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Site specific, high-resolution characterisation of porosity in graphite using FIB-SEM
tomography *

@ José David Arregui-Mena * Philip D. Edmondson ¥, Anne A. CampbelF Yutai Katoh
#0ak Ridge National Laboratory, Oak Ridge, TN 3783%A

Abstract

Graphite is used as a moderator of fast neutrossnme types of nuclear reactors and for other
industrial applications. The influence of smallergs on the mechanical and physical properties
of graphite remains to be fully understood. In thvsrk, focused ion beam-scanning electron
microscopy (FIB-SEM) tomography was applied to eleterise the porosity of AGX graphite —
an electrode material. FIB-SEM tomography condistalternating the ion milling and SEM
imaging at an area of interest with the objectifeceating a 3D reconstruction. Regions
containing a filler and a mixture of filler and dier were selected as the areas of interest.
Resolutions of a few nanometers were achieved ionves up to 140Qm?® for both regions.
Typical porous structures were detected in therfiind binder regions such as thermal cracks,
gas evolution porosity and lenticular pores. Theohdtion achieved with these experiments
made possible detection of pores smaller than 10nndiameter, that is of the length scale of
voids generated by neutron irradiation, and an anwpment in spatial resolution of traditional x-
ray tomography studies. The resolution achieve&IBySEM tomography may be essential for
the study of the microstructure of graphite, pravidcomplimentary data to x-ray tomography

experiments.

1. Introduction

Graphite is used as the moderator of fast neutiomsiclear fission reactors. Nuclear graphite

grades are polycrystalline materials composed ruddai and filler phases and porosity of various
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sizes. These phases of graphite have differentostrerctures and porosity content due to their
raw constituents and changes produced during tmeifaeturing processes. The filler material is
obtained from petroleum or pitch coke and is exgecto be fully graphitised during the
fabrication process of graphite [1]; the binder enals come from coal tar pitch or petroleum
pitch and the compositions of these materials cany dlepending on the manufacturer. The
degree of graphitisation of the binder materiatasitrolled by the characteristics of the former
materials (content of volatile components and giineoinsoluble particles), temperature and
time however, full graphitisation of coal tar pitchn be achieved in some cases [2]. The wide
diversity of existing graphite grades comes frora thixtures and proportions of filler and
binder, raw materials, porosity and manufacturingcpss [3]. In order to understand how these
variations affect the physical properties of theteral, it is crucial to understand the

microstructure of graphite.

Graphite porosity content and morphology can betroded to a certain extent by several
factors. For example, coal-tar pitch is normallydigo increase the density of a billet and to
reduce the pore content. Another factor to consgl@rming of the graphite billet and nature of
the filler particles. Extruded grades tend to héler particles with basal planes preferentially
aligned to the extrusion direction resulting inrafprential alignment of the porosity structures
and anisotropic mechanical properties. Newer fogrmechniques (vibramolding and isostatic
pressing) have been developed to obtain isotraglic froperties. Some older grades use round-
shaped filler particles that are molded to creat@oae random orientation of the porosity and to
some extent isotropic mechanical properties. Téwen forming techniques can use fine needle-

shaped filler particles and still obtain isotropidk properties.

Porosity in nuclear graphite grades may represemhiéch as 20% of the bulk volume [4] and

can range in size between 10 A up to a few millere{5, 6]. Each phase of graphite contains
different amounts and types of porosity; these lmarclassified into three types: gas entrapment
pores, thermal cracks and unfilled pores. Gas pmieat pores are generated by off gassing of
the binder phase during the baking stage [6]. Theémrrmacks, also referred to as Mrozowski

cracks, are a result of the anisotropic coefficiehthermal expansion of the crystal structure,

and are formed by internal stress relaxation wheystalline graphite is cooled from

temperatures above 2000°C.



The pore size, morphology, and pore connectivityticd the generation and evolution of cracks
in graphite under a mechanical force or load as agtheir mechanical, thermal and electrical
conductivity properties. In general, larger amouatspores in graphite lower the Young's
modulus, the coefficient of thermal expansion (C&RE) the electric conductivity [7]. Porosity
plays three main roles in the fracturing of grapluibmponents, it may initiate cracks, promote

crack propagation, or conduct the crack growth tegion where it gets arrested.

