium was modelled. 

The program allows choosing some microscope parameters and the target material and then calculates 

the trajectory of the primary electrons (blue). If a primary electron is directed out of the material (red) 

it becomes a Back Scattered Electron (BSE). (b) The diameter of the BSE-emitting surface at a 

various acceleration voltages was evaluated for a carbon (left) and an osmium (right) sample. 

 

Figure 2.4: Results from simulations done with CASINO. All simulations are conducted with 

200.000 electrons. 
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The contrast of BSE images is also dependent on the inclination of the of the 

specimen surface to the incident electron beam. Figure 2.4 shows the BSEC of a 2 kV 

electron beam at different angles for carbon and osmium. Although the BSEC 

increases, the difference between the BSEC for carbon and osmium reduces, which 

indicates that the atomic number contrast is less at higher tilts, but there is still strong 

atomic number contrast at 38° tilt (Figure 2.4).  

At 2 kV and a pixel size of 2.5 nm small structures such as caveoli, budding vesicles 

from the Golgi apparatus and the 2 nuclear membranes can be resolved (Figure 2.5). 

The resolution, however, is too low to resolve the bilayer appearance of, for example, 

the plasma membrane. From the results it is deduced that we have an effective 

resolution in the x-direction of about 10 nm, as the bilayer of the plasma membrane is 

between 5 and 10 nm thick. The image also clearly demonstrates the advantage of the 

new milling geometry as no shadowing and no intensity gradient are observed. 

 

Figure 2.5: (a) An endothelial cell was imaged at 2 kV with back scattered electrons, using the 

TL detector in the immersion lens mode. The pixel size was 2.5 nm with an image size of 2048 x 

1768 pixels. (b) Inverted contrast. The individual bilayer (ca. 5 nm) is not visible but the double 

membranes surrounding the cell nucleus (see insert). Even small vesicles, such as caveoli of 200 nm in 

diameter (arrows) can be discriminated. G: Golgi apparatus; NM: nuclear membranes; ER: 

endoplasmic reticulum. 

 

On metal coated biological samples with scanning electron microscopes equipped 

with the state-of-the-art electron optics a resolution of 1 nm is in principle achievable 

(Hermann et al., 1988; Joy & Pawley, 1992; Walther et al., 1995). The resolution of 5 - 
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10 nm using BSE imaging on uncoated, freshly ion milled surfaces (Figure 2.5) is 

lower because of the larger interaction volume of the primary electron beam in the 

sample and is consistent with the model simulations (Figure 2.3). It should be noted 

that the resolution in the y-direction is worse because of sample tilt. 

 

2.3.2 Electron Imaging Conditions: Geological Samples 

The material studied in detail consists of insulating crystals and intra-granular melt. 

The melt charges more strongly than the olivine grains. Due to carbon coating no 

charging problems occur at the surface. However, when the coating is milled away 

charging occurs. Contrast between the grains and the melt can be obtained from 

topology (SE’s) due to mechanical polishing, atomic number contrast between the 

grains and the melt (BSE’s) and channeling induced contrast between grains (BSE’s) 

(Figure 2.6). The melt has a higher BSEC than the crystals (Figure 2.7), however near 

the melt-grain crystal interface this contrast is reversed, because of topography 

produced by mechanical polishing.  

The images depicted in Figures 2.6 and 2.7 were taken from the carbon coated 

mechanically polished surface. During FIB-SEM tomography, however, uncoated 

surfaces are created and strong charging occurs in the melt pockets (Figure 2.10d). To 

overcome the charging problem during imaging both the primary electron energy and 

the electron current needs to be reduced as much as possible, this is limited by the 

demands for obtaining contrast. For the sample studied here an acceleration voltage 

of 7 kV was needed to obtain sufficient contrast between the melt and the olivine 

grains in BSE images of the ion milled sections.  

 

Figure 2.6: SE images of the mechanically polished, carbon-coated, olivine-basaltic melt samples 

obtained with the Everhart-Thornley detector at (a) 5 kV; (b) 15 kV; SE; (c) 30 kV 

acceleration voltage. 
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Figure 2.7: The olivine-basaltic melt sample imaged at 7 kV and zero tilt using BSE imaging 

mode and the Everhart-Thornley detector. The melt (G) has higher back scattered electron coefficient 

than the olivine (C). 

 

2.3.3 FIB-SEM Tomography: Biology 

The real advantage of FIB-SEM is the large magnification range. In Life Sciences as 

well as in Material Sciences the specimen may be rather complex. The most interesting 

area in such a complex system is often the place where something goes wrong, a 

broken contact on a semiconductor, a special boundary in minerals or an 

atherosclerotic plaque. In the SEM large areas can be scanned and the area of interest 

located. Additionally the FIB allows the third dimension to be explored. The cells in 

the large resin block can easily be recognized at low resolution (Figure 2.2b) and an 

area of high density can be located. There, tomograms can be recorded by FIB-SEM 

tomography (Figure 2.8). Here, 108 sections with a thickness of 50 nm were cut and 

the block face was recorded in BSE mode with a pixel size of 3.1 nm resulting in a 
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total volume of 6.4 x 5.5 x 5.4 μm3 (Figure 2.8a). In individual sections the 

endoplasmic reticulum (orange) and the mitochondria (green) were modelled (Figure 

2.8b). The model of a sample volume as large as 5.2 x 4.6 x 5.4 μm3 shows the 

extended network of the endoplasmic reticulum. In contrast to most 2D images this 

model shows that in HUVEC also the mitochondria form an extended network rather 

than small oval shaped organelles (Figure 2.8c).  

 

Figure 2.8: (a) 5.2 x 4.6 μm2 sections of Epon embedded HUVECs were cut and the block face 

was recorded in BSE mode with a pixel size of 3.1 nm. For easier interpretation the contrast of the 

images was inverted. (b) In individual sections the endoplasmic reticulum (green) and the 

mitochondria (orange) were modelled. (c) The reconstructed volume (5.2 x 4.6 x 5.4 μm3) reveals the 

very dense and complex network of the endoplasmic reticulum. Also the mitochondria seem to be 

connected forming a large complex. 
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Compared to TEM tomography (x = y = 2 nm; z = 4 – 10 nm) the resolution of FIB-

SEM tomography is about 5 times lower, it is in the range of 5 – 10 nm and the Z 

resolution is dependent on the slice thickness, with a minimum of about 10 nm. 

Hence, small connections between organelles (Trucco et al., 2004; Geuze et al., 2003) 

or even molecular structures (Baumeister, 2005; Frangakis & Förster, 2004) cannot be 

resolved. On the other hand TEM tomography is limited to a section thickness of 

about 500 nm. This limitation can be overcome by using serial thick sections (Marsh, 

2007), but this approach is tedious. FIB-SEM tomography on the other hand can 

image large networks in large volumes at intermediate resolution.  Furthermore, the 

link from nano-structures to larger scale features up to the scale of mm and cm can be 

made directly with the FIB-SEM technique, making FIB-SEM tomography a very 

powerful technique that is complementary to TEM tomography.  The ability to locate 

the place of interest in a FIB-SEM, assess the 3D microstructure to a resolution 

around 10 nm using FIB-SEM tomography and then prepare TEM lamellas samples 

for higher resolution TEM tomography and conventional studies makes the FIB-SEM 

a key instrument in the complete characterization of structures over the full range 

from nano to macro length scales.  

 

Figure 2.9: BSE image of grain boundary in the olivine-basaltic melt sample. A lens shaped melt 

inclusion occurs along the central grain boundary. This inclusion has been studied by FIB-SEM 

tomography. The scale bar is 10 µm. 
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2.3.4 FIB-SEM Tomography: Geology 

The results of a successful automatic FIB-SEM tomography analysis of the olivine-

basaltic melt sample using BSE-TLD mode are shown in Figures 2.9, 2.10 and 2.11. 

Figure 2.9 shows the surface image of a grain boundary between olivine grains with a 

lens shaped melt inclusion along the boundary that appears to be isolated from the 

triple junction melt pocket. 

 

 

Figure 2.10: (a-d) A sequence of sections through the olivine-basaltic melt sample. This automatic 

FIB-SEM tomography series has been conducted along the boundary shown in Figure 2.9 with a lens 

shaped melt inclusion at the surface. The serial sections show that the melt inclusion is lens shaped at 

depth and is isolated from the triangular cross sectioned melt inclusion that runs along the triple 

junction between three crystals. This triple junction tube is exposed on the initial surface and at depth 

in the last section. 
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Serial sections though this grain boundary are shown in Figure 2.10. Ion beam milling 

conditions were 30 keV and 0.3 nA. The sample was coated with a 1 μm protection 

layer of platinum before FIB-SEM tomography. On the tilted sample the melt appears 

darker than the olivine grains in BSE images. A bright or dark line along the cross 

sectional interface indicates that the ion milling produces some topography, consistent 

with preferential milling of the glass phase. No orientation contrast between the grains 

has been observed. Charging of the ion milled section is apparent in Figures 2.10c and 

2.10d, at pores along healed fractures, and within the larger melt pocket visible in the 

last section. An acceleration voltage of 7 kV was needed to obtain sufficient contrast 

between the melt and olivine grains. In consequence lower spatial resolution was 

obtained for the geological sample compared to the biological samples imaged at 

lower kV.  In this experiment, a pixel size was 9.36 nm was used. Charging of the 

sample was stronger in the TLD-BSE mode compared to the ETD-BSE mode and in 

many cases FIB-SEM tomography could not be conducted in TLD-BSE mode 

because of excessive charging.  

The FIB-SEM tomography sequence in Figure 2.10 and the tomogram in Figure 2.11 

clearly show that the lens shaped melt inclusion visible at the surface is not connected 

to the melt tube that runs along the junction between three olivine grains. The grain 

boundary appears to be melt free, however, the presence of thin glass films or 

impurity segregations, less than 20 nm thick, along the grain boundary (Drury & 

Gerald, 1996; de Kloe et al., 2000; Hiraga et al., 2002) cannot be ruled out. Selected 

views of the tomogram show that the melt lens does not have a circular section in the 

plane of the grain boundary, suggesting an effect of crystal anisotropy on the inclusion 

shape. 

The uncoated material investigated (Mg2SiO4) charged very strongly in the electron 

beam; yet a moderate acceleration voltage was needed to obtain sufficient contrast 

between different phases. It should be noted that not all geological and ceramic 

materials charge as badly as the minerals studied in our research. Holzer et al. (2004) 

conducted FIB-SEM tomography on porous BaTiO3 using low kV (5 kV) BSE-TLD 

imaging to reduce charging. 

In BaTiO3 the strong contrast between crystals and pores allowed imaging at low kV. 

Schaffer et al. (2007) have shown that Mg2TiO4 and CaTiO3 can be investigated by 

FIB-SEM tomography using relatively high voltage (15 kV) and nominal beam 

currents (6.2 nA). Both studies (Schaffer et al., 2007; Holzer et al., 2004) reported ion 

beam drift due to charging and stage drift, which can result in variable slice thickness 

during ion milling. Holzer et al. (2004) applied an automatic drift correction to reduce 

this problem, however, as discussed by Schaffer et al. (2007) this approach cannot 
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always be applied. On the Mg2SiO4- glass sample we found that in extreme cases of 

charging the slice is not milled away completely, leaving lamellas of material that 

blocks the view of subsequent ion milling slices. In order to obtain a good result from 

slice & view the charge build up during milling must be reduced. This can be achieved 

by scanning the area that is being milled with the electron beam. The negative charge 

of the electron beam will compensate the positive charge from the ions (Stokes et al., 

2007). 

 

 

Figure 2.11: Two views of tomogram showing shape of glass inclusions along forsterite grain 

boundaries. (a) The three glass inclusions are completely isolated with no connections along the grain 

boundary, (b) View in opposite direction to (a) showing the 3D shape of the triangular cross 

sectioned glass tube. This tube is mainly bounded by straight crystal facets. 
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2.3.5 Future Developments 

Cutting a cross section with the ion beam at 38° to the imaging electron beam has also 

consequences on the dimensions of the cellular structures. Round vesicles as imaged 

with an electron beam perpendicular to the sectioned surface are shortened in the 

direction of the tilt when imaged at an angle of 38°. Of course distortion produced by 

tilting can be restored with image processing but a system, which allows tilting of the 

sample so that the sectioned surface is perpendicular to the electron beam after 

milling would result in higher quality images, with equal resolution in the x and y 

direction. 

It is clear that imaging sections at moderate angle to the electron beam results in 

limited contrast and resolution compared to imaging at zero tilt. In addition higher 

contrast allows reducing the beam current and beam induced damage on the sample. 

Consequently, improved FIB-SEM tomography data may be obtained with our 

geometry (Figure 2.2), by tilting the sample 38° after the milling step so that the 

section is then normal to the e-beam. This sequence of operation is not yet automated 

and may require the use of fiducial markers to ensure that successive images are 

aligned.  

When there are large differences in back scattered electron coefficient in the material 

then imaging at low kV is possible, however, when contrast is low, higher voltages are 

needed, and some type of charge reduction strategy is required. A low kV flood gun is 

often used to reduce charging induced by ion milling and a similar approach might 

also reduce charging during electron imaging. 

 

2.4 Conclusions 

FIB-SEM tomography has been successfully applied to insulating biological and 

geological samples using a combination of low kV BSE imaging to reduce charging 

during imaging, and a new ion milling geometry that reduces the problems of 

shadowing and intensity gradients inherent to the conventional FIB-SEM tomography 

geometry. The obtained results show that FIB-SEM tomography is a powerful 

method to investigate 3D structures such as a connected extended network of 

mitochondria in HUVEC cells, and the distribution of glassy phase along the grain 

boundaries in polycrystalline minerals and ceramics. Using low kV BSE imaging an 

effective x, y resolution of 10 nm can be obtained during automatic FIB-SEM 
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tomography of osmium fixed biological samples, whereas the Z-resolution 

predominantly is dependent of the thickness of the sections. 
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Focused Ion Beam – Scanning Electron Microscope (FIB-SEM) tomography is a powerful 

application in obtaining 3D information. The FIB creates a cross section and subsequently removes 

thin slices. The SEM takes images using secondary or back scattered electrons, or maps every slice 

using X-rays and/or electron back scattered diffraction patterns. The objective of this Chapter is to 

assess the possibilities of combining FIB-SEM tomography with Cathodoluminescence (CL) imaging. 

The intensity of CL emission is related to variations in defect or impurity concentrations. A potential 

problem with FIB-SEM CL tomography is that ion milling may change the defect state of the 

material and the CL emission. In addition, the conventional tilted sample geometry used in FIB-

SEM tomography is not compatible with conventional CL detectors. In this Chapter we examine the 

influence of the FIB on CL emission in natural diamond and the feasibility of FIB-SEM CL 

tomography. A systematic investigation establishes that the ion beam influences CL emission of 

diamond, with a dependency on both the ion beam and electron beam acceleration voltage.  CL 

emission in natural diamond is enhanced particularly at low ion beam and electron beam voltages. 

This enhancement of the CL emission can be partly explained by an increase in surface defects induced 

by ion milling. CL emission enhancement could be used to improve the CL image quality. In order to 

conduct FIB-SEM CL tomography, the novel geometry developed in Chapter 2 enables sequential ion 

milling and CL imaging on an un-tilted sample.  We show that CL imaging can be manually 

combined with FIB-SEM tomography with a modified protocol for 3D microstructure reconstruction. 

In principle, automated FIB-SEM CL tomography should be feasible, provided that dedicated CL 

detectors are developed that allow subsequent milling and CL imaging without manual intervention, 

as the current CL detector needs to be manually retracted before a slice can be milled. Due to the 

required high electron beam acceleration voltage for CL emission, the resolution for FIB-SEM CL 

tomography is currently limited to several hundreds of nm in XY and up to 650 nm in Z for 

diamonds. Opaque materials are likely to have an improved Z resolution, as CL emission generated 

deeper in the material is not able to escape from it. 

 

 

Based on: de Winter, D.A.M.; Lebbink, M.N.; Wiggers de Vries, D.F.; Post, J.A.; 

Drury, M.R. (2011) FIB-SEM Cathodoluminescence Tomography: Practical and Theoretical 

Considerations. Journal of Microscopy 243, 315-326. 
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3.1 Introduction 

In this Chapter, a novel method is examined, combining Cathodoluminescence (CL) 

imaging in a Scanning Electron Microscope (SEM) with the milling capabilities of the 

Focused Ion Beam (FIB) to obtain 3D information, of features only visible in CL. The 

FIB is used to mill a cross section and the SEM is used to acquire an image of this 

newly created surface with the CL detector. In addition the possibility of manually 

milling and imaging a series of subsequent slices is explored, a process called (non-

automated) FIB-SEM tomography.  For other imaging techniques sequential milling 

and imaging is a well-established (automated) application (Xu et al., 2007; Schaffer et 

al., 2007; Hekking et al., 2009; Wirth 2009). Digital post-processing of the sequential 

images results in a 3D representation of the feature examined in the microscope, 

introducing the third dimension to CL in the SEM. 

To our knowledge the combination of FIB cross sectioning and CL imaging is yet 

unexplored. This Chapter addresses the technical details of the 3D CL technique that 

we have recently used to obtain 3D images of mineral inclusions and growth zoning in 

a natural diamond (Wiggers de Vries et al., 2010). A number of applications are found 

for the FIB which relate to luminescence properties of materials. For example, the 

FIB is used for producing photonic structures in silicon layers on insulators 

(Balasubramanian et al., 2006) and on As40S60 (Dale et al., 2000). Also, when applied to 

GaN, the FIB causes swelling; enabling the formation of high aspect ratio pillars with 

only a minor shift in the CL emission spectrum (Wu et al., 2007). Furthermore, CL 

images are used to determine the beam shape, using a dip in the CL image induced by 

a line scan of the FIB across an n-GaAs wafer (Itoh et al., 1998).  Finally, 

characterization by CL is used to examine damage created by the FIB (Bever et al., 

1992; Vetterli et al., 1995; Furuya & Saito, 1996; Endo et al., 2001). Clearly, the damage 

introduced by the FIB must be taken into account for FIB-SEM tomography as such 

damage may affect the CL emission and spectral features (Sahoo et al., 2004; Watanabe 

et al., 2007).  

In this Chapter we investigate the effect of FIB milling on CL emission and the 

feasibility of FIB-SEM CL tomography. We also consider the hardware limitations 

related to the fact that conventional CL detectors can not be used at the same time as 

the FIB and CL imaging can only be done on non-tilted samples. Therefore the 

current setup only allows for manual slicing and imaging. The geometry developed in 

Chapter 2 allows subsequently milling and imaging without tilting. A drawback of this 

milling geometry is a geometrical shift between the images, when imported into 

standard 3D modeling programs. Hence, additional steps are required during post-
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processing to obtain an accurate 3D representation of the structure. The experimental 

work was conducted on diamond.  

3.1.1 Cathodoluminescence in a Scanning Electron Microscope 

The interaction of the electron beam with the sample yields several types of emission. 

Secondary Electrons (SE’s) and Back Scattered Electrons (BSE’s) are most commonly 

used for imaging. Essentially all samples emit electromagnetic radiation in the form of 

X-rays which are used for elemental analysis. Some materials, such as phosphor, also 

exhibit Cathodoluminescence (CL). The primary electron excites an electron from a 

crystal or molecule ground state into an excited state. Sometime later the excited 

electron will fall back (by the re-combination of an electron-hole pair) into its ground 

state. This transition can result in the emission of a photon whose energy/wavelength 

corresponds to the transition energy. When the energies of the emitted photons are in 

the range of visible light the material is said to be cathodoluminescent. 

The electronic band structure of crystals can already give rise to intrinsic CL emission. 

In addition, disturbance of the band structure by irregularities in the lattice structure, 

such as impurities or grain boundaries, can also function as recombination sites for 

the excited electron in the conduction band and the remaining hole in the valence 

band, which lead to extrinsic CL emission (Gotze, 2002). 

The energy Ee-h required to form an electron-hole pair is connected to the band gap 

energy difference Eg of the material, Ee-h = 2.8 Eg + M, where M (0 < M < 1 eV) is 

the phonon energy term (Klein, 1967). For diamond Eg ≈ 5.5 eV, hence it requires a 

minimum of Ee-h ≈ 16 eV to form an electron-hole pair. Therefore 10 kV primary 

electrons slowed down by inelastic scattering are able to produce thousands of 

electron-hole pairs which in return can excite the photons.  

The spatial resolution in CL is determined by the size of the electron beam, the 

electron-hole pair generation volume, which is related to the electron beam interaction 

volume, and the electron-hole pair diffusion length. In general, the resolution is 

mainly determined by the electron beam interaction volume (Yacobi & Holt, 1985). A 

complicating factor can be the transparency of the material, which can affect the 

depth of the CL emission and/or alter the emission spectrum due to absorption of 

specific wavelengths (Yacobi & Holt, 1985).  

3.1.2 Focused Ion Beam 

To mill a cross section with the FIB, gallium ions are accelerated towards the sample. 

Due to the transfer of their momentum onto target atoms, the atoms are sputtered 
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away (Volkert & Minor, 2007). With this technique, cross sections can be milled 

perpendicular to the surface to a depth of typically tens of micrometers. A measure 

for the speed of the process is the sputter yield, the ratio between the sputtered 

particles and the incoming ions. The sputter yield depends on a number of aspects 

including the ion beam energy (Eckstein, 2007) and the crystallographic orientation 

(Kempshall et al., 2001; Wendt & Nolze, 2007). In the case of diamond, the sputter 

yield increases with an increasing ion beam acceleration voltage from 5 keV to 30 keV. 

The orientation of the diamond crystal lattice with respect to the ion beam determines 

the sputter yield. 

3.1.3 Compatibility of CL with the FIB 

Gallium ions implanted by the FIB can act as an interstitial and even amorphize a thin 

surface layer, typically a couple of nanometers up to tens of nanometers (Kamino et 

al., 2004; Yu et al., 2006; Montoya et al., 2007). The penetration range of gallium ions 

in the sample mainly depends on the sample composition and on the ion beam energy. 

Estimations on the extent of ion implantation can be made with a Monte Carlo 

simulation program SRIM (The Stopping and Range of Ions in Matter) (Ziegler, 

2008), simulating the trajectories of the ions and the recoil atoms.  

SRIM assumes an amorphous sample. Significant errors can arise when this simulation 

is applied to crystalline samples because of the channeling effect; along the major 

crystal axes the sample is somewhat more transparent to the incoming ions. As a 

consequence the interaction volume increases which reduces the sputter yield. 

Therefore the actual sputter yield will have to be measured in the current study for 

comparison. This is done by measuring the depth of a hole which is milled with a 

known fluence (Mulders et al., 2007). 

Table 3.1 shows the average and maximum range of gallium ions in diamond as found 

with the SRIM simulation. Also shown in Table 3.1 is the maximum range of 

electrons, simulated with the Monte Carlo simulation program CASINO (monte 

CArlo SImulation of electroN trajectory in sOlids) (Drouin et al., 2007). From the 

simulations it follows that the electron beam interaction volume wherein CL emission 

is generated in transparent materials significantly exceeds the volume affected by the 

ion beam. Especially when taking into account that milling a cross section involves 

milling at an edge, which can reduce the affected volume (Cullen & Smith, 2008). This 

means that, at least on a theoretical basis, FIB-SEM tomography with CL imaging 

should be possible, provided that the altered surface layer does not negatively 

influence the CL emission from the greater volume sampled by the electron beam.  
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Table 3.1: The ion / electron beam ranges and ion beam sputter yield for diamond, radiated 

perpendicular to the surface with 30 and 5 kV ions or electrons, obtained with SRIM simulating 

3000 ions and CASINO simulating 100 000 electrons. 

 

 

3.2. Materials & Methods 

3.2.1 Samples 

The diamond sample used for testing FIB-SEM CL tomography is from the 

Udachnaya kimberlite pipe in Yakutia – Russia (plate 3615). It has two mechanically 

polished parallel near {110} planes and for electron microscopy studies the diamond 

was mounted on an aluminum stub with a carbon sticker. CL imaging of the polished 

surface reveals its internal geometry and establishes that the crystal is zoned. This 

internal zonation consists of growth layers with variable nitrogen concentration 

measured by Fourier Transform Infrared spectroscopy and each growth zone has 

different CL characteristics. The nitrogen concentration of individual growth layers 

varies between 0-400 ppm (for more details on the diamond sample see Wiggers de 

Vries et al., 2010). In general the higher the nitrogen content the stronger the CL 

emission (Davies, 1979). Molecular dynamics simulations (Pastewka et al. 2010) show 

that mechanical polishing of diamond produces an amorphous surface layer, a few nm 

thick, that could influence the CL emission.  

3.2.2 Experimental Setup 

The work was carried out in a Nova Nanolab 600 Dualbeam (FEI Company, 

Eindhoven, The Netherlands) equipped with a PanaCL detector which has a 

wavelength range of 185 nm – 850 nm (Gatan UK, Abingdon, United Kingdom) and 

a Nordlys II Electron Back Scattered Detector (EBSD) (Oxford Instruments HKL, 

Abingdon, United Kingdom) for measuring the crystallographic orientation (Randle & 

Engler, 2000). A schematic overview of the FIB-SEM setup is shown in Figure 3.1. 

Figure 3.1a depicts the situation for milling. Imaging with the CL detector requires the 

stage to be lowered to about 7.5 mm working distance (Figure 3.1b) to allow the 
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detector to be placed between the lens and the sample. It is possible to scan the 

electron beam over the surface of the sample via a small hole. The CL emission 

induced by the electron beam is reflected via a curved mirror towards the photon 

multiplier tube for subsequent recording. In order to mill the sample, the CL detector 

must be retracted and the working distance must be decreased to the eucentric height 

of approximately 5 mm. 

For EBSD measurements the sample’s surface is tilted 70° towards the detector, 

which is positioned (inserted) underneath the ion beam column. 

 

Figure 3.1: Different operations in the FIB-SEM:  (a) The stage is not tilted during milling, 

which results in a cross section with a 52° angle with respect to the samples surface normal. (b) The 

stage is lowered to allow the CL detector to slide in between the sample and the electron column. Due 

to the inclined cross section, the CL detector can be used to image the cross section. 
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3.3 Results & Discussion 

3.3.1 FIB Influence on CL Emission 

The influence of the FIB on CL emission of diamond was investigated. Two areas of 

5 x 5 μm2 were milled top down with 2.81 x 1012 ions (Figure 3.2) with energies of 30 

keV (left) and 5 keV (right). Currents used were 0.3 nA and 0.22 nA respectively. The 

depth can be calculated via the sputter yield from Table 3.1 and is predicted to be 1.5 

μm and 1.36 μm, respectively.  

 

Figure 3.2: Squares are milled exactly across a boundary of a growth layer. The CL emission 

remains after top down milling, but the contrast and brightness are affected by the ion beam. The 

apparent shift of the boundary between the two diamond growth layers towards the north indicates a 

steep angle of this contact with respect to the surface. 
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The milled areas were located at a contact between two adjacent diamond growth 

layers with distinct CL characteristics was in the center of interest. Before and after 

the milling, CL images were recorded with different energies (1 kV – 30 kV) to study 

the effect of the acceleration voltage on the CL emission of the growth layers. At a 

higher acceleration voltage the electron beam interaction volume is greater, which 

would reduce the potential influence of the FIB induced damage layer. Figure 3.2 

shows the CL images recorded with 15 kV and 5 kV after milling. 

Both images demonstrate that the contact between the two diamond growth layers is 

still visible after ion beam radiation. The small lateral shift that occurs is due to the 

fact that the plane that forms the contact between the two growth layers is not 

perpendicular to the surface. Figure 3.2 (lower) shows that the milled trench appears 

brighter at low kV with respect to the surroundings. The brightness of the area 

indicated in Figure 3.2 with a star, is compared to the bright area for the images taken 

at 3 kV – 30 kV. The 1 kV and 2 kV images are discarded due to their high noise level. 

To quantify the brightness change as a function of the acceleration voltage, the 

brightness of the indicated area is normalized to the contrast between the dark and 

bright area. A plot shows that the indicated area is slightly darker at 30 kV and 

becoming increasingly brighter from 15 kV onwards (Figure 3.3). This confirms that 

ion milling has a significant effect on the CL emission in diamond. Further 

investigation of the contrast behavior showed a complex effect of both the utilized 

ion beam energy for milling and the electron beam energy for imaging.  

 

Figure 3.3: The brightness of the area indicated in Figure 3.2 is normalized to the contrast between 

the dark and bright area in Figure 3.2. This allows plotting the brightness as a function of the 

electron beam acceleration voltage. At ~ 15 kV contrast is reversed for an area milled at 5 keV. 
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Figure 3.4: Two series of rectangles (3 x 3 μm2) were milled with 5 keV, 10 keV, 20 keV and 

30 keV ions from top to bottom in the dark and bright area. At every keV a high current (left) and 

a low current (right) was tested. (a, c) CL images of the dark area imaged with 20 kV and 4 kV 

electrons. (b, d) CL images of the bright area imaged with 20 kV and 4 kV electrons. The electron 

currents that were used are (a) 2.4 nA, (b) 0.62 nA, (c) 5.3 nA and (d) 1.3 nA. 

 

Two areas were investigated: a dark luminescent area (~ 100 ppm N), and a brighter 

luminescent area (~ 300 ppm N). (Wiggers de Vries et al., 2010) Small squares (3 x 3 

μm2) were milled with 6.6511 x 1011 ions at 5 keV to 3.75 x 1011 ions at 30 keV, 

varying the acceleration voltage (5 keV, 10 keV, 20 keV, 30 keV from top to bottom) 

and the current (high or low). Subsequently the areas were imaged with the electron 

beam while using acceleration voltages (30 kV – 1 kV).  
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Figure 3.4 shows the dark area (left) and the bright area (right) imaged with 20 kV and 

4 kV. In 20 kV images the squares in the dark area are hardly visible, independent of 

the utilized milling condition, whereas in the bright area the squares clearly stand out 

against the adjacent non-radiated area. The 20 kV SEM image in the dark area was 

recorded with 2.4 nA whereas the bright area was imaged with only 0.62 nA. Imaging 

the dark area with decreasing acceleration voltages reveals the milled squares. The 

spatial resolution of Figure 3.4c is improved over Figure 3.4a as well, due to the 

smaller interaction volume of the electron beam. The contrast is slightly enhanced 

when milling with 5 keV instead of 30 keV. However, in the bright area the squares 

show a very strong increase in brightness and a change in contrast, which again is 

most profound for the square milled with 5 keV. The 4 kV SEM image of the dark 

area was recorded with 5.3 nA and the bright area was recorded with 1.3 nA. 

Unfortunately, due to the absence of a growth layer in the image, it is not possible to 

normalize the brightness values to compare the different images and compose a graph 

like Figure 3.3. The bright patches and dark lines in Figures 3.4a and 3.4c are localized 

defects in the diamond crystal structure (Kiflawi & Lang, 1977). 

To further investigate the influence of the ion beam on the crystal structure, small 

separate areas were radiated top down with 5 keV, 10 keV, 20 keV and 30 keV ions 

and subsequently examined for damage to the crystal structure with the EBSD 

detector (Mateescu et al., 2007). The resulting patterns (Figure 3.5) show that there is 

apparently relatively little damage in the crystal after 5 keV radiation (strong pattern), 

while the damage is worse after 30 keV (weak pattern) (Mateescu et al., 2007). The 

pattern of the area that is radiated with 5 keV is even stronger than the pattern of a 

non-radiated area and this probably indicates that a damage layer produced by 

polishing (Pastewka et al., 2010) is removed. The EBSD patterns are recorded at 20 

kV, 9.5 nA.  

 

 

Figure 3.5: EBSD patterns of diamond from a non-radiated area and separate areas radiated with 

ions with energies of respectively 5 keV, 10 keV, 20 keV and 30 keV. The quality of the patterns 

is decreasing due to the increased surface defect density. The poor quality of the pattern from the non-

radiated surface can be explained by a damage layer produced by polishing. 
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3.3.2 FIB-SEM CL Tomography in Diamond 

Conventional FIB-SEM tomography series are conducted at 52° stage tilt, so that the 

FIB mills perpendicular to the surface. However, the CL detector does not allow stage 

tilting during imaging. Therefore the geometry from Chapter 2 is adopted, with the 

milled cross section at an angle to the surface. This allows the CL detector to be 

inserted and image the cross section without tilting the stage.  

A detailed description of the preparation can be found in Chapter 2. In short, after 

locating the area of interest a local platinum deposition was put down using the gas 

injection system in conjunction with the ion beam, with the stage tilted to 52°. 

Subsequently trenches were milled left and right of the area of interest to prevent 

redeposition in front of the cross section. Then the cross section was milled with the 

sample back at 0° tilt. Figure 3.6 illustrates the area of interest before (CL image) and 

after (SE image) the preparation.  

 

Figure 3.6: (a) A CL image of diamond growth layers at the surface that is going to be examined. 

(b) A SEM image of the setup just before the FIB-SEM tomography sequence is started (with 

platinum deposition and trenches). Note that the SE image does not show the growth layers, which 

are schematically displayed as an orange and blue line. 

 

Due to the relatively large area of interest (35 x 50 μm2) the deposition (height ~ 1.5 

μm) took approximately 30 min (30 keV, 3 nA). In addition it took about 2 h to mill 

the trenches around the area of interest (30 keV, 20 nA). The inclined surface was 

milled with a 30 keV, 7 nA beam which took about 30 min. 
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12 Slices with a thickness of ~ 2 μm were milled with 30 keV, 7 nA with the time per 

slice being about 15 min. These ion beam conditions were selected because of its 

speed and accuracy, despite slightly influencing the CL emission (Figure 3.3). 

Subsequently a SE image and a CL image were recorded, both with a 10 kV electron 

beam, 0.47 nA. These conditions were chosen because at higher kV the resolution 

drops and at lower kV the noise level increases and the contrast enhancement due to 

the ion beam increases as well. The dwell time was 30 μs and the total frame time 28.2 

s (pixel resolution 1024 x 884). To reduce the noise in the image an average was taken 

over two images. 

Figure 3.7 shows the results of a number of subsequent slices. The angular growth 

structure that was present at the diamond surface (see Figure 3.6a) is clearly visible 

below the sample surface, allowing its 3D orientation to be determined. 

 

3.3.3 3D-Modeling of the Structure of Diamond Growth Layers 

From the consecutive CL images in Figure 3.7, a 3D representation can be made. The 

stack of tif-images is converted into a mrc-file in the IMOD package (version 3.13.2) 

(Boulder Laboratory, University of Colorado, Boulder, Colorado, USA) (Kremer et al., 

1996). Next, the images were aligned, using the edge of the platinum-deposition layer 

as a reference, in Midas, which is a part of IMOD. Subsequently a model was drawn in 

IMOD.  

The imaged cross section plane (Figure 3.6b and Figure 3.7: xy’ plane) is not parallel to 

the scanning plane (Figure 3.6b: xz plane) of the electron beam and therefore a 

correction must be applied to account for this projection view. The image must be 

stretched (y’) by a factor of 1 / cos φ, where φ is the angle of the slices (y’) with 

respect to the sample surface (z) (Figure 3.6b) (φ is in our experiment 38°). In 

addition, the cross section is not perpendicular to the surface. The software is not 

capable of dealing with the orientation of the slices, and thus places the slices parallel 

to the xy plane, which results in a parallelogram shaped distortion, seen in the yz 

plane. Therefore additional steps are required in addition to stretching the image. The 

first step is to stretch the image to correct for imaging a tilted surface. A 

foreshortening of sin φ is combined with the previous correction, which yields the 

true y lengths (Figure 3.6b). Therefore the first step is a foreshortening of sin φ / cos 

φ = tan φ. The modifications are applied to the model (rather than the volume) and 

are performed in Cygwin with the IMOD package installed (Step 1: imodtrans –sy 

0.7812856265 [file name A .mod] [file name B .mod]). The second step concerns the voxel 

size. To obtain a 1:1:1 ratio for x, y and z pixels the z scale must be multiplied by the 
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slice thickness [nm] divided by the x or y pixel size [nm], which in our experiment is a 

factor of 40, due to the relatively thick slices (Step 2: imodtrans –sz 40 [file name B .mod] 

[filename C .mod]).  

 

Figure 3.7: Showing slices #4, #6, #8 out of the series of 12 slices. On the left is an SE overview 

and on the right is the CL image. Note that the SE and CL images have different magnifications. 

The platinum deposition layer is showing up white in the SE image (left) and dark in the CL image 

(right). The orange and blue arrows indicate the growth layers visible in Figure 3.6a. 
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Figure 3.8: (bird’s-eye view, side view, front view) The three dimensional reconstruction of the 

diamond growth layers. 

 

The third step involves restoring the inclination of the slices.  The x coordinates of all 

the points in the model are correct. However, the Z coordinates require a correction 

of z’ = z + (y / tan φ). Therefore the model is converted into a list of xyz coordinates 

(model2point –float -object [filename C .mod] [filename D .txt]). In Microsoft Excel the z 

coordinates can be replaced by the new coordinates, and the set can be exported to 

the .txt-file format (tab delimited). Next, a model is created from the new coordinate 

list (point2model –open [filename D .txt] [filename E .mod]). The resulting model in 3D is 

shown in Figure 3.8. Due to the great distances between the points it is currently not 

possible to create a mesh model using the IMOD software; which would improve the 

3D aspect of the structure printed on a 2D sheet. 
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With the 3D model and the crystal orientation measured by EBSD we have 

determined the orientation of the CL contrast bands. These bands are usually 

interpreted as crystal growth layers, so their orientation gives information on the 

evolution of crystal shape during growth.  The orientation analysis was done manually 

by combining the stereographic projection plots for the diamond {111} and {100} 

planes with the growth layer orientations obtained from the 3D model.  As shown in 

Figure 3.9, most CL bands are parallel to {111} planes, with some near {100} and one 

non-rational curved surface.  

 

 

Figure 3.9: CL image of the area analysed by FIB-SEM tomography in Figure 3.8. The 

orientations deduced from the 3D model and EBSD are shown. 

 

3.3.4 Influence of the Ion Beam on CL Emission 

In many investigated materials, the FIB can alter or destroy the sample’s structure (i.e. 

like the diamond lattice) at and close to the surface. For diamond the ion radiation 

damage is described for various ion species, including gallium (Uzan-Saguy et al., 1995; 

Hickey et al., 2006; Ueda & Kasu, 2008). The structure changes are caused by gallium 

ions added to the sample. The gallium might be incorporated within the lattice or act 

as an interstitial. In addition carbon, nitrogen or other impurity atoms are forced out 

of their original lattice position to be relocated elsewhere. Because the overall lattice 

structure governs the electronic band structure, the FIB alters the CL emission 

properties of the sample’s surface and close to the surface. In the literature, spectral 

features in the range of ~ 375 – 450 nm are found, which have been contributed to 
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ion-implantation induced complexes in diamond (Watanabe et al., 2007). This 

corresponds to transition energies of ~ 2.76 – 3.31 eV, which is consistent with the 

prediction made by simulating gallium impurity-vacancy complexes (Goss et al., 2005). 

However, other dopants presumably play a role in the complete loss of a band around 

235 nm and severe loss (increasing with fluence) of a band from a N-V (nitrogen-

vacancy) center around 575 nm (Endo et al., 2001). However, in the present study only 

the total CL emission characteristic was studied. 

The intensity of the CL emission from diamond correlates with the nitrogen content 

(Davies, 1979). To determine the potential influence of the FIB, the implanted gallium 

concentrations must be known. The 30 keV ion beam added 4.17 x 1018  ions / cm2 

and the 5 keV ion beam added 7.39 x 1018 ions / cm2. However, only a certain 

fraction of these ions remains in the sample, because a thin layer (including previously 

implanted gallium) is sputtered away. After the CL imaging (Figure 3.2) the sputter 

yield was determined (Mulders et al., 2007) as 2.7 atoms / ion for 30 keV and 1.8 

atoms / ion for 5 keV. Because the sputter yield is higher than predicted by SRIM the 

interaction volume is assumed to be smaller than previously predicted (as described 

earlier; Table 3.1). The remaining amount of gallium is the total amount of gallium 

implanted multiplied by the ratio between the ion range and the depth of the actual 

hole. Using an ion range of 10 nm at 30 keV and 3.5 nm at 5 keV the remaining 

gallium is 3.6 x 1016 ions / cm2 and 3.3 x 1016 ions / cm2 respectively. These ions are 

concentrated underneath the surface within that 3.5 nm (5 keV) – 10 nm (30 keV), 

resulting in concentrations of: 9.4 x 1024 cm-3 (5 keV) and 3.6 x 1024 cm-3 (30 keV). 

The concentrations are considerably larger than the nitrogen concentration (up to ~ 

7.06 x 1019 cm-3). 

The damaging effect of the energetic ions on the crystal structure is demonstrated 

with the EBSD experiments. Increasing the acceleration voltage for ion beam milling, 

results in progressively weaker patterns. Interestingly, low keV ion beam milling acts 

as a polishing step. Presumably the ion beam damage is less than the damage created 

by mechanical polishing (Pastewka et al., 2010). 

The effect of top down milling on the CL emission is shown in Figures 3.2 and 3.4. 

Both figures show that the relative brightness of the milled areas is influenced by the 

ion beam, most significantly in areas with high intrinsic emission. 

The dark area shows a lot of bright patches and dark lines that are associated with 

relatively large linear defects in the crystal structure of diamond. These should be 

taken into account when analysing the top down milling results, as the presence of 

these features locally influences the CL emission, in addition to overall differences 
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from the varying nitrogen content. In Figure 3.4a it is difficult to distinguish the 5 keV 

and 30 keV milled squares. Figure 3.4b shows a clear influence of the milling on the 

intensity of the CL emission and reveals that all the squares are darker compared to 

their surroundings, an effect that is only just discernible in Figure 3.4a as well. In 

addition, the squares milled at 5 keV have a slightly higher intensity compared to the 

squares milled at 30 keV.  

