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Abstract. There are a huge array of characterization techniques available today and
increasingly powerful computing resources allowing for the effective analysis and modelling of
large datasets. However, each experimental and modelling tool only spans limited time and
length scales. Correlative tomography can be thought of as the extension of correlative
microscopy into three dimensions connecting different techniques, each providing different
types of information, or covering different time or length scales. Here the focus is on the
linking of time lapse X-ray computed tomography (CT) and serial section electron tomography
using the focussed ion beam (FIB)-scanning electron microscope to study the degradation of
metals. Correlative tomography can provide new levels of detail by delivering a multiscale 3D
picture of key regions of interest. Specifically, the Xe" Plasma FIB is used as an enabling tool
for large-volume high-resolution serial sectioning of materials, and also as a tool for
preparation of microscale test samples and samples for nanoscale X-ray CT imaging. The
exemplars presented illustrate general aspects relating to correlative workflows, as well as to
the time-lapse characterisation of metal microstructures during various failure mechanisms,
including ductile fracture of steel and the corrosion of aluminium and magnesium alloys.
Correlative tomography is already providing significant insights into materials behaviour,
linking together information from different instruments across different scales. Multiscale and
multifaceted work flows will become increasingly routine, providing a feed into multiscale
materials models as well as illuminating other areas, particularly where hierarchical structures
are of interest.

1. Introduction to correlative tomography
In this paper correlative tomography [1] will be introduced and in particular how plasma focused ion
beam microscopy (PFIB) [2] has been used to extend this.
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Much can be learnt from observations of metallographic sections, to better understand many metal
systems. However 3D characterization is also sometimes required, for example to understand complex
interfaces, porous networks and phase distributions. Fortunately, there are an increasing number of
powerful characterisation techniques available, for example, X-ray computed tomography (CT) [3],
serial section tomography (SST) using either optical or electron imaging [4-5], transmission electron
tomography [6], and atom probe tomography [7], with each covering different length scales.

Traditionally, data collected at different scales are not spatially correlated. Instead, features at the
different scales are captured by various different techniques in parallel on different samples and the
data brought together where necessary in a statistical manner. This approach is limited when the
observed behaviour is rare or relies on extremes, for example the initiation and growth of fatigue
cracks. In such cases it is sometimes highly desirable to track the evolution of specific sites (e.g.
locations where microcracks begin to form) and to study these unusual features and understand their
behaviour across a range of length scales. In many cases, including the fatigue example, the process
evolves over time to cover different length scales. For example, a fatigue crack may initiate due to a
persistent slip band in a single grain of a metal microstructure at the surface of a specimen, the crack
then starts to form and starts to propagate across the grains and soon will cover many grains. Final
failure will typically occur once the fatigue crack reaches a critical length and there is fast catastrophic
failure of the entire sample or component. As such the key length scales evolve from microns (e.g. a
single grain or smaller), to hundreds of microns (e.g. multiple grains), to the tens of centimetre (entire
component) scale. Moreover, with each different length scale there is also a different timescale that
should be used to effectively observe the process.

Figure 1 illustrates a multiscale and multi-instrument scheme. The collection of chemical
information as well as morphological information also provides a multi-faceted picture of the sample.
The example shows a sample imaged in 3D non-destructively (e.g. by X-ray CT) under a mechanical
or environmental load (1). A region of interest (Rol) is identified from this sample and this sub-region
is prepared for subsequent imaging (2), which could be laser machining or electro-discharge
machining (EDM) out the Rol, for example. The sample is then ready to be imaged destructively in
3D (3). Several higher resolution 3D imaging techniques rely on the scanning electron microscope
(SEM), for imaging but use different methods of slicing to prepare the serial sections, for example,
mechanical polishing [8], broad ion beam milling [9], and focussed ion beam milling [10], or
ultramicrotomy for softer materials [11]. During this high resolution 3D imaging a further region of
interest is identified, which could, for example, be a buried inclusion or the tip of a crack or a
particular grain boundary. A sample including the region of interest is then prepared (4) at this scale
usually by FIB machining, but possibly also by etching/electropolishing/microtomy, although site
specific targeting is more difficult with these latter techniques. Lastly, the nanoscale chemistry and
morphology of this region of the sample could be characterized (5), for example by atom probe
tomography or STEM-EDS tomography.
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Figure 1. Diagram showing a workflow for a multiscale materials analysis. The horizontal axis is
lengthscale and the large coloured arrows show different aspects related to understanding material
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properties. The workflow, connected by the black arrows, gives an example combination of techniques
and scales.