In nuclear reactor applications, displacement daneyised by exposure to energetic neutrons
alters the microstructure in such a way that tHk physical, mechanical, and thermal properties
of the material are modified. Irradiation causes @misotropic swelling of crystals. During the
early stages of irradiation, so-called accommodagpiores absorb this swelling and that results in
bulk shrinkage. The anisotropic crystal swellirapitnues throughout irradiation, but after all
the accommodation porosity is filled, the shrinkagases and bulk swelling is observed. The
anisotropic crystal swelling results in the generatof new porosity and expansion of the
original pores. The evolution of damage and dinarali change is closely related to porosity
changes and microstructure in graphite. Highly psrouclear graphite is undesirable due to its
low mechanical properties, whereas very denseh(igh strength) graphite would not be able to
accommodate the irradiation-induced dimensionahgha in the bulk material leading to an
early failure of the component. A better undersitagdand prediction of the damage and
mechanical performance of an irradiated graphitepgmnent requires detailed information of the

micro- and macroscopic pore structure.

In this work serial-sectioning on site specificicets using focused ion beam (FIB) and scanning
electron microscopy (SEM) (a technique commoniywkmas FIB-SEM (or FIB) tomography) is
used to study the pore characteristics in an @detgraphite. This technique alternates the SEM
imaging of the area of interest and the materialoneal via sputtering induced by the FIB 'Ga
beam. The origins of FIB-SEM tomography startechvétcombination of secondary ion mass
spectrometry (SIMS) and FIB milling for subsurfacikeemical analysis of integrated circuit-
production [8]. Following this, FIB milling and ingang was implemented to study a section of a
nanoindented Cu-Al multilayers [9]. The developmant improvement of dual beam FIB-SEM
systems led to automated serial-sectioning and 8&aging. One of the first examples of this

type of FIB tomography was proposed by Holzer [10OUrrent FIB-SEM systems have the



capacity of using FIB, SEM or SEM tiled images;sthillow multiple ways to optimise the
visualisation of multiple materials. Other techrequsuch as electron backscatter diffraction
(EBSD), energy-dispersive x-ray spectroscopy (EREh also be combined with FIB-SEM
tomography and combined with additional data toegate 3-dimensional information on the
local microstructure and chemistry. FIB tomograpiag also been part of study that identifies
the porosity structure on a nuclear graphite gaitlegrade A (PGA) [11, 12]. Comprehensive

reviews and history of FIB-tomography can be foimthe literature [13-15].

Here the feasibility of FIB-SEM tomography as a eevadditional technique to study the

graphite microstructure — in particular porositys—explored and presented. Furthermore, the
methodology for the image acquisition and genetapss required to segment the images to
create a 3D reconstruction are provided. The adgast and disadvantages of this technique as

applied to the examination of porosity in graplste also discussed.
2. Materialsand methods

A general-purpose extruded graphite designated A@X chosen for this study. The decision to
use this graphite grade is because filler partielesas large as 1 cm so specific features are
easily discerned. A polarised light micrographio# polished surface of the sample showing the
different phases and microstructure is shown iruigigl. Filler particles can be identified as
sections that contain crystallites with the samengation, this in this case they can be identified
as yellow or blue domanins. The difference of cadas produced by different orientations of the
crystal planes in the filler particles (Figure daith regard to the polarised light. The binder
phase is composed of several smaller crystallinectsires that reflect the light in multiple
directions that resemble a mosaic pattern (Figte This graphite sample contains pores that

vary greatly in their size, from a few microns torse millimeters (Figure 1c).
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Figure 1. Polarised optical micrograph of the mstnacture of AGX graphite. a) Filler particles,
b) Binder, c) Pores

Optical micrographs at higher magnifications webtamed to identify two regions of interest:
Region 1 and Region 2. The size and shape of tlgenak sample, the locations of the regions
and how the areas of study were prepared to perffdB¥SEM tomography are shown in Figure