Somewhat different results are obtained when imaging the same regions at 4 kV 

instead of 20 kV. The visibility of milled squares in Figure 3.4c has improved over the 

visibility of milled squares in Figure 3.4a. Contrary to Figures 3.4a and 3.4b, the milled 

squares are all brighter compared to their surroundings, which is consistent with the 

graph in Figure 3.3. In addition, as in Figure 3.4b, the intensity of the CL emission 

seems to increase from 30 keV milling to 5 keV milling. This is most clearly visible in 

Figure 3.4d. The turning point from darker to brighter with respect to the 

surroundings depends on the ion beam acceleration voltage. At higher keV milling it 

requires lower kV imaging to enhance the CL emission compared to the surroundings. 

Milling at 20 keV or 30 keV requires no more than 5 kV imaging to observe CL 

emission enhancement. 

A number of contributing principles may account for the changes in CL emission. 

Recently work has been done on simulating the intensity of CL emission from GaAs 

which has a diamond crystal structure. In case of GaAs an increase in the surface 

defect density results in a significant increase in intensity of the CL emission, 

especially at low kV imaging. Reducing the thickness of the defect layer also increases 

the CL intensity. (Nouiri et al., 2000; 2007; Djemel et al., 2002). 

These two effects could account for the contrast trends seen in Figures 3.2 and 3.4. At 

low kV imaging the influence of the doping results in a higher CL intensity compared 

to the surroundings. The increase in CL intensity from squares milled at 30 keV to 5 

keV could be explained by the difference in interaction volume of the ion beam.  

Therefore it seems that the contrast behavior of diamond correlates with the 

simulations of Nouiri et al. (2000) and Djemel et al. (2002) This means that the ion 

beam can intensify the CL of diamond because of the creation of defects that act as 

radiative emission centers enhancing CL emission. This is best seen at low kV 

imaging. Due to the dependency on acceleration voltage, our results are not 

contradicting earlier results (Furuya & Saito, 1996) that showed a reduction of the CL 

emission in a 200 kV TEM that effectively destroyed the crystal structure. This does 

bring up the possibility of modifying the radiative centers with the electron beam. 

Spectral changes induced by 20 kV electron beam radiation were reported (Kanda et 



FIB-SEM Cathodoluminescence Tomography 

87 

 

al., 2005, Kanda & Watanabe, 2006). However, in these reports currents used were 1 

μA, which is at least 200 times higher than the currents used in our study. Therefore 

the influence of the electron beam was not further considered in the current study. 

In the case of diamond imaged at low kV, the FIB does not change the bulk 

properties, but it amplifies the CL emission by increasing the surface defect density. It 

should be taken into account, however, that particular spectral lines might be 

absorbed by bands (energy levels) created by the gallium. 

In general, a validation test by milling top down is recommended when applying FIB-

SEM CL tomography to materials other than diamond. It would involve testing the 

influence of various ion beam and electron beam conditions on the total CL emission 

and the CL spectrum.  Especially for opaque materials, as the CL sampled volume can 

be relatively small compared to the affected surface layer. 

 

3.3.5 FIB-SEM CL Tomography Application 

One of the important properties of FIB-SEM CL tomography is the resolution in the 

z-axis for electron imaging. Modern FIB systems are capable of removing slices as 

thin as 10 nm. Although a thin surface layer is going to be affected by the ion beam, 

CL emission is generated in much thicker and thus deeper sections, provided that a 

sufficiently high acceleration voltage is used. Therefore, for optically transparent 

materials such as diamond, the slices should ideally have a minimum thickness that 

equals the electron beam interaction depth, which is different for each type of sample, 

to prevent sectioning at a scale that is smaller than the resolution of the imaging 

technique.  The thickness of the slices determines the overlap of information in 

subsequent slices which complicates the interpretation. In case of diamond the 

information is obtained from a depth up to about 650 nm at 10 kV with the surface 

tilted 38° (based on the Casino simulation). Therefore FIB-SEM CL tomography has 

a restricted spatial resolution for an application such as the 3D orientation of diamond 

growth layers, slices of 1 or 2 μm are sufficient. More opaque materials will allow for 

thinner slices as the induced light can only escape towards the detector from shallower 

depths. However, the influence of the surface affected by the ion beam might 

therefore be more significant as well. 

The relatively thick slices and the orientation of the slices require some additional 

attention for the reconstruction. Due to the simple structure to be reconstructed it 

was possible to modify the individual points in this study. However, ideally one would 

like to correct the original data set. For the current data set this would involve 
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modifying 1024 x 884 x 12 points. In the future larger volumes will be produced, 

presenting the need for more comprehensive software solutions. Meshing the model 

would aid the visualization significantly. It would allow distinguishing the CL band 

(Figure 3.7, blue line) and the dark area (Figure 3.7, orange line). Future updates of 

IMOD or using other software packages might enable meshing of these models. 

In addition a new design for a CL detector is needed to allow for more conventional 

FIB-SEM tomography geometries, using a stage tilt to bring the sample surface 

perpendicular to the FIB. This would facilitate the reconstruction, but it would also 

allow an automated sequence, which is already common for other imaging types. 

The combination of FIB-SEM-CL tomography and EBSD on the natural diamond 

shows that the CL contrast bands in the studied volume formed mainly by growth on 

octahedral planes. Some near {100} planes and curved non-rational planes are also 

present (Figure 3.9) accounting for the complicated geometry of the growth surfaces. 

Our analysis suggests that local discontinuities in the growth layers are produced by 

changes in the growth form during the deposition of a particular growth band. These 

changes occur near crystal corners.  Some additional applications of FIB-SEM CL 

tomography to the origin of inclusions in natural diamonds are presented by Wiggers 

de Vries et al. (2011). 

 

3.4 Conclusions 

The study presented in this Chapter investigated the possibilities to combine the 

milling capacities of the FIB with the imaging capabilities of the CL in the SEM.  It is 

found that the intensity of CL emission is influenced by the FIB. In areas with strong 

luminescence ion milling results in a significant increase of CL emission for low kV 

imaging of the diamond sample, probably due to an increase in surface defect density 

from the FIB. This is in agreement with theoretical models describing the influence of 

lattice defects on CL emission. At higher kV imaging, ion milling results in a small 

reduction of CL emission. In addition, an influence is found for the ion beam 

acceleration voltage. At 5 keV milling the CL emission is more significant enhanced 

than at 30 keV milling. Increasing the keV for milling requires a decrease in kV for 

imaging to observe CL emission enhancement. Again this is in agreement with 

theoretical models and in this case it is partially contributed to a difference in 

thickness of the surface defect layer. In areas with weak luminescence the total 

luminescence might be too weak to show this effect due to the absence of sufficient 

formation of radiative emission centers due to the low nitrogen content. 
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Furthermore, it is concluded that it is practically possible to mill a cross section with 

the FIB and subsequently image it with the CL detector. The diamond sample shows 

distinct CL emission from the cross sections, which is contributed to the sample and 

not to FIB-induced processes. Serial milling and imaging resulted in a stack of images 

that can be post-processed into a 3D representation of the feature; independent of the 

orientation of the slices relative to each other. The preferred thickness of the slices 

mainly depends on the acceleration voltage of the electron beam required for CL 

imaging and the opacity of the material. The resolution for diamond at 10 kV electron 

beam imaging that is achieved is ~ 300 nm in X and Y and 650 in Z.  The 3D model 

of a small volume reveals growth on mixed octahedral and cubic planes.  
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ZSM-5 is an important zeolite for heterogeneous catalysis because of its ability to catalyze e.g. the 

cracking of crude oil molecules into propene. The zeolite’s crystallographic framework consists of 

straight and sinusoidal micro channels, allowing the molecules to travel through the crystals. Acidic 

sites in the framework perform the actual catalysis, while the combination of channels and acidity 

allows for reactant and product shape selectivity. The efficiency of ZSM-5 is determined by its acidity 

and site density, the spatial distribution of acidic sites and the transport properties. The latter can be 

enhanced by the introduction of meso porosity by e.g. steaming. In this Chapter, FIB-SEM 

tomography has been used to characterize the meso porosity as introduced by steaming. The 3D 

spatial distribution, orientations and dimensions of meso pores can be determined directly from the 

SEM images, with a resolving power of 5.2 x 5.2 nm2. It is found that the sinusoidal micro channels 

are much more susceptible to dealumination than the straight channels. Also the 90° rotational 

boundary has a higher susceptibility to dealumination. As a result, the generation of meso porosity via 

steaming is strongly controlled by the internal architecture of the zeolite crystal. 

 

 

 

Based on: Karwacki, L.*; de Winter, D.A.M.*; Aramburo, L.R.; Lebbink, M.N.; 

Drury, M.R.; Weckhuysen, B.M. (2011) Architecture-Dependent Distribution of Mesopores in 

Steamed Zeolite Crystals as Visualized by FIB-SEM Tomography. Angewandte Chemie 

International Edition 50, 1294-1298. 

*Both authors contributed equally to this work and this Chapter is part of both PhD Theses. 
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4.1 Introduction 

 ‘Zeolite’ comes from the Greek words zeo – to boil, and lithos – stone. Their 

precisely defined micro channel system is resistant towards harsh reaction conditions, 

and has excellent acidic properties, which make zeolites indispensable in many 

catalytic processes (Thomas, 1992; Naber et al., 1994; Corma, 1995; Corma & 

Martinez, 1995; Thomas, 1999; Den Hollander et al., 2002). Hence zeolites play a 

crucial role in heterogeneous catalysis and are widely used for many commercial 

petrochemical processes. For example, zeolites are the main active component in 

Fluid Catalytic Cracking (FCC) particles. 

It is the specific crystal structure and the resulting network of micro channels that 

makes zeolites valuable as shape selective catalysts. The micro channels in zeolites 

have diameters of the order of 3 – 10 Å. Although over 200 distinct zeolite frames 

have been identified, only a few of them are of industrial importance. This Chapter 

will focus on large coffin-shaped zeolite ZSM-5 crystals (Zeolite Socony Mobil – 5) 

with the MFI (Mordenite Framework Inverted) structure.  

In general, the MFI structure is described as orthorhombic (space group Pnma): with 

dimensions a = 20.022 Å; b = 19.899 Å and c = 13.383 Å. However, upon cooling 

below approximately 57 °C a reversible phase transition to a monoclinic symmetry 

(space group P1
2/n11) occurs, with no apparent hysteresis. The dimensions are the 

same as for the orthorhombic structure, but one angle becomes 90.5° instead of 90° 

(Van Koningsveld et al., 1987a; Van Koningsveld et al., 1987b).  

The 3D structure consists of medium, 10-ring sinusoidal channels along the [1 0 0]- or 

a-axis (5.4 x 5.6 Å2), intersected by the 10-ring straight channels along the [0 1 0]- or 

b-axis (5.1 x 5.4 Å2) (Olson et al., 1981). Figure 4.1 illustrates the MFI crystal structure, 

showing the structure projected in all three major crystal directions (Baerlocher et al., 

2013). It is important to notice that with the exchange between orthorhombic and 

monoclinic phases the formal crystallographic conventions require a swap of the a-

axis and b-axis. As a consequence, some ambiguity exists in the literature. For this 

Chapter the orthorhombic structure is used, following previous work which used the 

orthorhombic structure file to index the EBSD (Electron Back Scattered Diffraction) 

patterns (Pennock et al., 2001; Stavitski et al., 2008). 

Figure 4.2a depicts two large coffin-shaped zeolite ZSM-5 crystals as encountered in 

the FIB-SEM. The dimensions of the large coffin-shaped zeolite ZSM-5 crystals 

studied for this Chapter are 100 x 20 x 20 µm (L x W x H). The large coffin-shaped 

zeolite ZSM-5 crystals, as grown, consist of a number of intergrown sub-units. Figure 
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4.2b shows the simplest case of sub-units. The c-axis runs always parallel to the long 

side of the crystals; however the sub-units have a 90° rotation around their c-axis. As a 

result, the sinusoidal channels (a-axis or [1 0 0]) are always perpendicular to the outer 

surface, which means the sinusoidal channels are the main contributors of the 

transport in and out of the crystal. The orientation of the straight channels (b-axis [0 1 

0]) is parallel to the outer surface and the straight channels are only directly accessible 

at the far ends of the large coffin-shaped zeolite ZSM-5 crystals. 

 
Figure 4.1: The MFI crystal structure. The sides of the unit cell have been ‘opened’, visualizing the 

image perpendicular to the three planes of the cube. In the (0 1 0) plane the sinusoidal channels 

running in the [1 0 0] direction are visible as well as a see through of the straight channels into the [0 

1 0] direction. The left model shows the crystal lattice and the right model shows the channels outer 

surfaces. 

 

Figure 4.2: (a) Large coffin-shaped zeolite ZSM-5 crystals imaged by the SEM. (b) A spring - 

model of a large coffin-shaped zeolite ZSM-5 crystal, consisting of 6 sub-units. The c-axis is always 

parallel to the long direction of the crystal. The green and orange subunits have a 90° rotation around 

the c-axis. As a result, the a-axis with the sinusoidal channels intersect the outer surface, whereas the 

straight channels along the b-axis are only directly accessible at the far ends of the large coffin-shaped 

zeolite ZSM-5 crystal or indirectly via the sinusoidal channels. 
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As the unique catalytic properties of zeolites rely to a great extent on molecular 

diffusion and the accessibility of the acidic sites, a great number of studies have 

focused on the improvement of these properties (e.g. Schüth, 2003; Pérez-Ramírez et 

al., 2008). Examples include the synthesis of nano crystals and exfoliating layered 

zeolites (Corma et al., 1998; Corma et al., 1999; Tosheva & Valtchev, 2005). Although 

the various methods allow the fine tuning of the material’s accessibility, the complex 

synthesis and the related costs most probably exceed the costs of industrially 

applicable materials. 

In contrast, cheap and efficient dealumination by steaming and alkali-based 

desilication has become an efficient approach in boosting the molecular uptake of 

zeolites (Rozwadowski et al., 2002; Ogura et al., 2002; Van Donk et al., 2003; Groen et 

al., 2007). While both methods are fairly simple in terms of enhancing the molecular 

diffusion, until now not much is known about the uniformity and the size variations 

of the obtained meso pores. The main direct approach makes use of Transmission 

Electron Microscope (TEM) tomography, but is limited to materials not exceeding a 

few hundred nanometers (Janssen et al., 2002; Ziese et al., 2004; Friedrich et al., 2009), 

while N2 physisorption measurements provide average information on the meso pore 

volume only (Sing et al., 1985). Furthermore, as known from previous studies on the 

molecular diffusion barriers in large coffin-shaped zeolite ZSM-5 crystals (Karwacki et 

al., 2007; Kox et al., 2007; Karwacki et al., 2009), the crystal’s morphology and internal 

architecture define areas where straight and sinusoidal channels are open to the 

surface. Consequently, individual zeolite crystals differ in their overall material 

accessibility and related catalytic behavior. 

In this Chapter, the results are presented of using FIB-SEM tomography to 

characterize the meso porosity of large coffin-shaped zeolite ZSM-5 crystals after 

steaming. The method is shown to be capable of resolving useful information 

considering the distribution and length, width and morphology of meso pores in 

steamed large coffin-shaped zeolite ZSM-5 crystals. 

 

4.2 Materials & Methods 

4.2.1 The Large Coffin-shaped Zeolite ZSM-5 Crystals  

Large coffin-shaped zeolite ZSM-5 crystals (Si/Al ratio of 17) were provided by 

Exxon-Mobil. The crystals were converted into their acidic form by triple ion-

exchange with a 10 wt% ammonium nitrate (99+%, Acros Organic) solution at   
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70 ºC, followed by calcination at 550 ºC (5 ºC/min, 500 min). A more detailed 

description can be found in the work of Karwacki et al. (2009). 

Prior to steaming, for post-treatment, the large coffin-shaped zeolite ZSM-5 

crystals were pre-heated (120 ºC during 30 min, 2 ºC/min) in a quartz tubular 

oven (Thermoline 79300). Subsequently, the crystals were heated up to 700 ºC at a 

rate of 10 ºC/min and steamed via saturation of a N2 flow (140 ml/min) with 

steam for 300 min. After the steaming, post-treatment crystals were slowly cooled 

down and subsequently calcined at 550 ºC (5 ºC/min, 360 min). 

The large coffin-shaped zeolite ZSM-5 crystals were sprinkled on an aluminum 

stub with a carbon sticker and subsequently sputter coated with 4 nm Pt/Pd 

(Cressington Sputter Coater 208HR + Cressington thickness controller MTM20). 

In the Nova Nanolab 600 Dualbeam (FEI Company, Eindhoven, The 

Netherlands) a large coffin-shaped zeolite ZSM-5 crystal with the correct 

orientation is selected using the SEM (Figure 4.2a). Prior to milling cross sections, 

a 1 μm thick layer of platinum deposition is deposited in-situ, on the areas of 

interest using the Gas Injection System (GIS). The deposition protects the area of 

interest from the ion beam and improves the sectioning quality. 

The various sections were milled with the FIB at 30 keV and 0.1 nA. 

Subsequently, SEM images were recorded in Back Scattered Electron (BSE) mode 

at 2 kV, 0.21 nA, using the Through the Lens Detection (TLD) system in 

combination with the immersion lens. The BSE mode prevents charging artifacts 

in the image, caused by the uncoated surface. The pixel size is 2.6 nm and the 

images have 2048 x 1768 pixels. 

4.2.2 FIB-SEM Tomography 

An in-house developed script has been used for FIB-SEM tomography. The script 

is written in the RunScriptTM (FEI Company) environment, provided along with 

the microscope. The script uses an alignment routine which checks and corrects 

any drift of the sample before milling a section. By averaging over two fiducial 

markers the average accuracy of the subsequent slice positions is 1.9 nm. The 

slices with a nominal thickness of 10 nm were milled at 30 keV, 0.1 nA. The 

average thickness value varied approximately 19%. Therefore we assume that the 

resolution of in z-direction equals 10 nm ± 2 nm. 

The SEM images were recorded as described for the individual manual cross 

sections. The scan resolution of the SEM images was 2.6 nm and the width of the 
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electron beam is of the same order. Imaging in BSE mode normally reduces the 

resolution significantly due to the interaction volume, which can be tens of 

nanometers for low density materials like zeolites. However, in this case, contrast 

is created not by elemental differences, but by morphology. The yield of BSE’s is 

dependent on the incidence angle of the electron beam with respect to the 

orientation of the surface of the sample. In addition to the pore edges being 

parallel to the electron beam, the pores also act as a Faraday cup, forming a ‘trap’ 

for electrons. Hence the very small pores appear black in the BSE image as very 

few electrons escape from the surface to the detector. 

With a probe size of approximately 2 nm, the imaging resolution was limited by 

the scan resolution (2.6 nm). However, noise across the image didn’t allow single 

pixel investigations; hence only pores larger than 2 x 2 pixels were included in the 

study, resulting in a resolution of 5.2 x 5.2 nm2. Any smaller pores might be 

present, but are invisible to this microscope. 

The stack of images required post-processing in order to obtain 3D statistical 

information. The first step consisted of an alignment procedure using Midas, a 

program from the IMOD software package (Kremer et al., 1996). The second step 

consisted of manually drawing a model from the meso pore structures in IMOD, 

using open objects. Statistical data was obtained by exporting the data from the 

model drawn in IMOD. Subsequently in-house developed software was used to 

produce a histogram and an orientation graph. 

 

4.3 Results & Discussion 

4.3.1 FIB Cross Sections 

In a first set of experiments the FIB milled cross sections of three distinct regions of 

the parent large coffin-shaped zeolite ZSM-5 crystal (denoted as ZSM-5-P). The blue 

(A) and red (C) areas shown in Figure 4.3a correspond to the subunits of the crystal 

with straight (b-axis) and sinusoidal (a-axis) channels open to the surface, respectively, 

whereas the green region (B) refers to the region where straight channels are covered 

by the 90° rotational barrier. As expected, ZSM-5-P does not show any damage of the 

different regions of the crystal or the presence of meso pores, proving that zeolite 

pretreatment does not influence the characteristics of the material (Figure 4.3b). On 

the contrary, a study of the near surface regions of the steamed large coffin-shaped 

zeolite ZSM-5 crystal (ZSM-5-S) depicted in Figure 4.3c shows a significant influence  
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Figure 4.3: (a) A 3D representation of an individual large coffin-shaped zeolite ZSM-5 crystal 

from which the FIB cross sections were milled. Studied areas A – C are highlighted as blue, green 

and red rectangles, respectively. Straight and sinusoidal channels open to the surface are indicated by 

the orange and light blue areas, respectively. (b) SEM images of the three studied cross sections (A – 

C) belonging to the parent crystal, together with the x16 zoomed-in insets. The scale bar is 300 nm. 

(c) Same as b, but for the steamed crystal. Recorded meso pores are highlighted in the SEM insets by 

yellow contours. 
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Figure 4.4: (a) A schematic representation of a dealuminated large coffin-shaped zeolite ZSM-5 

crystal with FIB cross section areas chosen near the original surface of the crystal. (b) Same as a, but 

the cross sections are continued towards the middle of the crystal. (c) SEM images of areas I – IV, 

showing different stages of the FIB cross sectioning. The scale bars are 5 μm. (d) SEM images of the 

studied cross sections of the large coffin-shaped zeolite ZSM-5 crystal tip and body. Areas indicated 

as I – IV refer to the depth of the cross sections as shown in a. Insets are x64 zoomed-in areas 

indicated as indicated. The scale bar is 400nm. Recorded meso pores are highlighted in the SEM 

insets by yellow contours. 
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of the steaming post-treatment resulting in the presence of vast areas of meso porosity 

(yellow contours). 

Examination of the collected images provides clear evidence of the non-uniform meso 

pore distribution present in the three areas of the steamed ZSM-5 sample. More 

specifically, region A (open straight channels) originating from the tip of the large 

coffin-shaped zeolite ZSM-5 crystal, contains a smaller number of meso pores than 

regions B and C. As the cross sections collected from the near-surface regions prove 

the successfulness of the steam treatment, it is relevant to study meso pore 

distribution in the center of the dealuminated crystal in detail. For this purpose, a 

second steamed large coffin-shaped zeolite ZSM-5 crystal was investigated. The 

results are summarized in Figure 4.4. 

 

Table 4.1: Meso pore size distribution in the regions A – C (Figure 4.3) of two individual steamed 

large coffin-shaped zeolite ZSM-5 crystals. 

 

As illustrated in Figure 4.4d, dealumination of the large coffin-shaped zeolite ZSM-5 

crystals led to the generation of meso porosity throughout the entire volume. More 

specifically, regions III and IV originating from the cross sections dissected from the 

Pore  

Sizes 

[nm] 

Crystal I Crystal II Crystals I and II 

Quantity of 

pores in regions 

Percentage of 

total pores in 

regions [%] 

Quantity of 

pores in regions 

Percentage of 

total pores in 

regions [%] 

Quantity of 

pores in regions 

Percentage of 

total pores in 

regions [%] 

A B C A B C A B C A B C A B C A B C 

5.3 252 390 382 14.18 21.95 21.50 324 505 355 19.16 29.86 20.99 576 895 737 16.61 25.81 21.25 

7.9 108 184 174 6.08 10.35 9.79 87 22 117 5.14 1.30 6.92 195 206 291 5.62 5.94 8.39 

10.5 13 46 43 0.73 2.59 2.42 3 36 46 0.18 2.13 2.72 16 82 89 0.46 2.36 2.57 

13.2 5 20 30 0.28 1.13 1.69 0 21 31 0 1.24 1.83 5 41 61 0.14 1.18 1.76 

15.8 1 25 7 0.06 1.41 0.39 0 13 18 0 0.77 1.06 1 38 25 0.03 1.10 0.72 

18.4 1 10 14 0.06 0.56 0.79 0 12 16 0 0.71 0.95 1 22 30 0.03 0.63 0.87 

21.0 2 9 9 0.11 0.51 0.51 2 13 14 0.12 0.77 0.83 4 22 23 0.12 0.63 0.66 

23.7 2 8 9 0.11 0.45 0.51 1 16 7 0.06 0.95 0.41 3 24 16 0.09 0.69 0.46 

26.3  8 7  0.45 0.39  7 2  0.41 0.12  15 9  0.43 0.26 

28.9  5 2  0.28 0.11  5 3  0.30 0.18  10 5  0.29 0.14 

31.6  3 2  0.17 0.11  3 1  0.18 0.06  6 3  0.17 0.09 

34.2  1 0  0.06 0  2 1  0.12 0.06  3 1  0.09 0.03 

36.8  2 2  0.11 0.11  1   0.06   3 2  0.09 0.06 

39.5  0   0   0   0   0   0  

42.1  0   0   4   0.24   4   0.12  

44.7  0   00   2   0.12   2   0.06  

47.4  1   0.06   1   0.06   2   0.06  

 



FIB-SEM Tomography of Large Zeolite ZSM-5 Crystals 

105 

 

middle depths of the crystal center and tip provide clear proof of the occurrence of 

meso pores. Thus, the steaming treatment employed ensures a successful steaming of 

the entire µm-sized large coffin-shaped zeolite ZSM-5 crystals. 

Reviewing the images in more detail shows a difference in the meso porosity 

distribution between the surface regions (I and II) compared to the center of the large 

coffin-shaped zeolite ZSM-5 crystal (III and IV). Most noticeable are the presence of 

meso pores parallel to the cross section plane in region I (Figure 4.4). This behavior 

has been found to be common for the near-surface areas of the large coffin-shaped 

zeolite ZSM-5 crystals center and is observed in both studied samples (region C in 

Figure 4.3c and area I in Figure 4.4c).  

A possible explanation of the above-mentioned presence of 2D meso porosity is the 

damage of the straight channels open to the zeolite exterior. From previous studies 

(Agger et al., 2003; Karwacki et al., 2009) it is known that the surface of large coffin-

shaped zeolite ZSM-5 crystals is not atomically flat, but rather consists of unit cells 

formed in steps, kinks, and terraces, leading to the variations of surface height. 

Therefore, upon steaming the straight channels close but parallel to the crystal surface 

and open to the crystal exterior via the tips appear to be highly susceptible towards 

aluminum extraction, which translates into meso pores parallel to the crystal surface in 

the first few hundred nm of the crystal volume. 

A statistical analysis of the two different crystals is presented in Figure 4.5a and Table 

4.1, which allows a comparison between the average pore size distributions within the 

studied regions A–C. As shown in Figure 4.5a, analysis of the materials revealed a 

significant dependency between the crystal region and the number and diameter of the 

generated meso pores. The dominating meso pores sizes in region A (open straight 

channels) vary between 5.2 nm and 7.8 nm with an average size of all meso pores of 

about 6.2 nm. However, a few meso pores up to 20 nm can be found. Similar analysis 

of regions B (rotation barrier) and C (open sinusoidal channels) reveals that the 

average diameter of all meso pores increases to 8.2 and 8 nm respectively, while the 

maximum diameters of the meso pores were found to be 50 nm and 35 nm, 

respectively. Statistical analysis of the two steamed crystals revealed that region A 

(open straight channels) contains about 23% of the overall number of meso pore 

channels found in all three studied regions, whereas regions B and C have 40% and 

37% of all meso pores, respectively. Strikingly, as can be seen in Table 4.1 and Figure 

4.5b, the distribution of meso pores sizes in all regions reveals that more than 84% of 

all recorded meso pores do not exceed 10 nm in diameter. 
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Figure 4.5: (a) Normalized quantity of pore diameter for regions A – C (Figure 4.3) showing the 

dominating pore population in the 5 – 50 nm range of steamed large coffin-shaped zeolite ZSM-5 

crystals. (b) Same as a, but for the combined number of meso pores over regions A – C. 
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Figure 4.6: (a) Nitrogen adsorption and desorption isotherms of the steamed zeolite ZSM-5 

material. (b) Pore size distribution of the steamed large coffin-shaped zeolite ZSM-5 crystals. 

As shown in Figure 4.6a the occurrence of the hysteresis loop between the adsorption 

and desorption isotherms confirms the presence of meso pores generated upon 

zeolite dealumination. However, according to the BJH (Barrett-Joyner-Halenda) plot 

of the nitrogen adsorption isotherm (Figure 4.6b), only a very small pore volume can 

be found for meso pores above 5 nm. A plausible explanation might be the hindered 

access to the meso pores caused by the debris blockage in the micro channels.  

According to the obtained pore size distribution, meso pore generation by steaming is 

highly influenced by the orientation of the micro channels and thus the internal 

architecture of the crystal. More specifically, the interior of the straight channels (open 

to the surface in the orange regions of the crystal in Figure 4.2; region A in Figure 4.3)  
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Figure 4.7: (a) A schematic representation of an individual steamed large coffin-shaped zeolite 

ZSM-5 crystal during FIB-SEM tomography. The FIB (top) removes subsequent slices of 10 ± 2 

nm thickness from the plane normal to the crystal’s surface, while the electron beam images the 

resulting 5 x 5 μm2 cross section area, indicated by the red square. The inset shows the steamed large 

coffin-shaped zeolite ZSM-5 crystal after FIB milling. The trenches aside the areas of interest prevent 

redeposition (sputtered material redeposited) in front of the area of interest. The crosses and circles are 

used for pattern recognition to automatically align the FIB slices. (b-c) FIB images illustrating the 

beginning and the end of the FIB-SEM tomography series. The difference between the thicknesses of 

the material from b to c is 1.5 μm. (d-e) SEM images of the first and the last cross section collected 

from the analyzed volume of the steamed large coffin-shaped ZSM-5 crystal. The scale bar is 1 μm. 
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Figure 4.8: (a) Four (I – IV) subsequent images of 250 x 200 nm from the FIB-SEM 

tomography series. (b) The same as a, but with three indicated meso pores. Each color of the meso 

pore represents different depths of the steamed large coffin-shaped zeolite ZSM-5 crystal volume. (c) 

Digitally indicated meso pores without the original SEM images. (d) The same as c, but 90° rotated 

and showing different layers. (e) Stacked contours of the meso pores found in layers I – IV in c. (f) 

The same as e, but for d. plane shows a group of 26 reconstructed meso pores.  
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seem to be much more resistant towards dealumination than the sinusoidal channels 

(light blue regions in Figure 4.2) exposed to the crystals exterior in region C (Stavitski 

et al., 2008; Karwacki et al., 2009). Remarkably, region B, being the area with straight 

channels sheltered in the parent large coffin-shaped zeolite ZSM-5 crystal by the 90° 

rotational barrier (Figure 4.3a) is not only the part of the crystal that presents the 

highest number of meso pores, but also contains the most heterogeneous meso pore 

size distribution as compared to the other crystal regions. 

Apparently, extraction of the debris originating from zeolite dealumination is much 

more hindered within the straight channels than in the sinusoidal channel, leading to 

the varying pore size distribution. Interestingly, upon steaming, the 90° rotational 

barrier starts acting as the preferential path for diffusion and facilitates the debris 

removal through the straight channels beneath it. This behavior can be seen by 

comparing regions II and IV in Figures 4.4c and 4.4d. Here, the image of the cross 

section collected from the near-surface region consists of a small amount of meso 

pores (region II), however, the image recorded from the middle of the same crystal 

proves clearly the presence of a high number of meso pores (regions B in Figure 4.3a 

and IV in Figure 4.4d).  

4.3.2 FIB-SEM Tomography 

In view of obtaining 3D information on the length and morphology of the meso 

pores generated in the steamed large coffin-shaped zeolite ZSM-5 crystals, FIB-SEM 

tomography was applied as a novel method for characterization of porous materials. 

FIB-SEM tomography allows subsequent milling and imaging of the steamed crystals 

volume and visualization of meso pores in 3D. 

Subsequently, a stack of 150 consecutive cross section images, separated (10 ± 2) nm 

from each other, with the surface area of about to 5 x 5 μm2, was collected (red square 

in Figure 4.7a). Next, the SEM images were aligned, and the clearly visible meso pores 

were manually identified in all the layers, leading to the reconstruction of the studied 

zeolite volume. The reconstruction procedure is illustrated in Figure 4.8. Following 

this methodology, a 5 x 5 x 1.5 µm3 volume of an individual steamed large coffin-

shaped zeolite ZSM-5 crystal was reconstructed in 3D, illustrating the presence of 

approximately 750 meso pores of length exceeding 10 nm. The result is given in 

Figure 4.9. 
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Figure 4.9: (a) A reconstructed volume of meso pores within the 5 x 5 x 1.5 μm3 volume of an 

individual large coffin-shaped zeolite ZSM-5 crystal. Plane xy is shown; the upper right corner inset 

indicates the orientation of the xy, xz and yz plane as green, red and blue rectangles, respectively. The 

x25 zoomed-in inset shown in the right bottom corner of the xy. The scale bars are 500 nm. (b-c) 

The same as a, but for the xz and yz planes, respectively. The scale bars are 1 μm. 
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However, before the reconstructed volumes will be analyzed, it is important to point 

out that meso pores with a diameter smaller than 10 nm could not be visualized in two 

consecutive micro graphs. Therefore, approximately 84% of the overall population of 

meso pores (Table 4.1) cannot be resolved in 3D by the FIB-SEM tomography and 

are not included in the 750 pores discussed further on. Nevertheless, it is important to 

stress the impact of the sphere-like meso pores with a diameter below 10 nm. Owing 

to the nature of their morphology, the sphere-like meso pores are only connected 

through micro channels and therefore do not significantly enhance the molecular 

diffusion. The lengths of the reconstructed meso pores vary in the range of 10 to 260 

nm, while their width is between 10 and 50 nm. From the visualized population of 

meso pores (Figure 4.10) approximately 630 of them (85%) are in the range of 10 to 

100 nm, while only 1% rises above 200 nm (Figure 4.10). Considering that even the 

longest recorded meso pores are enclosed within 250 nm, therefore not longer than 

the 1.25% of the average width of the crystals, it is important to underline the 

uniformity of the steaming process and distribution of the meso pores across the 

whole crystal, as shown in Figure 4.4.  

 

Figure 4.10: Average length of the meso pores based on ~ 750 reconstructed meso pores from the 

steamed large coffin-shaped zeolite ZSM-5 crystal’s volume, as shown in Figure 4.9. 

 

To better understand the porous distribution and assess the average morphology of 

the studied meso pores, Figure 4.11 shows a reconstructed representation of the 750 x 

750 x 200 nm3 subset of the aforementioned volume of the steamed large coffin-

shaped zeolite ZSM-5. Here 11 resolved meso pores with a width ranging from 15 to 

20 nm and a length below 60 nm are shown. As shown in Figure 4.9, overlaying of the 

subsequent FIB-SEM tomography images allows visualization of the external contour  
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Figure 4.11: (a) A reconstructed distribution of meso pores in a 750 x 750 x 200 nm3 sub-

volume of the steamed large coffin-shaped zeolite ZSM-5 crystal. Plane xy is shown; the upper right 

corner inset indicates the orientation of the xy, xz and yz planes as green, red and blue rectangles, 

respectively. The x2 zoomed-in sections shown in the bottom right corner of the xy plane, shows a 

group of 11 reconstructed meso pores. Scale bars are 60 nm. Surface of digitally indicated meso pores 

is not rendered allowing visualization of their overlay. (b-c) Projection of the meso pores to the xz 

and yz planes, respectively. Each layer indicates the consecutive cross sections planes recorded by the 

SEM. Zoomed-in areas are focusing on two pores with rendered surface. The scale bars are 50 nm. 
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of the meso pores recorded in the steamed large coffin-shaped zeolite ZSM-5 crystals. 

However, to assess the 3D morphology of the meso pores, digital meshing of the 

pores surface is required. This is illustrated in Figures 4.11b and 4.11c, in which the 

shape and form of two examples of meso pores are shown.  

From the close investigation of the reconstructed meso pores, it becomes apparent 

that both the position and morphology are random. However, the long axis of the 

meso pores always aligns with the direction of the channels open to the crystal’s 

surface (normal to the cross section plane). Figure 4.12 illustrates the above-

mentioned relation. Strikingly, out of the 750 meso pores found in the steamed large 

coffin-shaped zeolite ZSM-5 crystals volume (between 10 and 250 nm), more than 

87% (blue data points) do not deviate more than 50 nm from the direction of the 

sinusoidal micro channels opened to the surface, while only 12% (green data points) 

and 1%(red data points) vary between 50–100 and 100–150 nm, respectively. This 

suggests that the majority of the large meso pores is 1D and follow the sinusoidal 

micro channels open to the zeolite surface. Therefore, upon dealumination, the 

shortest path for debris removal is chosen.  

 
Figure 4.12: A variation in the directions of ~ 750 mesopores with length between 10 and 250 

nm recorded in 5 x 5 x 1.5 μm3 volume of the steamed large coffin-shaped zeolite ZSM-5 crystal as 

indicated in Figure 4.9. The first position of the mesopore is fixed into the [0, 0] – coordinates, 

allowing visualization of the mesopores tilt indicated by the position of the last position of the 

mesopore. Pores shorter than 10 nm are excluded. 
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4.4 Conclusions 

FIB-SEM tomography has been applied to large coffin-shaped zeolite ZSM-5 crystals, 

investigating the presence, length/width distribution and morphology of meso pores 

in steamed large coffin-shaped ZSM-5 crystals. The novel approach allowed the 

visualization of the 3D distribution of meso pores with dimensions greater than 5.2 

nm. 

It has been found that the sinusoidal zeolite channels are much more susceptible 

towards dealumination than the straight zeolite channels, resulting in an internal 

architecture- dependent distribution of meso pores within steamed large coffin-shaped 

zeolite ZSM-5 crystals. It has been experimentally visualized that the 90° rotational 

barrier facilitates the dealumination debris meso porosity generation. The long axis of 

the meso pores always correlates with the axis of the micro channels open to the 

crystals surface, thus indicating that the shortest path for the removal of dealuminated 

material residues is preferred.  

The presence of smaller pores is not unlikely, but due to spatial resolution limitations 

of the SEM, such meso pores have not been observed. It is expected that with more 

recent state-of-the-art SEM instrumentation smaller pores will be imaged in a similar 

fashion. As a result, the number of time-consuming operations for TEM lamellas 

preparation can be reduced, as most of the useful data can already be obtained within 

the FIB-SEM microscope. 
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The overall performance of a catalyst particle strongly depends on the ability of mass transport through 

its pore space. Characterizing the 3D structure of the macro- and meso pore space of a catalyst particle 

and establishing a correlation with transport efficiency is an essential step towards designing highly 

effective catalyst particles. In this Chapter, a generally applicable workflow is presented to characterize 

the transport efficiency of catalyst particles. The developed workflow involves a multi-scale 

characterization approach making use of a Focused Ion Beam – Scanning Electron Microscope (FIB-

SEM). SEM imaging is performed on cross sections of 10.000 μm2, visualizing a set of catalyst 

particles, while FIB-SEM tomography visualized the pore space of a large number of 8 μm3 cubes 

(sub-volumes) of individual catalyst particles. Geometrical parameters (porosity, connectivity and 

heterogeneity) of the pore space were used to generate large numbers of virtual 3D volumes resembling 

the sample’s pore space characteristics, while being suitable for computationally demanding transport 

simulations. The transport ability, defined as the ratio of unhindered flow over hindered flow, is 

determined via transport simulations through the virtual volumes. The simulation results are used as 

input for an up-scaling routine based on an analogy with electrical networks, taking into account the 

spatial heterogeneity of the pore space over greater length scales. This novel research approach is 

demonstrated for two distinct types of Fluid Catalytic Cracking (FCC) particles and the differences in 

physicochemical properties were found to relate to differences in heterogeneities in the spatial porosity 

distribution. In addition to the characterization of existing FCC particles, our method of correlating 

pore space with transport efficiency does also allow for an up-front evaluation of the transport efficiency 

of new designs of FCC particles. 

 

 

Based on: de Winter, D.A.M.; Meirer, F.; Buurmans, I.L.C.; Louwen, J.N.; Vogt, 

E.T.C.; Weckhuysen, B.M. FIB-SEM Tomography probes the Meso Scale Pore Space of an 

Individual Catalytic Cracking Particle. In preparation 
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5.1 Introduction 

The performance of a heterogeneous catalyst is governed by the complex interplay 

between the available pore space and the embedded catalytically active sites (Rase, 

2000; Sadeghbeigi, 2002; Hagen, 2006; Ertl et al., 2008; Weckhuysen, 2009; Buurmans 

et al., 2011; Buurmans & Weckhuysen, 2012; Mitchell et al., 2012; Thomas & Thomas, 

2015). Reactant molecules travel through the pore space of a heterogeneous catalyst 

particle towards the catalytically active sites to undergo reaction, followed by the 

transport of the product molecules to the catalyst particle outer surface (Deutschmann 

et al., 2009). Typical diameters of the size of this pore space range, according to the 

IUPAC definitions, from macro pores (> 50 nm), via meso pores (2 – 50 nm) to 

micro pores (< 2 nm) (Rouquerol et al., 1994). The accessibility, or ability for reactant 

and product molecules to travel through the pore space, is of key importance to the 

overall activity and selectivity of a catalyst material, hence acquiring fundamental 

knowledge on the pore space of a catalytic solid is of high importance to researchers 

working in both academia and chemical industries (Dupain et al., 2006; Buurmans et 

al., 2011; Buurmans & Weckhuysen 2012; Grunwaldt et al., 2013; Kärger et al., 2014; 

Kärger, 2015). 

 

Figure 5.1: A selection of cross sections of the two sets of Fluid Catalytic Cracking (FCC) particles 

under study: FCC1 and FCC2. The numbering of the particles corresponds to the results shown in 

Figures 5.9 and 5.10. The scale bars are 25 μm. 