It is becoming increasingly important to be able to efficiently carry out such workflows in order to
build up information for multiscale models or to identify the critical length scales that govern a
damage mechanism. It is the ability to effectively couple existing and highly specialized pieces of
equipment to follow the same Rol, often with demanding sample requirements, that will allow the
fullest exploitation of the currently available technology. There are several major benefits to this
approach, such as being able to find rare regions of interest through coarse scanning for subsequent
detailed analysis and also by providing context and proof of the representativeness of a minute region
chosen for more detailed analysis. One of the major challenges is that many instruments and
techniques have been refined and developed regardless of whether this makes it more difficult to
effectively link it to other techniques. There is also benefit in targeting specific areas for detailed
analysis relating to managing the data generated. Without proper targeting it is easy to collect very
detailed information for large volumes and create unwieldy datasets which are costly and time-
consuming to analyse. If it is possible to positively identify smaller regions which require the detailed
analysis, this not only limits the quantity of data collected it may also be more practical to collect
further facets of information, for example the chemistry, crystallography, mechanical response etc.
which would be practically prohibitive for larger volumes at high resolution.

The correlative aspect of such workflows comes in two ways: coordinate-correlated, and feature-
correlated. Coordinate-correlated volumes use dimensional measurements to provide the spatial
registry through a coordinate system, for example the coordinates of the sample stage in the
microscope. Alternatively it is possible to register to sub-volumes by identifying specific features
common to both the original data volume and the sub-volume. However in order for a method to be
correlative it is necessary to be able to register the sample features from one level to another. The
resolution of the two techniques means that the same features can be seen in both images and
confidently registered with complementary information coming from both results [12-14]. Multiple
layers of different information can be built up and correlated based on common features between
many different techniques e.g. within the AFM [15].

In this paper a number of characterization approaches will be presented. Each of these will be
discussed individually but then also with respect to integration into more extensive correlative
tomography workflows.

2. Time-lapse imaging by X-ray CT

Time-lapse imaging using X-ray CT, also sometimes loosely referred to as 4D imaging, is an
extremely powerful way of understanding behaviour and performance, as it is possible to observe the
evolution of the phenomena [16]. It is often not possible to identify post-mortem the sequence of
events that has led to the final condition of the specimen. As such, time-lapse imaging can be
invaluable, however it is often experimentally challenging, creates enormous amounts of data and may
demand the use of national facilities such as synchrotron sources, which can lead to high costs and/or
long lead times. The big-data challenge is particularly formidable as detailed post-processing and
analysis is often required to make sense of this data.

Time-lapse imaging has been used to investigate many processes including fatigue in metals and
composites [17-18], ductile fracture [19], corrosion [20], battery performance [21], geological
processes [22] and even insect life-cycles [23] and flight [24]. It is possible to push the temporal
resolution to exceptionally fast times, down to <<1 second, for a full tomogram [3], but equally, long
duration experiments are possible, with samples imaged once every few days or weeks so that long
duration processes may also be observed. The intention in each case to observe the phenomena at
realistic time scales. This leads to one of the major considerations in carrying out time-lapse
experiments, that of matching the timescales of the process to the requirements of the imaging.