2.
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Figure 2. Sample geometry, microstructure and reggad study. a) AGX graphite
encapsulated in epoxy resin and coated in Cu-tapatigate charging of the sample
during electron imaging, b) Polarised optical mgraph showing the locations of the

regions of interest, c) Polarised optical micrograp Region 1 (Filler-Binder), d) SEM
micrograph of the selected Region 1 (Filler-Bingde))Polarised optical micrograph of
Region 1 after FIB milling (Filler-Binder), f) SEMicrograph of the prepared Region 1
for FIB-SEM tomography (Filler-Binder), g) Polardseptical micrograph of Region 2

(Filler), h) SEM micrograph of the selected RegiofFiller), i) Polarised optical

micrograph of Region 2 after FIB milling (Fillef), SEM micrograph of the prepared
Region 2 for FIB-SEM tomography (Filler)



2.1 Sample preparation and image acquisition

In this study, a FEI Versa 3D dual beam FIB-SEMated at Oak Ridge National Laboratory’s
Low Activation Materials Development and AnalysisAMDA) laboratory was used for the
FIB-SEM tomography. This technique consists of acpss of alternating serial sectioning
removal of material followed by imaging of the neample surface with the electron beam. The
ion beam is used to erode the surfaces in theeztthn and the electron beam to image the
exposed surfaces in the x-y plane (Figure 3a). &is convention used in Figure 3 is used
throughout all this document. To start the sampéparation, alignment and height adjustments
are performed to achieve eucentric height, thenstimaple is tilted to a 52° angi® that the
sample can be imaged and milled without further @moents of the stage (Figure 3a). Following
the stage preparations, a protective layer ofrpliati is deposited over the area of interest (Figure
3a). Trenches are milled around the area of stuitly avbeam current of 7 nA and energy of
30kV. These trenches allow for easy removal of gpettered material, reduce the shadowing
effects, and also provide access to the electrambfer imaging (Figure 3b). The approximate
dimensions of the trenches for this study are showhkigure 3b. A fiducial mark is milled
nearby the area of study to correct possible intad#shift and for height adjustments. A total
of 182 and 180 serial images were taken for Re@i@and Region 2, respectively, with each
milling step removing 50 nm of material. The reanttvoxel resolution is 0.02x0.03x0.0M

for both regions (Figure 3c). SEM images were takéh an acceleration voltage of 5 kV and
an electron beam current of 27 pA using a secondbagtron detector. All the imaging and
sectioning procedures in this study were autometi#id the aid of the FEI software Auto Slice
and View G3 version 1.4.1.9.
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Figure 3. Schematic diagram of the FIB-SEM setup raiiling process. a) FIB-SEM set-up, b)

Trenches and sample preparation prior to secticantbimaging, c) Number of slices and voxel

size for each region — check fiducial mark

Higher voltages provide a better perception of desp in the SEM image, however, the deep
penetration of the electron beam can sometimesecegneffect of transparency in thin layers of
graphite. Other factors such as the detector tgpell time, field of view, resolution, contrast

and brightness can greatly influence the qualitthefimages for segmentation purposes.
2.2 Segmentation

Segmentation is a term used in image analysisdésdribes the partitioning of a digital image.
Normally the objective of a segmentation analysisoi obtain another representation from the
image data into a model that can be analysed facibitate additional analysis. In this case the
stack of images is processed to create a 3D rapgegsm of the porosity of two regions of the

sample solid material or graphite and the porgsiigse.

Commonly used segmentation procedures involve tassification of pixels of a single or
multiple images by their grayscale values to obfrtitions of the image usually denominated
as labels. The label system serves as an iderttifi@nalyse the data or produce a geometry from
a stack of pictures. Multiple algorithms have bedgveloped to facilitate the automatic
segmentation of an image. Nevertheless, the prioges$ FIB-SEM tomography data may be
specifically challenging due to the SEM image asifion conditions and material structure.
Shading defects, charging and physical artefaath suFIB curtaining need to be removed to

improve the segmentation processes. Kelly et. & ptovides several examples of shale rocks