 



Chapter 5 

122 

 

Recent advances in chemical imaging methods have enabled the visualization in 3D of 

the pore space of catalyst materials. X-ray nano-tomography is able to resolve pore 

volumes of entire catalyst particles with a voxel size resolution of 750 nm, down to a 

voxel size resolution of ~ 40 nm for small sub-volumes of the particles (Rase, 2000; 

Sadeghbeigi, 2002; Grunwaldt et al., 2009; Grunwaldt & Schroer, 2010; Ruiz-Martínez 

et al., 2013; Bare et al., 2014; da Silva et al., 2015; Price et al., 2015; Meirer et al., 2015). A 

recent example being a X-ray nano-tomography study on the effects of metal 

deposition on a single fluid catalytic cracking (FCC) particle with respect to macro-

pore clogging (Meirer et al., 2015). Another method includes Focused Ion Beam – 

Scanning Electron Microscopy (FIB-SEM), which can resolve in steamed zeolite 

crystals meso pores down to ~ 5 nm in diameter (Karwacki et al., 2011), while 

Transmission Electron Microscopy (TEM) resolves even meso pores down to ~ 2 nm 

in e.g. thin slices of zeolite materials (Zecevic et al., 2013; Friedrich et al., 2009). 

Table 5.1: Physicochemical properties, pore accessibility index and catalytic performances of the two 

sets of Fluid Catalytic Cracking (FCC) materials, denoted as FCC1 and FCC2, under 

investigation. 
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Visualization of the pore space of a catalyst particle enables the quantification of 

geometrical parameters, such as local pore distributions (Hilfer, 1991), the pore size 

distribution (Münch & Holzer, 2008), tortuosity and constrictivity (Gommes et al., 

2009; Gaiselmann et al., 2014), and percolation theory principles in general, e.g. via 

multidirectional pore-network models (Raoof et al., 2013). The correlation between 

such geometrical parameters and the supporting substrate’s ability to mass transport 

has been an active scientific topic for over a century (Knudsen, 1909; Gaiselmann et 

al., 2014). One of the remaining challenges is incorporating an accurate description of 

the hierarchical complex heterogeneous pore space.  

The geometrical parameters are useful for assigning classes of porous materials, but 

the predictive capability of the geometrical parameters for the ability to transport 

mass, remains ambiguous (Bruckler et al., 1989; Liu et al., 2006), for example when 

considering tortuosity (Clennell, 1997; Ghanbarian et al., 2013). 

In this Chapter we present a generally applicable workflow, which results in novel 

insights in the bulk transport properties of individual macro- and meso porous catalyst 

particles, based on a detailed multi-scale characterization study using the FIB-SEM 

method. The studied catalyst particles are used in Fluid Catalytic Cracking (FCC). The 

FCC process is generally considered as the workhorse of current oil refineries as it 

produces next to gasoline and important fraction of the propylene used for making 

plastics (Rase, 2000; Sadeghbeigi, 2002). 

The spherical FCC particles have an average diameter of 50 – 150 μm, consisting of 

several components, such as zeolite, clay, alumina and silica. The feedstock molecules, 

such as high molecular weight aromatics and naphtenes most often found in the 

naphtha fraction of crude oil, travel through the matrix, consisting of macro- and 

meso pores, while undergoing pre-cracking, before entering the micro pores of the 

embedded zeolite crystals. Acidic sites within the zeolite’s crystalline framework 

perform the actual cracking process (Rigutto, 2010). The efficiency of the FCC 

particle is determined by the intra-particle (matrix) and intra-crystalline (zeolite) 

transport ability (O’Connor et al., 1998), with the intra-particle transport ability 

qualitatively linked to the accessibility of the zeolite component (Kuehler et al., 2001; 

Dupain et al., 2006). 
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Figure 5.2: The multi-scale workflow: Step I, measurement of the 2D spatial porosity distribution 

for squares with varying dimensions. Step II, characterization of the measured macro- and meso pore 

space in small (2 x 2 x 2 μm3) FCC sub-volumes. Step III, algorithm to mimic the FCC sub-

volumes as virtual volumes, which are suitable for flow simulations. Based on the large number of flow 

simulations, the transport ability is plotted as a function of the porosity. The scatter plot can 

mathematically be described by a probability distribution function. Step IV, combining the 

probability distribution function and the spatial porosity distribution into an up-scaling scheme, which 

uses an analogue of electrical resistor networks. 

 



FIB-SEM Tomography of FCC Particles 

125 

 

We investigated two sets of FCC catalyst particles, further referred to as FCC1 and 

FCC2, and the main properties of both catalyst materials are summarized in Table 5.1 

(Buurmans et al., 2011). Scanning Electron Microscopy (SEM) images reveal two 

distinct appearances (Figure 5.1), corresponding to different manufacturing processes. 

The ‘skin’ around FCC2 provides a strong attrition resistance, but at the expense of 

the transport ability into the particles (O’Connor et al., 2001). A reduction in the 

transport ability is suggested by the pore accessibility index, as listed in Table 5.1, 

which is a relative measure of the initial penetration rate of large non-reactant organic 

molecules into the FCC pore space (Psarras et al., 2007). In addition, as evidenced in 

Table 5.1, the catalytic cracking conversion efficiency is distinctly lower for FCC2 than 

for FCC1. Unfortunately, the transport ability through FCC particles cannot be 

derived quantitatively from the nitrogen physisorption and mercury macro porosity 

experiments performed. Table 5.1 clearly shows the differences in mean surface area 

and porosity for both FCC catalyst materials but no actual pore space morphology can 

be deduced (Gaiselmann et al., 2014). 

The developed approach presented in this Chapter involves a four steps multi-scale 

characterization workflow as outlined in Figure 5.2. Step I is the measurement of the 

2D spatial porosity distribution for squares with varying dimensions, while Step II is 

the characterization of the macro- and meso pore space in small (2 x 2 x 2 μm3) sub-

volumes of the sample. Transport simulations (finite element steady-state diffusion) 

through the sub-volumes, as produced by FIB-SEM tomography, are computationally 

expensive. Therefore, step III applies an algorithm to mimic these sub-volumes in the 

form of virtual volumes, which can be processed by standard desktop computers. 

From a large number of transport simulations, a scatter plot is created displaying the 

transport ability as a function of porosity. The scatter plot can be described 

mathematically by a probability distribution function. Finally, Step IV combines the 

probability distribution function and the spatial porosity distribution from step I into 

an up-scaling scheme, applying an analogue of electrical resistor networks. As a result 

of this approach, the transport through volumes with equal dimensions as the original 

FCC particles can be simulated based on the determined macro- and meso pore space. 

From these results we were then able to provide an explanation for the observed 

differences in physicochemical and catalytic properties between FCC1 and FCC2, as 

summarized in Table 5.1. 
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5.2 Transport Simulations 

Transport through FCC particles is generally described as a diffusion process 

(O’Connor et al. 1998). Using Fick’s diffusion law, the dimensionless transport ability 

σ is defined for steady state flow conditions as a ratio of flows: 

  (5.1) 

 

where Φ0 [mol s-1] is the unrestricted flow through a volume with cross section A0 

[m2] and length L0 [m], and Φm [mol s-1] is the ‘measured’ or simulated flow through 

the same volume (A0 · L0) (Figure 5.3). D0 [m2 s-1] is the diffusion constant of the gas 

and Dm [m2 s-1] is an effective diffusion constant. Furthermore, τm and εm are the 

effective tortuosity and the effective porosity, as discussed below. 

In the case of Knudsen diffusion, the ratio D0/Dm becomes ≠ 1. Knudsen diffusion is 

in effect when the ratio between pore radii and the mean free path is smaller than 0.1. 

A ratio greater than 10 is considered sufficient for pure stochastic diffusion. A 

transition regime exists between ratios of 10 and 0.1, where both bulk diffusion and 

Knudsen diffusion are combined (Pollard & Present, 1947; Clifford & Hillel, 1986). In 

the case of naphthalene, assuming a molecular diameter of ~ 0.6 nm (Yu et al., 2012), 

a pressure of 300 kPa and a temperature of 500 K (Rigutto, 2010), the mean free path 

is estimated to be ~ 14 nm, while the pore dimensions are typically of the order of 

tens of nanometer (resolving power in our work is 20 x 20 x 20 nm3). Although the 

workflow in principle would be capable of dealing with Knudsen diffusion, in practice 

the chosen setup would require significant changes. Furthermore, we’re currently 

aiming for a qualitative comparison between FCC1 and FCC2, rather than a 

quantitative result for comparison with bulk sample measurements. Therefore, 

Knudsen diffusion is currently ignored, resulting in D0/Dm = 1. 

In equation (5.1), the measured flow is then defined by an effective cross section Am 

[m2] and an effective length Lm [m]. The ratio A0/Am and Lm/L0 result in an effective 

porosity εm and an effective tortuosity τm. Much effort is put into establishing an 

explicit universal correlation between the transport ability and geometrical parameters 

(Shen & Chen, 2007; Gaiselmann et al., 2014). Specifically, a correlation is sought 

between Dm, εm and τm. The applicable definitions for εm and τm vary, adding 

complexity to the quest (Ghanbarian et al., 2013). Defining transport ability as a ratio 

of flows implies incorporating the geometrical parameters without explicitly separating 

for example εm and τm, simplifying the relation between geometrical parameters and 

the transport ability. 
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Figure 5.3: (a-b) The transport ability is defined as the ratio of the unhindered flow Φ0 and the 

simulated or measured flow Φm through the porous volume. (b) An example of a virtual volume 

generated by the snake algorithm method. 

 

An advantage of our definition of the transport ability is the potential for a direct 

comparison between experimental and theoretical results. Of eminent importance for 

our approach is the required steady state, posing constraints on experiments (Bruckler 

et al., 1989). A comparison of steady state flow conditions with equilibrated systems 

(Kortunov et al., 2005) requires detailed knowledge of the actual pore space geometry. 

Dead-end pores are excluded from contributing to the flow for steady state 

conditions, but must be taken into account in equilibrated no-flow systems. As a 

consequence, correlating steady state flow with equilibrated systems is not trivial. 

 

5.3 Results & Discussion 

5.3.1 Spatial Porosity Distribution Measurements of Fluid Catalytic Cracking Catalyst Particles 

Figure 5.1 shows the SEM images of the FCC1 and FCC 2 catalyst particles, which 

were recorded with a scan resolution of ~ 6 nm. Grids of 2 x 2 μm2, 8 x 8 μm2 and 32 

x 32 μm2 were applied for each individual FCC particle. The porosity was determined 

for each individual square, after the SEM images were thresholded for the porosity. 

From the collection of porosity values (either from 2 x 2 μm2, 8 x 8 μm2 or 32 x 32 

μm2 squares), a mean and standard deviation was calculated, required for step IV, i.e. 

the up-scaling routine. 
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Figure 5.4: Examples of the reconstructed macro- and meso pore space of FCC1 and FCC2 sub-

volumes of 2 x 2 x 2 μm3. The connected pore space is displayed in green and the isolated pore space 

is displayed in red, assuming transport in one direction, indicated by the arrows. The numbering 

corresponds to the numbers in Figures 5.6 and 5.7. 

 
Figure 5.5: (a) The spatial porosity distribution determined from 2 x 2 μm2 squares over all five 

FCC1 particles (dark blue) and FCC2 particles (light blue) (Figure 5.1). (b) The distribution of 

the total porosity determined over all 2 x 2 x 2 μm3 FCC sub-volumes from FCC1 (dark blue) and 

FCC2 (light blue). 
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5.3.2 Pore Space Characterization of Sub-volumes of Fluid Catalytic Cracking Particles 

FIB-SEM tomography (Karwacki et al., 2011) and digital post-analysis resulted in 243 

FCC sub-volumes of 2 x 2 x 2 μm3 (56 x FCC1; 187 x FCC2), visualizing the pore 

space with a spatial resolution of 20 x 20 x 20 nm. For details we refer to the Materials 

& Methods section at the end of this Chapter. It is important to note that not all pore 

space is interconnected. Isolated pore space (‘not-connected’) was distinguished from 

the ‘connected’ pore space, assuming transport occurs in one direction through the 

FCC sub-volume. Examples of the 3D pore space reconstruction of individual FCC 

sub-volumes are shown in Figure 5.4. 

To execute step III, i.e. creating virtual volumes, two geometrical parameters were 

characterized: The connected porosity versus the total porosity, and the heterogeneity 

of the pore space within each FCC sub-volume. After identifying the connected pore 

space in 3D, the FCC sub-volume was split back into the original 100 separate images. 

The standard deviation, of the connected porosity values found in all 100 images, is 

considered as a measure for the heterogeneity within the FCC sub-volume. 

The connected porosity is plotted as a function of the total porosity and the 

heterogeneity of the pore space of individual FCC sub-volumes is plotted as a 

function of their corresponding connected porosities (Figures 5.6a and 5.6b). Both 

scatter plots indicate strong similarities between the pore space of FCC1 and FCC2 at 

a 2 x 2 x 2 μm3 scale. The similarity enables the use of a single algorithm for creating a 

pore space in a virtual volume, representative for both FCC1 and FCC2, which is step 

III. 

5.3.3 Virtual Volumes of a Fluid Catalytic Cracking Particle 

Simulating diffusion through the measured FCC sub-volumes is computationally 

expensive. Therefore small virtual volumes (50 x 50 x 50 voxels) were generated, using 

two different algorithms: 1) A stochastic distribution of pore space throughout the 

virtual volume, referred to as ‘random algorithm’ and 2) a random walk-like algorithm, 

referred to as ‘snake algorithm’. For details we refer to the Materials & Methods 

Section. A total of 9462 virtual volumes was generated (4334 x random; 5128 x snake) 

and were compared with the measured FCC sub-volumes (FCC1 and FCC2 

combined) for the two geometrical properties examined in step II (Figures 5.6c and 

5.6d). An example of a virtual volume generated by the snake algorithm is shown in 

Figure 5.3b. 
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Figure 5.6: The characterization of the pore space geometries and the comparison between the FCC 

sub-volumes and the virtual volumes. (a) The scatter plot of the connected porosity and the total 

porosity (50x FCC1; 50x FCC2). The dark and light blue data points indicate data from FCC1 

and FCC2, respectively. The numbering corresponds to Figures 5.4 and 5.7. (b) Same as (a), 

comparing the standard deviation of connected porosity of the FCC sub-volumes. (c-d) Comparison 

between the FCC sub-volumes (dark data points, 243 sub-volumes) and the virtual volumes 

generated by the random algorithm (blue data points) and the snake algorithm (green data points). 
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Figure 5.7: (a) The scatter plot of the transport ability for the virtual volumes generated by the 

snake algorithm. The numbers correspond to the numbers in Figures 5.4 and 5.6, indicating the 

transport ability determined for FCC sub-volumes. FCC2 sub-volumes α – δ are shown in Figure 

5.8. The insets show the skewed distribution of σ-1 for a specific porosity range. (b) The percolation 

probability (PP), determined from virtual volumes generated by the snake algorithm. The horizontal 

bars indicate the binning step (Δε = 0.2) for calculating the average PP. 

 

The two geometrical properties of the virtual volumes generated by the snake 

algorithm correspond well to the geometrical properties of the FCC sub-volumes. As 

a result, transport ability will be determined through virtual volumes generated by the 

snake algorithm. 
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5.3.4 Transport Ability Distribution 

The flow through a virtual volume was simulated by a finite element method, solving 

Fick’s second law for all voxels, using the Jacobi (iterative) method, which establishes 

the concentration levels throughout the pore volume. The boundary conditions were: 

Fixed concentration levels at the entrance (c0) and exit (c = 0) plane; while the four 

remaining boundary planes of the cube are closed to transport (Figures 5.3a and 5.3b). 

When the solution of the partial differential equation of each voxel becomes stable, i.e. 

no more (significant) changes in concentration levels throughout the volume are 

observed, steady state conditions are obtained and Φm is calculated. Steady state flow 

was considered when the difference between Φz=0 and Φz=L0 became negligible 

(0.01% of the concentration difference between the entrance and exit planes). In this 

way the transport ability σ was determined for 5128 virtual volumes generated by the 

snake algorithm and are plotted versus the connected porosity in Figure 5.7. For 

comparison, the transport ability of the 12 FCC sub-volumes (4 x FCC1; 8 x FCC2) is 

plotted, indicating a similar scatter. 

Our scatter plot for the transport ability resembles the scatter plots found for 

permeability of porous media (Nelson, 1994). Other work, based on experimental 

evidence (Bruckler et al., 1989) and computer simulations (Liu et al., 2006) argued that 

a ‘simple and unique relationship’ between the transport ability and geometrical 

parameters does not exist, although such relationship is often suggested in the 

literature (Shen & Chen, 2007; Gaiselmann et al., 2014). To capture the transport 

ability in a mathematical framework, rather than an explicit equation, we propose to 

describe a specific porous material by a probability distribution function F(σ -1). The 

insets in Figure 5.7 show two histograms of 1/σ for the regions I and II of the 

connected porosity. Despite the skewed distribution, a standard deviation and mean 

can be calculated, defining σ -1 ~ N(a,b2), where a(εconnected) and b(εconnected) are the 

mean and standard deviation respectively. It was found that, when examining the 

whole data set, both a(εconnected) and b(εconnected) are best fitted by an exponential 

function with a polynomial as exponent (Table 5.2). 

In addition to the transport ability, a percolation probability (PP) is determined for the 

virtual volumes generated by the snake algorithm. A volume is either percolating 

(percolation = 1) or not percolating (percolation = 0). The PP is determined as a 

function of the porosity by fitting a curve to the moving average of the percolation 

scatter plot, of which the result is shown in Figure 5.7b. 

With a mathematical description for the transport ability and the percolation 

probability and the corresponding parameters for the FCC samples in place, it 
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becomes possible to generate their values for the up-scaling routine, without requiring 

further full-scale simulation efforts. 

5.3.5 Up-scaling Routine for Translating the Properties of the Set of Virtual Volumes into a 

Transport Ability of a Catalyst Particle 

The up-scaling routine combines a number of virtual volumes into a larger cube of n x 

n x n virtual volumes. Based on the spatial porosity distribution found in step I, the 

porosity of each of the n x n x n virtual volumes is assigned using a Gaussian random 

generator. A second Gaussian random generator assigns a transport ability value to 

each virtual volume, based on the assigned porosity and F(σ-1) found in step III. A 

third random generator determines whether or not the virtual volume is percolating, 

based on the assigned porosity and the percolation probability. 

Then the transport ability of the whole cube of n x n x n virtual volumes is calculated 

using the analogue of an electrical resistor network (Schopper, 1966). Instead of using 

the transport ability, we define a transport resistance R: 

                 (5.2) 

 

assuming c(L0) = 0 (Figure 5.3a). The advantage of using a transport resistance is the 

availability of the mathematics as applied to electrical circuitries. Therefore, the cube 

of n x n x n virtual volumes is translated into a three dimensional resistor network, as 

shown in Figure 5.2. Each resistor value is calculated from the average inverse 

transport ability value of both neighboring virtual volumes. Nodes from non-

percolating virtual volumes are taken out of the network, as well as isolated nodes. 

Subsequently, an equivalent resistor value is calculated for the network by Gaussian-

Jordan elimination (Rink & Schopper, 1968). From the equivalent resistor value, the 

transport ability for the n x n x n virtual volumes is calculated. 

Calculating the transport ability of a sufficient number of n x n x n virtual volumes, 

results in a new scatter plot of the inverse transport ability as a function of the 

porosity. A new distribution probability function F2(σ-1) can be fitted and used for a 

second up-scaling step. The up-scaling routine can be repeated until the dimensions of 

the original object are obtained, as indicated in Figure 5.2. 
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Figure 5.8: The inverse transport ability is determined for each FCC sub-volume separately. From 

the inverse transport ability (σ -1), the transport resistance R is calculated. Following the analogue 

with the electrical resistance, the four resistors are placed in series, resulting in an equivalent resistance 

value. The first assumption, continuity of the pore space from one FCC sub-volume to another, is 

valid. The second assumption, placing percolating volumes in series which results in another 

percolating volume, is not valid for this particular example. The connection between FCC sub-volumes 

β and γ does not exist. As a result, the series α – δ is not percolating, resulting in R = ∞. In case of 

a 3D arrangement, percolation becomes more likely, as many (detouring) pathways are likely to exist. 

 

Figure 5.9 (next page): The up-scaling of particles of FCC1 and FCC2. The numbering 

corresponds to Figures 5.1 and 5.10. The fitting parameters for the consecutive steps are listed in 

Table 5.3. The purple data points are the result of the first up-scaling step. The dark blue and light 

blue data points are the result of the second and third up-scaling step respectively. The Mean and 

Standard Deviation values are obtained from the 2D SEM porosity measurements. 
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Table 5.2: The numerical details of the probability distribution function F(σ-1) where σ -1 ~ N(a, 

b2), for Figure 5.7a. 

 

 

The current implementation of the up-scaling routine implies two assumptions: 1) No 

interfacial boundary exists between two neighboring virtual volumes i.e. pores are 

likely to be continuous from one virtual volume to another. As in practice no pore 

space is generated for the up-scaling routine, the first assumption is somewhat trivial. 

The second assumption is related, assuming 2) that the overall percolation probability 

remains unaffected when percolating virtual volumes are placed in series. The second 

assumption will not hold. Although each percolating volume contains a pathway 

through the volume, the pathways through the consecutive volumes may not be 

connected. Volumes placed in series results in a percolation probability less than one, 

especially for small porosity values. An example from FCC2 sub-volumes is shown in 

Figure 5.8. However, for simplicity, percolation is considered to be unaffected by the 

potential discontinuity of pathways. In support of the simplification is the 3D nature 

of the up-scaling routine, increasing the probability of percolation. 

For each up-scaling step, the transport ability was calculated for 10.000 cubes. The 

virtual volumes generated by the snake algorithm (step III) represent 2 x 2 x 2 μm3 

FCC sub-volumes (step II). Therefore the spatial porosity distribution (step I) was 

determined for 2 x 2 μm2 squares. Up-scaling is performed with cubes of 4 x 4 x 4 

virtual volumes, resulting in a transport ability scatter plot, representative for volumes 

of 8 x 8 x 8 μm3 
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From the scatter plot, a new distribution probability function F(σ-1) is derived. For all 

particles and all up-scaling steps, an exponential equation was found to fit best; 

strongly resembling Archie’s law (Archie, 1942). The fitting parameters used are 

described in Table 5.3.  

The up-scaling routine was repeated with another 4 x 4 x 4 volume, repeating step I 

with 8 x 8 μm2 squares, resulting in a transport ability scatter plot representative for 

volumes of 32 x 32 x 32 μm3. As shown in Figure 5.2, a final up-scaling step is 

performed with 3 x 3 x 3 volumes, resulting in a transport ability scatter plot 

representative for volumes of 96 x 96 x 96 μm3, close to the FCC diameters. 

The up-scaling scatter plots for FCC1 and FCC2 are shown in Figure 5.9. The tables 

included in the figures provide the input data from step I, the spatial porosity 

distribution. In the following, particle 1 from FCC1 and particle 1 from FCC2 (Figure 

5.9) are discussed. The first up-scaling step for FCC1 (purple data points, Figure 5.9) 

shows a horizontal scatter around the mean porosity value of 0.241, reflecting the 

heterogeneity across the entire FCC1 particle. The horizontal scatter for the FCC2 

particle (Figure 5.9) is significantly wider. Visually, the FCC2 particle is more 

heterogeneous than the FCC1 particle, which results in approximately twice the value 

of the standard deviation for the porosity. Due to the use of random generators, a few 

outliers (approximately 0.5%) are found at small values for 1/σ. Because of the small 

number of occurrences, these outliers are ignored. 

The second up-scaling step (dark blue data points, Figure 5.9) resulted in a narrower 

horizontal scatter, due to a reduced heterogeneity, a trend continued by the third up-

scaling step (light blue data points, Figure 5.9). The heterogeneity of FCC1 for the last 

up-scaling step is close to zero (standard deviation is 0.001).  

As a consequence, all the virtual volumes (32 x 32 x 32 μm3) were assigned with 

almost the same porosity value. It is the percolation probability, which is effectively 

changing the porosity, as non-percolating virtual volumes are assigned with a zero 

porosity value. As a result, the overall porosity of the volume makes a jump (light blue 

data points, Figure 5.9, FCC1, particle 1-3). The effect occurs for all up-scaling steps, 

but is only noticeable in case of a very small standard deviation of the porosity. 
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Table 5.3: The parameters used for the up-scaling routine for the FCC1 and FCC2 catalyst 

particles.
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5.3.6 Comparison between the Transport, Physicochemical and Catalytic Properties of FCC Catalyst 

Particles 

The up-scaling routine has been applied to the 10 FCC particles (5x FCC1; 5x FCC2) 

shown in Figure 5.1 and the resulting inverse transport ability values are plotted versus 

the corresponding overall porosities (Figure 5.10a). Contrary to expectations, based on 

the pore accessibility index in Table 5.1, the average transport ability of FCC2 is 

greater than the transport ability of FCC1 (Figure 5.10a: the average inverse transport 

ability of FCC2 is smaller than the inverse transport ability of FCC1). However, not 

yet taken into account was the presence of the ‘skin’ around the FCC2 particles. In a 

final step, following again the analogue of electrical resistors, the FCC2 particles were 

therefore represented by a single resistor value, while the ‘skin’ was represented by a 

sheet of parallel resistors (Figure 5.10b). Based on the SEM images (Figure 5.1), the 

‘skin’ has an estimated thickness of 2 μm, therefore the characteristics of the 2 x 2 x 2 

μm3 volumes were applicable for determining the parameters of the parallel resistors. 

The ‘skin’ was found to have an estimated porosity of 0.07, again based on the 2D 

SEM data. Consequently, the percolation probability was approximately 0.19 (Figure 

5.7b). 

The FCC2 bulk resistor represents a volume of 96 x 96 x 96 μm3. The combined 2 x 2 

x 2 μm3 volumes and the percolation probability result in sheets of 48 x 48 x 0.019 = 

437 parallel resistors for each plane. The mean inverse transport ability (ε = 0.07) is 

160 (Table 5.2), which results in a transport resistance value of 80 per resistor 

(according to equation 5.2). Following, the sheets of parallel resistors have an 

equivalent transport resistance of 0.18. 

The bulk transport resistance of FCC2 varies from 0.18 to 0.26. The combination of 

the equivalent transport resistance of the ‘skin’ and the FCC2 bulk transport resistance 

results in a significant increase in inverse transport ability (Figure 5.10c). 

Consequently, the transport properties of FCC2 are significantly poorer than the 

transport properties of FCC1. 

The presence of the ‘skin’ can explain the contradiction between the lower 

accessibility and the large mean pore diameter for FCC2 (Table 5.1), as the interior of 

the FCC2 has a significantly higher porosity (Figures 5.1 and 5.5a, the latter shows a 

significantly wider distribution for FCC2 in comparison to FCC1), but the access to 

the interior is restricted by the ‘skin’. Therefore, the large pores present in FCC2 don’t 

contribute to the initial uptake. This observation is consistent with FCC1, which has a 

lower overall porosity and a smaller mean pore diameter, but higher accessibility.  
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Figure 5.10: (a) The result from up-scaling the five particles from FCC1 and the five particles 

from FCC2, shown in Figure 5.1. The numbering of the data points corresponds to the numbering in 

Figures 5.1 and 5.9. Also shown is the average over the five particles for both types. The internal 

structure of FCC2 causes less hindrance to mass transport. (b) The ‘skin’ of FCC2 is represented by 

a sheet of parallel resistors, while the FCC interior is represented by a single resistance value. (c) 

Adding the ‘skin’ results in a significant difference between FCC1 and FCC2, in favor of FCC1 in 

terms of transport ability or efficiency. 
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A few parallel resistors with a small resistance value have a significant impact of the 

overall or equivalent resistance. Considering the ‘skin’ of FCC2, a few highly porous 

volumes of 2 x 2 x 2 μm3 would completely overcome the limiting effect of the ‘skin’, 

provided the entire pore space behind the ‘skin’ is interconnected. This insight offers 

opportunities for the design of improved FCC particles with a high attrition 

resistance. 

 

5.4 Conclusions 

In this Chapter we have developed a generally applicable multi-scale workflow for 

exploring in a quantitative manner the macro- and meso scale pore space of a single 

catalyst particle. The approach is based on the use of a Focused Ion Beam – Scanning 

Electron Microscope (FIB-SEM) and tested for two distinct types of commercially 

relevant Fluid Catalytic Cracking (FCC) particles, differing in their overall pore 

accessibility and catalytic performances. The first part of the workflow characterizes 

porosity in 2D from 100 x 100 μm2 areas with 6 nm pixel resolution and in 3D 

volumes of 2 x 2 x 2 μm3 with 20 nm resolving power, using the FIB-SEM. The 

second part of the workflow is up-scaling, translating relevant characteristics of the 2 x 

2 x 2 μm3 volumes to the bulk properties of catalyst particles.  

The developed workflow is shown to be able to explain differences in distinct 

physicochemical properties, pore accessibility as well as the catalytic performances 

between the two set of FCC catalyst particles, as determined by bulk measurements. 

In addition, improvements of the design can be directly implemented in the 

mathematical framework, helping to design catalyst materials with improved mass 

transport properties. 
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5.6 Materials & Methods 

5.6.1 Materials and Measurements 

The two sets of FCC catalyst particles, provided by Albemarle Catalysts and described 

in detail by Buurmans et al. (2011), were embedded in a resin according to a procedure 

used previously (Karreman et al., 2012) and mechanically polished, resulting in disks of 

approximately 3 cm in diameter, one for the FCC1 catalyst particles and one for the 

FCC2 catalyst particles. The disks were mounted on an aluminum SEM stub with a 

cohesive carbon tape, with a small strip of carbon tape connecting the top surface 

with the aluminum stub to ensure electrical conductance. Subsequently, the two 

samples were coated with Pt/Pd (4 nm) in a Cressington HQ280 sputter coater. 

The SEM images (Nova Nanolab 600, Dualbeam, FEI Company, Eindhoven, The 

Netherlands) were recorded at 2 kV, 0.21 nA, using the Through the Lens Detector 

(TLD) in combination with the immersion lens, in Back Scattered Electron (BSE) 

mode. Individual FCC particles were imaged with a scan/pixel resolution of 5 – 6 nm. 

The high scan resolution required the recording of multiple images per individual FCC 

particle. Stitching of the SEM images was done in Microsoft’s Image Composite 

Editor (ICE). 

The stitched images were segmented in Photoshop (CS5.1/version 12.1). First, the 

area surrounding an individual FCC particle was removed. Subsequently, the 

individual particle was selected and its histogram was normalized to a mean of 

approximately 126. Next, the noise in the image was removed by the Dust & 

Scratches filter (radius = 4; threshold = 0). Finally, grey level thresholding (threshold 

value = 90) was applied. The filter settings were established by visual inspection. To 

maintain consistency, all FCC particles are processed with the same values. A script 

was written, which applied a grid of variable dimensions across an image of an 

individual FCC particle.  The spatial porosity was determined as the ratio of the black 

pixels (pore space) over all pixels within the square. Pixels outside the FCC particle 

were neglected. 

5.6.2 FIB-SEM Tomography 

The FCC catalyst particles were sprinkled on an aluminum SEM stub with a cohesive 

carbon sticker and subsequently coated with ~ 4 nm Pt/Pd in a Cressington HQ280 

sputter coater (Figure 5.11a). Two SEM samples were prepared, one for FCC1 and 

one for FCC2. The FIB–SEM tomography routine is equivalent to most FIB–SEM 

tomography routines described in earlier Chapters, with the slices milled perpendicular 
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to the surface. Prior to the routine itself, a protective layer of platinum deposition was 

deposited on top of the region of interest (ROI), with a thickness of approximately 1 

μm. Trenches were milled alongside the ROI and a fiducial marker was created next to 

one of the trenches with the FIB. The fiducial marker is used by both FIB and SEM 

for alignment purposes. The final preparation step was milling a large cross section in 

front of the ROI (Figure 5.11b). Towards the bottom of the cross section, the final 

polish becomes very coarse. In order to prevent poor quality cross sections, the depth 

of the trenches and the total cross section is made significantly greater (depth >>14 

μm) than the cross sectional surface to be imaged (y-dimension of the SEM images = 

14 μm). 

The conditions during the FIB-SEM tomography series were 30 keV, 0.3 nA. For 

FCC1 a total of 150 slices with dimensions (xyz) 35 x 14 x 0.02 μm3 were milled and 

for FCC2 a total of 1000 slices with dimensions (xyz) 30 x 14 x 0.02 μm3 (Figure 

5.11c). Due to the more pronounced heterogeneity, the volume analyzed from FCC2 

was chosen significantly larger. After milling a slice, three SEM images were recorded 

alongside each other, from the resulting cross section, with a scan resolution of 2048 x 

1768 and a horizontal field of view of 12.8 μm. SEM images were recorded in BSE 

mode with 2 kV, 0.21 nA. The tilt angle of the cross section’s surface with respect to 

the SEM imaging plane resulted in a vertical foreshortening of the images. In addition, 

the slice thickness exceeded the XY resolution by a factor of ~ 3. During analysis, the 

resulting anisotropic voxel dimensions were maintained with dimensions of 6.26 x 

7.94 x 20 nm3 (x, y, z) for FCC1 and FCC2.  

Due to computational limitations, two out of the three series of SEM images (from 

FCC1 and FCC2) were selected for further processing, based on overall image quality. 

The series of images were independently post-aligned using IMOD (Kremer et al., 

1996). The total volume available for further processing from FCC1 was two series of 

(xyz) 12.8 x 14 x 3 µm3 and from FCC2 two series of (xyz) 12.8 x 14 x 20 μm3. In the 

next step, sub-volumes with dimensions of 2 x 2 x 2 μm3 were selected from the 

aligned series of images, considering any absence of distortion in the images due to 

local charging effects, and the images being well in focus (Figure 5.11d). Each sub-

volume consists of 100 images of 320 x 253 pixels. Due to the anisotropic voxel 

dimension, the sub-volumes are cubic in physical length scales. Further digital 

processing of the individual FCC sub-volumes was required, to distinguish the pore 

space from the solid phase. A routine was developed capable of automatically 

recognizing the pore space in 3D data sets. The routine combines grey level 

thresholding from the 2D images with grey level gradient thresholding in 3D (see 

Appendix of this Thesis). Due to the use of filters, the final voxel resolution is 

approximately 20 x 20 x 20 nm3. The final step identified connected pore space from 
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not-connected pore space. The assumption was made that mass transport occurs in 

one direction only, along the z-axis. Pore space in connection to both the entrance 

plane and the exit plane was defined as ‘connected’, whereas the remaining pore space 

was defined as ‘not-connected’. 

 
Figure 5.11: The progression from data acquisition to a 3D reconstruction is demonstrated for a 

heterogeneous catalyst particle. (a) A particle is selected. (b) The result after FIB preparing the 

particle for a FIB-SEM tomography series. (c) Successive images are aligned. (d) An illustration of 

the selection of the sub-volumes. The scale bars in (a) and (b) are 25 μm 

 

5.6.3 Virtual Volume Algorithms 

Two algorithms were tested, a random algorithm and a random walk-like algorithm 

(referred to as ‘snake’ algorithm), generating virtual volumes of 50 x 50 x 50 voxels. 

The random algorithm starts with an empty volume and replaces all pore voxels by a 

solid voxel with a probability equal to the porosity of the sub-volumes. The ‘snake 

algorithm’, starts with a solid volume. An x and y coordinate is chosen randomly as 
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starting position, while the z coordinate is set to zero. The selected voxel is assigned as 

pore voxel. A path of pore voxels is created by taking successive steps from the 

starting position onwards, with step sizes of -1 ≥ Δx  ≥ 1; -1 ≥ Δy  ≥ 1; -1 ≥ Δz  ≥ 1, 

all with equal probabilities. 

The boundaries perpendicular to the plane A0 (Figure 5.3a) are periodic, allowing the 

path to continue at the opposite planes. The length L0, along the z-axis, is temporarily 

increased by 0.5L0 in both directions, providing the potential for a homogeneous 

porosity distribution throughout the virtual volume. The pathway is restricted to a z-

coordinate value of -0.5L0. Once that coordinate is reached, a randomly generated step 

of Δz = -1 is overruled by Δz = 0. When z = 0.5L0 is reached, the pore generation is 

finished.  
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In this Chapter measurements are presented of the dihedral angle of a synthetic olivine sample, 

containing 10% basaltic melt. Existing techniques based on imaging 2D cross sections rely on 

statistical methods to derive a value for the true dihedral angle. FIB-SEM tomography enables the 

true dihedral angle to be measured directly from the reconstructed melt volume. It was found that the 

values of the 2D methodology match with the 3D methodology, resulting in values of 3° - 13° (± 

4°). In addition, it is observed that the microstructure of the olivine sample with 10% basaltic melt is 

dominated by facets. Facets are a result of strong anisotropic surface energies of the olivine crystal and 

it is discussed that various theories predict a wide distribution for the dihedral angle values of strongly 

faceted systems. The discrepancy between theoretical and experimental findings cannot be explained, 

based on the work presented in this Chapter. The observed degree of faceted microstructures suggests 

the need for alternative theories to calculate the permeability of these systems. 

 

 

 

 

 

 

Based on: de Winter, D.A.M.; Aben, S.F.; Pennock, G.M.; Drury, M.R. The dihedral 

angle of basaltic melt in a synthetic olivine rock relevant to the Earth’s upper mantle. In 

preparation. 
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6.1 Introduction 

Tectonic activity in the Earth’s upper mantle is determined by the rheology of the 

Earth’s deep rocks, which consist mainly of olivine and a variable percentage of 

basaltic melt. The percentage of basaltic melt and its spatial distribution is an 

important factor in the flow characteristics of the rock. The ability for basaltic melt to 

flow through the solid phase, the permeability, plays a significant role in a number of 

geological processes, such as magma genesis, seismicity and heat transport (Stocker & 

Ashby, 1973; Turcotte & Morgan, 1992; Faul, 2001; Katz et al., 2006; Connolly et al., 

2009; Wilson et al., 2014). Accurate models for the permeability at various pressure-

temperature regimes are critical for understanding these geological processes. 

The permeability of olivine is either determined directly from permeability 

experiments (Renner et al., 2003; Connolly et al., 2009) or via permeability simulations. 

Permeability simulations can be split in two categories: I) permeability simulations 

based on direct volume characterization of the melt content in olivine (Hersum et al., 

2005; Miller et al., 2014) and II) simulating the melt shape and distribution, based on 

bulk, microstructural and theoretical analysis and subsequently performing 

permeability simulations through a virtual volume (e.g. Zhu & Hirth, 2003; Cheadle et 

al., 2004; Ghanbarzadeh et al., 2014). 

The melt resides in between the olivine grains in pore spaces varying in dimensions 

from a few nanometers (Drury & Fitz Gerald, 1996; Wirth, 1996; de Kloe et al., 2000; 

Gurmani et al., 2011) up to a few micrometer (Waff & Faul, 1992; ten Grotenhuis et 

al., 2005), while heterogeneity requires detailed analysis of up to hundreds of cubic 

micrometer. Current techniques used for direct volume analysis are X-ray Microscopy 

(Roberts et al., 2007; Zhu et al., 2011; Jiang et al., 2013; Miller et al., 2014) and Scanning 

Electron Microscopy (SEM) combined with mechanical polishing (Wark et al., 2003; 

Garapić et al., 2013). While X-ray Microscopy is capable of investigating large volumes 

(dimensions measured in mm), the spatial resolution is currently limited to 

approximately 0.7 μm (Miller et al., 2014). The typical SEM-polishing combination 

resulted in an analyzed volume of ~ 300 x 230 x 40 μm3, imaged with a sufficient 

resolution to resolve 30 nm melt layers/pockets (Garapić et al., 2013). However, the 

slice thickness of mechanical polishing is approximately 1.6 μm, resulting in an 

anisotropic voxel (xyz) resolution of 30 x 30 x 1600 nm, which could still very well 

miss important details related to the connectivity. 

Permeability simulations through virtual olivine-melt volumes, requires detailed 

knowledge of the exact melt shape and distribution at high spatial resolution, which is 

a subject of debate (Faul, 1997; Wark et al., 2003; Laporte & Provost, 2000). The 
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presence and distribution of melt is derived from bulk experiments, such as electrical 

conductivity measurements (Waff, 1974; ten Grotenhuis et al., 2005), or determined 

directly from microstructural characterizations (Beere, 1974; Waff & Bulau, 1979; 

Cooper & Kohlstedt, 1984; Drury & Fitz Gerald, 1996; Jung & Waff, 1998; Cmíral et 

al., 1998; Mibe et al., 1998; Faul & Scott, 2006; Garapić et al., 2013).  

3D descriptions of olivine often make use of a collection of tetradecahedron shaped 

grains (also called a tetrakaidecahedron or a truncated octahedron) (Wray, 1976) 

(Figures 6.1a and 6.1b). Grain growth in olivine-melt systems is generally considered 

to occur via dissolution-precipitation (or pressure solution) and grain boundary 

migration (German et al., 2009; Cooper & Kohlstedt, 1984; Cooper & Kohlstedt, 

1986). The driving force for dissolution-precipitation and boundary migration is 

surface energy minimization of the olivine grains as shown by Herring (1951). In an 

isotropic material under hydrostatic conditions, the resulting geometry of melt and the 

curvatures of the grain boundaries and solid-melt interfaces are determined by the 

competition, or balance, between the surface energy between the two grains γSS (solid-

solid) and the solid-melt surface energy γSM (Bailey & Watkins, 1950 (cited in Mullins, 

1957); Raj, 1981; Cooper & Kohlstedt, 1982), with 

SM

SS





22
cos 








        (6.1) 

The angle φ is called the dihedral angle, sometimes referred to as the wetting angle, 

and is a geometrical measure for the relative surface energies (Figure 6.1g). The shape 

of the melt tubes in systems with a dihedral angle 60° > φ > 0° is called a ‘triangular 

prism’ (Raj, 1981; Wark et al., 2003) (Figure 6.1c). Systems with a dihedral angle greater 

than 60° lead to isolated pockets of melt, significantly reducing the permeability. In 

the case of a dihedral angle of 0°, complete wetting of the grains occurs, resulting in 

melt layers in between the grains. 