Taking the example of a growing corrosion pit and the fact that the pit takes 12 hours to grow to
full size of 100 um across (the appearance of the pit is a hemispherical surface cavity, with a diameter
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of 100 um), then assuming a constant growth rate we would expect a growth of just over 8 pm per
hour. From ex situ experimentation it was discovered that during the total growth there are periods of
faster and slower growth such that it is estimated the growth rate fluctuates between 4 and 12 pm
growth per hour. Here the growth rate determines the time within which a tomography scan must be
recorded. For example, it is clear that if the 3D imaging takes 6 hours, only one tomogram can be
recorded within the growth period of the pit. Furthermore, as the pit will have grown significantly in
the time between the first projection and the last the image will be blurred, leading to poor quality
data. The spatial resolution of the imaging is also intimately linked to the temporal resolution. Taking
the average growth rate of 8 um/h and assuming one tomogram takes 1 hour to record, this will only
be worthwhile if the spatial resolution is better than 8 um in order to resolve the changes. This is a
careful balance however as too high resolution would again lead to blurring in the reconstructed
images as small changes are occurring during the collection of the raw projection data. Another
consideration is the field of view, which must be sufficient to capture the features of interest at the
start and finish of the time period where the sample is observed. This may not be the case if the
resolution is too high (current detectors mean that the field of view is generally ~1000x the spatial
resolution [3]).

2.1 Exemplar: environmentally induced cracking of AA5083-H131 aluminium alloy

In this exemplar the environmentally induced cracking of a 5xxx alloy is investigated. Ex-situ analysis
via X-ray CT had revealed a previously un-reported mode of environmentally assisted fracture [25].
Time-lapse X-ray CT was carried out to observe the crack propagation in situ to help elucidate the
nature of propagation and mechanisms of this fracture mode. In this exemplar mm-sized specimens are
investigated with microscale resolution with a temporal resolution of the order of minutes.

Round bar tensile specimens of 3.2 mm diameter and 12.7 mm gauge length were prepared from a
29 mm thick rolled plate of Al-Mg-Mn alloy, AA5083-H131, in the short transverse direction. The
alloy had a typical ‘pancake-like’ grain structure with a grain size of 150 pm (L), 80 um (LT), and 35
um (ST) directions respectively [26].

The samples were then sensitized at 80 °C for 250 hours to create a susceptible microstructure.
Following sensitization, the tensile samples were soaked in a 0.6M NaCl solution for 250 hours. This
achieved two things: 1) The creation of sites of intergranular corrosion on the sample surface, and 2)
charging of the samples with hydrogen. The experiment is described in further detail by Holroyd et al
[25].

Immediately following the sensitization/pre-exposure treatments, the tensile specimens were
subjected to slow strain rate testing (SSRT), typically employing a nominal strain rate of ~107 /s,
while being exposed to humid laboratory air (relative humidity, 50%).

The sample was interrupted just before the final failure. This ‘intact’ but heavily cracked sample
was then analyzed using a Zeiss Xradia Versa 520 X-ray CT system operating at 70 kV and using the
4x coupled optical magnification and an exposure time of 30 s and 2001 projections, providing a voxel
size of (1.7 pm)’. The time-lapse data were collected on samples prepared in the same way and tested
under the same conditions, but this time on the 113 imaging beamline at Diamond Light Source. A
pink beam was used to maximize flux around a nominal energy of 35 keV. The detector provided a 4.5
x 5.6 mm field of view with a 2.6 um voxel size. The exposure time was 200 ms for each of the 1200
projections. The tensile testing was conducted using a Deben CT5000 in-situ rig with local sample
containment creating high local humidity.

Figure 2 shows multiple views of the tested and interrupted test specimens. The virtual slices
(figure 2b) and 3D rendering of the cracking in the sample (figures 2c, d and e) show the morphology
of the environmentally induced cracks that resulted. As shown in figure 3(a), and in comparison to
figure 2, it is possible to see three different stages of crack propagation. The first stage is intergranular
corrosion (IGC). These sites are formed in the pre-exposure step and act as stress raisers to initiate the
‘Type 1’ cracking, which is intergranular stress corrosion cracking (IGSCC). Type 1 cracking is
characterized by its very flat, smooth and direct morphology. After a period of propagation of the
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Type 1 crack the cracking changes to Type 2 cracking. Type 2 cracking is easily identified from the
virtual slices of the X-ray CT data as being highly topographical, composed of steps linked by almost
vertical tears. This mode of fracture has previously been overlooked and is often difficult to see from
the fracture surface, partly due to the great depth of field in the scanning electron microscope not
highlighting the topographical changes in the fracture surface. If taken to failure there is also a final
fast fracture region consisting of a 45° shear lip.