defects and artefacts introduced by the ion millittge authors also examine the difficulties
produced by these artefacts during the segmentptaredures. Examples of charging effects on
the rim of pores can be found in the research byhdao et al. for Opalinus Clay [17]. These
manuscripts offer valuable information of the ur@gass of each data set and therefore showing
that each series of images may require speciahterd. Specific segmentation algorithms have
been developed for FIB-SEM tomography of porous imdd8]. In this study, the image
processing and analysis was performed with Avize Software version 8.1.0. The general

procedures for segmentation are summarised in &iyand detailed in the following steps:

a) The foreshortening effect produced by the imagiogussition angle is corrected by
stretching the image in the y direction. To do ttnie pixel length in the y direction is

multiplied by a correction factor given by Equatibn

1
Sin @) X Yn 1)

whereb is the angle between the FIB and SEM columns yartide voxel height.

b) The original SEM images are aligned with the lesgtares algorithm and the stack of
images or volume are sheared to correct the yttbhre@osition. In this case rotations
were not allowed.

c) Images are cropped to remove the background andhareprocessed with a median
noise-reduction filter, background equalisationstFBourier filter transform and non-
local means algorithms to further reduce the naisé remove vertical striping artefacts
(curtaining) produced by the milling process frame images. The parameters required
for the Avizo Fire non-local mean filter are: sdamindows 22, local neighborhood 6
and similarity value 0.6

d) Standard thresholding segmentation tools withinAkizo software were used to assign
each phase, and thresholding algorithms connedtedispghat contain grayscale values
that are within a certain range defined by the afeut that particular feature of interest.
The threshold and watershed algorithms containeithensegmentation Avizo tool box
were used. After this initial process, a manuabwieg was performed to improve the
quality of the segmentation process. The manuahnahg consisted in a quality

inspection of the segmented pores larger than 2€lgpthat were not correctly detected



by the aforementioned algorithms. This criterios baen previously used by Houben et
al. [17].

e) A surface that represents the 3D model was gerkefaien the labels created by Avizo

Fire. The resultant dimensions of the bounding bexonstruction volume are
16.49x9.13%x9.18im> (1384.59um°) for Region 1 and 17.94x8.59x9.0&° (1400.96
um?®) for Region 2.
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Figure 4. General steps for image processing agheetation
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3. Results and Discussion

The 2D and 3D pore structure of graphite has beeestigated through the analysis of single
SEM images and FIB-SEM tomography reconstructidfigures 6 and 7 illustrate some

examples of the 2D microstructure found at bothoregjof the graphite sample. The compilation
of images in Figures 6a-6f show complex pore amlglcstructures across the region of interest
(filler-binder), with multiple microcracks and parédeing observed through most of the SEM
images. In contrast, Figures 7a-7f present feweegp@nd only a single large void can be
observed. In the case of Region 2 (filler), mosth# pores are connected through the whole

volume.

The 3-D porosity structure was studied with theorstructions generated from the FIB-SEM
tomography images. Figure 7 illustrates the poycsitucture of Region 1 and Region 2 with
multiple views of the reconstruction. Region 1 I¢fitbinder) presents a larger number and
volume of pores which are composed of thermal giaskme complex network of pores and

small pores/cracks. Thermal cracks can be idedtfbe their long and narrow shape.

On the other hand, Region 2 (filler) porosity résditom gas evolution and can be characterised
as long tubular structures (Figure 7b), non-coretegtores and a section of a thermal crack.
Supplementary material in the form of videos shbe/ 3D models and milling process for both
regions and can be obtained in the online versighi® manuscript.
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Figure 5. Cross section SEM images of AGX graptatgon (Region 1 — filler-binder) a) Image
1, b) Image 35, c) Image 70, d) Image 105, e) Infagk f) e) Image 182
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Figure 6. Cross section SEM images of AGX grapfitegion 2 - filler) a) Image 1, b) Image
35, ¢) Image 70, d) Image 105, e) Image 140, fingge 180
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Figure 7. 3D visualisation of the pore structurd&X graphite for Region 1 and Region 2,
Colours are used to improve the identificationrmfividual voids. a) Porosity content in Region
1, b-f) Rendered views of porosity Region 1, g)d3dy content in Region 2, h-I) Rendered

views of porosity Region 2
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The pore volume classification of both regionsesdatibed in Table 1 and Table 2. These tables
contain the number of pores, volume, area and weltnaction. Similar distributions of pores
were found in Regions 1 and 2, where most of thregare in the range of 0.001 to 0.1%um
both regions, larger pores represent most of thenve, area and volume fraction of the porosity
content. Region 1 had a larger content of voids tily be produced by the combination of
pores found in both filler and binder phases. Intest, Region 2 (filler) had a lower content of

porosity mainly caused by the type of porosity fdumthis volume, gas entrapment pores.