The dihedral angle from olivine + basaltic melt systems is generally determined in two 

dimensions from Scanning Electron Microscopy (SEM) images of mechanically 

polished cross sections (e.g. Waff & Bulau, 1979; Jung & Waff, 1998; Price et al., 2006) 

or in three dimensions from Transmission Electron Microscope (TEM) images (e.g. 

Cmíral et al., 1998). Alternatively, Atomic Force Microscopy (AFM) profiles the trench 

after thermal grooving (e.g. Saylor & Rohrer, 1999).  

The majority of the measurements of the dihedral angles are made from SEM images. 

The mechanical polishing step creates a surface which intersects randomly with the 

grain boundary planes and the melt tubes. Assuming the melt forms a triangular prism 
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in between three grains (implying a dihedral angle 60° > φ > 0°) a cross section will 

show a triple junction. Depending on the orientation of the cross section through the 

melt tube, the dihedral angles will be in a projection view onto the cross section 

(Figures 6.1c and 6.1d). Consequently, the measurement from SEM images results in 

‘apparent’ dihedral angles, rather than the ‘true’ dihedral angle (Harker & Parker, 1945; 

Jurewicz & Jurewicz, 1986; Ye & Smith, 2003; Gokhale & Zhang, 2013). The 

mathematical derivation of a true dihedral angle from a distribution of apparent 

dihedral angles is based on the assumption of a constant value for the dihedral angle 

throughout the material. In the past few decades, values for the dihedral angle 

reported in the literature for olivine + basaltic melt systems has reduced from 50° to 

12°, as a result of technological innovations, illustrating the importance of the 

resolving power of the characterization tools (Figure 6.2)(Garapić et al., 2013). Some 

variations of measured values for the dihedral angle are produced by variations in the 

pressure and temperature conditions across the various samples (Yoshino et al., 2009). 

A constant value for the dihedral angle is expected for all melt tubes throughout the 

volume when considering textural equilibrium conditions (Elliott et al., 1997) and 

isolated, isotropic crystals. The percolation threshold for such systems is shown to 

occur for very small melt fractions (0.01 > melt content > 0.1) (Wray, 1976; Bulau et 

al. 1979; Von Bergen & Waff, 1986). However, energies related to various 

crystallographic orientations are highly anisotropic for olivine (e.g. De Leeuw et al., 

2000; Ghosh & Karki, 2014). Consequently, specific crystallographic planes can 

develop planar surfaces, called facets (Choi & Kang, 2004; Rabkin, 2005). Faceting has 

been reported in olivine-basaltic melt systems (Laporte & Watson, 1995; Cmíral et al., 

1998; Jung & Waff, 1998; Faul & Fitz Gerald, 1999; ten Grotenhuis et al., 2005; 

Yoshino et al., 2006; Zhu et al., 2011; Garapić et al., 2013). The observed faceting has 

raised concerns over the applicability of the dihedral angle as a descriptive parameter 

for olivine-basaltic melt systems in the literature (e.g. Waff & Faul, 1992; Cmíral et al., 

1998).  

As the interpretation of microstructural data depends on assumptions about the 

thermodynamic descriptions of the olivine-basaltic melt system (Raj, 1981), 

disagreement remains in the literature about the exact shape of the melt. What is 

missing is a 3D study at a sufficient spatial resolution. In the present Chapter, we have 

used a Focused Ion Beam – Scanning Electron Microscope (FIB-SEM) for imaging 

the melt at high spatial resolutions. The main aim is measuring the dihedral angle of 

3D reconstructions of the melt in triple junctions. It will be shown that an accurate 

measurement of the dihedral angle is not trivial. In addition, a very strong presence of 

faceting is observed and its implications will be discussed.  
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Figure 6.1: Olivine models are generally assuming a stacking of tetradecahedron shaped olivine 

grains. (a) An example of 3x3x3 olivine grains. (b) An individual olivine grain, clearly showing 

that the grain boundaries consist of triple junction tubes and quadruple junctions. (c) The triangular 

prism shape of the triple junction tube is generally considered as the ideal shape for olivine and it has a 

constant mean curvature. (d, e) Cross sectioning through a triple junction tube results in the 

characteristic triple junction shape, while the exact geometry depends on the orientation of the cutting 

plane. (f) Cutting the triple junction tube parallel to its long axis only shows apparent complete 

wetting of two grain boundaries. (g) The dihedral angles φn are defined in the plane perpendicular to 

the long axis of the triple junction tube. The dihedral angle is the angle between the tangents of the 

grain boundaries at the triple point. 

 

Figure 6.2: In time, technological improvements allowed the observation of the dihedral angle with 

greater precision, resulting in measured values becoming smaller. 



The Dihedral Angle of Olivine-Basaltic Melt 

157 

 

6.2 Materials & Methods 

6.2.1 Sample 

Experiments are performed on the same sample as described in ten Grotenhuis 

(Sample Fo9; Table 1 in ten Grotenhuis et al., 2004; 2005; also used in Chapter 2). The 

sample is a disc with a diameter of 10 mm and a thickness of ~ 1.5 mm, containing a 

mixture of 95% fosterite (Mg2SiO4) and 5% enstatite (MgSiO3), both iron-free end 

members of olivine and pyroxene respectively. A mixture of 29% MgO, 51% SiO2 and 

20% Al2O3 of synthetic basaltic melt was added. The melt content in sample Fo9 is 

9.67% (ten Grotenhuis et al., 2004).  

The Fosterite/Enstatite had an initial average grain size of 1.1 ± 0.4 μm. After 

sintering at the melting temperature of the melt (1475 °C) for 180 min, the resulting 

average grain size became 25.7 μm. A textural equilibrium has been verified by 

visualizing and comparing the microstructure of similar samples before and after a 

second heating cycle of 80 h (ten Grotenhuis et al., 2005). A number of key 

observations are: 

 In comparison with lower melt samples, the 10% melt sample contains a 

significant number of large multigrain-bounded melt pools. In addition, the 

number of melt layers between grains increased significantly. In the 2D work 

of ten Grotenhuis, in principle ‘melt layers’ could be either a triple junction 

cross sectioned along its long axis (Figure 6.1f), or indeed a completely wetted 

grain boundary. 

 Faceting is strongly developed; however, it is not preferentially associated 

with melt pools or layers. In the 2D analysis (ten Grotenhuis et al., 2005), 

some faceting appears to form part of a dry (melt-free) grain-grain boundary. 

 Most enstatite has disappeared, due to chemical re-equilibration. 

For high-resolution (FIB-)SEM work, the sample was mechanically polished with 

diamond paste and colloidal silica and subsequently coated with carbon. 

Strictly speaking, the melt has solidified to a glass. Solidification of the melt by 

quenching has the potential of inducing small changes to the original state and 

microstructure of the melt from olivine growth during the quench. In the literature, 

such modifications, both in synthetic and natural samples, are generally left out of 

consideration, although it was mentioned by Yoshino et al. (2005) and Vissers (1999). 

Quenching of our samples was very fast thus minimizing the amount of overgrowth. 
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Throughout this Chapter, the glass phase is considered representative for the melt 

phase and is hence referred to as the melt phase. 

6.2.2 FIB-SEM  

All the results presented in this Chapter have been obtained by the Focused Ion Beam 

– Scanning Electron Microscope (FIB-SEM) (Nova Nanolab 600 Dualbeam, FEI 

Company, Eindhoven, The Netherlands). The preparation and execution of SEM 

imaging and FIB-SEM tomography were similar as described in previous Chapters. 

Post-processing of the FIB-SEM tomography data involved the correction for the 

foreshortening of the SEM images, due to the projection view of the cross sections 

and alignment of the image series. The alignment was done manually in IMOD 

version 4.7.6 (Kremer et al., 1996). Also the 3D reconstruction of the grain boundaries 

was done manually. The anisotropy of the voxel dimensions (XY versus Z) is 

accounted for by stretching the model along the z-axis. 

The 3D model of the melt allows for directly measuring the true dihedral angle by 

rotating the model into the correct orientation. A triple point (grain – grain – melt) is 

selected and the required rotations, positioning the triple line perpendicular to the 

viewer, are determined by visual inspection. The rotations are applied to the model 

using the Cygwin command “imodtrans –rz –ry –rx [model.mod] 

[model_rotated.mod]”. It was found that it was important to apply the rotations in 

this particular order. 

Viewing the model in the correct orientation, results in a projection of all points onto 

a 2D plane. To be able to visualize the triple junction at a specific z-coordinate, the 

points at other depths are removed. The removal of points is done in Microsoft Excel. 

The model can be extracted into a text-file, using the Cygwin command “model2point 

–scaled [model_rotated.mod] [textfile.txt]”. Based on the z-coordinates, points are 

deleted from the model. Subsequently, the text file is converted back into a 3D model, 

using the Cygwin command “point2model –scat [textfile.txt] [model_planeview.mod]. 

Finally, the true dihedral angle is measured from the resulting new model. 

6.2.3 Measuring the Dihedral Angle 

The dihedral angles were measured by a boundary trace algorithm from the SEM 

images directly or from the 3D model rotated in the correct orientation. Measuring 

the dihedral angle, which involves manually finding the tangent of the curvature 

exactly at the intersection of the two grain boundaries, is found to be susceptible to 

both the image magnification and human interpretation of the image. Although a 
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projected grain boundary is not necessarily circular, close to the intersection point of 

the two grains, the boundaries can be approximated by a circle. A software tool is 

developed, which calculates the angle between two intersecting circles. The radii and 

the relative (x,y) position of the centers of the circles are calculated, based on the 

coordinates of the grain boundaries, as manually indicated by the operator. 

 

Figure 6.3: (a) The boundary of two grains at the triple point is approximated by two intersecting 

circles. (b) Selecting a number of positions along the perimeters of the circles allows calculating the 

center of the circles. Subsequently the intersection point can be determined and finally the dihedral 

angle φ. 

The edge of the left olivine grain boundary (Figure 6.3a) is defined by three points: q1, 

q2 and q3 (Figure 6.3b). The slope m of a straight line connecting q1 and q2 is: 
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The coordinates of the point’s p1 and p2 are: 
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The lines connecting the point’s p1 and p2 to c are defined by: 
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Finally, the center c(x,y) of the circle, or grain, is calculated by: 
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The radius of the circle is calculated from: 

   2,1

2

,1 LcLcL yyxxr                           (6.7) 

The procedure described above is repeated for the right grain. The center of the left 

grain is placed at the coordinate (xL = 0; yL = 0). The center of the right grain must lie 

on the x-axis (yR = 0). The x-coordinate is calculated by: 

   2,,

2

,, LcRcLcRc yyxxa                             (6.8) 

The equations for both circles, representing the two grains, are: 

222 yxrL             (6.9) 

  222 yaxrR          (6.10) 

The dihedral angle ϕ is calculated from the slopes of the two circles at their 

intersection d(xd, yd). Notice two, one or none intersections exists, depending on a and 

the radii of both circles. To calculate xd and yd, equation (6.9) is solved for y, 

substituted in equation (6.10) and solved for x: 
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Equation (6.11) is substituted into equation (6.9) and solved for y: 
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The slope of the lines between d(xd, yd) and the circle centers are calculated by: 
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Finally, the dihedral angle ϕ is calculated by: 

RL  180         (6.14) 

Where 

R

R

L

L
mm

1
tan

1
tan      (6.15) 

In practice, four positions are used, resulting in two intersection positions for cL(x, y) 

and cR(x, y). In this Chapter the average (x,y)-coordinate is used: cL(xaverage c, L; yaverage c, 

L) and cR(xaverage c, R; yaverage c, R).  

6.2.4 Projection of the Dihedral Angle 

When considering the dihedral angle as the angle of two intersecting circles or 

spheres, the dihedral angle can be projected onto a randomly orientated plane which 

intersects the two spheres (Jurewicz & Jurewicz, 1986; Ye & Smith, 2003). By solving 

advanced geometrical relations, it is possible to construct a graph, plotting the 

probability of finding a specific ‘apparent’ dihedral angle. Measuring a large number of 

‘apparent’ dihedral angles from a cross section results in a distribution, from which the 

‘true’ dihedral angle can be calculated (Jurewicz & Jurewicz, 1986; Ye & Smith, 2003; 

Gokhale & Zhang, 2013). 

Instead of randomly orientated planes through two intersecting spheres, we propose 

an alternative approach for calculating the apparent dihedral angle. Consider a circle in 

the XY-plane with the three triple points located on the perimeter (Figure 6.4). All 

three true dihedral angles within a triple junction are defined by the tangents of the 

two grain boundaries at a triple point. Both tangents can be defined by two points 

within the xy-plane; the triple point coordinates and arbitrary points along the tangent 

lines. Considering the tangents as vectors, the angle between the vectors is the 
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dihedral angle. Assuming the triple junction tube is of constant shape along its long 

axis (z-axis), the vectors become vertical planes parallel to the z-axis (Figure 6.4, 

dashed lines).  

 

Figure 6.4: The triple junction is defined as three points (the triple point) forming a circle. Two 

vectors, starting from the triple points, define the true dihedral angle of the corresponding triple point. 

An apparent dihedral angle is calculated by projecting the vectors onto the image plane with a normal 

not-parallel to the long axis of the triple junction, parallel to the z-axis. The image plane is defined by 

the polar angle α and the azimuth angle β. 

A new plane is defined by its normal n = <A, B, C >, going through the origin (0, 0, 

0) (Figure 6.4, for clarity the second plane is drawn at z > 0). The plane is fully 

described by 

0 CzByAx           (6.16) 

The intersection line of the planes, formed by the vectors, and the cross sectioning 

plane is calculated by substituting the two (x, y)-coordinates for each individual vector 

into equation (6.16) and solve for z. Consequently, the angle between the set of 
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resulting vectors in the new plane is the apparent dihedral angle. The plane is rotated 

and tilted via its normal n, according to: 

























cos
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With the proposed method, a cumulative frequency plot is constructed by calculating 

100.000 apparent dihedral angles in randomly orientated planes (used in the Results & 

Discussion section, Figure 6.6). An interesting aspect of the method is the link 

between the three apparent dihedral angles of a triple junction. With the exception of 

high polar angles (α>60°), the sum of the three apparent dihedral angles is 

approximately constant, equaling three times the true dihedral angle. As a result, 

calculating the average apparent dihedral angle over all three triple points on an 

individual triple junction is likely to provide the value for the true dihedral angle, when 

assuming a constant value for the dihedral angle. 

 

6.3 Results & Discussion 

6.3.1 Accuracy SEM Analyses 

The accuracy of the SEM analyses has been determined. The accuracy is a function of 

the resolving power of the microscope and the precision of locating the grain 

boundary. The error in the measurement is estimated by varying the (x,y)-coordinates 

of all manually selected positions, except for the triple point itself (Figure 6.5a - c). 

The dihedral angle is calculated while varying each position within an area of 3 x 3 

pixels, 5 x 5 pixels and 7 x 7 pixels respectively. All the calculated dihedral angles are 

plotted as a histogram, which essentially plots the probability of measuring a certain 

value for the dihedral angle (Figure 6.5d – f) when considering all (x,y)-coordinates 

equally probable. A significant percentage of combinations of (x,y)-coordinates, for 

the manually selected points, do not result in a value for the dihedral angle, as non-

intersecting circles are found. In addition, the displacement of two manually selected 

points in an opposing direction results in a circle with its curvature mirroring the grain 

boundary, instead of tracing the grain boundary. As a result, dihedral angles with 

values between 20° - 180° are found. Such values are easily rejected by visual 

inspection and common sense and are therefore safe to neglect when reviewing 
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manual measurements. The significance of these non-existing (not intersecting) and 

incorrect dihedral angles are listed in Table 6.1. 

The result in Table 6.1 and Figure 6.5d – f indicates a relatively large spread in results 

for the dihedral angle, with only a small error in the measurement. The image of triple 

junction V (see the next paragraph) has a scan resolution of 8.9 x 8.9 nm. Assuming 

the boundary can be located to within 3 x 3 pixels, or within 26.7 x 26.7 nm and 

focusing on the (bottom) left triple point (Figure 6.9, triple junction V(c); Figure 

6.10f), only 87% of the measurements result in a sensible value for the dihedral angle, 

with the most probable value of almost 4°, but with a considerable spread. Almost 

10% of the measurements will result in a value for the dihedral angle of 6°. When the 

accuracy is decreased to 7 x 7 pixels (62.3 x 62.3 nm), a much wider distribution of 

dihedral angles is found.  

 
Figure 6.5: The error in measuring a dihedral angle. (a) An area is selected for the measurement. 

(b) The points defining the edge of the grain boundary (assuming a circular shape) are selected 

manually. (c) The exact position of each point varies a few pixels. (d-f) The variation of 1, 2 or 3 

pixels in both x and y for the three positions selected in (b), apart from the triple point, result in a 

wide spread of measured dihedral angles. d – f correspond to a – c in Figure 6.9 (triple junction V). 

See also table 6.2 and the text for further explanation. 
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A solution for improving the accuracy is the use of a larger number of points along 

the boundary. However, a certain distance (i.e. a number of pixels) between successive 

points is required. In the extreme case of neighboring pixels, line r (Figure 6.3) is 

horizontal, vertical or diagonal. The greater the distance between neighboring 

measurements points, the higher the accuracy in determining the curvature of the 

boundary. Unfortunately, the grain boundaries typically deviate significantly from 

circular sections, most likely due to the orientation of the cross section plane relative 

to the long axis of the triple junction. A more advanced approach would involve 

fitting ellipses to the grain boundaries. 

 

6.3.2 SEM Analysis 

A first series of measurements has been performed on SEM images (Figures 6.6a and 

6.6b) (Aben, 2014). The angles of in total 49 triple points were measured. Each angle 

was measured 5 times and the average outcome is used. When considering the mean 

value over all apparent dihedral angles as the true dihedral angle, the true dihedral 

angle was determined to be 8° (Figure 6.6c) using the mean of the distribution. Clearly 

noticeable in Figures 6.6a and 6.6b is the presence of facet planes. Of the 49 triple 

points measured, 22 (45%) consisted of a facet plane and a curved plane. The 

remaining 55% are curved-curved (CC) triple points. Distinguishing CC triple points 

from curved-facet (CF) triple points (Laporte & Provost, 2000), resulted in a true 

dihedral angle of 7° for CC triple points and 9° for CF triple points, although such 

difference is within the error of the measurement. 

The presence of faceting has been studied on a second series of SEM images. SEM 

images, recorded at 15 kV, Secondary Electron mode, were stitched together (2x2), 

resulting in a large field of view (~ 400 x 400 μm2), imaged at a moderately high 

resolution (pixel size ~ 62 nm) (Figure 6.7a). Faceting is very clearly very dominant. 

Independent of the presence of melt, both straight and curved grain-grain boundaries 

are found. Furthermore, fully wetted boundaries are found, as well as melt-free 

boundaries (also found in images at higher magnifications), and lens systems (Figure 

2.9), small pockets of melt in between two grains. Notice that these observations are 

still from 2D data, as ‘melt layers’ in 3D could still turn out to be triple junctions cross 

sectioned along the long axis. 

Within the 400 x 400 μm2, a total of approximately 205 melt pockets were counted. It 

must be noted that melt pockets are not very well defined due to wide variety of sizes 

and shapes present in the sample. Most melt structures are large melt pocket of which 
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the shape is controlled by at least two non-parallel facet planes and grains of different 

sizes (Cmíral et al., 1998: called interserts in Table 3). Large melt pockets surrounded 

by four or more grains could also be quad-junctions.  

A very limited number of 22 structures were found in the area, resembling triple 

junction geometries. Figure 6.7b shows a number of these structures at higher 

magnifications. From the higher magnification images it becomes clear that many 

structures resembling triple junction geometries actually contain one of more faceting 

planes. The faceting planes are not necessarily part of the triple point itself, but do 

change the mean curvature of the boundary leading up to the triple point. Deriving 

the surface energies of faceting grain boundaries from dihedral angles is debated. 

While some authors claim it is possible (Laport & Laporte, 2000) while others claim it 

is very complex (Cahn & Handwerker, 1993; Blendell et al., 1999) and impractical for 

olivine-melt systems (Cmíral et al., 1998).  

Table 6.1: Cross referencing Figure 6.5, Figure 6.9 and Table 6.1. The curves found in Figure 6.5 

only represent a percentage (included) of the overall results from varying the positions of the points 

defining the grain boundary’s curvature. Excluded values for the dihedral angle range from 8° - 20° 

up to 180°; values which are considered impossible are due to specific relative displacement of the 

points. Visual inspection would exclude such values from the measurements. Also not-overlapping 

boundaries are found, which is not consistent with the image. 

3 x 3 pixels 

 

Figure 6.5 Figure 6.9 Included Excluded Not-overlapping 

Left f c 87.58 % 0 % 12.42 % 

Top d a 54.76 % 0 % 45.24 % 

Right e b 45.61 % 0 % 54.39 % 

 

5 x 5 

pixels 

Figure 6.5 Figure 6.9 Included Excluded Not-

overlapping 

Left f c 36.32 % 12.65 % 51.03 % 

Top d a 84.70 % 0 % 15.30 

Right e b 49.35 % 0.58 % 50.06 % 

 

7 x 7 

pixels 

Figure 6.5 Figure 6.9 Included Excluded Not-

overlapping 

Left f c 26.65 % 31.55 % 41.81 % 

Top d a 75.96 % 0.25% 23.79 % 

Right e b 46.47 % 9.15 % 44.37 % 
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Figure 6.6: (a,b) SEM images of the olivine-basaltic melt sample, from which the dihedral angle 

can be measured (Aben, 2014). (c) The cumulative frequency plot is created by the method described 

in paragraph 6.2.4. The data points are based on the measurement of 49 angles. (a,b) Scale bar is 

10 μm. 
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Figure 6.7: (a) Stitched images covering an area of ~ 400 x 400 μm2 with a pixel resolution of ~ 

62 nm at 15 kV. The boundaries of the grains are clearly visible, often showing well-developed 

faceting. (b) Higher magnification images (5 kV) show that most of the triple junctions found in (a) 

are exhibiting faceting that is observable at sufficient magnification. A number of cracks is observed 

as well, due to quenching.  

 

Figure 6.8: A particularly awkward structure. The dihedral angle is determined for the right-hand 

side junction, listed in Table 6.1, as triple junction I. The horizontal field of views of the insets are: 

(a) 3.3 μm;(b) 2.5 μm. 
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A particularly unusual example of crystallographic controlled grain growth is shown in 

Figure 6.8. The triple junction consists of an apparently fully wetted grain-grain 

contact, or melt layer, towards the top of the image and a grain-grain contact which is 

touching, towards the right, resulting in a dihedral angle greater than zero. The third 

junction, towards the bottom, shows multi-faceting over a very small length, 

coincidently running into another crack. The multi-faceting is inconsistent with a 

surface energy minimization controlled microstructure. In principle, the unusual 

structure could arise from a subgrain boundary intersecting the melt pocket, but there 

is little evidence for the presence of sub grains in this sample. It cannot be fully 

excluded that this specific structure is caused by a local quench over-growth of olivine. 

In either case, high resolution SEM images suggest that the measurement of a dihedral 

angle from this unusual structure is potentially invalidated by additional effects other 

than surface energy minimization. 

Triple junctions with none or barely visible faceting are shown in Figure 6.9. Within 

the 400 x 400 μm2 area, these 4 out of 22 triple junctions (18%), or 4 out of 205 melt 

pockets (2%), are approximately the only triple junctions which can be directly 

interpreted as the result of surface energy minimization mechanisms (Raj, 1981), 

without further debate about the potential importance of faceting.  

Values of 0° are assigned to triple points where the grain boundaries are visibly 

separated by melt. A very obvious example is triple junction II, consisting of two 

apparently fully wetting triple points. The term ‘apparently’ indicates the wetting is 

only shown in 2D, whereas in 3D non-wetting might be found. 

 

 

Table 6.2: The dihedral angles determined from the junctions pointing towards the bottom-left, top 

or right in the triple junctions displayed in Figures 6.8 and 6.9. 

 Left Top Right 

I 0° - 5° 

II 13° 0° 0° 

III 5° 6° 0° 

IV 0° 4° 5° 

V 3° 2° 3° 



Chapter 6 

170 

 

 

Figure 6.9: Even at high magnifications, visual inspection suggests some grain boundaries exhibit 

subtle faceting, for instance triple junction II, the bottom grain boundary. A few grain-grain contacts 

appear fully wetted. Non-wetting grain-grain contacts are shown in the inserts. The grain-grain 

boundary of triple junction V(b) appears wetted upon close observation. Considering a pixel resolution 

of 8.9 nm, the grain-grain contact can be separated by no more than 10 – 30 nm. The horizontal 

field of views of the insets are: triple junction II, 1.25 μm; triple junction III (a, b), 1.67 μm; triple 

junction IV (a,b,c), 1.15 μm; triple junction V (a,b,c), 1.8 μm. 

 

6.3.3 FIB-SEM Analysis 

Triple junction V (Figure 6.9) was further analyzed by the FIB. Three cross sections 

were milled, as indicated in Figure 6.10a. From all three cross sections it becomes clear 

that the mechanically polished surface is not in the same plane as the plane 

perpendicular to the long axis of the triple junction, as defined in Figure 6.4. From the 

inclinations of the melt layers, a polar angle, which is the angle between the normal of 

the sample surface and the normal of the triple junction plane, was determined to be 

of the order of 50°. The azimuth angle has not been determined.  
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The dihedral angle was determined, based on the sum of the apparent dihedral angles 

measured in Triple Junction V. The true dihedral angle was assumed to be a constant 

value to all three junctions, c1, c2 and c3 and the values for the true dihedral angles 

(indicated by ‘d’) were arbitrarily chosen: 30°, 20°, 10°, 5° and 3°. Based on the 3D 

projection method developed in paragraph 6.2.4, the polar angle (α) and the azimuth 

angle (β) (Figure 6.4) were varied and the sums of the apparent dihedral angles were 

plotted (Figure 6.10b). The azimuth angle is rotated 360°, but due to the symmetry of 

the system, only the first 60° are shown. The curves of the sum of apparent dihedral 

angles are plotted for all polar angles (indicated by ‘p’) calculated (20°, 40°, 60° and 

80°). In addition, the measured sum of apparent dihedral angles (8°; Table 6.2) is 

plotted as a straight line. 

From Figure 6.10b it becomes clear that Triple Junction V cannot be produced by a 

random cross section through a system with a dihedral angle larger than 3°. When 

assuming a true dihedral angle of 5°, for all three triple points, the cross sectional 

plane requires a polar angle >80°, indicated in the graph as d5(p80), to produce the 

sum of apparent dihedral angles of ~ 8°. Such a steep polar angle requires the 

projection or imaging plane to be semi-parallel to the long axis of the triple junction 

(closer to Figure 6.1d than to Figure 6.1c). Considering the width of a triple junction, 

of the order of 7 μm, the length of the axis of the triple junction must be 7 / tan(10°) 

≈ 40 μm. As the length of axis’ of triple junctions is generally shorter by at least a 

factor 2 and taking into account the curved nature of the grain boundaries, the 

probability of finding Triple Junction V in a sample with a constant true dihedral angle 

of 10°, is extremely small. 

By excluding the non-realistic solutions, it is found that the true dihedral angle is very 

small, of the order of 3°, while the polar angle, the angle between the axis of the triple 

junction and the normal of the projection, or imaging plane, could be of the order of 

50°. The latter is in line with the observations of cross section c2 and c3. 

An even more reliable approach involves FIB-SEM tomography, which allows a full 

3D reconstruction of part of a triple junction, which will be shown in the next 

paragraph. 

6.3.4 FIB-SEM Tomography 

Three triple junctions were analyzed by FIB-SEM Tomography, as described in 

Chapter 2 and the images were post-processed into 3D reconstructions of the melt in 

between the grain boundaries (Figures 6.11, 6.14 and 6.15). The first triple junction 

(Figure 6.11) was investigated by FIB-SEM tomography with a slice thickness of 100 
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nm. The FIB operated at 0.3 nA and the SEM images were recorded with 5 kV, 0.39 

nA (immersion lens mode). The scan resolution was 2048 x 1768, with a dwell time of 

1 μs, integrating each line scan twice and integrating the entire image eight times. 

From the top down SEM image (Figure 6.11b) the presence of a facet is already 

visible. In the 3D reconstruction of the melt, a fourth olivine grain was found 

‘underneath’ the triple junction. Consequently, instead of a triple junction, the melt 

pockets appear to be a quad junction. It was noticed that the fourth grain also exhibits 

a faceting plane (Figure 6.11e). Both faceting planes are indicated in orange. Two 

triple lines (edges in 3D) are fully included in the reconstruction, allowing the 

determination of the true dihedral angle. The reconstructed volume was rotated, so 

the triple line was perpendicular to the viewing plane and subsequently the data points 

in front- and behind the viewing plane were removed. Figure 6.12 shows two 

examples from the same triple line. The triple point of interest is pointing up (Figures 

6.12b and 6.12d). The appearance of both cross sections is different due to the 

different cross sections of the original 3D model. The cross sectional planes suitable 

for direct measurements of the true dihedral angle are shown in Figure 6.13. From the 

3D model it is known that two grains exhibit faceting. Nevertheless, not all cross 

sections through the triple lines are showing the faceting very clearly. Faceting is only 

visible in Edge 1, position II and Egde 2, positions II and III (Figure 6.13). 

A second triple junction with a number of faceting planes was investigated by FIB-

SEM tomography with a slice thickness of 50 nm (Figure 6.14). The FIB operated at 

0.3 nA and the SEM images were recorded with 7 kV, 0.45 nA (immersion lens 

mode). The scan resolution was 2048 x 1768, with a dwell time of 15 μs and 

integrating each line scan twice. In comparison with the previously described FIB-

SEM tomography dataset (Figure 6.13) no fourth olivine grain was found ‘underneath’ 

the triple junction. Therefore, the melt pocket in Figure 6.14a is a triple junction and 

its polar angle (Figure 6.4) with respect to the sample surface (approximately 45°) was 

determined from the 3D reconstruction. Following, the true dihedral angle of triple 

points I and II (Figure 6.14a) were directly measured from the rotated 3D 

reconstruction (Figure 6.14f).  

The third FIB-SEM tomography series investigated a volume containing a grain-grain 

boundary without melt, in between two triple junctions visible at the surface of the 

sample (Figure 6.15). A FIB-SEM tomography series was recorded with a slice 

thickness of 100 nm. The FIB operated at 0.3 nA and the SEM images were recorded 

with 7 kV, 0.45 nA (immersion lens mode). The scan resolution was 2048 x 1768, with 

a dwell time of 5 μs and integrating each line scan twice. 
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Figure 6.10: Triple junction V (Figure 6.9) is further analyzed by the FIB. (a) Cross sections c1, 

c2 and c3 are milled perpendicular to the surface. The SEM viewing direction is indicated by the 

arrows. Two 3D drawing indicate the orientation of the cross section plane with respect to the triple 

junction for c1 and c2. (b) The sum of the apparent dihedral angles is calculated for true dihedral 

angles (indicated by ‘d’) of 30°, 20°, 10°, 5° and 3°, with the imaging plane orientated with the 

polar angles (indicated by ‘p’) of 80°, 60°, 40° and 20°. A comparison can be made with the 

measured sum of apparent dihedral angles (~ 8°) in Triple Junction V. The only reasonable 

solution, as explained in the text, is a true dihedral angle of the order of 5°, projected onto a plane 

with a normal with an angle of ~ 60° with respect to the axis of the triple junction. 
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Figure 6.11: (a) The location of the triple junction is indicated by the circle. (b) A high resolution 

image of the triple junction prior to the FIB-SEM Tomography routine, with the reconstructed volume 

indicated by the rectangle. (c) The 3D reconstruction of the melt. The blue ribs indicate the original 

sample surface. A fourth olivine grain is discovered underneath the triple junction (creating edge 2), 

suggesting part of a quad-junction had been examined. (d) The same 3D reconstruction, viewed from 

a different angle. In red, a large faceting plane is indicated. The blue ribs indicate the original sample 

surface and the arrow indicates the long axis of the triple junction. (e) The 3D reconstruction viewed 

along the long axis of the triple junction. A second faceting plane becomes visible. (f) Rotating the 3D 

reconstruction allows determining the correct plane, a plane which normal is indicated by the dashed 

line. 
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Figure 6.12: Two examples of reconstructing the correct image plane to measure the true dihedral 

angle from the 3D reconstruction.  

 

Figure 6.13: The six cross sections which allow the direct observation of the true dihedral angles. 

Faceting is not so clearly present in edge 1. Depending on the orientation of the viewing plane, faceting 

becomes very obvious for edge 2. This observation indicates the significance of a high resolution full 3D 

reconstruction of triple junctions, as arbitrary cross sections are not a reliable indicator for faceting. 
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Figure 6.14: (a) The white square indicates the volume analyzed by FIB-SEM tomography and 

the green line indicates the position of the cross section. (b) A cross section image from the FIB-SEM 

tomography series. (c) The 3D reconstruction of the melt pocket. (d) The front view. (e) The top 

view. (f) The orientation along the triple junction’s main axis is at a significant tilt angle with respect 

to the SEM image. The horizontal field of view in (b) is 17 μm. 

 

A remarkable feature of the two neighboring triple junctions (Figure 6.15a) is the 

apparently wetted grain-grain boundaries. Considering a ‘classical’ triple junction 

(Figure 6.1c) the long-axis of the top triple junction would be sub-parallel to the 

sample’s surface (almost the inclination from Figure 6.1f), with the wetted boundary 

pointing towards the top left. Likewise for the bottom triple junction, with an 

apparently wetted boundary pointing towards the bottom right. The long axis of both 

triple junctions could be parallel, based on the initial 2D analysis. A complication is 

noticed with the second apparently wetted grain-grain boundary of the top triple 

junction (pointing towards the top right), which is incompatible with a ‘classical’ triple 

junction geometry, as already noticed in paragraph 6.3.2. 

From the reconstructed volume in between the two triple junctions (Figure 6.15) a 

large melt pocket is found ‘underneath’ the dry grain-grain boundary in between the 

two triple junctions. Although a dihedral angle can be determined in a triple point 

(grain-grain-melt), as indicated in Figure 6.15d, reconciling this particular 3D melt 

geometry with the textbook concept of the dihedral angle of triple junctions in a 

framework of tetradecahedron shaped olivine grains (Figure 6.1) is challenging. One 
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explanation for the melt geometry shown in Figure 6.15c could be textural 

disequilibrium, as will be discussed in the next paragraph. 

 

Figure 6.15: (a) A SEM image indicating the position of the reconstructed volume. (b) One of 

the cross sections, showing part of the reconstructed melt volume. Electrical charging effects are 

significant in the melt. (c) A rotated view of the entire 3D reconstruction of the melt volume. (d) 

The dihedral angle is determined at three positions. The numbering corresponds to table 6.3. (e) 

Triple lines are often found being curved, resulting in a triple junction varying in size along the long-

axis. In contrast, thermodynamic derivations of the geometry of triple junctions, based on the dihedral 

angle, typically assume a constant dimension along the z-axis (e.g. Raj, 1981). The horizontal field 

of view in (b) is 18.9 μm. 
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The measurement of the dihedral angles from Figures 6.12 – 6.15 are done both by 

tracing the boundary (paragraph 6.2.3) and manually from hard copies. The results are 

listed in Table 6.3. Also listed are the results from two other volumes analyzed. Clearly 

noticeable in the 3D reconstructions are local variations along the edges, which are the 

result of a combination of small deviations in the alignment of the image series (which 

were performed automated), inaccuracies of the manual drawing of the model and the 

emphasis of the inaccuracies by the meshing algorithm. The actual measurements of 

the dihedral angles are based on the manually selected points while meshing of the 

reconstruction is only done for enhancing the visualization of the reconstruction. Due 

to low contrast between the melt and the olivine, the spatial accuracy of the points 

forming the model is approximately 50 nm.  

 

 

 

 

Table 6.3: The true dihedral angle values determined from the reconstructed volumes in Figures 

6.13 – 6.15. Tracing the boundaries, as described in the Materials & Methods section 6.2.3, is 

compared to manual measurements on printed images of Figure 6.12. For both methods, the exact 

location of the grain boundary is not very well defined, resulting in an uncertainty of where exactly to 

assume the grain boundaries. 

Figure 6.11 Edge 1   Edge 2   

 I II III I II III 

Boundary 

Trace 

13° 10° 11° 6° 11° 9° 

Manual 11° 10° 10° 5° 9° 9° 

 

Figure 6.14 I II  

Boundary trace 7° 11° 

 

Figure 6.15 I II III 

Boundary trace 8° 8° 7° 
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6.3.5 Microstructure Evaluation 

The characterization of the melt topology is initially based on 2D observations. Grain-

grain boundaries are observed with various appearances:  

1) No melt in between the grains (imaging with a resolution of ~ 10 nm). 

2) Partially wetted by melt, with the melt forming large melt pockets or triple junction 

geometries, independent from the geometry at the other side of the grain-grain 

boundary. 

3) Partially wetted by melt with a lens shaped melt inclusion. 

4) Fully wetted, separating the two olivine grains. 

In the following discussion, we make a distinction between triple junctions with 

boundaries with a constant mean curvature (‘classical’ triple junctions (Von Bargen & 

Waff, 1986) and triple junctions with boundaries containing one or more facets. The 

distinction is made, as controversy exists in the literature over the treatment of triple 

junctions with facets (Cmíral et al., 1998; Laporte & Provost, 2000). 

A key observation in our sample is the tremendous presence of faceting planes. Each 

grain possesses at least one faceting plane (from 2D observations). The triple junction 

geometries are of particular interest in this Chapter. As a result of the faceting, in the 

area of 400 x 400 μm2, only 22 out of 205 melt pockets (~ 10%) resemble ‘classical’ 

triple junctions. Following closer observations, an even larger number of melt pockets 

is disregarded, due to the presence of faceting over shorter length scales (maximum a 

few microns), leaving only 5 (~ 2%) of the melt pockets resembling ‘classical’ triple 

junctions (Figure 6.1d; e.g. Raj, 1981). The resulting faceting might result in strong 

deviations from the original model of tetradecahedron shaped grains (Figure 6.1a, b; 

Wray, 1976) with triangular prims shaped melt tubes (Figure 6.1d). 

Additional evidence for the absence of triangular prism shaped melt tubes is presented 

in Figure 6.11, which shows a faceting plane which was not visible in the cross section 

plane imaged by the SEM prior to the FIB-SEM Tomography routine. In addition, 

Figure 6.13 clearly demonstrates that the orientation of a cross section can reveal or 

hide a faceting plane, even though, considered in 3D, the faceting plane is in close 

proximity to the grain boundary used to calculate the dihedral angle from, and thus 

the faceting plane should be included in the calculations of surface energy 

minimization. We conclude for our sample that in 3D all apparent ‘classical’ triple 
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junctions are likely to be in close proximity of faceting planes, even though these 

faceting planes are not always visible in the cross section. 

Finally, one more observation suggests a disagreement with the classical triple 

junctions. Except for Triple Junction V (Figure 6.9), all triple junctions show one fully 

wetting boundary in combination with a second grain boundary exhibiting a lens 

shaped melt pocked nearby. Seeing a single fully wetting grain-grain boundary could 

be due to cross sectioning the melt tube sub-parallel to the long axis (between Figure 

6.1e-f), although one would expect the geometry of the triple junction itself to be 

stretched tremendously, which is not the case. However, an image with two fully 

wetting boundaries cannot be produced from a specific orientation for a cross section 

and suggests the presence of melt layers rather than melt tubes. 

The recognition of the significance of faceting has increased in the literature. 

Especially in older papers, faceting is simply not visible due to limitations of the 

resolving power of the utilized microscopes, or sometimes neglected (e.g. Jin et al., 

1994). Faceting has been reported in olivine-basaltic melt systems (Laporte & Watson, 

1995; Cmíral et al., 1998; Jung & Waff, 1998; Faul & Fitz Gerald, 1999; Laport & 

Provost, 2000; ten Grotenhuis et al., 2005; Yoshino et al., 2006; Zhu et al., 2011; 

Garapić et al., 2013). Due to the presence of facets, the observed microstructures are 

inconsistent with 2D thermodynamic models (Raj, 1981), which considers a single 

radius of curvature of a grain boundary, whereas in three dimensions a grain is defined 

by two radii of curvatures (Von Bergen & Waff, 1986). However, including faceting 

planes in a 3D thermodynamic model aiming for surface energy minimization 

complicates matters considerably. Apart from the debate whether (Laporte & Provost, 

2000) or not (Cmíral et al., 1998) it is sensible to determine the dihedral angle from 

faceting planes, the overall microstructure and the melt distribution is influenced by 

faceting to such a degree that it can be questioned whether or not the dihedral angle is 

a sufficient descriptive parameter for the olivine-basaltic melt system at all. For 

example, Yoshino et al. (2009) proposed an F-value for the degree of faceting and 

suggested a significant influence of faceting on the permeability of olivine. 

Faceting appears to occur primarily in grain surfaces with a low index, crystallographic 

plane, which are surrounded by melt, while it is suggested that the development of 

these planes is independent of the orientation relationships of neighboring grains 

(Faul & Fitz Gerald, 1999). The extent of faceting increases with an increasing melt 

presence (Faul & Fitz Gerald, 1999; Yoshino et al., 2006). This is in line with the 

observations that at low melt content (< 1 %), melt-free grain boundaries are 

predominant (down to a resolution of 10 nm), while at melt contents of 2% – 3% 

more than half of the grain boundaries are wetted (Faul & Fitz Gerald, 1999). 
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Accordingly, faceting in our sample with 10% melt content is very strongly developed. 