| | | TR =

|

| I
Figure 2 a) A photograph of the 3.2 mm diameter AA5083-H131 round bar tensile specimen prepared
in the short transverse direction. b) virtual slice of the reconstructed X-ray CT data showing the large
crack. ¢), d) and e) Volume Renderings of the crack shown from different directions with the crack
visualized as if it were solid and the metal rendered transparent.

The other curious feature of the Type 2 cracking is the fact that surrounding this crack region there
are multiple regions of isolated internal damage (figure 3a). Such regions do not occur around the
Type 1 crack. The regions are associated with second phase particles (see black arrows). This
observation, coupled with the knowledge of the mechanical characteristics of the failure, has led to a
proposed mechanism for the propagation of the Type 2 cracking illustrated in figure 3(b). The diagram
shows how the process zone ahead of the crack tip creates damage in the material which is isolated.
These isolated regions of damage are then linked through regions of microvoid coalescence and the
crack jumps forward. The crack halts as damage has not formed further ahead than the process zone
and as such the crack arrests when there is sufficient intervening metal, i.e., no route to link isolated
damage regions. The sample ‘re-loads’ and the isolated damage is formed ahead of the new crack tip
position before the next jump. This mechanism was proposed by Holroyd et al [26] from ex-situ
observations of X-ray CT and SEM fractography data.
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Figure 3 a) Virtual slice of the reconstructed data showing in detail the different stages of cracking
and also regions of isolated damage (black arrows) ahead of the Type 2 crack. b) Diagram detailing
the proposed mechanism of propagation for the Type 2 cracking.

Figure 4 shows results from the time-lapse data recorded at 113 Diamond Light Source. The data is
taken from a sample tested under the same conditions and shows two examples of two different
locations, where a crack tip can be seen, as well as a region of isolated damage ahead of the crack tip
(time=t,;). Four minutes elapsed during the collection of the 3D tomograms, of which these are virtual
slices, and in that time the crack can be seen to have linked to the isolated regions via a near-vertical
steps. Once at the new position at time=t;.4mi,s New regions of isolated damage have formed ahead of
the crack tip. The regions ahead of the crack shown here were confirmed to be isolated looking
through multiple slices around these regions. It has been confirmed that the crack propagation stops
and starts and that the crack tip only has influence a limited distance ahead of it. This confirms the
theory proposed from ex situ testing and adds clarity to the process for this newly reported mode of
environmentally induced cracking. A number of further questions have also been raised such as
whether the sudden spurt in growth, also associated with a jump in crack opening displacement, leads
to blunting of the crack tip.

o

Figure 4. Two examples of virtual slices from the same sample of the reconstructed synchrotron CT
data of the same position at two different time steps, t; and t;.4mins. The crack tip progresses and when
at the new position new regions of isolated damage ahead of the crack tip emerge which were not there
previously.
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3. Xe" ion plasma FIB: a tool for enabling multiscale analysis

Often there is the desire to investigate a specimen at multiple scales. In the example given in 2.1 it
may still be desirable to investigate finer scale features, such as the grain boundary chemistry at the
nanoscale. This may be an important aspect to in ultimately understanding the crack paths in the
material. Recent work has shown how PFIB serial sectioning has been used for the collection of large,
yet high resolution, and how datasets can be effectively used in conjunction with X-ray CT imaging
(and indeed time-lapse X-ray CT) in a correlative manner [27].