Table 1. Porosity structural information of Regihrcomputed from the 3D reconstruction

Volume range (u) Number of pores Volume (uni) Area (uni) VF (%)

0.001-0.01 121 0.42 4.1x10 0.0303
0.01-0.1 60 1.92 1.9x10 0.1384
0.1-1.0 17 6.91 6.9x10 0.4989
1.0-25.0 9 57.66 5.7x10 4.1644
Total 207 66.91 6.6x10  4.8320

VF — Volume Fraction

Table 2. Porosity structural information of Regiyrcomputed from the 3D reconstruction

Volume range (u) Number of pores Volume (uni) Area (uni) VF (%)

0.001-0.01 67 0.24 2.4x70 0.0177
0.01-0.1 35 1.16 1.1x10  0.0832
0.1-1.0 13 3.92 3.9x10 0.2803

1-25.0 6 48.93 4.8x10 3.4925
Total 121 54.25 5.4x10 3.8737

VF — Volume Fraction
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3.1 Advantages, disadvantages and challenges of FIB-SEM tomography for graphite
microstructural characterisation

FIB-SEM tomography can be utilised to study speafructures contained within graphite such
as the microstructure of filler particles, indivadupore structures or irradiation porosity
generation. A wide range of techniques have beed Ws characterise porosity in nuclear
graphite, such as synchrotron based x-ray tomograpinay computed tomography, mercury
porosimetry and gas adsorption. Mercury porosimeatng gas adsorption techniques provide
useful information of the quantity and area of opern interconnected pores inside a sample
down to a few nanometers [19, 20]. However, theynoa provide precise information of the
shape and connectivity of open porosity in grapt@e the other hand, synchrotron based x-ray
tomography and x-ray computed tomography provideanttative and qualitative information of
the 3D porosity network of graphite. The resolutadrx-ray computed tomography is limited to
larger structures and cannot detect porosity géeekriay neutron irradiation or small thermal
cracks (Figure 8). X-ray computed tomography ari8-EEM tomography can provide similar

results, however, some differences between thebaitpies are described below.

1. Sample preparation. FIB-SEM tomography is a desteictechnique that requires
sample preparation such as polishing, milling afuéial mark and deposition of a
protective platinum layer.

2. Resolution. The resolution in x-ray tomographyasgkly dependent on the size of the
specimen. FIB-SEM tomography is less limited irsthspect as large sections can be
milled, specially by using a plasma Broad lon B&&ti).

3. Time of measurement. Normally x-ray tomography imggvould require less time as is
not limited by time consuming milling and positiogi of the stage to preserve the same
area of interest.

4. Image artefacts. Normally x-ray tomography doespmnotiuce significant image artefacts
during the data acquisition, these may be prodaeenhg the milling operation of FIB-
SEM tomography.

In order to obtain the best results several rebeasthave combined these techniques [21-23] .
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Smaller features such as irradiation generated sggraan also be detected with electron
tomography. This technique can achieve higher uéisols than x-ray tomography or FIB-SEM
tomography, however, only small samples can beiedudy this technique. Electron
tomography limitation on analysing small specimemise from the fact that only electron
transparent samples can be imaged (~100 nm). Autaselection of region of interest is
required to study the pore structure of binderilkberfparticles as these two phases may have

different pore characteristics (size and morphojogy

In some studies, FIB-SEM tomography is combinedpag of multiscale microstructural
analysis of some materials [21, 22]. FIB-SEM tonapiry can be a valuable technique to study
graphite pore structures that are smaller thamsuch as thermal cracks and pores produced by
neutron irradiation. Further information can beawt¢d from the orientation of thermal cracks as
this can give an indication of the orientation loé crystallites. This technique would allow for
the first time to characterise the 3D structurenefitron irradiation porosity and small thermal
cracks. Moreover, 3D FIB-SEM tomography models t&neasily converted to 3D Finite
Element Method meshes that can provide additionarastructural information to the

mechanical and oxidation modelling of nuclear gregpf24-28].
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Figure 8. Resolution of x-ray tomography, FIB-SENhbgraphy, electron tomography and
graphite porosity structures that can be identiigth these techniques. Adapted from [13, 15].