However, in similar samples with lower melt contents (down to 1%), some degree of 

faceting is always found (ten Grotenhuis et al., 2005). Significant faceting could 

indicate a small dihedral angle (Yoshino et al., 2006), as with a decreasing dihedral 

angle the grain boundary curvature will increase, which increases the probability of 

becoming parallel to a preferred (low energy) crystallographic planes. Any low energy 

planes will start to develop into a faceting plane. 

At this point in the discussion, two additional considerations must be put forward. 

The microstructure is thought to be representative for the solid-liquid phase at high 

temperature conditions. As shown by Yoshino et al. (2005), quenching potentially 

results in olivine growth, changing the microstructure. Although we have not found 

evidence for quenching effects in our sample, we cannot positively rule out that 

quenching might have changed the microstructure. Quenching is a potential 

complication in all synthetic samples described in the literature. The pressure-

temperature history of natural samples is even more complicated, and more 

importantly, unknown, which potentially limits the comparisons between synthetic 

and natural samples. 

The second consideration concerns textural equilibrium. In a polycrystalline aggregate 

under hydrostatic conditions, the microstructure will evolve towards the lowest energy 

state, i.e. the smallest amount of interface possible. In addition, in an isotropic system 

the chemical potential at an interface will be higher at the more highly curved solid-

melt interfaces (Bulau et al., 1979). This means that solid-melt interfaces tend towards 

a constant curvature microstructure. If a melt pocket has both facets and curved 

interfaces, then there will still be a tendency for a constant curvature to develop, 

because higher curvature interfaces will shrink while low-curvature interfaces expand. 

Textural equilibrium of our olivine-basaltic melt sample has been verified by 

comparing the microstructure of similar samples which went through a second heating 

cycle (ten Grotenhuis et al., 2005). The verification is based on the resemblance 

between the microstructures, which showed no significant difference after the second 

heating cycle. However, as shown by Walte et al. (2003), the lenses and distorted triple 

junctions present in our sample cannot be explained by grain surface energy 

anisotropy (which would promote faceting). The lenses, as found in the olivine-

basaltic melt sample, are a clear indication of textural disequilibrium. It is also shown 

by Walte et al. (2003) that large pools of melt are disequilibrium features, possibly 

stabilized by faceting, and not a feature of random cross sectioning, as suggested by 

Wark et al. (2003). In principle, the process of grain growth is virtually always in 

disequilibrium, because after consuming the smallest grain, the next-in-line smallest 
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grain will be consumed by the large grains. As a result, some spatial heterogeneity is to 

be expected. In addition, local stabilization of disequilibrium features will increase the 

spatial heterogeneity. 

6.3.6 Surface Energies 

While we suggest reconsidering the dihedral angle as a useful parameter to describe 

the entire melt distribution throughout olivine-basaltic melt system, the dihedral angle 

is also employed to determine the absolute surface energies between grain-grain (γSS) 

boundaries and grain-melt (γSM) boundaries.  With γSS and γSM known for a particular 

system, grain growth can be simulated and the resulting microstructures could be 

studied. For example the permeability of the simulated microstructure can be 

determined or the (range of) dihedral angles can be extracted from the simulations, 

although the latter would result in a circular argument. 

The method of measuring the interfacial energies makes use of equation (6.1). In 

general, one of the absolute values of the surface energies must be known in advance. 

For example, the theoretical grain-grain surface energy (γSS) is calculated from theory 

(Cooper & Kohlstedt, 1982; Adams et al., 1999; Saylor & Rohrer, 1999; Duyster & 

Stöckhert, 2001; Dillon & Rohrer, 2009). Theory developed by Read & Shockley 

(1950; 1952) allows for calculating the surface energy of low angle grain boundaries 

(LAGB) (Rohrer, 2011). In triple junctions containing one LAGB, two general high 

angle grain boundaries (HAGB) and no melt, the measurement of the dihedral angle 

of the LAGB and the corresponding theoretical surface energy can be combined, 

resulting in the derivation of the HAGB surface energy (Duyster & Stöckhert). 

Subsequently, the energies for the HAGB can be applied to melt systems, to 

determine the solid-melt surface energy via the dihedral angle. Values of the grain 

boundary energies for HAGB’s ranges from γSS = 0.9 ± 0.35 Jm-2 (Cooper & 

Kohlstedt, 1982) to γSS = 1.4 Jm-2 (Duyster & Stöckhert, 2001).  

Purely theoretical values for γSS have also been obtained from atomistic simulation 

techniques. Various results were obtained: γSS = 1.3 – 3.6 Jm-2 (De Leeuw et al., 2000), 

γSS = 1.0 – 2.6 Jm-2 (Adjaoud et al., 2012) and γSS = 0.8 – 1.7 Jm-2 (Ghosh & Karki, 

2014), all at zero pressure and no temperature indication, except for Adjaoud et al. 

(2012), stating a constant temperature of 100 K. Increasing the pressure to 17 GPa 

results in γSS = 1.1 – 2.8 Jm-2 (Ghosh & Karki, 2014). An increasing grain-grain 

surface energy correlates with a dihedral angle found to decrease over increasing 

pressure, from 65° (1 GPa) to 40° (5 GPa) (Mibe et al., 1998), although the absolute 

values of the dihedral angle are surprisingly high, possibly due to restrictions of the 
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SEM imaging capability of the microscope used in their study. A similar trend is not 

so clear in the work of Yoshino et al. (2009). 

Theoretical values for γSM are only found via the dihedral angle. A value available in 

the literature for γSM is 0.5 ± 0.2 Jm-2 (Cooper & Kohlstedt, 1982; still used in Parsons 

et al., 2008), which is based on a dihedral angle of 47° (Waff & Bulau, 1979). Using a 

dihedral angle of 12° (Garapić et al., 2013), we would find γSM = 0.7(04) Jm-2 when 

assuming γSS = 1.4 Jm-2 (Duyster & Stöckhert, 2001).  

If γSS and γSM would be constant, a constant dihedral angle can be expected. However, 

the olivine crystal structure is highly anisotropic, resulting in a range of values for γSS. 

Consequently, due to the variation in crystallographic planes and the corresponding 

energies, the solid-melt interfacial energy varies as well (Wanamaker & Kohlstedt, 

1991; Schäfer & Foley, 2002). On top of that, the melt composition plays a role 

(Warren, 1968; Wanamaker & Kohlstedt, 1991; Takei & Shimizu, 2003), showing a 

decrease in γSM with an increasing concentration of the solid component in the liquid 

phase (Takei & Shimizu, 2003), while the significance of the melt composition is again 

dependent on the olivine’s crystallographic plane (Wanamaker & Kohlstedt, 1991). 

The influence of the crystallographic orientation of the grain boundary is supported 

by an electron back scattered diffraction study of wetted and non-wetted two-grain 

boundaries (from 2D sections), revealing that misorientation angles of melt-free grain-

grain boundaries do not follow a purely random distribution of misorientation angles. 

Specifically a 60° misorientation angle occurs more frequently between melt-free 

grain-grain boundaries, whereas wetted grain-grain boundaries have a purely random 

distribution of misorientation angles (Faul & Fitz Gerald, 1999). Their study suggests 

that the grain boundary energy with a 60° misorientation is relatively low, 

demonstrating the variation in grain boundary energy depending on the 

misorientation. 

6.3.7 The Dihedral Angle Value 

The combination of theory and experiments has resulted in a range of energies for 

both the grain-grain (γSS) boundaries and grain-melt (γSM) boundaries. Based on 

equation (6.1), this could lead to the following observation: Maintaining γSM = 0.7(04) 

Jm-2, we can vary γSS from e.g. 0.8 – 1.7 Jm-2 (Ghosh & Karki, 2014) and find angles 

ranging from 110° (γSS = 0.8 Jm-2) to ~ 1° (γSS = 1.4079 Jm-2). Laporte & Provost 

(2000) attempted to incorporate anisotropic surface energies into the energy balance 

of a triple point and found an increase in variation of the dihedral angles from one 

triple junction to another, while the frequency distribution remained unimodal. Their 

finding corresponds qualitatively with the observations that the frequency 
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distributions of apparent dihedral angles are wider than would be expected based on a 

constant value for the (true) dihedral angle (Jurewicz & Jurewicz, 1986; Ye & Smith, 

2003). It must be noted that a spread in apparent dihedral angles is caused by the 

random orientation of the cross section plane (Jurewicz & Jurewicz, 1986; Ye & 

Smith, 2003) while the spread in dihedral angles in the work of Laporte & Provost 

(2000) is caused by surface energy anisotropy. Random cross sectioning through the 

dihedral angles calculated by Laporte & Provost (2000) would further widen the 

distribution of apparent dihedral angles. 

The grain boundaries in close proximity of the triple point are left out of 

consideration in the work of Laporte & Provost (2000). Attempts to include the 

growth dynamics of entire grains, e.g. via the Wulff shape (Cahn & Handwerker, 1993; 

Blendell et al., 1999), is particularly complicated for anisotropic crystals. Deriving the 

surface energies of faceting grain boundaries via dihedral angles becomes very 

complex and Cmíral et al. (1998) claim it is impractical for olivine-basaltic melt 

systems.  

In contrast to the theoretical considerations of the dihedral angle, the experimental 

results presented in this Chapter indicate a very small mean dihedral angle with a 

narrow distribution for the olivine-basaltic melt sample. The analysis of both 2D data 

and 3D data agreed to values between 3° and 13°, which corresponds with other 

findings (Cmíral et al., 1998). Our results include triple junctions containing one or 

more facets.  

It is important to notice that over the course of the last few decades, the values 

measured for the dihedral angle has progressively decreased, as a direct consequence 

of the technical improvements of the microscope techniques. Our 2D and 3D results 

are consistent with a small angle for Fosterite with synthetic basaltic melt. 

Although currently still speculative, an answer for the discrepancy between the 

theoretical range of dihedral angles and the experimentally found small and narrow 

range of dihedral angles could come from the theory of complexions (Dillon et al., 

2007; Cantwell et al., 2014). Observations with a high resolution TEM in scanning 

mode from solid-solid interfaces of alumina revealed specific atomic structures which 

form a phase, thermodynamically distinctive from solid and liquid. In the case of 

doped alumina, six distinct complexions are found, which are defined by their 

thickness (Dillon et al., 2007). It is believed that the presence of complexions 

significantly alters the surface energies. In the case of alumina, the limited number of 

available complexions would result in a narrow range of values for the dihedral angles, 

or one or more specific values. The anisotropic crystals do account for faceting, but 
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are not indicative for a wider range of dihedral angle values, which is in agreement 

with our findings. 

 

6.4 Conclusions 

Analysis of high resolution 2D SEM images of an olivine sample with 10% basaltic 

melt resulted in values for the dihedral angle ranging from 3° - 13° (± 4°). In addition, 

for the first time, triple junctions have been analyzed in 3D at high spatial resolutions. 

As a result, the true dihedral angle was established without the need of statistics for 

apparent dihedral angles. The true dihedral angles measured directly from the 

reconstructed melt volume agreed with the values derived from the 2D work. 

It is observed that the microstructure of the olivine sample with 10% basaltic melt is 

strongly dominated by facets. Apart from some doubts about the applicability of the 

dihedral angle as a measure for relative surface energies for faceted boundaries, the 

high degree of faceting is likely to be of significant influence to the overall melt 

distribution and permeability of the 10% melt sample. 
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There has been a long standing desire to produce thick (up to 500 nm) cryo-sections of fully hydrated 

cells and tissue for high-resolution analysis in their natural state by cryo-transmission electron 

microscopy. In this Chapter we present a method that can successfully produce sections (lamellas in 

FIB-SEM terminology) of fully hydrated, unstained cells from high-pressure frozen samples by 

Focused Ion Beam (FIB) milling. The samples are therefore placed in thin copper tubes and vitrified 

by high-pressure freezing. For transfer, handling and subsequent milling, the tubes are placed in a 

novel connective device (ferrule) that protects the sample from devitrification and contamination while 

passing through all operation steps. A piezo driven sample positioning stage (Cryo-NanoBench, 

CNB) with three degrees of freedom was additionally developed to enable accurate milling of frozen-

hydrated lamellas. With the CNB, high-pressure frozen samples can be milled to produce either thin 

lamellas (< 100nm), for direct imaging by high-resolution cryo-TEM or thicker lamellas (300 - 500 

nm) for cryo-electron tomography. The sample remains vitreous throughout the process by using the 

presented tools and methods. The results are an important step towards investigating large cells and 

even tissue in their natural state which in the end will enable us to gain better insights into cellular 

processes.  

 

 

 

Based on: Hayles, M.F.; de Winter, D.A.M.; Schneijdenberg, C.T.W.M.; Meeldijk, 

J.D.; Luecken, U.; Persoon, H.; de Water, J.; de Jong, F.; Humbel, B.M.; Verkleij, A.J. 

(2010) The making of frozen-hydrated, vitreous lamellas from cells for cryo-electron microscopy. 

Journal of Structural Biology 172, 180-190. 
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7.1 Introduction 

The largest threats to longevity in today’s Western society are cancer and vascular 

diseases. In both, basic functions like cell-cell interaction are disturbed. To find 

medical means to restore these functions, hence cure the patient, investigations on the 

cellular and molecular level are inevitable. Cryo-Transmission Electron Microscopy 

(cryo-TEM) and cryo-TEM tomography are nowadays the imaging methods of choice 

for structural studies of cells at the molecular level. Standard chemical preparation to 

make biological specimens vacuum compatible however, distort the subcellular and 

molecular structures and are irreconcilable for cryo-TEM (Kellenberger et al., 1992; 

Maupin-Szamier & Pollard, 1978; Shelton & Mowczko, 1978). An immediate arrest by 

cryo-fixation is the only solution to preserve the cellular and molecular integrity.  

Thin film vitrification or plunge-freezing, however, is limited to small structures like 

macromolecules (Henderson & Unwin, 1977), viruses (Dubochet et al., 1988) and the 

thin rims of cells grown on EM grids (Medalia et al., 2002). Larger samples, e.g. 

mammalian cells or even tissue have to be vitrified by high-pressure freezing (Riehle, 

1968; Müller & Moor, 1984) and must be cut into thin sections under cryogenic 

conditions (Dubochet & McDowall, 1984; Frederik et al., 1984; Al-Amoudi et al., 

2004). The resulting vitrified sections, however, suffer from severe distortions like 

compression in the cutting direction, crevasses and suitable sections are typically 

limited to a thickness of about 100 nm (Hsieh et al., 2002; Al-Amoudi et al., 2005; 

Hsieh et al., 2006; Dubochet et al., 2008). An alternative to overcome cutting artifacts 

is Focused Ion Beam (FIB) milling of frozen-hydrated samples. Cryo-FIB milling has 

been successfully applied on cells in suspension plunge frozen on a TEM grid (Marko 

et al., 2006; Marko et al., 2007; Edwards et al., 2009; Rigort et al., 2010), proving that the 

vitreous state can be maintained during the milling process and subsequent analysis by 

cryo-TEM. 

In this Chapter we present a new method of FIB milling to produce cryo-lamellas 

from high-pressure frozen (HPF) bulk material. The main advantage of high-pressure 

freezing is the possibility to work with larger biological structures, such as tissue from 

biopsies as well as with cells in suspension. In combination with FIB milling, which 

bypasses artifacts typically associated with mechanical sectioning, this method has the 

potential to open up new applications in biomedical research. 

Although we use similar milling strategies as in Material Sciences and integrated circuit 

(IC) research have used for many years (Mayer et al., 2007) the main technique of ‘lift-

out’ cannot be used under cryogenic conditions due to two facts: the lift-out device, 

which is usually an ultra-sharp needle, cannot support the vitreous temperature the 
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sample needs and secondly the process of welding the needle to the sample using the 

gas injection system (GIS) will not work at cryogenic temperature well enough for 

such fine welds to be made. 

To overcome these limitations we have developed a workflow which comprises the 

engineering of several different devices, guaranteeing transfer connectivity and milling 

under cryogenic conditions. The heart of the workflow (Figure 7.1) is a Cryo-

NanoBench (CNB) that can take up the copper tubes of high-pressure frozen samples 

and uses a novel positioning system which allows different milling geometries, 

including milling of freestanding vitrified lamellas. Additionally, the CNB facilitates 

parallel instead of wedge shape preparation strategies. 

To evaluate the various technical aspects of our design and to allow modifications, 

initial experiments were performed at room temperature with resin embedded 

samples. After successful completion of this trial-phase, experiments have been 

repeated with the same samples at cryogenic temperatures and finally with fully 

hydrated high-pressure frozen samples. 

 

Figure 7.1: The workflow for cell or tissue filled tubes from the high pressure freezer through the 

FIB-SEM/CNB and into the cryo-TEM. 
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7.2 Materials & Methods  

The basis of the experimental instrumentation is a Nova Nanolab 600 Dualbeam (FEI 

Company, Eindhoven, The Netherlands) mounted with a PP2000T cryo transfer 

system equipped with a CHE2000 12L Dewar and an Advanced Transfer Unit (ATU) 

(Quorum Technologies Ltd, Ringmer, UK). With small modifications (see Figures 7.2 

and 7.5) in the ATU a pre-frozen (HPF) sample transfer system was developed to 

relay already fully hydrated tube samples into the FIB-SEM. This design could also 

lend itself to room temperature loading and transferring of resin filled tubes for room 

temperature experiments. 

We briefly describe the transfer and milling at room temperature to outline the design 

and functionality of the newly developed equipment. The main experiments at 

cryogenic temperature are thereafter described in more detail.  

7.2.1 Room Temperature Sample Preparation  

Yeast cells were fixed with 1,5 % glutaraldehyde in 0.1 M cacodylate buffer  (pH = 

7.2) and then secondary fixed in a mixture of 1 % osmium tetroxide and 1.5 % 

potassium ferrocyanide (Knott et al., 2008) and embedded in Epon according to 

standard room temperature protocols (Hayat, 2000). The copper sample tubes were 

cut to 5 mm length (Leica EM PACT HPF tubes, Leica Microsystems, Vienna, 

Austria; 16.6 mm long, inner diameter 0.35 mm). The tubes were filled with the 

Epon/yeast cells mixture by placing it at the end of a pipette, pushing and pulling the 

Epon through the tube several times to ensure complete filling of the tubes. 

Afterwards, the tubes were heated to 60 °C for polymerization. The small volume and 

dimension of the tube aggravates polymerization, however, after approximately 1 day 

of thermal treatment the Epon was sufficiently solidified for further processing.  

 

7.2.2 Ferrule and Transfer Chuck  

To simplify handling of the resulting small copper tubes a ferrule was developed for 

connectivity between different instruments and transfer devices (Figure 7.2a). The 

ferrule can be used either at room or cryo temperature. It is a splined cylinder: The 

closed end allows positioning in the transfer device while the open end holds the 

copper tube with the sample. The splined end has four cuts along the ferrule allowing 

the metal strips to widen and to accommodate it for any accepting equipment.  
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After trimming in the ultra-microtome the tubes are loaded into the ferrule. The room 

temperature sample was coated with approximately 3 nm of a platinum/palladium 

mixture in a sputter coater (Cressington 208HR; Cressington Scientific Instruments 

Ltd., Watford, UK) to reduce the chance of charging of the resin during FIB-SEM 

processing.  

 

Figure 7.2: Transfer mechanisms. (a) The ferrule is developed to simplify the handling of the small 

copper tube at room or cryo temperature; described in the image are the splined end for friction grip in 

receiving devices such as the CNB, and the sample end where the sample tube resides. (b) The 

transfer method involves a revolving chuck which is activated by a screw thread mechanism. It allows 

the ferrule to be picked up or released at the so named end. (c) The Advanced Transfer Unit 

(ATU) with the cryo transfer rod mounted on top. Below the cryo transfer rod is the cryo transfer 

module that has a closing door on the inside that closes off a vacuum cylinder where the chuck and 

ferrule is placed during transfer. The ATU contains the chuck transfer plate in the base of an 

insulating cup that is filled with filtered LN2. When the ATU is in use it is either under vacuum 

ready for transfer or is held in a nitrogen atmosphere for manipulating sample loading. 
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The ferrule can be placed at the end of a modified cryo transfer rod (Quorum 

Technologies Ltd, Ringmer, UK) by means of a chuck mechanism which can be 

activated by a screw thread (Figure 7.2b). Once the ferrule is mounted at room 

temperature the whole assembly can be connected to the preparation chamber of the 

cryo-system. This way entry to and exit from the FIB-SEM can be easily 

accomplished. The same chuck mechanism holding the ferrule can also be used at 

cryogenic temperatures thus making it a common transport and transfer device. 

7.2.3 Trimming and Milling Strategy at Room Temperature  

To access the sample for FIB milling, parts of the copper jacket have to be removed. 

Since ion milling of large volumes would take far too long, standard microtome 

trimming is used. Therefore the tubes were mounted into the sample holder of a cryo 

ultra-microtome (UCT/FS, Leica Microsystems, Vienna, Austria). The tip of the tube 

was trimmed into a truncated pyramid shape (Figure 7.3a). Subsequently the end was 

flattened, such that an elevated wall of approximately 100 µm wide, 50 µm thick and 

50 µm in height remained in the center of the flat surface which was measured on 

screen at the FIB-SEM. 

 

 

 

 

Figure 7.3 (next page): Room temperature process. (a) The sample tube with ultra-microtome 

sample can be seen protruding from the ferrule. A wall of ~ 20 µm thickness is created with the 

ultra-microtome. The image was taken with the SEM at 2 kV, SE mode. (b) Two lamellas are in 

the process of TEM preparation with the ion beam. A layer or platinum deposition (lighter contrast 

and labeled) is laid down on top of the wall for protection and improved milling quality by the FIB-

SEM GIS. Milling dimensions are shown on the left positioned TEM lamella preparation. The 

image was taken at 2 kV, secondary electron mode (SE). (c) Shows an overview of a resin embedded 

yeast cell in a lamella of 300 nm thickness. Typical morphological features of Saccharomyces cerevisiae 

can be seen, e.g., smaller and larger vacuoles (V). In the cytoplasm autophagosomes (AP) were found. 

Invaginations (INV) of the plasma membrane (arrows) can be seen, where also the bi-layer nature of 

the membrane is clearly visible (inset d). The image is taken in the high-angle annular dark-field 

mode and contrast inverted on an FEI F20 TEM. The scale bars are 300 μm (a), 50 μm (b) and 

200 nm (c). 
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Figure 7.4: (a-c) The sequence of loading the room temperature sample tube and ferrule into the 

room temperature TEM holder from the clutch mechanism. (d-f) The sequence of loading of the cryo 

temperature sample tube and ferrule and the shield mechanism for cryo protection of the vitrified 

sample. 

 

All milling is performed normal to the surface. To obtain lamellas with parallel 

surfaces, the sample is tilted 1° or 2° to lessen the ion beam incidence angle with the 

sample surface, a standard method for TEM preparation (Giannuzzi et al., 2005). 

Before milling, a protective coating of platinum is deposited onto the top of the 

elevated wall with the FIB in combination with the Gas Injection System (GIS), using 

30 keV with a beam current of 0.3 nA. For quick removal of a larger fraction of the 

bulk material ‘rough’ thinning is performed with higher currents (3 nA) 

complemented by further ‘fine’ thinning and polishing steps, using currents of 0.5 nA 

and 0.1 nA, until a final lamella thickness of 300 nm can be obtained (Figure 7.3b). 

7.2.4 Room Temperature TEM Holder  

A standard room temperature TEM holder was modified to accept the ferrule (Figure 

7.4a - c). Modification was made so that the ferrule can be transferred at ambient 

conditions directly from the chuck to the TEM holder without further direct handling 

of the sample tubes. The ferrule is held firmly by the chuck after milling the lamella 
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(Figure 7.4a) and via the chuck is guided into the tip of the modified TEM holder 

(Figure 7.4b). The chuck rotating mechanism holding the ferrule is released (paragraph 

7.2.2).  

The clamp of the TEM holder is then released to secure the ferrule in the holder 

(Figure 7.4c) the chuck having been removed. In this way the ferrule guarantees that 

the FIB milled area stays protected by the TEM holder before TEM analysis can take 

place. 

7.2.5 Cryo-TEM Holder 

A Cryo-EM 626 single tilt cryo transfer holder (Gatan Inc., Pleasanton, USA) was 

modified to accept the ferrule using a clamping method determined by the position of 

the sliding cryo shield. There are three positions for the cryo shield; a closed position 

(Figure 7.4d) for transport of the frozen hydrated sample and when loading into the 

cryo-TEM, a half open position (Figure 7.4e) providing acceptance of the ferrule and 

a fully open position (Figure 7.4f) for TEM imaging operations when the ferrule is 

loaded. The ferrule enters the clamping mechanism at the end of the cryo-TEM 

holder sample tube first so that it is exposed correctly in the viewing area of the 

holder. Clamping of the ferrule is done with two gripping jaws activated by the cryo 

shield mechanism. This is counter to the room temperature holder loading but still 

provides physical protection and in this case cryo protection while being handled. 

7.2.6 Cryo Temperature Sample Preparation  

Yeast cells are cultured in a standard culture medium and centrifuged into a soft pellet, 

which was mixed with 20% Dextran (40 kDa; Sigma # 31389). Subsequently, the 

Leica EM PACT copper sample tubes are filled with the pellets. To ensure that each 

tube is completely filled, it is first cleaned in a sonic bath and glow discharged before 

use to improve the hydrophilic characteristics. The tube is forced into the tip of a 

pipette. The pellets are pulled and pushed through the tube several times before cryo-

fixation by HPF (Studer et al., 2001) (EM PACT, Leica Microsystems, Vienna, 

Austria). Afterwards the tubes can be mounted into a standard sample holder of a 

cryo ultra-microtome. 
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Figure 7.5: The chuck transfer plate. (a) The ferrule in the resting hole after sample trimming. 

The chuck head is screwed down onto a threaded pin which opens the jaws of the chuck. (b) The 

ferrule and sample loaded ‘sample first’ into the opened chuck.  (c) The chuck is unscrewed from the 

pin thread. In doing so the chuck clamps the ferrule. The chuck is placed upside down into the 

accepting hole in the transfer block, ready to accept the cryo transfer rod. 

 

7.2.7 Cryo Sample Transfer to the FIB-SEM  

The copper tube holding the HPF sample is transferred to the cryo ultra-microtome 

under liquid nitrogen. After trimming, the tube is loaded into the ferrule and 

transported to the Advanced Transfer Unit (ATU) (Figure 7.2c). The base of the ATU 

was modified (Figure 7.5a) so that handling and loading of the ferrule at liquid 

nitrogen can be easily accomplished. An additional hole in the transfer and mounting 

block (made out of copper) allows the uptake of the ferrule. 
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The chuck for holding the ferrule is screwed on a threaded pin, which can be 

tightened to open the chuck jaws (see paragraph 7.2.2).  

The ferrule is lowered sample first into the chuck (Figure 7.5b). Once the ferrule is 

secured in the chuck, the whole assembly is fully unscrewed and lowered into the 

transfer block (Figure 7.5c). The cryo transfer rod can then be directly connected to 

the chuck. 

The orientation of the ferrule is such that the sample is always pointing towards the 

transfer chuck. This way the sample is protected by the surrounding transfer 

mechanism, which additionally acts as a cryo shield. Although it is not constantly 

cooled during transfer, the mass is large enough to maintain a temperature below the 

crystalline transition point of -135 °C during the short (< 30 s) transfer from the ATU 

through the cryo transfer preparation chamber and into the CNB.  

 

Figure 7.6: The Cryo-NanoBench (CNB). It can be used both at room temperature and cryo 

temperatures. The cryo transfer rod holding the chuck and ferrule is loaded into the CNB via the 

guide block. The cryo transfer rod is rotated clock-wise to open the chuck releasing the ferrule. The 

same method but in reverse is used to pick up the ferrule when TEM milling is completed. 
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7.2.8 Cryo-NanoBench (CNB)  

A piezo driven custom-made sample positioning stage was developed and built by 

Kleindiek GmbH (Reutlingen, Germany) and later modified. It can be mounted on 

top of a rotating cryo stage (Quorum Technologies Ltd, Ringmer, UK) that sits on top 

of a standard FIB-SEM stage (Figure 7.6). The whole assembly represents the cryo-

NanoBench (CNB) which can be operated at room and liquid nitrogen temperature. 

The CNB stage temperature is kept at -170 °C in order to maintain a constant 

temperature of -150 °C at the sample tip. For accurate milling without temperature 

drift of the frozen-hydrated samples a deviation of ± 1 °C is tolerable at the cryo 

stage. We found that the constructed mass was large enough to maintain the required 

temperature conditions and to preserve the vitrified state of the samples by 

monitoring the operating temperatures at various points in the construction. To 

protect the sample from unwanted contamination in the FIB-SEM chamber an 

additional cold trap was installed and kept at a temperature of -190 °C. The cold trap 

is seated above the milling and viewing position adjacent to the final optical lenses of 

the instrument. A guide block is located near the edge of the CNB, to allow exact 

positioning of the ferrule into the accepting hole of the CNB. A slot in the bottom of 

the guide block accommodates a protruding location pin on the transfer chuck, which 

allows a rotation of the inside thread of the chuck while the chuck remains stationary. 

Depending on the direction of movement the inside thread will either tighten the 

ferrule or release it. The ferrule can then be loaded or unloaded by the same 

mechanism. The CNB has also two degrees of freedom: A rotation around the ferrule 

axis (CNB rotation in Figure 7.6) and tilting of the ferrule (CNB tilt in Figure 7.6) 

within 128° (+90° to -38°) relative to the electron beam imaging plane. The latter 

allows different milling angles to be performed on the sample not common to the 

standard stage of the FIB-SEM. After loading the ferrule into the central rotating 

motor on the CNB it is tilted by CNB tilt to 128° so that the sample tube end faces 

the ion beam. The correct milling position can be adjusted by combination movement 

of the CNB rotation and CNB tilt (Figure 7.6).  

Although the complete CNB has the benefit of the main FIB-SEM stage movements 

in x and y directions of 150 mm, it can be rotated 360° in either direction by means of 

the cryo rotation stage (Quorum Technologies Ltd, Ringmer, UK). It is not 

continuous in rotation because of cable contacts to the CNB. 

7.2.9 Trimming and Milling Strategy at Cryogenic Temperature  

Due to the delicate and brittle nature of the ice; trimming of an elevated wall, as 

described for room temperature, is not feasible. Instead, the tip of the copper tube is 
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trimmed to a wedge (Figure 7.7a), removing parts of the copper jacket and exposing a 

large enough vitrified area for subsequent milling.  

The frozen-hydrated sample has to be protected to minimize the risk of damage to the 

milling area. Additionally, conductive metal coatings counteract the potential charge 

build-up on the exposed surfaces, especially during SEM imaging. Therefore a 

protection layer of platinum/organic is deposited via a Gas Injection System (GIS) on 

top of the frozen-hydrated sample according to previously described protocols. In this 

case the Pt gas injector temperature was adjusted to 27 °C. After positioning the 

sample on the CNB the whole stage is lowered by 0.5 mm. The sample is rotated 

around its longitudinal axis (CNB rotation) in order to deposit both sides of the 

previously trimmed wedge (Figure 7.7b) with platinum. The GIS is inserted and 

opened for only 3 s. After coating the sample can be imaged to localize the intended 

milling area at a suitable magnification. Before milling the ion beam is used (1 nA, 30 

keV) to radiate the surface of the selected area for approximately 60 s. This procedure 

planarizes the deposited platinum/organic layer by driving off most of the organic 

that is reduced to gas form due to ion interaction, leaving a thinner smooth deposit 

that prevents to a certain extent curtaining during ion milling (Hayles et al., 2007). 

Vitreous ice can be milled relatively fast compared to other solids (Marko et al., 2006, 

Fu et al., 2008). To remove a large portion of the vitreous material the first cuts are 

made at high ion currents of 20 nA and 7 nA respectively (Figure 7.7c). However, for 

further thinning, lower currents 0.5 nA and 0.1 nA are preferable to minimize any 

sample alterations and to obtain homogeneous lamellas. The milled procedure can be 

‘staggered’ so that the first cuts are larger than the last, resulting in a stepped entry to 

the final lamella (Figure 7.7d). This allows larger field of views for subsequent cryo-

TEM investigations, especially if the sample has to be tilted. The final dimensions of 

the electron transparent regions are typically in a range of 50 µm x 25 µm. 

 7.2.10 Cryo-sample Transfer to the TEM  

After successful ion milling, the transfer chuck has to be cooled again to liquid 

nitrogen temperature before reverse transfer of the ferrule holding the sample can 

take place. To transfer the sample to the cryo-TEM a standard cryo-TEM holder 

transfer station (Gatan Inc., Pleasanton, USA) was modified with an additional 

delivery interface (Figure 7.8a). This interface is compatible to the cryo transfer 

module from Quorum. In this way the ferrule can be transferred under vacuum to the 

cryo-TEM holder transfer station. 



Preparation of Samples for the Cryo-TEM 

207 

 

 

Figure 7.7:  Trimming and FIB processes for preparing a TEM lamella from a cryo sample. (a) 

The wedge shape at the end of the tube has been previously trimming with the cryo ultra-microtome 

and here viewed using the electron column by secondary electrons. (b) A top down secondary electron 

image view using the ion column after the deposition of platinum by the GIS and just after 

planarizing of the proposed milling area. The lighter rectangle represents where the planarization has 

taken place on the platinum when exposed to the ion beam. (c) Secondary electron (SE) image made 

using the electron column shows the milling progress where large amounts of material are taken away 

from both sides in an iterative process. (d) The lamella after final fine milling and has become 

transparent to electrons and is suitable for the cryo-TEM. 

The cryo-TEM holder transfer station is cooled with liquid nitrogen and clean cold 

nitrogen gas is pumped at low pressure into the delivery interface, preventing 

condensation of water vapor. The chuck holding the ferrule is quickly released from 

the vacuum container and pushed towards a copper guide block (similar to the guide 

block on the CNB). This guide block in the TEM-holder transfer station is positioned 

to collect the ferrule by its splined end (Figure 7.8b). By rotating the transfer rod axis 
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the ferrule is released as the chuck opens and is collected by the guide block. The cryo 

transfer module is removed and the opening is sealed off.  

A Gatan cryo-EM 626 single-tilt cryo transfer holder was modified to mount and hold 

the ferrule. Clamping of the ferrule is done with two gripping jaws activated by the 

cryo shield mechanism (paragraph 7.2.5).  

Transfer of the ferrule to the cryo-TEM holder is done in the cryo-TEM transfer 

station. The guide block is therefore rotated from the ferrule loading position to a 

position in front of the modified cryo-TEM holder with the cryo shield half-way 

open. The guide block holding the ferrule is then carefully pushed towards the tip of 

the TEM holder as the TEM holder is held in place (Figure 7.8c) forcing the ferrule in 

between the gripping jaws (small hole at the holder tip). The end of the ferrule holding 

the milled sample is positioned such that it aligns to the center of the imaging hole. 

Subsequently the cryo shield is closed and the TEM holder is transferred to the FEI 

Tecnai 12 cryo-TEM. After transfer, the cryo shield of the cryo-holder can be fully 

opened to expose the sample to the electron beam. Images were taken with a 

MegaView 2 camera (1280 x 1024 pixels) using the iTEM software (Olympus Soft 

Imaging Solutions GmbH, Münster, Germany).  The cryo-TEM transfer station can 

be used in reverse, to recover a sample from the TEM.  

 

7.3 Results & Discussion 

The results produced and shown here are from two comparable procedures utilizing 

the same transfer and similar preparation techniques to produce room temperature 

and cryo temperature results. We have used yeast cells to illustrate the result due to 

their general acceptance of showing known structures.  

7.3.1 Room Temperature Results  

Platinum deposition can be seen in Figure 7.3b laid down on top of the wall for 

protection and improved milling quality by the FIB-SEM GIS, resulting in two 

smoothly milled lamellas. The lamella windows of ~ 30 x 40 µm2 are created with a 

thickness of 300 nm. Figure 7.3c shows an overview from one of the resin embedded 

yeast cells in one of the lamellas. The image is taken in the high-angle annular dark-

field mode and contrast inverted with a FEI Tecnai F20 microscope (Otten et al., 

1990; Stierhof et al., 1992; Yakushevska et al., 2007).  
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Figure 7.8: The modified cryo-TEM transfer station. (a) The Quorum cryo transfer rod housing 

can be attached to the cryo-TEM transfer station by two clamps (a white plug seen here). (b) A 

guide block similar to that mounted on the CNB help guides the ferrule. The ferrule is released from 

the cryo transfer rod into the sliding block on top of the inside cylinder. (c) The inside cylinder is 

rotated 90° to face the modified cryo-TEM holder. The sliding block pushes the ferrule into the 

TEM holder accepting hole. The cryo protection shield of the cryo-TEM holder is used to clamp the 

ferrule. 

Figure 7.9 (next page): The fully hydrated unstained sample seen here is of yeast cells were prepared 

by FIB milling. (a) A low magnification image of a 300 nm lamella from the cryo-TEM showing a 

number of yeast cells. (b) The diffractogram taken on the cryo-TEM confirms that the ice remains 

vitrified throughout the whole preparation and transfer process. A 2D circular diffraction pattern 

displaying the typical diffused rings indicated at 0.357 nm and 0.214 nm showing the presence of 

amorphous ice. (c) A higher magnification of a yeast cell (Saccharomyces cerevisiae). The main 

features of the yeast cell such as cell nucleus (N), multi-vesicular bodies (MVB), mitochondria (M), 

lipid granules (LG) and the ribosomes throughout the cytoplasm are clearly visible. At closer 

inspection smaller and less obvious structures, like the cristae (C) in the mitochondria and the cortical 

endoplasmic reticulum (ER) can be detected. The cell wall (CW) and inner membrane are visible but 

probably due to cross sectioning angle the tripartite structures are not entirely clear. Note the few ice 

crystals derived from the liquid nitrogen during the transfer of the lamella from the FIB-SEM to the 

TEM. The image is taken in bright-field mode on an FEI T20 cryo-TEM. The scale bars are 2 

μm (a) and 500 nm (c). 
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In the 300 nm lamella some of the typical morphological features of Saccharomyces 

cerevisiae can be seen, e.g. smaller and larger vacuoles (V). In the cytoplasm 

autophagosomes (AP) were found (Takeshige et al., 1992; Baba et al., 1994; Baba et al., 

1997). 

These features can be expected as the yeast cells used in this observation were taken 

from a cell culture at the stationary phase. Striking are the invaginations of the plasma 

membrane (arrows), where also the bi-layer nature of the membrane (inset Figure 

7.3d) is clearly visible. Here we cannot discern between the furrow-like structures, also 

increasing in number in older cells (Moor & Mühlethaler, 1963; Gross et al., 1978; 

Strádalová et al., 2009) or the finger-like plasma membrane invaginations (Mulholland 

et al., 1994). Directly underneath the plasma membrane the cortical endoplasmic 

reticulum (ER) can be seen. 

7.3.2 Cryo Temperature Results  

Figure 7.7a shows the sample tube after shaping and now sitting in the CNB. The 

central sample material can be distinguished by the dark contrast compared to the 

surrounding copper tube.  

By trimming the copper this way, the FIB is only required to cut through the ice, 

which is a fast process. Subsequently the TEM has a free line of sight through the 

milled section. Figure 7.7b shows the planarized area. The sample tube has been 

rotated (CNB rotation) before planerizing towards the gas needle so that GIS 

precursor can be delivered to both sides of the trimmed wedge. The subsequent ion 

beam irradiated area represents the rectangle that has been planarized ready for 

milling. Once the sample is planerized the milling process can begin. This is described 

in detail in paragraph 7.2.9 and can be seen as progressive stages in Figures 7c and 7d. 

Ice mills relatively easy compared to other materials normally milled using the FIB; 

therefore a lamella set up to be milled at 300 nm of depth can be up to ~ 100µm in 

depth. Because of this fact relatively small currents can be used, despite the large 

volumes to be removed. The advantage of using small currents is when coping with 

thin flexible ice lamellas that tend to bend due to electrostatic forces. Applying larger 

currents will bend the thin lamella away from or towards the ion beam, which results 

in ineffective milling or even complete loss of the lamella. The final cut is therefore 

made with 0.1nA and the result is shown in Figure 7.7d. The thickness of lamellas 

made during the experiments range from < 100 nm to 500 nm. Once the lamella is 

ready, the tube is tilted horizontally so that it can be picked up by the transfer chuck. 

The section is aligned horizontally as this is the required position for observation in 

the TEM. This orientation will remain unchanged throughout the transfer procedures. 
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The ferrule is transferred from the FIB-SEM to the TEM as described in the Materials 

& Methods section. Cryo-TEM lamella images were taken on a FEI Tecnai 12 TEM 

with cryo facility. The lamella thickness for these cryo results were of the order of 300 

nm. The thickness measurements were made by a FIB-SEM on-screen measurement 

program calibrated to known silicon wafer line standards. A few ice crystals have 

settled on the lamella during the time spent in LN2 as discussed in paragraph 7.3.3.  

Figure 7.9a shows a low magnification image of a FIB milled lamella of yeast cells. 

The diffractogram (Figure 7.9b) was taken from a clean area of ice and checked for 

correctness of the diffused rings to verify vitreous status using the DigitalMicrograph 

program (Gatan Inc, Pleasanton, CA, USA).  The cryo-TEM lamella seen in Figure 

7.9c was prepared by FIB milling. The main features of a yeast cell such as cell nucleus 

(N), multi-vesicular bodies (MVB), mitochondria (M), lipid granule (LG) and the 

ribosomes throughout the cytoplasm are clearly visible. The nuclear membrane (NM) 

is very strong. At close inspection smaller and less obvious structures, like the cristae 

(C) in the mitochondria and the cortical endoplasmic reticulum (ER) can be detected.  

Although the cell wall (CW) can be seen, the complex structure is not so well defined 

and does depend on cross sectional angle. 

Figure 7.10 shows a TEM cryo-lamella prepared by FIB milling. The lamella has a 

thickness of 300 nm. The typical structures of Saccharomyces cerevisiae are: A large 

vacuole (V) containing autophagosomes (AP), multivesicular bodies (MVB), 

mitochondria (M) and lipid granules (LG). The cortical endoplasmic reticulum, (ER) 

can be seen close to the cell membrane (CM). The cellular organelles and therefore the 

interconnection can be better studied than in heavy metal stained preparations; where 

the densely packed and darkly stained ribosomes can obscure details in 300 nm 

sections.  

7.3.3 Contamination Effects Reviewed  

A first indication to the quality of any transfer of a fully hydrated frozen milled lamella 

is given by visual inspection of the lamella by the TEM electron beam. If the sample 

has been inadvertently exposed to ambient air or water bearing nitrogen gas (N2), a 

thin almost transparent granular film of hexagonal ice contaminates all surfaces of the 

lamella. Another source of contamination seen on the lamella surface is the result of 

water trapped in the liquid nitrogen. This appears as dark round balls or hexagonal 

tablets of varying sizes randomly dispersed over the lamella surface, sometimes in 

chain formation. For this reason LN2 is filtered. Figure 7.9a shows a few 

contaminating surface ice crystals that have originated from the time the sample was 

immersed in LN2. The vitreous status of the ice needs to be maintained and a 
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diffraction pattern is made using the cryo-TEM to prove this status. On the 

diffraction pattern Bragg peaks indicate hexagonal ice crystals where as a 2D circular 

diffraction pattern displaying the typical diffuse rings indicate the presence of 

amorphous ice. Vitreous status can be recognized as the 2D circular diffraction 

pattern without Bragg peaks (Dubochet et al., 1988).  

 

Figure 7.10: The fully hydrated unstained sample seen here is part of a yeast cell that was prepared 

by FIB milling. The lamella has a thickness of 300 nm. Typical structures of Saccharomyces 

cerevisiae seen here are: a large vacuole (V) containing autophagosomes (AP), multivesicular bodies 

(MVB), mitochondria (M) and lipid granules (LG). Finer structures of cortical endoplasmic 

reticulum (ER) and cell membrane (CM) are clearly visible. The image is taken in bright-field mode 

on an FEI T12 cryo-TEM. The scale bar is 500 nm. 
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7.3.4 Recycling the Sample  

We successfully attempted to recover the sample tube from the cryo-TEM by reversal 

through the cryo-TEM transfer station and then store in liquid nitrogen. This 

approach proved practical and allowed further visits to the same sample on other 

occasions without ice contamination problems. If the intention is to re-use the 

vitreous frozen tube to make new lamellas; this can be done but requires a new wedge 

to be trimmed by the cryo ultra-microtome as well as a new lamella milled by the FIB-

SEM.  The vitreous status of the sample was found to be maintained when using 

either of these processes.   

7.3.5 Future Developments 

During our experiments it was recognized that there are a number of areas where 

improvement can be made. For instance we think it is important to investigate the 

sample tube preparation process with the possibility of providing a more proficient 

method of loading the tubes, especially for tissue samples.  

Study of the transfer steps are under way to see if improvements can be made in 

simplifying or even excluding some steps. Even though the cryo ultra-microtome 

trimming step is faster compared to the standard FIB-SEM capability replacing it with 

a FIB trimming method would be preferred. This is so that transfers involving 

temperature changes such as cryo ultra-microtome to liquid nitrogen storage or 

transport are eliminated and that trimming as well as milling can be controlled in the 

same environment.  

Future research into replacing the copper with a metal that has a faster milling rate 

such as gold or a gold alloy will be made. This will improve the time taken to remove 

the metal surrounding the sample. We also intend to investigate faster ion milling 

sources and milling control methods for the FIB-SEM as they become available for 

experimentation in other application subject areas to see if they bring advantages to 

Life Sciences milling applications 

Milling technique can be improved to counter demands and problems occurring with 

the making of lamella in the FIB-SEM. We are investigating methods to improve the 

angle of TEM electron beam incidence as the sample is tilted for observation of the 

lamella without risking poor structural support to the lamella. One way for instance is 

by reducing the width at each mill creating a step effect onto the final end lamella 

surface. This is performed from both sides to give support to the lamella and provides 
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large angle cover by the TEM electron beam for the collection of images for 

tomography. 

 

7.4 Conclusion  

The method we have presented in this Chapter provides the means of preparing cryo 

lamella for the TEM of high-pressure frozen biological material. The unique 

properties of the FIB-SEM are used to locally remove material leaving nano scale 

structures. In this way not only lamella of < 100 nm can be cut but artifact free up to 

500 nm can be achieved. It is shown that this technique functions both at room 

temperature and cryo temperatures.  

A complete transfer route is provided for the fully hydrated frozen samples from HPF 

to cryo ultra-microtome to cryo FIB-SEM and further to the cryo-TEM using the 

tube and ferrule carrier mechanism. This includes a custom cryo stage for the FIB-

SEM which allows loading and unloading the sample and correct positioning of the 

sample with respect to the FIB milling geometries. It is shown that the vitreous state 

of the sample is maintained throughout the process. In addition careful handling and 

the use of filtered LN2 resulted in near contamination free lamellas in the TEM. The 

TEM images of the unstained cryo lamellas look promising and therefore create the 

opportunity to study the relationship of organelles and cell-cell interactions of cryo-

fixed, native biological material in 3D.  
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Recently a number of new approaches have been presented with the intention to produce electron beam 

transparent cryo-sections (lamellas in FIB-SEM terminology) from hydrated vitreously frozen cryo 

samples with a Focused Ion Beam (FIB) system, suitable for cryo-Transmission Electron Microscopy 

(cryo-TEM). As the workflow is still challenging and time consuming, it is important to be able to 

determine the integrity and suitability (cells vs. no cells; vitreous vs. crystalline) of the lamellas. In this 

Chapter we present an in-situ method that tests both conditions by using the cryo-Scanning Electron 

Microscope (cryo-SEM) in transmission mode (TSEM; Transmission Scanning Electron 

Microscope) once the FIB-made lamella is ready. Cryo-TSEM imaging of unstained cells yields strong 

contrast, enabling direct imaging of material present in the lamellas. In addition, orientation contrast 

is shown to be suitable for distinguishing crystalline lamellas from vitreous lamellas. Tilting the stage a 

few degrees results in changes of contrast between ice grains as a function of the tilt angle, whereas the 

contrast of areas with vitreous ice remains unchanged as a function of the tilt angle. This orientation 

contrast has subsequently been validated by cryo-Electron Back Scattered Diffraction (cryo-EBSD) 

in transmission mode. Integration of the presented method is discussed and the role it can play in 

future developments for a new and innovative all-in-one cryo-FIB-SEM Life Sciences instrument. 

 

 

 

Based on: de Winter, D.A.M.; Mesman, R.J.; Hayles, M.F.; Schneijdenberg, C.T.W.H.; 

Mathisen, C.; Post, J.A. (2013) In-situ Integrity Control of frozen-hydrated, vitreous lamellas 

prepared by the cryo-Focused Ion Beam-Scanning Electron Microscope. Journal of Structural 

Biology 183, 11-18. 
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8.1 Introduction 

Cryo electron microscopy, both cryo-Transmission Electron Microscopy (cryo-TEM) 

and cryo-Focused Ion Beam – Scanning Electron Microscopy (cryo-FIB-SEM), is a 

steadily developing field because of its ability and potential to study biological 

specimens in their native state. Optimized freezing protocols (Müller & Moor, 1984; 

Medalia et al., 2002) prevent water from crystallization inside and outside the cells, 

thereby preventing damage to the ultrastructure of the cell during ice crystal 

formation. The state of samples, when correctly frozen by these freezing protocols, is 

called vitreous. 

For cryo-TEM observations, the area of interest must be thinned down to electron 

transparency while maintaining its vitreous status. Both cryo-ultra microtomy (Al-

Amoudi et al., 2004) and cryo-FIB milling (Marko et al., 2006; 2007; Edwards et al., 

2009; Rigort et al., 2010; 2012a; Hayles et al., 2010; Wang et al., 2012, Strunk et al., 

2012) are techniques that can achieve this.  

Although the viewing area of the FIB-made lamella is much smaller compared to that 

of a cryo ultra-microtome, major advantages are the absence of artifacts caused by 

cryo-sectioning (no crevasses, compression (Al-Amoudi et al., 2005)), the possibility to 

vary the thickness and achieve greater final thicknesses and the potential of site 

specificity (Jimenez et al., 2010). Especially for cryo-TEM tomography, thicker cryo-

lamellas allow larger volumes/structures to be investigated.  

The workflow for producing FIB-made lamellas while maintaining the vitreous status 

is at the moment time consuming and labor intensive. Therefore it is very useful and 

important to be able to conduct integrity controls throughout the process; firstly 

confirming the presence of the cells of interest in the lamella and secondly the 

vitreous status of the ice. In cases where the presence of ice crystals or absence of 

cells is evident then the process can be stopped and restarted with a new sample, 

saving important time of the operator and use of the instrument. 

In the workflow described in Chapter 7, the first control takes place during trimming 

of the sample with the cryo ultra-microtome. Experienced operators can visually 

check the vitreous status of the sample. Exposed vitreous ice appears black inside the 

cryo ultra-microtome chamber under standard room TL-tube illumination. Crystalline 

samples appear whitish. In addition trimming is hampered by the presence of crystals 

in the sample, resulting in the breaking out of small parts of the sample’s block face 

instead of cutting sections. 
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The method described in the present Chapter examines the integrity of the FIB-made 

lamella in the cryo-FIB-SEM microscope after the milling has finished and the sample 

still under vacuum. Once the lamella is made, both the presence of cells and the 

confirmation of vitreous status of the ice are done with cryo-SEM imaging in 

transmission mode, called cryo-TSEM. The name of a SEM in transmission mode 

varies in the literature. It is simply referred to as STEM (Scanning Transmission 

Electron Microscopy), but to distinguish it from the same scanning mode available in 

the TEM, it is also called STEM-in-SEM or TSEM (Transmission Scanning Electron 

Microscopy) (Klein et al., 2012). Throughout this Chapter we will use the latter term, 

TSEM. 

Due to the relatively low acceleration voltage of the SEM (30 kV) in comparison with 

a TEM (80 – 300 kV), the contrast between the vitreous ice and the cells is very 

strong, enabling imaging of cells in absence of any chemical staining. With the 

presence of ice crystals, different crystallographic orientations of these crystals will 

create contrast, also known as channeling or diffraction contrast. The standard 

method to determine the vitreous state is recording diffraction patterns in a cryo-

TEM. In order to validate orientation contrast within the cryo-SEM, a recently 

introduced technique called t-EBSD (Transmission-Electron Back Scattered 

Diffraction) (Keller & Geiss, 2011) is extended to cryo conditions and is applied to 

confirm the relation between orientation contrast and the presence of ice crystals by 

diffraction patterns.  

Therefore both the presence of cells and the status of the ice can be verified in-situ in 

the cryo-FIB-SEM, which together will help decide whether to continue to the cryo-

TEM for further examinations or to start a new experiment. The presented work is 

the first application of cryo-TSEM with t-EBSD on samples from Life Sciences. 

 

8.2 Materials & Methods 

All the cryo-TSEM experiments are performed in a Nova Nanolab 600 Dualbeam 

(FEI Company, Eindhoven, The Netherlands). The microscope is equipped with a 

PP2000T cryo transfer system with a CHE2000 12L Dewar and an Advanced 

Transfer Unit (ATU) (Quorum Technologies Ltd., Ringmer, UK). The preparation 

chamber facilitates a platinum sputter coating unit for metal coating of the sample 

prior to the cryo-FIB-SEM work and a cooled through vacuum probe to manually 

manipulate the sample. A cold trap is present in the cryo-FIB-SEM chamber and kept 
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at -175 ˚C to collect any water vapor that comes within the vicinity of the sample, so 

protecting the sample from contamination. 

Also installed is a Nordlys II Electron Back Scattered Diffraction (EBSD) detector 

(Oxford Instruments HKL technology, Abingdon, UK). A Gas Injection System 

(GIS) with a platinum precursor is used to in-situ planerize the sample (Hayles et al., 

2007). 

8.2.1 Samples 

Fresh baker’s yeast (Saccharomyces cerevisiae) was used as a sample. Yeast in an 

amount of 5 gr was suspended in 100 ml miliQ. The yeast cells were rehydrated for 2 

h at room temperature under gentile agitation, using a top-down Almicon stirrer. 

After rehydration, yeast cells were gently spun down in 1.5 ml aquilots at 105 RCF. 

Supernatant was removed and the pellet was re-suspended resulting in a 30 μL cell-

suspension. 

 

Figure 8.1: The specimen sandwich used to high pressure freeze the sample with a high pressure 

freezer. The * indicates the position of the sample and the dashed lines across the membrane carrier 

indicates the cutting of the cryo ultra-microtome. 

 

8.2.2 Preparation of the Sample 

The samples have been frozen in a High Pressure Freezer (HPF) (Leica EMHPF, 

Leica Microsystems, Vienna, Austria). Sample loading is done in 100 µm deep 

membrane carriers (Leica Microsystems). In order to freeze the membrane carriers in 
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the HPF system, sandwiches are made which fit the 1 mm deep cavity of the standard 

specimen holder (Figure 8.1). The sandwich consists of a 400 µm thick spacer ring on 

which the membrane carrier is positioned.  

After filling the sandwich with 0.6 µl concentrated yeast suspension the sample is 

covered with a 100 mesh copper grid with a carbon coated formvar film (film towards 

the sample) followed by a type B platelet (300 µm recess, Wohlwend engineering 

office, Sennwald, Switzerland), flat side down.  Special care is taken to prevent the 

presence of air bubbles in the sandwich. 

The type B platelets were coated with 2% lecitin in 100% ethanol to facilitate removal 

of the platelet after freezing. The grid in the sandwich prevents the lecitin from 

dissolving into the sample. After the freezing the platelet and spacer rings are removed 

from the carriers under LN2 (liquid nitrogen). Subsequently the carrier is trimmed 

using a cryo ultra-microtome (UCT / FC, Leica Microsystems, Vienna, Austria). The 

membrane carrier is orientated perpendicular to the knife and trimmed in this 

orientation until the edge of the membrane carrier is removed. Next the knife is 

rotated about 45°, trimming the membrane carrier into a wedge shape, taking away the 

metal sides surrounding the sample. The trimming procedure for the wedge is 

indicated in Figure 8.1 as dashed lines across the membrane carrier. The result is 

similar to the one shown in Chapter 7 (Figure 7.7). The trimming conditions were: 

Knife speed 50 mm/s and a feed of 170 nm, while in the cryo ultra-microtome the 

chamber, the knife and the stage were kept at a temperature lower than -160 °C.  

8.2.3 The cryo-TSEM Stage 

The cryo-TSEM stage is a special designed stage (Quorum Technologies Ltd., 

Ringmer, UK) consisting of a redesigned top block with an additional hole projecting 

downwards in the center. At the bottom a thermally and electrically insulated diode is 

mounted to collect the TSEM signal. The cryo-TSEM stage accepts a standard cryo-

sledge. A standard cryo-sledge was modified with a hole to allow a signal to pass 

through to the diode below. On top of the cryo-sledge a clamping mechanism is 

mounted which holds the sample (the membrane carrier) above the hole and the 

diode. The clamping mechanism is made from the tip of a standard TEM grid holder 

which is mounted such that it can be tilted from a horizontal position (TSEM 

position) to 38° (milling position) where it clicks in place. The moveable part is called 

the flipper. Figure 8.2 depicts both the cryo-sledge and the cryo-TSEM stage. 
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Figure 8.2: The modified cryo-sledge with the end of a TEM holder called the flipper mounted on 

top. (a) The clamping mechanism of the flipper is open to accept the membrane carrier with a sample. 

Loading is done in the chamber of a cryo ultra-microtome. (b) The flipper containing the membrane 

carrier is tilted to 38°, enabling the FIB to produce electron beam transparent lamellas. (c) The 

flipper is tilted to its horizontal position for cryo-TSEM imaging. (d) The cryo-TSEM stage with 

an opening protruding to the bottom part which houses an electrically and thermally insulated diode to 

detect the transmitted signal. 

 

8.2.4 Cryo Transfer to the Cryo-FIB-SEM 

Loading of the membrane carrier onto the flipper is done in the cryo chamber of the 

cryo ultra-microtome after trimming. Transfer from the cryo ultra-microtome to the 

ATU is done under LN2 and the subsequent transfer to the microscope is made under 

vacuum conditions via the Quorum Cryo Transfer system while still at LN2 

temperature. The preparation chamber stage is initially held at -185 ˚C for the 

incoming sample. Any transfer into the FIB-SEM chamber first must undergo a rise 
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to -150 ˚C to balance the sample with the cryo-FIB-SEM stage temperature, also held 

at -150 ˚C, before continuing into the cryo-FIB-SEM chamber. 

Tilting of the flipper to the required position takes place in the preparation chamber 

using the through vacuum probe. A Secondary Electron (SE) image (Figure 8.3) 

shows a mounted membrane carrier in the flipper on the cryo-sledge while in the tilted 

position inside the cryo-FIB-SEM chamber. 

To improve the conductivity of the samples, a thin layer of platinum is sputtered on 

the sample in the preparation chamber prior to further transfer into the cryo-FIB-

SEM chamber. 

 

Figure 8.3: The flipper clamps the membrane carrier, which has been trimmed by a cryo ultra-

microtome. The black area in the center is the sample itself. 

 

8.2.4 FIB-SEM Operations 

For milling the flipper is tilted to 38° (Figure 8.4a). Before the milling is performed, a 

protective layer of platinum is deposited using the planerizing technique (Hayles et al., 

2007). Due to the geometry of the flipper the protective layer is limited to one side. 
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Milling was performed with a 30 keV ion beam with decreasing currents (20 nA – 100 

pA) following strategies presented in Chapter 7 (Hayles et al., 2010).  

As a result electron transparent lamellas are produced suitable for imaging in 

transmission mode. The sample shuttle is returned to the cryo preparation chamber so 

that the flipper can be moved into the horizontal position, by way of the through 

vacuum probe, to allow imaging (Figure 8.4b).  

For cryo-TSEM imaging the immersion lens mode is used and the conditions are 30 

kV, ~ 21 pA (spot 1). The corresponding working distance is 6 to 7 mm. Navigation 

can be done based on fast scanned images. High quality images are recorded with 

typical frame times of 20 s. By tilting the stage plus or minus a few degrees, 

orientation contrast will be observed in crystalline samples, whereas no change in the 

contrast is observed in non-crystalline samples. Imaging and recording a tilt series is a 

stand alone technique suitable to prove the presence or absence of crystallinity, which 

can be performed in any cryo-SEM instrument equipped with a detector for 

transmission mode. 

To further validate the tilting technique, Electron Back Scattered Diffraction (EBSD) 

is applied in the cryo-FIB-SEM. After the cryo-TSEM images are recorded, the 

sample shuttle is returned to the cryo preparation chamber once more so that the 

flipper can be moved into the tilted position. Although the current cryo setup is not 

optimized for cryo-EBSD measurements, cryo-EBSD patterns can be obtained. Cryo-

EBSD results have been obtained by leaving the flipper in the tilted position (38°) 

after milling and tilting the FIB-SEM stage to 25°. The total tilt angle of the lamella is 

then 13° from horizontal (Figure 8.4c). As a result cryo-EBSD patterns are obtained 

in transmission mode (denoted as cryo-t-EBSD). Conditions for the recording of 

cryo-t-EBSD patterns are 30 kV, 2.4 nA.  

8.3 Results & Discussion 

8.3.1 Improvements for Milling  

Milling vitreous ice with cells is very fast (Marko et al., 2006). The main challenge is 

the poor electrical conductivity of the samples, resulting in drift during milling. We’ve 

identified fillers such as dextran to play a major role in the charging behavior of the 

samples. Standard biological cryo samples are loaded with up to 20% of dextran, in 

some cases in combination with cryo-protectants. Although these supplements are 

originally used to prevent crystalline ice formation, in practice the functionality is 

mainly for facilitating cryo-ultra microtomy. Administration of cryo-protectants 
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increases the viscosity of the vitreous ice, which facilitates the production of high 

quality cryo ultra-microtome sections. Another advantage of the addition of cryo-

protectants is the possibility to handle the cryo-sections using electrically charged 

tweezers. When the cryo-section charges up, the sections adhere to a grid using 

electrostatic charge (Pierson et al., 2010). 

 

 

Figure 8.4: Schematic representation of the different sample positions. (a) The flipper is tilted 38° 

allowing FIB milling parallel to the membrane carrier. (b) TSEM images are obtained with the 

flipper in its horizontal position. (c) EBSD patters are obtained in transmission mode when both 

the stage and the flipper are tilted. The combination of tilts is required to minimize shadowing of the 

EBSD signal by the sledge. 
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For cryo-FIB-SEM operations, the charging property of vitreous ice due to cryo-

protectants creates significant difficulties for both milling and imaging operations. 

Therefore the samples used for this study have been high pressure frozen without any 

cryo protectants. As the cryo ultra-microtome is only used for trimming, advantages 

of using cryo protectants, other than protection from crystallization, are irrelevant in 

the present study. Without the use of cryo protectants, the samples are more 

vulnerable to crystal formation, which emphasizes the importance to be able to check 

the vitreous status of the sample at an early stage in the process. 

8.3.2 Cryo-TSEM Imaging 

After milling, the flipper is reoriented to its horizontal position. Low magnification SE 

images as shown in Figure 8.3 make localization of the lamellas easy and allow quick 

navigation to the lamellas. Figure 8.5 shows typical cryo-TSEM images. Cryo-TSEM 

imaging at moderate magnification reveals the presence of yeast cells in the lamellas 

immediately (Figure 8.5a). Higher magnification images show structures within the 

cells in cryo-TSEM (Figure 8.5b). Typical thicknesses for lamellas required for cryo-

TEM tomography are 100 – 300 nm. As a result, cell boundaries appear much thicker 

as information comes from a larger volume, indicating that the lamella is suitable for 

cryo-TEM tomography. The vertical lines visible on the lamella are an effect of the 

ion beam milling a cross section in a rough sample surface. This effect is called 

curtaining and can be prevented by reducing the FIB current in combination with an 

improved layer of platinum deposition or rotating the sample in the cross sectional 

plane, averaging out the curtaining. 

The SEM current is approximately 21 pA and the dwell time is 6 μs with a line 

integration of 2, for an image with a scan resolution of 2045 x 1768 pixels and a pixel 

size of ~ 7.8 nm. The dose used for recording Figure 8.5b is 0.26 e- / Å2. An image 

with a pixel size of 1 nm with the same scanning conditions applies a dose of 15.73 e- 

/ Å2 to the scanned area. Multiple images have been recorded of the same region 

without any noticeable damage. The presented results demonstrate the capability of 

the cryo-TSEM to image unstained cells in a FIB-made lamella. 

8.3.3 Orientation Contrast 

The presence of cells needs to be established, but in addition to that the status of the 

ice surrounding the cell must be determined. Figure 8.5b shows very clearly structures 

in between the cells. As vitreous ice is supposed to be featureless, the structures in 

between the cells have to be either extracellular material present in solution before the 

cryo arrest, or a crystalline phase. To make the distinction, orientation contrast 
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imaging is employed. Material contrast (Z-contrast) is independent on the incidence 

angle of the electron beam whereas orientation contrast of crystalline matter is 

dependent of the incidence angle of the electron beam. 

 

 

Figure 8.5: (a) A low magnification cryo-TSEM image clearly showing the presence of cells. (b) 

Higher magnification shows features within the cell and structures surrounding the cells. The latter 

structures are caused by extracellular material. 

 

 

 

Figure 8.6: Cryo-TSEM images of crystalline ice. The tilt series from +2° tilt (a), 0° tilt (b) 

and -2° tilt (c) changes the contrast between individual grains as a function of the relative tilt angle, 

indicating the crystalline nature of the lamella. 
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A sample exhibiting an unambiguous crystalline structure is shown in Figure 8.6. 

Tilting the sample from +2°, 0° to -2° results in grains becoming brighter whereas 

other grains remain the same and some become darker. The diversity in changes of 

brightness is due to orientation or diffraction contrast mechanisms.  

 

 

Figure 8.7: Two sets of two images of lamellas of approximately 200 nm thick. Both sets of images 

show cells, structures within the cells and outside the cells in cryo-TSEM mode. The images on the left 

(a) and (c) are tilted 0° and the images on the right (b) and (d) are tilted -2°. Comparing (a) and 

(b) no contrast changes in between structures occur. Comparing (c) and (d) shows no contrast changes 

within the cells, but the structures outside the cell do change contrast as a function of the relative tilt 

angle. The contrast change is evidence for their crystalline nature. 
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Figure 8.7 shows two sets of images from two different experiments. Both lamellas are 

approximately 200 nm thick and are tilted from 0° to -2° stage tilt. The top series 

(Figures 8.7a and 8.7b) shows strong contrast features in between the cells, as in 

Figure 8.5. However the relative contrast between the structures in between the cells 

remains unchanged at different tilt angles. Since the contrast is not orientation 

dependent it is concluded that the ice is non-crystalline, hence confirming the vitreous 

status of the ice. Note that the structures within the cells do not change contrast as a 

function of the tilt angle either.  

Demonstrating orientation contrast as shown in Figure 8.6 can also be observed in 

between cells as in the bottom series (Figures 8.7c and 8.7d) these also show strong 

contrast features. However, their morphology is already noticeably different from the 

features in the top series (Figures 8.7a and 8.7b) and similar to the one presented in 

Figure 8.6. The shape of the structure is different and all boundaries separating the 

structures are darker, indicating a high concentration of material. Such structures are 

known as segregation patterns which are formed by ice crystals forcing the solutes out 

of the crystal upon growth. As a result, high concentrations of solutes end up in 

between the ice grains. Hence the structure in the bottom series already suggests the 

presence of ice crystals. 

Between Figures 8.7c and 8.7d is a 2° stage tilt. Like in Figures 8.7a and 8.7b no 

contrast changes are detected within the cells as a function of the tilt angle. But a 

comparison between the two images reveals contrast changes between features 

outside the cells as a function of the relative tilt angle. As expected from the 

segregation morphology, a crystalline phase is indeed identified in between the cells. 

8.3.4 Cryo-Transmission EBSD 

The ultimate proof for the presence of a crystalline phase comes from EBSD 

measurements, a technique normally applied in Material Sciences. A vitreous material 

does not produce a diffraction pattern, whereas a crystalline material will give rise to a 

diffraction pattern. An important consideration of the reliability of EBSD as a 

technique to identify crystalline matter is the susceptibility to pick up the difference 

between crystalline and non-crystalline matter. As water consists of light elements, the 

interaction between the ice crystal and the electron beam is relatively weak compared 

to, for instance, metal samples. Although orientation contrast is quickly found, cryo-t-

EBSD (cryo-transmission-EBSD) patterns are more difficult to obtain. Figures 8.8a 

and 8.8d shows patterns obtained from an approximately 200 nm thick lamella shown 

in Figure 8.7c in transmission. To enhance the signal, instead of spot measurements, 

reduced area scans are used, scanning an area of approximately 500 nm x 500 nm at 
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TV-rate. With grain sizes of the same order of magnitude, care must be taken not to 

probe multiple grains within one measurement. 

Because the setup has not been optimized for cryo-t-EBSD, only the lower half of the 

detector screen is available. Still, patterns can be recorded which carry sufficient 

information to be indexed. Figures 8.8b and 8.8e show two examples of patterns 

being indexed and the corresponding crystallographic orientation (Figures 8.8c and 

8.8f). The indexing is performed with the structure file of hexagonal ice (Weikusat et 

al., 2011). 

Manually conducting cryo-t-EBSD with a current of 2.4 nA applies a large dose to the 

lamella and after a few scans damage can be noticed. Therefore, when applied prior to 

the transfer to a cryo-TEM, cryo-t-EBSD should be performed on sites adjacent to 

the areas of interest. 

To improve the cryo-t-EBSD signal, thicker lamellas have been tested. Although cryo-

t-EBSD patterns have been obtained from lamellas as thick as 5 μm, 1 – 2 μm thick 

lamellas yield the best results with the current experimental setup. The lamella (Figure 

8.7c and Figure 8.7d) shows crystal grain sizes of the order of 500 nm, again indicating 

the possibility to probe multiple grains at once. When two grains are probed 

simultaneously an accumulated pattern will be visible, which makes indexing difficult. 

However, the crystalline nature of the sample can still be determined. An advantage of 

thicker lamellas is the possibility to check the status of the ice earlier in the process, 

before the final milling steps. The results demonstrate cryo-t-EBSD to be suitable for 

positively identifying crystalline phases when diffraction patterns are recorded. 

8.3.4 Integration in Workflow Cryo-TEM Preparation 

Integration of cryo-TSEM into the workflow of a cryo-TEM sample preparation 

procedure is straight forward. The main hardware requirement is the accessibility of a 

TSEM detector underneath the lamellas, which for most cryo-FIB-SEM approaches 

mentioned in the introduction should be feasible. Directly after the preparation of the 

cryo-TEM lamella a check for the presence of cells and the vitreous status can be 

executed. 

The major advantage of the current setup is the possibility to check the integrity of the 

lamella within the cryo-FIB-SEM environment, as every sample handling and transfer 

carries the risk of contamination, inducing a phase change or complete loss of the 

sample. 
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Only a few cryo-FIB-SEM microscopes are equipped with an EBSD detector. 

However, we have shown that tilting a sample by a few degrees is already sufficient to 

create orientation contrast in crystalline samples. Thus a vitreous phase can be 

distinguished from crystalline phase without the additional confirmation of an EBSD 

detector. If an EBSD detector is available, to prevent beam damage of the area of 

interest, it is advised to perform the measurements on an adjacent area. 

 

 

Figure 8.8: Two different EBSD patterns obtained from the lamella shown in Figure 8.7c. (a, b) 

The EBSD patterns as detected by the EBSD detector are only visible in the lower half of the 

detector screen due to the current experimental setup. (c, d) The patterns are indexed with the 

hexagonal structure file of ice after manually detecting the bands. (e, f) A representation of the ice 

crystal orientation found in the lamella. 

 

 



In-Situ Integrity Control by Cryo-TSEM 

 

237 

 

8.3.5 Future Cryo-TSEM 

As the resolution of SEM has improved dramatically over recent years, TSEM is 

gaining more and more interest as an alternative method of transmission investigation 

that once would have needed a TEM (Klein et al., 2012). Although a TEM has 

eventually a much higher resolving power; SEM systems are cheaper, easier in use and 

specifically well suitable for samples containing light elements, such as biological 

samples and polymers. 

Although the first commercial TSEM detector in a SEM was made already in the 

1960s and 1970s, a cryo version of the (in-lens type) TSEM detector has first appeared 

in 1996 (Apkarian, 2006). In recent years a cryo-TSEM detector similar to the one 

presented in this study was mentioned in the literature in 2006 (Dobberstein et al., 

2006) although no actual data was published. The detector was based on the 2nd 

generation of TSEM detectors made for the Philips XL FEG and ESEM FEG. The 

first paper showing cryo-TSEM is from 2009 (Furusho et al., 2009), investigating 

glycolipid nanotubes. The only cryo-TSEM study of hydrated samples is found in 

2010 (Gee et al., 2010), applying the technique to food colloids.  

In the work of Furusho, a very interesting development is the possibility to conduct 

TSEM tomography, recording a tilt series similar to tomography in the TEM which 

allows three dimensional reconstruction of the examined volume. Due to limitations 

of their equipment the tilt series were recorded only at room temperature. 

Tomography in TSEM mode has been further developed and published in 2011 

(Jornsanoh et al., 2011) calling it tomo-STEM®. Currently the tomo-STEM is only 

applied at room temperature as well, but in the paper the potential of the cryo version 

is discussed. Imaging at low-kV and low dose has the potential to allow many images 

to be recorded for a tomogram, which makes cryo-TSEM tomography a very 

promising technique. 

The current results demonstrate a very interesting trend towards an all-in-one 

approach. Both the preparation of the lamella and the imaging can be done in a cryo-

FIB-SEM with transmission imaging capabilities. The major advantage of an all-in-one 

solution is reducing the risk of contaminating or losing the sample during the process 

as every cryo-transfer poses a significant risk for a good final result. A different 

direction of research which can stem from the presented work is an investigation in 

freezing protocols and subsequent handling. Such research would facilitate further 

developments of sample preparation strategies. While imaging, phase changes from 

vitreous ice to crystalline phases (either to a cubic or a hexagonal phase) can be 
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monitored live. Such research opens the way for different scientific disciplines 

interested in ice physics, such as geology and astrophysics. 

8.3.6 Future Technical Innovations 

A major advantage of FIB-made lamellas in general is the site specificity. However, a 

major challenge for the samples in the present study remains in locating the area of 

interest. The production of lamellas with a FIB is still a time consuming process. To 

obtain a high efficiency, not only the integrity of the lamella must be controlled 

throughout the process, the feature of interest must be located exactly within the few 

hundreds of nanometers of the lamellas thickness. 

In Life Sciences the current trend to achieve this accurate localization is using a 

combination with light microscopy (LM), an approach referred to as Correlative Light 

Electron Microscopy (CLEM), which is now also starting to be applied to FIB-SEM 

(e.g. Jimenez et al., 2010; Rigort et al., 2012b). Specific biological structures are marked 

with a fluorescent marker and located with a LM. Subsequently the sample is 

transferred into an Electron Microscope (EM). Coordination frames are exchanged 

between LM and EM to facilitate quick navigation to exactly the same location.  

Recently the combination of light and electron microscopy has been integrated into a 

single instrument (Agronskaia et al., 2008) which can directly toggle between the LM 

and the EM. Such a combination can be foreseen in a cryo-FIB-SEM as well. Cryo 

experiments requiring such an approach will benefit from limited transfers. An all-in-

one system would provide; in-situ assignment of the location, in-situ preparation of the 

lamella, in-situ integrity check and an in-situ observation with a cryo-TSEM detector 

making an extremely powerful tool for future research in life sciences. 

 

8.4 Conclusions 

We have presented a method suitable for in-situ integrity control of FIB made cryo-

lamellas. After the lamella is made, cryo-SEM imaging is conducted in cryo-TSEM 

mode. The contrast of cryo-TSEM imaging is sufficient for determining the presence 

of cells and structures in the cells, within the lamella. Orientation contrast can be used 

to distinguish vitreous ice from crystalline ice. An extension of transmission-Electron 

Back Scattered Diffraction (t-EBSD) to cryo conditions has been used to validate 

orientation contrast, matching the cryo-t-EBSD pattern with the structure from 

hexagonal ice. 
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It is shown that cryo-TSEM is an important new tool for the workflow of the 

preparation of cryo-TEM samples, as it functions as a quality control halfway through 

the process. In addition expansion of cryo-TSEM towards applications outside the 

Life Sciences discipline is an option, investigating for example ice physics in geology 

and astrophysics. 
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This PhD Thesis provides an overview of the state-of-the-art possibilities and limitations of the FIB-

SEM technique for exploring a wide variety of samples originating from the fields of Life Sciences, 

Earth Sciences and Material Sciences. However, it must be appreciated that key challenges are still 

ahead. With ongoing instrumental innovations to the FIB-SEM technique, ‘getting images’ becomes 

less challenging, although especially in Life Sciences, producing contrast is still a key research topic, 

either from the preparation side and/or the SEM imaging side. Once proper SEM images are 

obtained, either in 2D or in 3D from FIB-SEM tomography, post-processing represents the next 

challenge. In general, a single FIB-SEM tomography produces hundreds or thousands of SEM 

images, which require proper alignments and further processing. Indeed, segmenting particular phases 

from all of these SEM images, such as pores or cell components, require sophisticated and dedicated 

software. Once the image analysis has succeeded, the interpretation of the micro structural information 

is required, in relation to the bulk properties of the material under study. Although this final 

interpretation step will eventually result in increased understanding of the behavior of our daily life 

products and macro-scale physical phenomena, such as Earth quakes, the interpretation step is also 

the most difficult. Especially for heterogeneous samples, correlative, multi-scale approaches are 

required, if needed by combining multiple analysis tools within a single FIB-SEM instrument. 
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9.1 Summary 

The goal of this PhD research work was to explore and validate the application of the 

Focused Ion Beam-Scanning Electron Microscope (FIB-SEM) to insulating samples 

from various fields of Life Sciences, Material Sciences and Earth Sciences. In all these 

fields there are needs to obtain high-resolution 3D information from samples and a 

common denominator of the selected samples is their electrically insulating nature. In 

general, FIB-SEM applications are practical and applicable and offer a significant 

contribution complementary to existing analytical tools (e.g. Transmission Electron 

Microscopy, light microscopy techniques and mercury intrusion porosimetry).  In 

order to assess the successes achieved within this PhD Thesis and remaining 

challenges ahead, we divide the discussions on FIB-SEM analysis below in five distinct 

categories: 

 Sample Preparation 

 FIB-SEM Applications 

 Image Post-Processing 

 Data Interpretation 

 Cryo Applications 

 

9.1.1 Sample Preparation 

Although sample preparation itself has not been the subject of this PhD Thesis, it is 

important to realize that each sample has to be prepared in such a way that it can be 

studied by the FIB-SEM. In Material Sciences and Earth Sciences, the sample 

preparation is often relatively straightforward. The large coffin-shaped zeolite ZSM-5 

crystals (Chapter 4) and the industrially manufactured FCC catalyst particles 

(Chapter 5) were directly sprinkled onto an adhesive carbon sticker mounted on a 

standard aluminum SEM stub. The olivine-basaltic melt sample (Chapters 2 & 6), the 

diamond sample (Chapter 3) and the embedded FCC particles (Chapter 5) required 

additional pre-treatment (fracturing, mechanical polishing) before these samples were 

mounted onto the SEM stub (the olivine-basaltic melt sample was glued to the stub 

with silver dag). Before transferring the aforementioned samples into the FIB-SEM 

instrument, electrical conduction was ensured by sputter coating. In contrast, Life 

Science samples (i.e. cells and tissues) come with two challenges; i.e. their natural 

hydrated state is incompatible with the vacuum condition in the FIB-SEM. Therefore 

the samples were either frozen and processed under cryo conditions (Chapters 7 & 

8), or the cells were chemically fixed (or frozen) and the water is replaced by a resin 
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(Chapter 2). The second challenge is creating contrast between the various cellular 

organelles and the bulk water phase, or the resin. FIB cross sections are in principle 

very smooth, resulting in little to no topological contrast in Secondary Electron (SE) 

mode. Also Back Scattered Electron (BSE) imaging does not provide any contrast. 

The membranes of the cells (consisting of mainly carbon and hydrogen) are too small 

and too low in atomic number to create direct contrast with the bulk phase, both in 

cryo samples and in resin embedded samples. An important limiting factor is the 

interaction volume of the electron beam, as shown in Figure 1.7, where the smaller 

particles become invisible at higher acceleration voltages. 

In support of identifying the interaction volume as the limiting factor in BSE imaging 

mode, is the cryo-TSEM work (Chapter 8), which does show strong contrast of 

structures within frozen cells in the SEM. In addition, recent work on frozen cells has 

shown that background charging provides another method of contrast formation 

(Schertel et al., 2013). Although background charging was already known as an imaging 

artifact, it might be put to good use. Currently, the reliability and the reproducibility of 

the image formation process without additional staining of the sample require further 

validation and understanding. 

Alternatively, in non-cryo state heavy metal staining of the membranes is used to 

create contrast in BSE imaging mode (Chapter 2). For decades, cells have been 

chemically prepared for TEM. As a general rule of thumb, FIB-SEM samples require a 

similar approach as samples prepared for TEM work (Chapter 2). 

9.1.2 FIB-SEM Tomography 

FIB-SEM tomography is shown to be widely applicable, addressing a whole range of 

scientific questions. Principle developments were presented in Chapters 2 & 3, while 

the applications were presented in Chapters 4-6. Although not explicitly explained in 

these chapters, a number of improvements were made over the years, to the software 

carrying out FIB-SEM tomography. Introducing alignment features (fiducial markers) 

used by both the FIB and the SEM greatly enhanced the long-term stability of the 

system. The positioning accuracy is most important for FIB milling, as the SEM 

images can be post-aligned. It was shown that long runs (> 4 days) of fully automated 

non-stop consecutive milling and imaging were achievable, provided that the system 

was stable. The highest demand for precision was the FIB-SEM tomography series 

presented in Chapter 5. The FIB-SEM Tomography series through the large coffin-

shaped zeolite ZSM-5 crystals had a slice thickness of 10 nm, with an estimated 

accuracy of ~ 2 nm. Also the recording of multiple images with varying conditions 
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(e.g. SE/BSE, magnification, scan speed, acceleration voltage and current) per slice 

was introduced, adding significantly to the versatility of FIB-SEM tomography. 

Further possible developments of the home-made software would be an autofocus 

routine and an automated correction for astigmatism. Especially in the case of slight 

variations of the temperature in the room, the focus and astigmatism correction are 

gradually lost. A more recent software version from FEI contains an autofocus 

routine. 

In Chapter 2 a technical improvement was suggested, performing the FIB-SEM 

tomography series at 0° stage tilt. The improvement led to reducing the contrast 

gradient from top to bottom, as a result of the increased escape probability for 

electrons from the bottom part of the SEM image. An additional advantage is the 

opportunity to tilt the stage for SEM imaging, allowing imaging the cross section 

parallel to the imaging plane.  