A wide range of pore types that range fromms down to 0.07um were detected with the FIB-
SEM tomography conditions in this study, and areneplified in Figure 5, Figure 6 and Figure
8. Table 1 and Table 2 also show the effectivenédshis technique to detect small pores. The
resolution and quality of the images can be furth@roved by creating tiled images or taking
higher resolution images with longer exposure tiniéled images can be created from several
images to compose a single high resolution imagghet resolution images require longer
exposure times to the electron source or dwell tasewell as longer autofocusing times.
Extensive use of FIB equipment can produce drittlarging of the sample. In most cases these
issues can be overcome with a proper preparatidgheofample and stable systems. In recent
times, dedicated systems for FIB-SEM tomographyehlagen created to maintain long-term
stability and high quality imaging. Studies in slealvolumes can also improve the detection

capacity of even smaller features. Voxel resolioh10 nm to 800 nm are commonly achieved

18



by FIB-SEM tomography, with volumes of 900 fito 50 um®, as reported by Cantoni and
Holzer [15]. The main resolution limitation of FIBEM tomography is the milling capabilities
of the equipment in the z-direction and time caxists (Figure 3a). The acquisition of hundreds
of images can take around one day or even longgeraling on the erosion rate of the material,

instrument, volume and quality of the scanning.

Even with high resolution and quality of SEM imagdbhe segmentation of FIB-SEM
tomography data may be a challenging task. Theettimmensional appearance of SEM images
provides the perception of depth and texture of shecimen producing complex grayscale
gradients that are difficult to segment throughhgdéad thresholding techniques. Furthermore,
other complications may arise from noise producgdphysical and non-physical artifacts.
Physical artifacts may be created during the nglipinocess causing uneven surfaces (Figure 6d),
smoothing or augmentation of features, redeposiiot residual material (Figure 6e and 6f).
The presence of these artifacts can be reduceelbgtsilg adequate beam currents and milling
conditions, and some of these features can be eddduring the image filtering process. Non-
physical artifacts are created by charging arounids/or sharp edges causing warping of the
image or artificial grayscale gradients (Figure Fagure 5f). Charging effects are mainly
produced through a combination of a higher numlberecondary electrons being emitted from
the sample due to local topological effects, arellitk of a conductive path that removes the
excess electrons causing bright areas. Most ofethesues have been addressed for other
materials; some examples are shale rocks [16], Bdayn[21] and coal [29]. Each researcher
should adopt different filter and segmentation apphes to address the challenges produced by
each material’'s characteristics. For these reasbisshecessary to combine 3D characterisation
techniqgues with mercury porosimetry or gas adsomptio demonstrate the validity of the
measurements. Some comparisons between FIB-SEMgtapioy, mercury porosimetry and x-

ray tomography Boom clay is given by Hemes [21].
4. Conclusions

This research demonstrates the detection capabildf FIB-SEM tomography in graphite. In
this study voxel resolutions of between 20 and BOwere achieved that capture the intricate
porosity structure of graphite. Even though thenaggy of large volumes can be impractical or

compromise the quality of the imaging, specifictéeas such as filler and binder phases can be
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examined with this technique. A natural progresbithis work is to analyse the porosity of
super-fine or fine graphite grades as these typesaberials contain small pores (i.e. IG-110
mean pore area is 98n° [3]). Moreover, the high resolution of FIB-SEM tonmaghy data can

potentially be used to study the effects of neutroadiation in nuclear graphite [30]. FIB-SEM
tomography is a valuable technique that can comghnTEM, x-ray tomography, electron

tomography or optical microscopy.
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