Although the technical implementation is straight forward, a disadvantage was found 

for the post-processing of the 3D volume (Chapter 3). While the slices are not 

orientated perpendicular to the sample surface, 3D reconstruction software assumes 

perpendicular slices. Therefore reconstructing the 3D volume requires additional post-

processing steps. A mathematical solution was demonstrated on a 3D model (Chapter 

3), but was not yet put into practice for the entire voxel space. The absence of 

software capable of directly correcting for the slice orientation was the main reason 

for applying ‘standard’ FIB-SEM tomography (slices perpendicular to the sample 

surface) in Chapters 4-6. 

The spatial resolution, or resolving power, is determined by the interplay between the 

microscope conditions, the required imaging mode and the type of the sample 

(Chapters 2 & 3). In general, BSE imaging was employed throughout this PhD 

Thesis, limiting charging effects in the SEM image. A disadvantage of BSE imaging is 

the resolving power being not as high as for SE imaging, especially when contrast is 

formed by phase differences (Chapters 2 & 6). Reducing the acceleration voltage to 2 

kV resulted in an estimated spatial resolution of ~ 10 nm for the embedded cells (scan 

resolution 3.1 nm/pixel). 

A discussion of the spatial resolution of a volume requires taking into account the 

slice thickness as well. For example, the FIB-SEM tomography series through cells 

(Chapter 2) had a slice thickness of 50 nm. As a consequence, the anisotropic voxel 

resolution through the cells is estimated to be 10 x 10 x 50 nm. The spatial resolution 

in BSE mode is not only determined by the interaction volume. Imaging larger areas 
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result in a lower scan resolution. The olivine-basaltic melt sample (Chapters 2 & 6) 

has been imaged with scan resolutions of > 10 nm/pixel, limiting the resolving power.  

The FIB-SEM tomography series through the large coffin-shaped zeolite ZSM-5 

crystals (Chapter 4) showed the maximum capability of our Nova Nanolab 600 FIB-

SEM instrument in terms of resolving power. Despite using BSE imaging, a spatial 

resolution of 5.2 x 5.2 was claimed (scan resolution 2.6 nm). The slice thickness was 

10 nm ± 2 nm. In this particular case, the BSE contrast was not governed by atomic 

number differences, but by surface morphology. The probability of electrons escaping 

from small voids is smaller in comparison to bulk, resulting in dark spots in the image. 

These dark spots were (manually) identified as pores, only considering squares equal 

to or larger than 2 x 2 pixels as pores. The requirement of at least 2 x 2 pixels was 

necessary to exclude false positives due to noise. The FIB-SEM tomography series 

through the macro- and meso porous FCC particles (Chapter 5) was specifically 

aiming for a larger field of view, automatically reducing the resolving power. As with 

the images of the large coffin-shaped zeolite ZSM-5 crystals, the images of the pore 

space of the FCC catalyst particles were recorded in BSE mode in order to reduce 

charging artifacts in the images. 

FIB milling a cross section through a sputter coated, non-conductive sample, 

inevitably reveals a non-conductive surface. Although the milling process was not 

hampered by the electrically insulating nature of the examined samples, some of the 

SEM images do show a few charging artifacts. Bright, streaky features were seen in the 

olivine-basaltic melt samples (Chapters 2 & 6), the large coffin-shaped zeolite ZSM-5 

crystals, when imaged in SE mode (Chapter 4, not shown) and within some pores of 

the FCC catalyst particles (Chapter 5). The bright features are an effect of a local 

charge build-up close to the surface, increasing the yield and energy of secondary 

electrons. Fast scanning is often a solution to this imaging artifact, although a faster 

scan results in a noisier image. Alternatively, for BSE imaging, the negative bias 

voltage on the detector can be increased. As a result, SE’s accelerated towards the 

detector are still repelled and remain undetected; the artificial bright features are kept 

out of the image. Cells embedded in plastic performed very well in terms of SEM 

imaging, as the samples were thoroughly loaded with heavy metals used for enhancing 

the contrast (Chapter 2). The large coffin-shaped zeolite ZSM-5 crystals (Chapter 4) 

required BSE imaging to overcome the bright and streaky artifacts in the image. 

Preventing all imaging artifacts for the olivine-basaltic melt sample and the FCC 

sample has not been fully successful. In the case of the FCC catalyst particles, the 

artifacts were constraint to within the pore volume. Eventually, the artifacts were used 

to identify pore space during the segmentation procedure. Automatic segmentation of 
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the olivine-basaltic melt images would be severely hampered by the charge artifacts. 

Without overcoming the charge related artifacts, segmentation of the melt volume was 

performed manually. 

The combination of FIB-SEM tomography with various detectors, other than 

SE/BSE detectors, is known, e.g. the EBS3 (Xu et al., 2007) and EDX3 (Schaffer et al., 

2007). A novel combination has been introduced in Chapter 3, combining the FIB 

with the Cathodoluminescence (CL) detector. The main concern was the effect of the 

FIB on the CL emission. It is shown that both in theory and in practice the damage 

layer created by the FIB does alter the CL emission. However, the inflicted damage 

does not diminish or quench the CL emission. Although a damage layer is formed, as 

demonstrated with EBSD, the interaction volume of the SEM exceeds the interaction 

volume of the FIB. Based on the experiments performed and literature reports, it was 

found that the CL emission is in fact amplified by the damage layer. Samples 

exhibiting CL emission, other than diamond, have been tested as well. All samples 

tested showed CL emission from FIB cross sections. One example is shown in 

Chapter 1 (Figure 1.5). Of importance for future studies is a CL detector allowing 

automation of FIB-SEM CL tomography. The new CL detector has to be thinner, 

allowing the sample to be positioned at the coincidence point of both the FIB and the 

SEM. Furthermore, in addition to the hole allowing the SEM to scan the sample, a 

second hole should be present for the FIB. Separately from a new detector, an analysis 

of the CL spectra from FIB cross sections would further validate the methodology.  

9.1.3 Post-Processing 

Once the SEM images are obtained, the required information must be extracted from 

these images. Especially in the case of FIB-SEM tomography series, a number of post-

processing steps are required. The simplest examples in terms of post-processing are 

the FIB-SEM tomography series through the embedded cells (Chapter 2), the olivine-

basaltic melt (Chapters 2-6) and the large coffin-shaped zeolite ZSM-5 crystals 

(Chapter 4). For all image series, the images were stretched in the y-direction to 

correct for the projection of the cross section plane onto the SEM image plane. 

Following, the images were aligned, mostly by hand. Finally, the 3D model was drawn 

from the images, also by hand. In the FIB-SEM tomography series through the 

embedded cells, due to the presence of many features with similar contrast levels and 

shape, ‘human interpretation’ was required to identify specific structures, based on 

their appearance. 

The olivine-basaltic melt sample is a relatively simple material to work with, basically 

consisting of two phases (solid + solidified melt). However, due to low contrast and 
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additional charging artifacts, again ‘human interpretation’ was required to align the 

series (manual refinement of an initially automated alignment step) and subsequent 

identification and segmentation of the grain boundaries in 3D (Chapters 2 & 6). 

Alignment and segmentation of the meso pores in the large coffin-shaped zeolite 

ZSM-5 crystals was done manually as well, because of the very high precision required 

for both (Chapter 4). 

Manual alignment and segmentation is very labor intensive. In addition, while ‘human 

interpretation’ is an advantage when ‘decisions’ must be made about the size and 

shape of specific structures, the reproducibility of the result is questionable as the 

outcome of these decisions will vary from time to time and from person to person 

and thus might be biased. Therefore, automated alignment and segmentation has 

important advantages over manual work. However, in general, automation is not 

straight forward, especially for the samples examined in this PhD Thesis. One 

example is shown of a fully automated procedure, which is from the FCC catalyst 

particles, as illustrated in Chapter 5. Segmentation of the macro- and meso pore space 

of the FCC catalyst particles was automated, as manual segmentation was practically 

impossible within a reasonable period of time. The difference with the meso pore 

space of the large coffin-shaped zeolite ZSM-5 crystals is the presence of the macro 

pores in the FCC catalyst particles. Within the larger voids of the macro pore space, 

smaller structures create additional contrast, which were detected by simple 

thresholding algorithms. As a result, the pore space was not correctly segmented, an 

artifact known as the pore-back problem or the ‘shine-through’ artifact. 

Therefore a so-called cumulative segmentation strategy was developed, which 

combined several segmentation methods. A novel algorithm uses the availability of 

3D information in FIB-SEM tomography data, searching for contrast gradients along 

the z-axis (direction of the slices). Although the automated segmentation of the pore 

volume is still not 100% correct, the quality is sufficient for further processing the 

data. 

9.1.4 Data Interpretation 

The scientific interpretation of the results obtained from the FIB-SEM tomography 

series in relation to the examined material in this PhD Thesis, is very sample specific. 

However, a common denominator is found in the scaling question as all of the 

observations made by the FIB-SEM methodology involve micro structures at micro 

meter and nanometer length scales. Understanding the significance of a tiny fraction 

from the sample for the bulk properties of the material remains an essential aspect of 

electron microscopy studies for future research. 
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Arguably the simplest case, described in this PhD Thesis, is the large coffin-shaped 

zeolite ZSM-5 crystal, described in Chapter 4. A batch of these synthetic zeolite 

crystals is regarded as very homogeneous, i.e. all crystals are alike, although selective 

staining experiments have proven that this is not entirely true (Kox, 2009; Karwacki, 

2010; Mores, 2011). Nevertheless, to draw conclusions for an entire batch of zeolite 

crystals it was assumed to investigate a few crystals only. It was found that imaging 

across a few cubic micro meters of individual large coffin-shaped zeolite ZSM-5 

crystals, in combination with detailed knowledge of the location of the FIB cross 

section with respect to the outer surface of the zeolite crystal, resulted in a 

representative image for a particular sub-unit of the zeolite crystal. 

The olivine-basaltic melt sample (Chapters 2 & 6) is a two-phase (solid + solidified 

melt), homogeneous mixture. According to theory, the morphology would be dictated 

by the wetting properties of the melt across the olivine grains. Bulk theory assumes a 

single value for the wetting angle, or dihedral angle. Standard measurement 

procedures for the dihedral angle involve SEM images of mechanically polished cross 

sections. As the cross sections are randomly orientated through the melt pockets, a so-

called apparent dihedral angle is measured. Based on the assumption of a single value 

for the real or true dihedral angle, a statistical method is used to derive the true 

dihedral angle from a large set of values for the dihedral angle. 

Using FIB-SEM tomography, melt pockets were reconstructed in 3D, allowing the 

direct measurement of the true dihedral angle. It was found that the 2D and the 3D 

methods result in similar values. However, other phenomena, such as faceting, due to 

anisotropic interfacial energies, and indications of non-equilibrium structures, raises 

questions whether or not the dihedral angle is sufficient as a descriptive parameter of 

the olivine-basaltic melt sample. As a result, a much larger number of data sets would 

be required for a full characterization and understanding of the sample. A 

complicating aspect of the research in olivine is the relevance of several length scales. 

While grain size distributions must be established across millimeters, melt layers 

require sub-nanometer resolutions. Hence, in this PhD Thesis, the olivine-basaltic 

melt sample is probably the most challenging sample to fully characterize, requiring a 

sophisticated correlative approach. 

A clear example of making use of a large number of data sets was demonstrated for 

the FCC catalyst particles (Chapter 5). The central question was to relate the macro- 

and meso pore space characteristics to the transport ability. FIB-SEM tomography 

was conducted, resulting in a total of 243 cubes of 2 x 2 x 2 μm3 of with the pore 

space mapped in 3D. Relating the transport ability to the porosity based on only 243 

cubes would be statistically unreliable due to the heterogeneity of the FCC catalyst 
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particles across tens of micrometers, In addition, simulating steady-state diffusion 

through the cubes was found to be computationally very expensive. Therefore, it was 

found necessary to generate virtual cubes with similar geometrical characteristics, but 

smaller in volume. By running simulations for thousands of such virtual cubes, it 

became possible to obtain a statistically reliable correlation between the transport 

properties and the porosity for cubes representative for 2 x 2 x 2 μm3 cubes of FCC 

catalyst particles. In order to determine the transport properties of entire FCC catalyst 

particles, an up-scaling routine was developed, using the analogy between resistance to 

transport and resistance to electrical current. The resulting comparison between two 

different types of FCC catalyst particles showed a significant difference in transport 

properties, in agreement with bulk measurements. 

The up-scaling method is not applicable to biological specimen. The example of the 

reconstructed mitochondria and the endoplasmic reticulum shown in Chapter 2 is 

only from a small part of one cell. Due to the heterogeneity within specific types of 

cells, between cells of a specific type and between different types of cells, require a 

different approach. Obtaining a statistically significant result requires the analysis of 

many structures, e.g. mitochondria. Apart from the post-processing efforts, a current 

challenge is finding the specific structures. Although cells can be found relatively easy, 

finding the exact location within each cell requires additional information. Being able 

to pin point the exact areas of interest would significantly reduce the volumes to be 

analyzed by FIB-SEM tomography, improving the practical applicability of FIB-SEM 

tomography in Life Sciences. The key to the field of cellular Life Sciences lies in the 

combination of multiple characterization techniques, the so-called correlative 

approach.  

9.1.5 Cryo Applications 

One of the main challenges with cryo samples is handling the samples. The frozen, 

hydrated yeast cells used in this PhD Thesis, required freezing prior to entering the 

microscope chamber. Slow freezing results in the formation of ice crystals, which 

damages the ultrastructure of the cells. Fast freezing prevents ice crystal formation, as 

used in Chapters 7 & 8. Subsequently, the temperature must be maintained below -

138 °C to prevent devitrification. 

An important step forward in Chapters 7 & 8 is the hardware. It was previously 

shown in the literature that frozen, hydrated lamella, suitable for the cryo-TEM, could 

be produced by cryo-FIB milling. These lamellas were milled in thin layers of cells 

grown on TEM grids. In Chapter 7 it is shown that lamellas can be made from bulk 

samples. The advantage of the method is its potential for example for biopsies. 
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Handling of the samples was all done under liquid nitrogen or under vacuum 

conditions while being actively cooled to temperatures below -138 °C. Protection of 

the sample from the atmosphere is of outmost importance while transferring the 

sample from one instrument to another, especially in the case of vulnerable cryo-TEM 

lamellas. Moisture from the atmosphere condensates on poorly protected samples, 

hiding the structures of interest by a thick layer of frost. Therefore, in Chapter 7 a 

fully protective workflow is developed, which is however quite labor intensive. To 

save expensive instrument time, a method for in-situ integrity control was developed 

(Chapter 8), which checks the presence of cells in the lamella and the absence of 

hexagonal ice prior to continuing to the cryo-TEM. The integrity control was done by 

cryo Transmission-SEM (TSEM) imaging. Cryo-TSEM imaging was shown to be able 

to detect the presence or absence of contrast created by crystallographic orientation of 

hexagonal ice (the channeling process as described in Chapter 1. Proof that the ice 

crystal is hexagonal was provided by transmission-EBSD. The presence of hexagonal 

ice indicates poor freezing conditions, invalidating further ultra-structural 

investigations. Rather than spending more time on a useless sample, the decision can 

made to repeat and if necessary, improve the freezing process with a new, fresh 

sample. Alternatively, if cryo-TSEM shows that the sample is in good condition the 

next step can be taken. 

 

9.2 Outlook 

The work presented in this PhD Thesis has been performed on the Nova Nanolab 

600 FIB-SEM microscope installed at Utrecht University early 2007. Worldwide, many 

hardware and software innovations have been made since, in particular with SE/BSE 

detection. Highly efficient detectors allow for much smaller electron beam currents to 

be used while maintaining a very low noise level. In addition, the reduction of the 

electron beam current reduces the risk of charging artifacts during SEM imaging. It is 

expected that obtaining images from increasingly difficult material to work with in a 

SEM, will become routine work. Applications needing higher electron beam 

acceleration voltages or electron beam currents, such as FIB-SEM tomography 

combined with CL, EBSD or EDX, remain limited by charging. Sophisticated 

software (e.g. using a random scanning strategy) and hardware (e.g. gas-mediated charge 

dissipation) are required to address these challenges. 

Another challenge for the near future is linking microstructural data, obtained by the 

FIB-SEM, to bulk properties. Equally important is the exact opposite, linking bulk 

properties to specific microstructural characteristics. While the former requires up-
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scaling techniques, as developed in Chapter 5, the latter requires a so-called 

correlative approach. The use of multiple characterization tools, applied to the same 

sample. 

It is perhaps not a coincidence that electron microscopy applied in Life Sciences is a 

forerunner in the field of correlative approaches, as the heterogeneity is probably the 

most significant in Life Science research (e.g. see Correlative Light and Electron Microscopy. 

Methods in Cell Biology 111, 2012). Various fluorescence light microscopy (LM) 

techniques are available for live cell imaging. Subsequently, the cells are fixated 

(‘permanently paused’) and prepared for electron microscopy (EM). Application of 

fluorescent molecules allows for consecutive imaging of a sample by LM and EM. The 

advantage of such combination is the possibility to use the LM to search through large 

numbers of cells for specific structures or proteins, which are subsequently imaged at 

high magnifications by the EM. The correlative approach would save a lot of time 

searching in the EM, while the statistical significance of a specific feature (frequency 

of occurrences) is clear. Clearly for FIB-SEM this correlation is expanded to 3D and 

will even further enhance the possibilities of finding the place of interest and 

subsequently getting detailed 3D information. An in-situ solution for LM-TEM has 

been shown in the literature (Agronskaia et al., 2008), while ex-situ solutions are shown 

for cryo-LM-FIB-SEM (Rigort et al., 2012) and embedded cells (Jiménez et al., 2010). 

Especially for cryo samples, due to the difficulty in handling these samples, an in-situ 

solution for LM-FIB-SEM would be beneficial. Therefore, such a tool is currently 

under development at Utrecht University in the NWO/STW project Microscopy Valley 

program. 

Correlative microscopy is well known in Life Sciences, but many examples can be 

found in the fields of the Material Sciences and Earth Sciences as well. In a classical 

example from Earth Sciences, polarized light microscopy techniques are used to 

determine the presence of so-called Lattice Preferred Orientation (LPO) slip zones in 

friction experiments (simulating conditions leading up to Earthquakes). Locating the 

LPO by LM, subsequent analysis by FIB-SEM tomography, followed by FIB made 

TEM lamella and TEM observations, have led to the finding that nanoparticles as 

small as 5 nm may control the behavior of slip zones (Verberne et al., 2013; Verberne 

et al., 2014). 

Another, yet unpublished example has been performed on the FCC catalyst particles 

studied in Chapter 5. The results are shown in Figure 9.1. On catalyst particles in 

general, a lot of work is done by LM techniques, such as confocal fluorescence 

microscopy (Buurmans & Weckhuysen, 2012). The limited penetration depth of 

approximately 7 μm in FCC catalyst particles is a disadvantage of using confocal 
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fluorescence microscopy. The average diameter of entire FCC catalyst particles is of 

the order of 100 μm. It was shown that the FIB is capable of removing the top layer 

of an FCC particle after examining the outer 7 μm with confocal fluorescence 

microscopy. The new outer surface created by the FIB maintained its fluorescent 

properties, illustrating that selective staining had taken place in the entire FCC catalyst 

particle. Combining SEM and the fluorescence microscopy images, as shown in Figure 

9.1d, clearly show the complementary information one can gather from this 

correlative characterization approach.  

 

Figure 9.1: An example of correlative microscopy performed on a FCC catalyst particle. (a) The 

original particle is imaged by the SEM and (b) subsequently the FIB has removed approximately 7 

μm from the top. (c) Confocal fluorescence microscopy (λex = 561 nm, detection 570 – 620 nm, false 

color image) is not able to image at greater depths than 7 μm, except when the FIB has removed the 

top layer. (d) The overlay image (c on top of b) reveals that dark regions in the fluorescence image are 

in face very dense regions in the BSE image, which apparently exhibit very little fluorescence. (a-d) 

Scale bar is 20 μm. 
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There are at least two arguments in favor of “FIB-Fluorescence Confocal 

Tomography”: (1) The opportunity of investigating relatively large volumes otherwise 

inaccessible by fluorescence confocal microscopy, or any other LM technique, and (2) 

the opportunity to correlate the fluorescence confocal images to the EM images. 

Indeed, Figure 9.1d shows that the dark regions in the fluorescence microscopy image 

can sometimes be related to pores in the SEM image, but dense structures in the SEM 

image also appear as voids in the fluorescence microscopy image. A correct 

interpretation of the fluorescence microscopy image would be greatly benefitted from 

complimentary SEM images. In addition, the interpretation of SEM images would also 

be benefitted from corresponding fluorescence microscopy images. Catalytically active 

components can often not be readily recognized in the SEM, while an overlap with 

fluorescence microscopy images points out directly the catalytically active regions in 

e.g. an FCC catalyst particle.  

The olivine-basaltic melt sample examined in Chapters 2 & 6 is not suitable for 

confocal light microscopy techniques. 3D information across millimeter length scales 

can be obtained by X-ray techniques (Zhu et al., 2011) or serial mechanical polishing in 

combination with SEM imaging (Garapić et al., 2013). The required refinement of the 

resolving power can be obtained by FIB-SEM tomography, while the resolving power 

of the TEM is required to determine the exact structures of any melt layers and grain-

grain contacts. Applying the combination of the aforementioned techniques to 

individual samples is believed to provide the key towards an accurate micro structural 

description of the olivine-basaltic melt system. Based on the micro structural 

description, theoretical model systems can be tuned in such a way that the model 

produces equivalent micro structures as found in nature. Further modeling of 

geological processes can be performed, based on the validated model system. 

Another major challenge is the handling of the digital data. Especially high resolution 

3D data sets, whether obtained by confocal microscopy, FIB-SEM tomography or any 

other technique, quickly become a major challenge for desktop computers. 

Considering the FCC catalyst particles as an example (Chapter 5), the smallest pore 

diameters are located in the zeolite crystals, and are of the order of a few Angstrom. 

Building a virtual FCC catalyst particle with a voxel size of 1 x 1 x 1 Å would require a 

virtual volume of 1 ∙ 1018 voxels. Each characteristic, assigned to all voxels (e.g. pore 

vs. solid, what solid component and catalytic activity), would add another virtual 

volume of 1 ∙ 1018 voxels to the computer’s memory. In terms of memory, such 

volumes are practically impossible, while running simulations through such volumes 

isn’t even considered. It becomes clear that innovative approaches are required to deal 

with these large volumes of data, especially when the integration of various imaging 

techniques (in-situ or ex-situ) is realized.  
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9.2.1 Future of cryo-FIB-SEM 

Currently, two strategies are established for preparing thick cryo-lamellas. For the first 

strategy, cells are grown directly on a TEM grid. After freezing the TEM grid, the 

cryo-FIB enables to make part of the cells thin enough for electron transparency 

(Marko et al., 2006; Rigort et al., 2012). The second method is described in Chapter 7. 

Also in Chapter 7, it is mentioned that standard lift-out techniques used for room 

temperature work is not applicable to cryo work. However, recent work by Strunk et 

al. (2012) shows that the lift-out method can be used for cryo samples. Several other 

groups are also working on cryo-lift out (C. Parmenter, University of Nottingham, 

personal communication; C.D. Hartfield, Oxford Instruments, personal communication). 

Therefore, it is expected that in time, three techniques involving cryo-FIB milling 

become available to produce thick cryo-lamella from hydrated samples. As a result, 

new insights in biological processes can be obtained, using sophisticated techniques 

such as cryo-single particle analysis within cells. But thick cryo-lamellas are not 

exclusively used in Life Sciences. The food industry could benefit as well, for example 

when investigating colloidal suspensions of ice creams.  

A major challenge in cryo applications remains transferring samples from one 

instrument to another. If the structures under investigation are less demanding in 

terms of resolution, cryo-TSEM imaging could be sufficient to address the scientific 

question. Therefore an all-in-one instrument is suggested in Chapter 8. Especially 

when combined with in-situ correlative techniques, such an instrument could be very 

powerful, allowing for locating, preparing and analyzing a structure of interest.  

 

9.3 Concluding Remarks 

FIB-SEM is a versatile and powerful characterization method, which can be employed 

for a wide variety of complex scientific questions originating from the fields of Earth 

Sciences, Life Sciences and Material Sciences. This PhD Thesis has shown a number 

of technical developments, in combination with three showcases of addressing a 

scientific question with a state-of-the-art FIB-SEM instrument. The technique itself 

has matured considerably over the past years. However, considering the microscope as 

part of a larger workflow required to answer scientific questions, a considerable 

amount of work remains to be done, both prior to entering the FIB-SEM instrument 

and after performing the FIB-SEM measurements.  
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A.1 Introduction 

The main challenge for the FIB-SEM tomography technique through porous media is 

the 3D reconstruction of the pore space. Especially the larger pores show structures 

from within the pore space. Attempts to automate detection and segmentation of the 

solid phase in FIB-SEM tomography image series result in the so-called ‘shine 

through’ artifact (Keller et al., 2011a; Gunda et al., 2011; Salzer et al., 2012;  Houben et 

al., 2013; Prill et al., 2013); the structures visible through the pore space are incorrectly 

identified as ‘solid phase’ in the cross sectional plane. As a result, large pore spaces in 

the 3D reconstruction are partially filled by a volume of incorrectly assigned solid 

phase. The degree of the ‘shine through’ artifact depends on the pore dimensions and 

the image parameters (e.g. contrast, noise) (Salzer et al., 2014b). In general, meso pores 

act as small Faraday cups, not allowing electrons to escape towards the detector, 

resulting in dark spots in the SEM image. Grey level thresholding is most often 

sufficient for correctly identifying the pore space (Otsu, 1979; Blayvas et al., 2006; 

Salzer et al., 2014b). In larger pores, grey-level thresholding inevitably picks up 

structures from within the pores. A solution to the ‘shine through’ artifact is found in 

using grey-level variations along the z-axis, which is the slice direction (Salzer et al., 

2012; Prill et al., 2013; Salzer et al., 2014a; Salzer et al., 2014b). The techniques make 

use of the 3D aspect of the full data set, rather than relying on individual 2D images.  

A technique called Local Threshold Backpropagation (LTB) is based on the fact that 

the FIB physically removes the structures (Salzer et al., 2012). Just before a structure is 

milled away, a local threshold is determined and subsequently ‘back-propagated’ to 

earlier slices. An alternative technique performs a watershed algorithm along the z-axis 

(Salzer et al., 2014a, Salzer et al., 2014b). The accuracy of the pore space segmentation 

is susceptible to errors, as variations in the segmentation procedures results in 

variations of up to 33% and 25% on porosity and surface area respectively (Gunda et 

al., 2011). Therefore, it is important to present a detailed description of the 

segmentation procedures.  

The segmentation procedure developed is best described as a cumulative 

segmentation procedure, which combines several techniques, similar to the workflow 

published by Prill et al. (2013). The key is the application of several segmentation 

techniques, putting together the correct pore space from different sources. To prevent 

misidentified voxels it is essential to select ‘safe’ threshold values for various 

techniques. This method has been developed and tuned for the FCC catalytic particles 

(Chapter 5). 
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A.2 Methods 

A.2.1 Algorithms cumulative segmentation 

Each volume consists of 100 images (Nz) with dimensions of 320 x 253 pixels (Nx, 

Ny). Therefore, the voxel space I(x, y, z) contains 8.096.000 voxels, each assigned with 

a grey value, ranging from 0 ≤ I(x,y,z) ≤ 255. Any operation on I(x, y, z) is stored in a 

second volume I’(x, y, z). When the operation has finished, the original volume I is 

updated by I’. An additional voxel space is required for the segmented voxels, S(x, y, 

z), which has the same dimensions as I(x, y, z) and contains the values 0 or 255, pore 

or solid respectively and is referred to as the binary or segmented voxel space. Also 

the segmented voxel space has a temporary counterpart, S’(x, y, z) with the same 

dimensions.  

1) Brightness correction 

The brightness is not uniform across the volume. The vertical gradient is caused by 

the slices being perpendicular to the sample surface. The gradient complicates the 

segmentation and is therefore corrected for.  

The mean μ(z) is computed per image as follows:  

  
x yN Nyx
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    (A.1) 

A target mean brightness of 125 is chosen. A correction algorithm updates the voxel 

space I’(x,y,z) according to: 
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 (A.2) 

It should be noted that the updated voxel space is rounded to integer values. After the 

operation, the original voxel space is updated: I(x, y, z) = I’(x, y, z). 

2) 3D Mean filter 

Noise in the image is reduced by a 3D mean filter with kernel dimensions (kx; ky; kz) of 

5 x 5 x 3: 
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Note that the summation runs from a = -2 to a = 2 when the kernel size is 5 as the 

summation includes a = b = c = 0, which is the center voxel of the kernel. The center 

voxel with coordinates (x, y, z) is the voxel being updated by the procedure. 

Care must be taken regarding the edges of the volume, as voxels outside the volume 

don’t exist. Hence only voxels are included which fulfil the following conditions: 

zyx NczNbyNax

czbyax



 000
       (A.4) 

The boundary conditions (A.4) will be used in all further steps. When Ne voxels are 

excluded, the factor in front of the summation in equation (A.3) will be 1 / [(kx ky kz) 

– Ne].  

After the operation, the original voxel space is updated: I(x, y, z) = I’(x, y, z). 

3) Thresholding (1) 

A simple thresholding algorithm is applied. Small pores in particular are darker than 

the surrounding solid phase and are therefore easy to distinguish. A threshold value 

(T1 =) 105 is applied, ensuring only unambiguous pores are found. Thresholding 

occurs according to: 

255),,('0),,('),,( 1  zyxSelsezyxSTzyxIif    (A.5) 

After the operation, the temporary voxel space S’(x, y, z) is used to fill the binary 

voxel space: S(x, y, z) = S’(x, y, z). 

4) Thresholding (2) 

Local electrical charging occurs mainly inside the pores and appears as bright flashes 

in the image. Assuming all bright flashes across all images are within the pores, a 

second thresholding step is applied, with T2 = 180: 

255),,('0),,('),,( 2  zyxSelsezyxSTzyxIif then
  (A.6) 
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Updating the binary voxel space requires previous steps are taken into account. The 

following update rule is applied: 

   0),,(0),,('255),,(  zyxSzyxSandzyxSif then
    (A.7) 

Voxels already identified as pore voxel are not changed by rule (A.7). 

5) Limiter 

The following procedure is a pre-process step for the subsequent algorithm, which 

makes use of grey value trends in the z-direction. From the images it becomes clear 

that multiple solid phases coexist, resulting in brighter and darker areas. To exclude 

these additional phases, the brightness is limited to maximum grey values of (L =) 

120: 

LzyxILzyxIif then  ),,('),,(             (A.8) 

After the operation, the original voxel space is updated: I(x, y, z) = I’(x, y, z). 

6) Z-gradient without prior knowledge 

Segmentation of a pore in a single 2D image is challenging due to the ‘shine through’ 

effect. However, the pore-back moves gradually towards the forefront of the image 

when moving from the first image to the last image. Plotting a kernel (kx, ky) in the z-

direction, the movement of the pore-back structures can be recognized as a gradual 

increase in grey value. It is important to note that an increase in grey value is 

independent of the absolute grey value. Hence identifying an increasing grey level in 

the z-direction allows brighter areas to be correctly identified as pore, as well as darker 

areas which weren’t picked up by previous thresholding. The relevance of the limiter 

in the previous step becomes obvious, as gradients in the solid would also be 

identified as pores. 

To reduce the effect of noise in the image, another mean filter (2D) is applied, with a 

kernel of (kx, ky) 11 x 11, following the same procedure as described in step 1, 

including the boundary conditions (A.4), stored in the temporary voxel space I’(x, y, 

z). Next the average gradient in (x, y) over (kz =) 3 images is determined. If the 

gradient is above a threshold Tg = 0.5, then the voxel is identified as a pore voxel: 
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With the boundary condition: 

zNaz  10    (A.10) 

The factor (1/3) in front of the summation (A.9) is reduced to (1/2) or (1/1) in case 

the boundary condition is not met. Finally the threshold is applied to the Average 

Gradient(x, y, z): 

0),,('),,(  zyxSTzyxGradientAverageif then

g
      (A.11) 

The binary voxel space S(x, y, z) is updated according to (A.7). 

7) Z-gradient with prior knowledge 

Due to the limiter in step 5, brighter areas are excluded from the Z-gradient 

procedure. Including the brighter areas becomes possible when the information of the 

original image is combined with the binary voxel space S(x, y, z). Therefore, step 6 is 

repeated in a slightly different way. 

The procedure is applied to the original data, after correcting the brightness (step 1) 

and applying the 3D mean filter (step 2). Equation (A.9) is applied, including the 2D 

mean filter, with a kernel of 11 x 11 and the corresponding boundary conditions. 

However, the evaluation of the resulting voxel space is slightly different. Whether a 

voxel is identified as a pore depends on the threshold Tg (= 1), but also on the 

previous voxel in the z-direction. A voxel can only be identified when the previous 

voxel in the z-direction is already identified as a pore voxel: 

0),,('0)1,,(),,(  zyxSzyxSandTzyxGradientAverageif then

g
 (A.12) 

And the binary voxel space S(x, y, z) is again updated according to (A.7). 

8) 3D Median filter 

Although noise is suppressed by the mean filters, at the individual level, voxels can be 

misidentified. As a result, large pores can be effectively cut in smaller pores due to the 

presence of a single voxel being misidentified (Salzer et al., 2014a). Therefore a 3D 

median filter is applied over the binary voxel space S(x, y, z), with a kernel size of 3 x 

3 x 3. A median filter computes a histogram over the kernel of interest. Next the 

histogram is sorted from the lowest value to the highest value. The center value of the 

sorted histogram is assigned to the voxel. 
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The application of a median filter to a binary image results in a binary image with 

values of 0 or 255. A voxel with mainly pore voxels in its neighborhood will be 

identified as pore voxel as well. As a result, individual voxels are taken up by their 

surrounding voxels and edges become less irregular.  

9) Connectivity 

The overall porosity of the pore voxel space is given by the ratio between the numbers 

of voxels in the volume over the number of voxels identified as pore. Of interest for 

the transport properties of porous media, it is useful to distinguish the 

interconnectivity of the pore space throughout the volume. Here, we have defined the 

first slice (z = 0) and last slice (z = Nz) as the entrance and exit planes respectively, 

assuming no transport through the xz- and yz-planes. The following algorithm 

identifies whether pore voxels are connected to both the entrance and the exit planes. 

The algorithm requires a new voxel space, called the connectivity voxel space C(x, y, 

z) which has the same dimensions as I(x, y, z). 

Step a) All pore voxels are assigned with the value 255, except pore voxels in the first 

image (x = 0). A value C(x,y,z) = 125 indicates the voxel is connected to the first 

image: 

125),,(0)0,,(  zyxCyxSif then
  (A.13a) 

255),,(0)0,,(  zyxCzyxSif then
  (A.13b) 

Step b) The next image (z + 1) is compared with the previous image. When a 

coordinate (x, y) contains a pore voxel in both images, the voxel in the next image 

obtains a value of 125: 

125),,(125)1,,(;0),,(;0)1,,(  zyxCzyxCzyxSzyxSif then
 (A.14) 

Step c) A loop over all the voxels in image (z + 1) determines which voxels are 

situated next to a connected voxel: 
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Boundary conditions are applied; ensuring non-existing voxels outside the voxel space 

are excluded. Every connection found, is registered and the loop (step c) is repeated 

until no longer new voxels are identified as being connected to the first image. 

Step d) Pores zigzagging in the xz-plane or yz-plane require step 2 to be repeated 

backwards:  

125)1,,(125),,(;0)1,,(;0),,(  zyxCzyxCzyxSzyxSif then

  (A.16) 

Step e) Steps b – d are repeated until no longer new voxels are identified as connected 

to the first image.  

Step f) Not all pores connected to the first image are connected to the last image. The 

identification of pores connected to both sides, steps a – f are repeated in reverse. In 

step a, a value of 200 is assigned to all C(x, y, Nz) which have a value of 125. A loop 

over steps b – f results in a connectivity voxel space with values of 125, 200 or 255. A 

value of 255 means the voxel is not connected to the outside world. A value of 125 

means the voxel is only connected to the first image. A value of 200 means the voxel 

is connected to both ends and will be incorporated in the flow simulation.  

 

A.3 Results & Discussion 

A.3.1 Segmentation of 3D Volumes 

The cumulative approach is executed over all FCC sub-volumes. An example is shown 

of an individual sub-volume from FCC2 (Chapter 5). From the 100 slices, three are 

selected which demonstrate the various segmentation aspects. Figure A.1a shows the 

original images. The brightness is not constant across individual images and between 

images from a single series, which is corrected (Figure A.1b). The next step is the 

application of a 3D mean filter, with a kernel (xyz) of 5 x 5 x 3 (Figure A.1c). 

The first actual segmentation step is a simple threshold. Figure A.2a shows again the 

original image for comparison, although the threshold is applied to the filtered image 

(Figure A.1c). Figure A.2b shows the result of thresholding, identifying pixels with an 

intensity < 105 as pore space. Inspection of the accuracy is greatly benefitted from an 

overlay image (Figure A.2c).  
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Figure A.1: Each volume consists of 100 slices. An example of FCC2 is shown with from top to 

bottom slices 22, 67 and 98 respectively. (a) The original images. (b) After a brightness correction. 

(c) After a mean filter. Image dimension: 2 x 2 μm2.  

 

From Figure A.2c it becomes very clear that thresholding is not sufficient to identify 

the entire pore space. Selecting a wider range for thresholding will not only add more 

pores to the segmented volume, but also add surfaces (the solid phase); the ‘shine 

through’ artifact. 

Clearly noticeable features are the bright, saturated intensity areas. These areas are 

electrically charged. As a result, secondary electrons are accelerated towards the 

detector and become detected as BSE, hence the very bright signal. The assumption is 

made that charging mainly occurs within pores. Consequently, a threshold is applied 

to include the saturated areas. Important is the distinction between charging within 

pores and the platinum deposition on top of the cross sections (Chapter 5, Figures 

5.11b and 5.11c). A careful selection of the sub-volumes is required, avoiding the 

presence of the platinum deposition in the images. The result of adding the saturated 



Appendix 

 

270 

 

area to the pore space is shown in Figure A.3a, assigning pixels with intensities greater 

than 180 as pore. 

The following step determines the intensity gradients along the z-axis of the sub-

volume, in the direction of the slices. During the FIB-SEM tomography series, when a 

feature within the pore approaches the cross section, the probability for electrons 

escaping from surfaces within the pore increases. As a result, the feature will gain 

brightness or intensity. The change in intensity is used as a tool for the identification 

of a structure within a pore, the pixel itself being a pore pixel. The pixels identified as 

pore are added to the existing segmentation. 

 

 

Figure A.2: (a) The same slices as in Figure A.1a. (b) After the pre-processing steps of the 

originals, a simple segmentation is performed. (c) To be able to check the accuracy, an overlay of the 

outline of the segmented voxels (green) and the original image is provided. Image dimension: 2 x 2 

μm2. 
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Before applying the 3D gradient change along the z-axis, a limiter is applied, as the 

solid phase consists of multiple components with different intensity values. In 

addition to structures within pores becoming brighter, moving from one solid to 

another (from one slice to another) would also create an intensity gradient along the z-

axis, which would result in the incorrect identification of a pore structure. Figures 

A.3b and A.3c show the intensity limiting step (cut off intensity is 120) and the 

resulting segmentation after applying the intensity gradient along the z-axis. 

 

 

Figure A.3: (a) Assuming that the bright areas originate from charging within the pores, a 

threshold procedure is used to include the bright areas in the pore segmentation. (b) The limiter is 

applied. (c) Based on the intensity gradient perpendicular to the slices (z-axis), pixels are identified 

as pore when their intensity increases along the z-axis. Image dimension: 2 x 2 μm2. 

 

The behavior of the z-axis gradient algorithm is shown in more detail in Figure A.5. 

The three images shown adjacent to the graphs are from the single series of 100 
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images, being image number 22, 67 and 98 respectively, and are indicated by dashed 

vertical lines in the graphs. The first graph (Figure A.4a) shows the intensity plots 

from all 100 images at the xy-coordinate indicated by the circle in the images, for a 

kernel of 5 x 5 pixels. The second graph (Figure A.4b) shows the intensity gradient or 

derivative of the intensity plot, from the same position. 

In the first graph (Figure A.4a) the effect of limiting the intensities is very clear, being 

cut off at 120. Trends in intensity gradients (Figure A.4b) along the z-axis are apparent 

between the slices 0 and 25, and between slices ~ 50 and ~ 75. Of interest are the 

areas where the gradient is positive, in other words, the increase in intensity. Two of 

such positions are identified in the second graph. A threshold value of +0.5 is applied 

and the identified voxels are added to the segmented volume as pore space (equation 

(A.11)). 

The need to limit the intensities is shown in the second graph (Figure A.4b) as some 

grey value variation occurs when moving from one solid phase to another. Based on 

the mean of the original images, some different solid phases are present between slices 

~ 30 and ~ 50 and again from slice ~ 75 onwards. Gradients could be accidently 

identified as pore, creating false positives. 

Some areas are clearly porous, but are still not identified as pore. Therefore the 

approach with the intensity gradient along the z-axis is repeated without limiting the 

intensities. To prevent incorrect identification, a different boundary condition is 

formulated: A positive gradient can only be part of a pore structure when previous 

neighboring voxels along the z-axis are already identified as pore space. Going from 

one solid phase to another brighter solid phase will result in a positive intensity 

gradient, but it will not result in the assignment of a pore voxel. The result is shown in 

Figure A.5a. 

Finally, a small number of individual voxels have become isolated pore voxels within a 

solid volume or vice versa. Excluding such ‘noise’ is done by a 3 x 3 x 3 median filter. 

Although some voxels are still not recognized as pore, while obviously being a pore, 

the greater majority of the voxels is correctly identified.  
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Figure A.4: The graphs show the grey levels (a) along the z-axis, perpendicular to the images(slice 

22, 67 and 98) shown adjacent to the graphs and the gradient of the grey levels (b). The red circles 

indicate the area where the graphs are recorded and the vertical lines in the graphs indicate the location 

of the three images. Image dimension: 2 x 2 μm2. 

 

A.3.2 Connectivity 

Mass transfer through each individual sub-volume only occurs when a path way exists 

through the pore volume, connecting the two opposite planes of the sub-volume. 

Even if such a path way exists, it is possible that not all the pore volume is connected 

to that path way. Therefore a simple algorithm is used to identify the isolated pores 

and exclude the isolated volume from the total porosity. Figure A.5b indicates in red 

the pores not connected to a path way between the xy planes at z = 0 and z = 100. 

Figure A.5c shows the resulting binary image without the excluded pore volume. 

Notice that the connectivity relies on the presence of 3D data. As a result, the 

individual 2D images show many pores which appear to be not-connected with 

neighboring pores. In 3D, most of the pores turn out to be connected.   
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Figure A.5: With the pores segmented (a) the connectivity between the pores is established. The 

pores not connected to the outside world are indicated in red (b) and are excluded from further 

analysis. The final segmentation result is shown in (c). Image dimension: 2 x 2 μm2. 
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1. Introductie 

In deze dissertatie is onderzoek gepresenteerd met daarin als leidend voorwerp de 

Focused Ion Beam – Scanning Electron Microscope (FIB-SEM), ofwel een 

gefocusseerde ionenbundel, gecombineerd met een scannende elektronen microscoop. 

De essentie van de microscoop is dat met de FIB gaatjes kunnen worden gegraven en 

dat de SEM daar plaatjes van kan maken. De schaal waarop dit gebeurt, is 

micrometers, ofwel 0.001 mm en de duur van een sessie op een sample (monster) 

varieert van een halve dag tot een volle week. In het laatste geval betreft het doorgaans 

een geautomatiseerde excertitie. 

Allereerst zal in deze samenvatting een korte toelichting worden gegeven op de 

basisfuncties van de FIB-SEM, waarna de hoofdstukken en de belangrijkste daaruit 

volgende resultaten zullen worden besproken. 

1.1 SEM 

De SEM bestaat uit een bundel van elektronen die, zoals in een ouderwetse 

televisiebeeldbuis, punt voor punt een oppervlakte scant. De elektronenbundel die 

over het oppervlak heen en weer beweegt, genereert een aantal, dat je gemakshalve als 

reflecties zou kunnen beschouwen. Om de verschillende signalen te kunnen meten, 

zijn er een aantal detectoren beschikbaar in de microscoop. Deze detectoren vertalen 

een hoeveelheid gemeten signaal naar een grijswaarde op het beeldscherm. Door punt 

voor punt het sample te scannen, kan het computerscherm pixel voor pixel worden 

gevuld met grijswaarden, resulterend in een afbeelding. Met kennis van de gebruikte 

detector en de eigenschappen van de elektronenbundel, zoals de snelheid van de 

elektronen, kan de afbeelding worden geïnterpreteerd. 

Veel gebruikte signalen zijn de zogenaamde SE’s (Secondary Electrons) en BSE’s 

(Back Scattered Electrons). Het SE signaal bestaat uit elektronen van het sample die 

door de elektronenbundel worden losgemaakt. Detectoren die het SE signaal meten, 

geven een nauwkeurig beeld van hoe het oppervlak van een sample eruit ziet. Is het 

vlak of juist ruw, zitten er ronde of vierkante gaten in, etc. Het BSE signaal bestaat 

daadwerkelijk uit gereflecteerde elektronen van de elektronenbundel. Daar zware 

atomen (zoals goud) beter ‘reflecteren’ dan lichte atomen (zoals koolstof), is het BSE 

signaal uitermate geschikt om inzicht te verkrijgen omtrent verschillen in de 

samenstelling van een sample. Ook bijvoorbeeld dichtheidsverschillen kunnen 

zodoende worden gemeten. 
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Naast ‘reflecterende’ elektronen genereert de elektronenbundel ook X-rays in het 

sample. Doordat elk element X-rays uitzendt met element-specifieke energieën, levert 

het meten van deze X-rays informatie op over de elementen die aanwezig zijn in het 

sample, een techniek die Energy Dispersive X-ray (EDX) detectie wordt genoemd. 

Sommige samples geven daarnaast ook zichtbaar licht af als ze worden bestookt met 

elektronen. Dit heet Cathodoluminescence (CL). 

Tot slot, indien een sample bestaat uit kristallen, dan kan daarvan ook de 

kristaloriëntatie worden bepaald door middel van een techniek genaamd Electron 

Back Scattered Diffraction (EBSD). Daar elektronen zich niet alleen als deeltjes 

gedragen, maar ook als golven, kunnen ze constructieve en destructieve diffractie 

vertonen. Elektronen diffracteren op het kristalrooster en vormen een lijnenpatroon 

dat kan worden gedetecteerd. Met voorkennis van het sample kan uit het 

geregistreerde lijnenpatroon worden bepaald wat de kristaloriëntatie is van het 

betreffende kristal. 

1.2 FIB 

De FIB werkt volgens vergelijkbare principes als de SEM. De ionenbundel scant over 

een sample, genereert een signaal en zodoende kan er een afbeelding van het sample 

worden verkregen. Echter, een groot verschil tussen de ionenbundel en de 

elektronenbundel, is de impact op het sample. De klassieke vergelijking is die met een 

ballenbak voor kinderen: de elektronenbundel kan worden vergeleken met 

tafeltennisballetjes, terwijl de ionenbundel lijkt op tennisballen of snookerballen. Het 

gooien van tafeltennisballen heeft weinig tot geen effect in de ballenbak, terwijl bij het 

gooien van tennisballen er allemaal balletjes uit de bak vliegen. Bij het gooien van 

voldoende tennisballen (die er zelf ook uit kunnen stuiteren) zal uiteindelijk een 

aanzienlijk deel van de ballenbakballen naar elders zijn vertrokken, waardoor er een 

gat ontstaat (met mogelijkerwijs huilende kinderen). Een in essentie vergelijkbaar 

proces vindt plaats op atomair niveau. Door het bombardement van de ionenbundel 

ontstaat er een gat in het sample. Deze gaten zijn typisch in de orde van grootte van 

enkele tot tientallen micrometers in doorsnee en diepte en de tijd die nodig is voor het 

‘graven’ (milling) van zo’n gat varieert van enkele minuten tot enkele uren. De tijd 

hangt voornamelijk af van het type materiaal waarin een gat wordt gegraven. 

Gesteente gaat vaak vrij langzaam, terwijl plastic of ijs zeer snel gaat. 

1.3 Toepassingen van de FIB-SEM 

De twee voornaamste toepassingen van de FIB-SEM zijn FIB-SEM tomography en 

de preparatie van lamella’s. Om met de eerste te beginnen, zoals gezegd is de FIB in 
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staat een gat te graven in een willekeurig sample. De zijkant van zo’n gat laat 

vervolgens een mooie dwarsdoorsnede zien van het sample, loodrecht op het 

oppervlak. Veronderstel een sample met een stapeling van beurtelings een laagje 

koolstof en een laagje goud; een dwarsdoorsnede ervan in beeld gebracht door de 

SEM met het BSE signaal zal eruit zien als een zebrapad, met de strepen horizontaal 

in beeld. Vervolgens kan de FIB één kant van het gat steeds enigzins groter (wijder) 

maken, bijvoorbeeld 50 nm (0.00005 mm). De nieuwe dwarsdoorsnede laat vervolgens 

eendere structuren zien, maar een klein stukje verderop in het sample. Als dit proces 

vaak wordt herhaald, dat is geautomatiseerd, en alle SEM plaatjes worden achter elkaar 

geplaatst als een film, dan beweegt de kijker door het preparaat. In dat geval is er een 

FIB-SEM tomography procedure voltooid. Het lijkt op het snijden van een worst, 

waarbij telkens opeenvolgende plakjes worden weggehaald en er een foto wordt 

gemaakt van de worst. Alle foto’s achter elkaar leveren een driedimensionaal beeld op 

van bijvoorbeeld de verdeling van de knoflook door de worst. In het voorbeeld met 

de laagjes goud en koolstof zou bijvoorbeeld kunnen worden bekeken wat de dikte is 

van de verschillende lagen en of deze gelijk blijven in drie dimensies. Vaak worden de 

plaatjes na een FIB-SEM procedure verwerkt tot een film waarbij de kijker rond en 

soms door een driedimensionaal volume heen beweegt. 

De andere toepassing is het maken van hele dunne plakjes van een sample, die 

vervolgens in een Transmission Electron Microscope (TEM) kunnen worden 

bekeken. Een TEM werkt als een diaprojector en heeft dus hele dunne samples nodig. 

Met de FIB is het mogelijk om twee gaten te graven, vlak naast elkaar. Daar tussenin 

blijft dan een dun wandje staan. Vervolgens kan er in de microscoop een hele kleine 

naald worden bevestigd (met een soort lijm) aan dat dunne wandje. Daarna maakt de 

FIB het wandje in z’n geheel los van het sample. Het wandje hangt nu aan de kleine 

naald en wordt voorzichtig naar een speciale houder, geschikt voor de TEM, 

gemanoeuvreerd. Daar wordt het wandje aan de houder bevestigd (ook weer met die 

lijm) en maakt de FIB vervolgens de kleine naald los van het wandje. Vaak is het 

wandje nog enkele micrometers dik, terwijl de TEM verlangt dat de samples tussen de 

10 – 250 nanometer dun zijn. Daartoe wordt de FIB nog eenmaal gebruikt om de 

juiste dikte te realiseren, waarna het dunne wandje, of lamella, naar de TEM kan 

worden verplaatst. 

1.4 Doelstellingen van deze dissertatie 

De processen en toepassingen zoals hierboven beschreven, bestaan al langer. Echter, 

tot voor kort werden ze maar zeer beperkt ingezet voor samples vanuit de biologie, 

chemie en aardwetenschappen. De reden daarvoor is onder andere de eis dat de 

samples elektrisch geleidend moeten zijn. Op het moment dat samples elektrisch niet-
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geleidend zijn, kan de lading van de elektronen en de ionen niet door het sample heen 

bewegen naar de aarde (of slechts langzaam) en blijft de lading op de plek zitten waar 

de betreffende bundel op gericht stond. Het gevolg is dat er een positieve of negatieve 

oplading plaatsvindt, die de bundel van geladen deeltjes (elektronen of ionen) kan 

beïnvloeden. Ook de emissie van SE’s en BSE’s kan worden beïnvloed, met 

vertekende plaatjes als gevolg. 

Derhalve was de eerste vraagstelling van deze dissertatie om in zekere zin reguliere 

mogelijkheden van de FIB-SEM microscoop toe te passen op niet-reguliere samples. 

Vervolgens was natuurlijk de vraag, wat leren we van de samples, ofwel, wat is het nut 

van het gebruik van de FIB-SEM? Wat nu volgt is een zeer beknopte uiteenzetting 

van de resultaten per hoofdstuk. 

 

2. Resultaten 

2.1 FIB-SEM Tomography of Insulating Materials (Hoofdstuk 2) 

In Hoofstuk 2 is FIB-SEM tomography uitgeprobeerd op een sample vanuit biologie 

en op 2 samples vanuit aardwetenschappen. Het biologische sample betrof cellen die 

komen uit humane navelstrengen. Om cellen te kunnen bekijken onder de 

vacuümcondities die heersen in de FIB-SEM, is het nodig om iets te doen met het 

water dat aanwezig is in de cellen. Vloeibaar water verdampt namelijk in vacuüm, 

waardoor de cellen direct uit elkaar spatten (nog los van het feit dat ze doodgaan 

zonder zuurstof). In de hoofdstukken 7 en 8 wordt gebruik gemaakt van bevroren 

cellen. In hoofdstuk 2 is ervoor gekozen om middels chemische preparatietechnieken 

het water te vervangen door plastic. Tevens worden daarbij alle membranen in de cel, 

denk daarbij bijvoorbeeld aan de buitenkant van cellen, gedecoreerd van zware 

metalen. Deze metalen geven het contrast in de SEM in BSE modus. 

De zware metalen blijken verder een belangrijke hulp te zijn bij het elektrisch niet-

geleidende plastic in en rond de cellen. Het is gebleken dat FIB-SEM tomography 

goed mogelijk is, mits het oppervlak van het sample is voorzien van een dunne laag 

metaal (een coating) en er een goede verbinding bestaat met de aarde. Ondanks het 

feit dat de FIB gaten maakt in de coating, is de ontsnappingsroute voor lading 

afdoende om opladingsproblemen te voorkomen. Een ander belangrijk resultaat is de 

constatering dat de energie (snelheid) van de elektronenbundel bepalend is voor de 

resolutie van de plaatjes. Hoe hoger de energie, hoe groter het interactievolume van de 

elektronen en hoe lager de resolutie (het oplossend vermogen). 
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Het eerste sample vanuit aardwetenschappen (het olivine sample) is weliswaar ook van 

een coating voorzien, maar de dwarsdoorsnedes gemaakt door de FIB bleken toch 

‘last’ te hebben van oplading. De condities van de elektronenbundel (energie, stroom, 

snelheid van scannen) konden echter dusdanig worden gekozen dat het mogelijk bleek 

om ook op deze samples FIB-SEM tomography te doen. Het bleek mogelijk om ook 

in het tweede samples gaten te graven met de FIB (en plaatjes te maken met de SEM), 

maar de ‘trucages’ die daarvoor nodig waren, bleken niet te zijn geïmplementeerd in de 

software die de FIB-SEM tomography procedure heeft geautomatiseerd. 

2.2 FIB-SEM Cathodoluminescence Tomography (Hoofdstuk 3) 

Voor zover bekend, is de Universiteit Utrecht de enige locatie waar de mogelijkheid 

bestaat om FIB-SEM tomography te combineren met CL beeldvorming. In 

Hoofdstuk 3 staat een beschrijving van zowel de theoretische- als de praktische 

overwegingen betreffende deze combinatie, evenals een serie experimenten waarmee 

wordt aangetoond dat de combinatie in de praktijk werkt. 

De voornaamste zorg was de mogelijkheid dat de FIB de kristalstructuur dusdanig zou 

beschadigen dat er geen CL signaal meer kon worden gegenereerd. Echter, elektronen 

met voldoende energie kunnen veel dieper in een sample doordringen dan de FIB, 

met als gevolg dat het CL signaal wel degelijk kan worden gegenereerd in een deel van 

het sample dat niet is beïnvloed door de FIB. In de praktijk bleek dit te kloppen. 

Sterker nog, de schade die de FIB wel degelijk aan het oppervlak toebrengt, lijkt onder 

bepaalde condities het CL signaal te versterken. Dit effect stond reeds beschreven in 

de literatuur. 

Een praktisch probleem wordt veroorzaakt door de CL detector; een grote spiegel die 

handmatig tussen de SEM kolom en het sample moet worden geschoven, waardoor 

de FIB het sample niet meer kan ‘zien’. Het gevolg is dat een automatische procedure 

niet mogelijk is en dat dus elke slice handmatig moet worden gedaan. Desalniettemin 

is er als voorbeeld een FIB-SEM tomography procedure voltooid op een sample 

(diamant). Hoewel er slechts 12 slices zijn gedaan, is het mogelijk gebleken om daar 

voldoende driedimensionale informatie uit te halen voor een verdere analyse met 

betrekking tot groeipatronen van diamant. 

2.3 FIB-SEM Tomography of Large Zeolite ZSM-5 Crystals (Hoofdstuk 4) 

Het zeoliet kristal ZSM-5 wordt veel toegepast als katalysator in de petrochemische 

industrie. Doordat de kristallen microkanaaltjes hebben (de diameter heeft een orde 

van grootte van 0.5 nanometer), kunnen enkel moleculen met een bepaalde vorm en 
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afmeting de kristallen door bewegen. Daar worden de moleculen opgeknipt in kleinere 

stukjes. Om het gemak waarmee de moleculen het kristal in kunnen enigszins te 

bevorderen, waren er door middel van stomen meso-poriën gecreëerd. Met FIB-SEM 

tomography zijn deze meso-poriën in kaart gebracht. De kleinste poriën die met 

zekerheid konden worden waargenomen met de FIB-SEM waren 5.2 nanometer x 5.2 

nanometer. De lengte van deze meso-poriën varieert van enkele tientallen nanometers 

tot enkele honderden nanometers. De oriëntatie (lengte richting) van de meso-poriën 

blijkt doorgaans loodrecht op het oppervlak van de ZSM-5 kristallen te staan. Dat is 

gunstig voor de transportmogelijkheden van de moleculen om binnenin de kristallen 

te komen. Lokale verschillen tussen de meso-poriën kunnen worden verklaard aan de 

hand van de kristaloriëntaties binnenin het zeoliet kristal. 

Met deze bevindingen laat Hoofdstuk 4 zien dat FIB-SEM tomography praktisch 

mogelijk is op relevante samples vanuit de chemie, maar dat er tevens relevante 

informatie mee kan worden gewonnen. 

2.4 FIB-SEM Tomography of FCC Particles (Hoofdstuk 5) 

Fluid Catalytic Cracking (FCC) deeltjes zijn kleine bolletjes met een diameter van 

ongeveer 0.1 mm. In de FCC deeltjes zitten verschillende componenten, waarvan 

zeolieten de belangrijkste zijn. De FCC deeltjes worden namelijk gebruikt om ruwe 

olie te kraken; de lange polymeerketens worden in kleinere stukjes gehakt, 

bijvoorbeeld om er benzine van te maken. Evenals in Hoofdstuk 4 is hier transport 

van essentieel belang. Hoe sneller de ruwe olie door de FCC deeltjes kan bewegen, 

hoe beter. 

Tussen alle componenten die samen een FCC deeltje vormen, bevinden zich poriën 

variërend in grootte van enkele nanometers tot enkele micrometers. Deze poriën zijn 

verantwoordelijk voor het transport van de moleculen naar de zeoliet kristallen die 

zich verspreid door het FCC deeltje bevinden. Met FIB-SEM tomography zijn 

derhalve de poriën in kaart gebracht in drie dimensies. Echter, een belangrijke 

beperking is de grootte van de FCC deeltjes. Het volledig in kaart brengen van een 

compleet deeltje is niet haalbaar met de FIB-SEM. Daarom is ervoor gekozen kleinere 

blokjes (2x2x2 μm3) in kaart te brengen en te analyseren op een aantal kenmerken: 

porositeit, heterogeniteit van de poriën in een blokje en de kans dat je via de poriën 

van de ene kant naar de andere kant van het blokje kunt bewegen. Vervolgens is er 

een algoritme opgesteld waarmee de computer blokjes kan genereren (‘bedenken’) met 

dezelfde eigenschappen als de blokjes geanalyseerd door de FIB-SEM. Het voordeel 

hiervan is de mogelijkheid om duizenden blokjes te maken, zonder dat de microscoop 

daarvoor hoeft te worden gebruikt. 
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Het gemak waarmee moleculen door een blokje heen kunnen bewegen is gedefinieerd 

als de verhouding tussen de stroom van moleculen door het blokje zonder enige 

beperking en de stroom van moleculen door het blokje, enkel door de kleine poriën. 

De transport ability is bepaald voor duizenden blokjes, waardoor er een statistisch 

verdelingsmodel kon worden opgesteld. Het bleek mogelijk om de blokjes net zolang 

te combineren (stapelen) totdat ze samen dezelfde grootte hebben als de originele 

FCC deeltjes, om vervolgens de transport ability te berekenen voor complete FCC 

deeltjes. Door 2 typen FCC deeltjes met elkaar te vergelijken, bleek het mogelijk om 

de verdeling van de porositeit door de FCC deeltjes heen te relateren aan de 

katalytische activiteit (opbrengst/efficiëntie) van de FCC deeltjes. 

Hoofdstuk 5 laat wederom het nut van FIB-SEM tomography zien. Echter, de nadruk 

in Hoofdstuk 5 ligt voornamelijk op de processen die nodig zijn om van de 

gegenereerde data een zinvol antwoord op wetenschappelijke vraagstellingen te 

krijgen. Allereerst wordt er in Hoofdstuk 5 nog verwezen naar de Appendix van deze 

dissertatie, waarin wordt toegelicht hoe de SEM beelden zijn verwerkt. Hiertoe is een 

speciaal computerprogramma ontwikkeld. Vervolgens moest er een oplossing worden 

gevonden voor het doen van uitspraken over grote deeltjes op basis van de analyse 

van kleine onderdelen van die grote deeltjes. Het aardige is dat deze ontwikkelde 

workflow van toepassing is op vele vergelijkbare vraagstellingen. 

2.5 The Dihedral Angle of Olivine-Basaltic Melt (Hoofdstuk 6) 

Het begrijpen van bijvoorbeeld aardbevingen en vulkaanuitbarstingen vereist een 

begrip van wat er daaronder plaatsvindt, zoals warmtetransport vanuit de diepten der 

aarde. Wiskundige modellen die daarvoor worden gebruikt, gaan uit van een bepaalde 

samenstelling van het gesteente (olivine en basaltic melt). Dat zijn kleine korrels 

(olivine) met daartussen een vloeistof (melt). Hoe de melt is gedistribueerd tussen de 

korrels is van groot belang voor de bewegingsvrijheid van de melt en voor het 

warmtetransport. Hoe de melt zich gedraagt rond de korrels is afhankelijk van de 

interacties tussen deze twee (in detail: de verhouding van oppervlakte energieën tussen 

korrel-melt en korrel-korrel). Deze interactie is af te leiden door de contacthoek 

(dihedral angle) te bepalen in een triple point, een punt waar twee korrels samen 

komen die beiden ook in contact staan met de melt. Van oudsher worden deze triple 

points gemeten in 2 dimensies, met behulp van lichtmicroscopie, SEM’s of TEM’s. 

Omdat de korrels driedimensionale structuren zijn en een willekeurige 

dwarsdoorsnede niet noodzakelijkerwijs de juiste hoek laat zien, zijn er statistische 

modellen ontwikkeld waarmee de werkelijke dihedral angle kan worden berekend op 

basis van grotere aantallen metingen in een 2 dimensionaal vlak. Deze statistische 

modellen gaan uit van een constante waarde voor de dihedral angle. Met FIB-SEM 
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tomography is in Hoofdstuk 6 bekeken of deze aanname correct is, door metingen 

van de dihedral angle aan driedimensionale reconstructies van de triple points te 

vergelijken met de conventionele 2 dimensionale meting. 

Allereerst is gebleken dat beide methoden ongeveer eendere resultaten opleveren. Het 

is echter wel gebleken dat de foutmarge aanzienlijk is. Dit lijkt inherent aan de 

metingen en is in de literatuur niet eerder zo uitgebreid beschreven. Illustratief is 

wellicht dat mettertijd (over de afgelopen 30 jaar) de gemeten waarde van de dihedral 

angle is geslonken van 50° naar 10°, een duidelijk voorbeeld van de technische 

vooruitgang van de microscopen. 

Verder is gebleken dat de korrels vrij verschillend zijn in grootte en vorm, waarbij 

vooral veel platte vlakken voorkomen (facets). Daar dit een speciale vorm is van 

kristal groei, bestaat er in de literatuur een stevige discussie of de klassieke theorie 

rond de dihedral angle voor het bepalen van de interactie tussen de korrels en de melt 

nog wel geldig is. Hoewel in Hoofdstuk 6 geen antwoord kon worden gegeven op 

deze vraag, is wel het belang van dit vraagstuk zeer helder in beeld gebracht dankzij de 

FIB-SEM. 

2.6 Preparation of Samples for the Cryo-TEM (Hoofdstuk 7) 

Zoals in de introductie reeds besproken, kunnen biologische samples niet zonder 

meer onder een elektronenmicroscoop worden bekeken wegens het water dat erin zit. 

In Hoofdstuk 2 is het water vervangen door plastic. In Hoofdstuk 7 (en 8) is gebruik 

gemaakt van ingevroren cellen die vervolgens ook bij -150 °C zijn behandeld in de 

FIB-SEM. 

De vraagstelling in Hoofdstuk 7 betreft het onderzoeken van de mogelijkheid om 

TEM samples (lamella’s) te maken van bevroren cellen. Hiervoor is een workflow 

ontwikkeld, waar ook de nodige apparatuur voor is gemaakt. Van groot belang is het 

vervoeren van de bevroren samples. Dit moet namelijk geschieden onder vloeibare 

stikstof (-196 °C) of onder vacuüm condities, maar dan nog steeds gekoeld. Omdat de 

samples doorgaans erg klein zijn (enkele millimeters), is het werken met pincetten een 

lastige klus, zeker onder vloeibare stikstof. Daarom is er een systeem ontwikkeld 

waarbij samples zoveel mogelijk kunnen worden opgepakt door kleine grijpertjes die 

maar op één manier ergens op passen. Zodoende is het werken met de kleine samples 

enorm vereenvoudigd. 

In de FIB-SEM is een speciale cryo-tafel gemaakt, zodat de samples bij lage 

temperaturen in de FIB-SEM kunnen worden behandeld. Het bleek relatief eenvoudig 
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om met de FIB dunne wandjes te maken in de koude samples. In tegenstelling tot de 

techniek bij kamertemperatuur, zoals beschreven in paragraaf 1.3, wordt het wandje 

(de lamella) niet losgemaakt van het sample. Om toch met de TEM door het dunne 

wandje te kunnen kijken, is het sample voorafgaand aan het FIB-SEM gebeuren al 

bewerkt met een speciaal snijapparaat (ultra-microtome), waarmee het sample van een 

punt (vorm van een dak) is voorzien. Daarmee is automatisch de zichtlijn voor de 

TEM vrij (zie Figuur 7.7d, de TEM kijkt door het dunne vlak heen). 

In Hoofdstuk 6 is de techniek gedemonstreerd bij zowel een kamertemperatuur 

sample als een bevroren sample. Voor de laatste is aangetoond dat ondanks alle 

bewerkelijke stappen, het sample intact is aangekomen in de TEM, waarna er een 

verdere analyse aan kan worden verricht. 

2.7 In-Situ Integrity Control by Cryo-TSEM (Hoofdstuk 8) 

Omdat de workflow, zoals genoemd in paragraaf 2.6 (en Hoofdstuk 7), nogal 

bewerkelijk is en de tijd van de microscopen en operators kostbaar, is het zaak om op 

verschillende momenten in het proces een controlemogelijkheid te hebben voor de 

kwaliteit van het sample (dunne wand / de lamella). Onder kwaliteit verstaan we de 

aanwezigheid van de structuren van interesse en de afwezigheid van schade door 

verkeerd invriezen. Verkeerd invriezen, doorgaans te langzaam, veroorzaakt de groei 

van ijskristallen in en rond de cellen, waardoor de structuren vervormen. In de TEM 

kan dan geen representatief beeld meer worden verkregen van het sample. Correct 

invriezen is daarmee een essentieel onderdeel van de workflow. 

Om met de SEM een duidelijk beeld te krijgen van de dunne wand die is gefabriceerd 

door de FIB, is er een transmissie detector geïnstalleerd onderin de cryo-tafel. 

Daarmee krijgt de SEM een enigszins vergelijkbare functionaliteit als de TEM, daar de 

SEM ‘kijkt’ naar elektronen die door de dunne wand heengaan. Deze SEM modus 

heet TSEM (Transmission Scanning Electron Microscope). In de TSEM-modus, 

toegepast op samples met een temperatuur van -150 °C, is laten zien dat ijskristallen, 

indien aanwezig, duidelijk aantoonbaar zijn en bovendien te onderscheiden van andere 

structuren die geen probleem vormen voor de verdere metingen. Verder zijn de cellen 

duidelijk waarneembaar, zodat een juiste afweging kan worden gemaakt over het wel 

of niet voortzetten van het werk in een TEM. 

Een bijkomstigheid in Hoofstuk 8 is de kwaliteit van de TSEM plaatjes. Deze is 

dusdanig dat eenvoudige vraagstellingen mogelijkerwijs ook binnen de cryo-FIB-SEM 

kunnen worden beantwoord. Dit vergroot de kans op succes aanzienlijk, omdat het 

verplaatsen van een cryo-sample van de ene microscoop naar de andere microscoop 
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altijd een zeker risico met zich meedraagt dat het sample verloren gaat. Daarom is aan 

het eind van Hoofdstuk 8 een suggestie gedaan voor een ‘all-in-one instrument’. Dit is 

echter vooralsnog toekomstmuziek. 

 

3. Toekomstmuziek 

In deze dissertatie komt naar voren dat het gebruik van de FIB-SEM in verschillende 

wetenschappelijke disciplines heel goed mogelijk is. Hoewel er voor bevroren samples 

nog wel wat praktische uitdagingen liggen, kan worden gesteld dat er in veel gevallen 

zonder al te veel moeilijkheden direct metingen kunnen worden verricht. Wat wel een 

steeds grotere uitdaging zal worden, is de hoeveelheid data die geproduceerd gaat 

worden. Het verwerken daarvan kost een enorme computercapaciteit. En er zal veel 

aandacht moeten komen voor het relateren van FIB-SEM resultaten aan 

macroscopische resultaten. In Hoofdstuk 9 wordt een voorbeeld aangehaald waarbij 

processen rond aardbevingen worden gerelateerd aan nano deeltjes. Een dergelijke 

illustratie laat ook zien dat het toepassen van de FIB-SEM leidt tot kennis over de 

meest uiteenlopende zaken, ook voor wat betreft producten die dagelijks worden 

gebruikt. Het integreren van de FIB-SEM met andere technieken, samen met slimme 

en krachtige software, kan ons in de toekomst nog een hoop leren. 
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Als promovendus moet je bewijzen zelfstandig onderzoeker te zijn in een wereld 

waarin in toenemende mate interdisciplinaire samenwerking wordt gezocht. Nu was ik 

verbonden aan drie onderzoeksgroepen, dus wat interdisciplinair samenwerken 

betreft, zat ik wel goed. Maar ook met het gevolg dat ik een grote groep mensen 

erkentelijk ben voor het welslagen van deze onderneming. Zonder hen was mijn 

promotie simpelweg niet tot stand gekomen, of in ieder geval niet met al het plezier 

wat ik eraan beleefd heb. 

 

Allereerst wil ik noemen prof. Arie J. Verkleij die in eerste instantie mijn promotor 

was. Het was Arie die mij als technicus aannam voor bij de FIB-SEM en mij daarbij 

veel vrijheid gunde om mezelf te ontplooien, bijvoorbeeld door een master te volgen. 

En hij had het vertrouwen in mij om aan het promotietraject te beginnen. Zodoende 

heb ik een eerste stapje kunnen zetten met een wetenschappelijke carrière. Helaas is 

Arie in de winter van 2010 overleden, zodat hij de uiteindelijke totstandkoming van dit 

boekje niet meer heeft kunnen meemaken. 

 

Dan grote dank aan mijn promotoren prof. Martyn R. Drury, prof. Bert M. 

Weckhuysen en copromotor Jan Andries Post, respectievelijk van aardwetenschappen, 

scheikunde en biologie. Het hebben van drie begeleiders is niet altijd eenvoudig, maar 

het hoeft ook niet eenvoudig te zijn. Sterker nog, juist de onderlinge verschillen in de 

benadering van bijvoorbeeld werken in de wetenschap (en verschillende benaderingen 

van werken met mij…) zijn voor mij zeer leerzaam geweest. Ik heb een kijkje mogen 

nemen in drie verschillende keukens en dat is veel waard. Hopelijk zien jullie allen 

stukjes van jezelf terug in mij. Mijn dank is zeer groot voor jullie inzet, geduld, inzicht 

en vele vormen van ondersteuning. Ik wil daaraan graag nog toevoegen dat na het 

inzetten van het promotietraject door Arie Verkleij, het uiteindelijk Martyn en Jan 

Andries zijn geweest die een hoop financiële problemen rond mijn contract hebben 

weten op te lossen. Een van die financiële oplossingen werd geboden door Bert, een 

oplossing die dus uitstekend heeft uitgepakt. 

 

“Keep the fun in fundamental science”, ofwel, we werken hard en we lachen hard. 

Met ‘we’ bedoel ik iedereen met wie ik heb mogen samenwerken, maar toch wel zeer 

in het bijzonder collega hard werken/lachen (en paranimf!) Chris Schneijdenberg. “Go 

your gang” (ofwel: “A votre corridor, monsieur l’Hiver. Oui, monsieur Couper du la 

Montagne”) over de “donkeybridge”. En als je het niet snapt, “let it but”.  

En ondertussen weet hij dankzij technisch vernuft menig experiment te laten slagen. 

Kortom, het was en hopelijk blijft plezierig samenwerken! Natuurlijk volgt dan ook 

direct Chris’ naaste collega Hans Meeldijk, die geduldig de hele dag blijft wachten 
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totdat het sample (pas na 17.00 uur) klaar is om door hem in de TEM te bekijken. 

Geen EM zonder Buurman & Buurman. Ajeto! 

 

Mijn vaste honk was de oude EM groep van Arie Verkleij in het Kruyt, later 

overgenomen door Jan Andries. Een vakgroep in transitie is niet altijd eenvoudig, wat 

jammer is, want in essentie is het niet zo ingewikkeld. Maar daardoor ben ik, naast 

(natuur-)wetenschappelijke observaties, dan ook een stuk rijker geworden in 

intermenselijke en politieke observaties. Ik zal in ieder geval zelf met genoegen 

terugdenken aan het feit dat wij allen toch alsmaar zoveel mogelijk doorgingen met 

werken, uiteindelijk omdat we plezier hadden in wat we doen: elektronenmicroscopie 

bedrijven. En samen klagen schept natuurlijk ook een stevige band. 

Deze lotgenoten in de wetenschap zijn (enigszins willekeurige volgorde): Bruno 

Humbel (sinds 2011 naar Lausanne), Willie Geerts, Wally Muller, Liesbeth Hekking 

(sinds 2011 bij FEI), Misjael Lebbink (we werken gewoon door aan onze unfinished 

business), Emine Korkmaz (tegenwoordig ook FEI), Karin Vocking, Elly Donselaar, 

(computer) Theo van der Krift, Rob Mesman, Matthia Karreman, Nuria Jimenez, 

Kasia Moscicka en Muriel Mari. Nog een hele reeks oud-kamergenoten van de 

voorbije jaren waarmee ik de betere kantoorhumor heb bijgehouden: Victor Winter, 

Christoph Blanchetot, Andrea Gorlani, Marc Roelofs, Mila Pallanen, Bram 

Dorresteijn, (“professor”) Ton Peeters, Alex Klarenbeek en Ava Sadi. Natuurlijk mag 

ik niet vergeten: Fons (Alaaf!) Cremers, Theo Verrips, Paul van Bergen Henegouwen 

en Johannes Boonstra. 

 

In het bijzonder wil ik noemen prof. John Geus. Met stip de oudste ‘student’ die ik 

een cursus “gaatjes graven” met de FIB heb mogen geven. Ik hoop later ook zo mijn 

pensioen te kunnen vieren. Een bron van inspiratie. 

 

Mijn tweede ‘thuis’ binnen de UU is de structurele geologie groep van Martyn, waar ik 

echter pas sinds juli 2015 een eigen bureau met pc heb. Niettemin trok ik zo nu en 

dan mijn geitenwollen sokken aan om collega’s van aardwetenschappen te ontmoeten. 

Zo zijn daar gedetailleerde discussies met, onder het genot van verse vitamines uit de 

tuin van Gill Pennock, het brengen van kleur in de grijze SEM wereld door Maartje 

Hamers, Bart ‘nanodeeltjes veroorzaken aardbevingen’ Verberne (dat is overigens mijn 

eigen kort-door-de-bocht samenvatting van zijn werk), Ilka Weikusat, (nu ook 

kamergenoten) Ernst-Jan Kuiper en Maartje Hamers, Sergei Matveev en een van de 

“Handsome Four” Olli Plumper. Ik hoop nog een tijdje met jullie allen te kunnen 

samenwerken. In dit verband kan ik Yang Liu ook nog noemen, die dankzij mijn FIB-

SEM script als enige wereldwijd fiducial markers gebruikt met zijn eigen naam 

geschreven in het Chinees! 



Dankwoord 

292 

 

En mijn derde ‘thuis’ binnen de UU is natuurlijk de groep van Bert. Ook daar heb ik 

plezierig samengewerkt met een aantal (inmiddels oud-) promovendi: Marianne Kox, 

Lukasz Karwacki en Inge Buurmans. Veel dank ben ik verschuldigd aan Florian 

Meirer. Eindelijk een fysicus waarmee ik kan sparren! (en ook een van de “Handsome 

Four”). Daarnaast heb ik een paar maanden ook een bureau gehad bij de chemici. 

Mijn (allen) gewaardeerde kamergenoten waren Gareth Whiting, Abhishek Dutta 

Chowdhury, Leila Negahdar, Jan Falkenhagen en Roy van den Berg. 

 

Met veel mensen binnen de UU heb ik langer of korter geleden samengewerkt. Dat 

leidde zo nu en dan tot een publicatie (of er is er nog een onderweg) en vrijwel altijd 

tot plezier achter de microscoop. Tot mijn plezier vaak verbazing over hoe een sample 

er in werkelijkheid uitziet in de microscoop. Teveel namen om op te noemen, maar 

het is juist dankzij jullie dat de experimenten die ik mocht doen, of het werk waaraan 

ik een bijdage mocht leveren, zeer divers was. Nog diverser dan in mijn proefschrift 

beschreven staat… En daar heb ik dus een hoop plezier aan beleefd. Dank daarvoor! 

 

Expliciet mensen van binnen de UU benoemen, impliceert dat er ook mensen van 

buiten de UU genoemd moeten worden. Onze “vrienden uit de industrie,” zoals Arie 

Verkeij over hen zei. Daaronder valt de verder anoniem te blijven meneer A van 

bedrijf E, die dit proefschrift (minus het destijds nog confidentiele hoofdstuk) eertijds 

heeft ingezien. Volgens mij heeft onze samenwerking opgeleverd waar het om 

begonnen was. 

 

Grote dank wil ik uitspreken aan FEI in het algemeen, met een aantal mensen van 

daar in het bijzonder. Daar is het ooit in januari 2006 allemaal begonnen, waar Hans 

Mulders me als stagiair introduceerde in de wondere wereld van het “gaatjes graven.” 

Nu, na al die jaren, snap ik steeds beter zijn immer aanhoudende enthousiasme. Ik zat 

daar aan een bureau tegenover Mike Hayles en dat heeft een zeer plezierige 

samenwerking opgeleverd die nog doorloopt tot op de dag van vandaag. Van hem als 

grote cryo-FIB-SEM expert heb ik de kneepjes van het cryo-vak mogen leren. Ik hoop 

van harte dat we nog vele jaren contact houden en zo nu en dan nog eens naar 

ingevroren materiaal blijven kijken. Andere namen die ik genoemd wil hebben, zijn 

Ben Lich, Dick Verkleij, Ruud Schampers en Hans Persoon. En via Coen van de 

Coevering natuurlijk alle service engineers, voor als ik weer iets gesloopt had. 

 

Natuurlijk kan een en ander niet als je thuis niet omringd ben door familie en vrienden 

die helpen relativeren, trots zijn en kritische vragen stellen. Mijn ouders zagen vroeger 

(met genoegen) dat ik graag kuilen groef op het strand. Tegenwoordig zien ze (nog 
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steeds met genoegen) dat ik eigenlijk nog steeds kuilen graaf in ‘zand’ (silicium 

samples). Zo zie je je kind groot worden… 

 

In het bijzonder wil ik mijn grootvader Bezemer noemen, die altijd zeer nauwgezet 

mijn verrichtingen heeft gevolgd. Hij heeft al mijn artikelen gelezen en hij kreeg de 

examen-kopij van m’n proefschrift twee weken eerder dan de commissie (hij heeft, 

samen met oma, nog wat taalfouten en onduidelijkheden uit de Nederlandse 

samenvatting gehaald). Helaas is hij half juni onverwacht overleden, waardoor hij de 

verdediging niet meer kan meemaken. Hij keek erg naar uit naar de 

promotieplechtigheid en had al herhaaldelijk geïnformeerd of de ringleiding voor z’n 

gehoortoestel in orde was. 

 

Dan wil ik mijn andere paranimf noemen, Boudewijn de Jonge, wiens goede 

vriendschap ik koester. Naast de oprechte belangstelling, stelde hij eens de goede en 

interessante vraag in hoeverre techniekontwikkeling wetenschap is of gewoon door 

het bedrijfsleven moet worden gedaan. Dat is in mijn proefschrift zeker een relevante 

vraag, waar, onder het genot van een goed glas wijn, zeker over door gesproken kan 

worden. 

 

Op dit moment poneer ik vaak dat “een verstandig mens niet in de wetenschap blijft” 

(en dus de industrie ingaat, gezien de kans op een vast contract bij universiteiten). Als 

vooralsnog onverstandig mens mag ik mij dan ook extra gelukkig prijzen met mijn 

zeer verstandige en liefdevolle vrouw Dayenne. Met mijn (soms ogenschijnlijke) 

nonchalance, ondanks het alsmaar niet afgeraken van m’n proefschrift, heeft ze wel 

wat moeten doorstaan. Wat een vreugde beleven we tegenwoordig samen met ons 

zoontje Luca. Ik werk graag, maar mijn papa-dag geef ik niet zomaar weer op! En dan 

te bedenken dat er nog een kleintje bijkomt binnenkort. Supergelukkig met zo’n thuis! 

 

 

Het was een goede tijd, dankzij jullie allemaal. Hopelijk als opmaat naar nog veel meer 

moois in de toekomst. 

 

 

 

Matthijs de Winter 
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