The PFIB is an exciting tool that opens up the range of scales accessible with FIB technology in to
the 100’s of microns range whilst retaining the same nanoscale resolution [2, 28, 29]. In a ‘traditional’
Ga" FIB a volume of (50 um)® would be considered large, and whilst the milling of finer slices, down
to ~10 nm thick, is possible, the practically achievable volume remains a limitation. Using a PFIB
instrument volumes (300 um)® with 500 nm slice thickness have recently been demonstrated. It is also
possible to combine the imaging of each slice with analytical data such as energy dispersive X-ray
spectroscopy (EDS) and electron backscatter diffraction (EBSD). The desire to collect large 3D EBSD
volumes is currently practically limited, with the bottleneck related to the EBSD map collection time,
which typically accounts for 60-80% of the total time period for the completion of one ‘slice’ of data.
However, recent developments in both the hardware [30] and software [31, 32] show great promise for
limiting this bottleneck in the future. Whilst the nature of the damage is still being investigated, it
appears that the Xe" is less damaging for equivalent milling parameters and, due to the inert nature of
xenon, chemical incompatibility issues with elements such as Al and Cu are avoided.

3.1 Exemplar: ductile failure of SA508

In this example a volume of interest identified from X-ray CT data is analyzed in detail using serial
sectioning tomography using the PFIB in order to understand the ductile failure mechanisms of a
reactor pressure vessel SA508 Grade 3 steel. In this exemplar specimens are investigated from the cm-
scale down the nanometer scale on a post-mortem basis.

The material investigated originated from a large SA508 Grade 3 [33] steel ring forging, in the
quenched-and-tempered condition. Fracture toughness tests on the material were performed according
to the European Structural Integrity Society (ESIS) P2-92 [34] standard, with tests performed on a
sample of thickness B = 25 mm and width, W = 50mm using both the unloading compliance and the
multi-specimen methods at room temperature. In order to probe the distribution of voids with depth
using X-ray CT, cylindrical samples of ~0.5 mm diameter were prepared using electrical discharge
machining (EDM) with the top of each sample incorporating the original fracture surface. A core was
extracted from a region in the centre of the ductile fracture region ~2 mm ahead of the fatigue pre-
crack.

X-ray CT was conducted using a Zeiss Xradia Versa 500 X-ray CT system. The voxel size was (0.8
um)’ giving a resolution of 2-3 pm. The scan was performed at 100 kV, collecting 1,601 projections
with an exposure time of 5 s per projection at 4x magnification. A FEI Helios PFIB was used for high-
resolution investigations of the microstructure of the sample. A volume 150 x 115 x 18 um in size was
prepared with a slice thickness of 100 nm and a pixel size of 26 nm. Electron images were collected at
2 kV, 800 pA using the through-lens detector. The slices were milled using an accelerating voltage of
30 kV and current of 59 nA, providing the best balance of speed of milling and quality. Data analysis
and visualization for all datasets was performed with the Avizo 9.0.0 software.

Figure 5a shows a surface rendering of the EDM core from the X-ray CT data, giving an
appearance of the sample similar to that observed within the SEM. A sub-surface volume of interest
was identified from the X-ray CT data including two voids of different geometries located ~600 um
below the fracture surface (see orange box in figure 5b)). The 3D rendering of the sample surface
figure 5a) was used to relate the location of the voids (figure 5b)) to surface features, which were used
as points of registration to plan the preparation of the volume for serial sectioning using the PFIB. The
3D rendering of the surface were directly compared to SEM images of the sample (see figure 5¢)) and
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features registered to enable the accurate machining of the specimen for serial sectioning analysis
through the identified voids. Figure 5(d) shows the PFIB prepared sample with a block created ready
for serial sectioning.

1X)’ 37375 mm ETD_5.00kV_0.40nA 138 mm 45 s Q 5.00 KV 0.40 nA 1.04 mm TLD 10 ps 3.6968 mm 54.0*

Figure 5 a) Volume Rendering of the reconstructed X-ray CT data showing the surface of the core
specimen. The orange box shows the region of interest determined through comparison with b). The
black and white arrows show two of the features used for registering the X-ray CT data to the SEM
image of the sample shown in c). b) 3D rendering of the sample showing the internal voids. The
orange box highlights two distinctive voids for further analysis. The red arrow shows another large
void which can also be seen in the PFIB-prepared volumes in d) and used a reference point during
machining. ¢) Secondary electron SEM image of the core, the contrast is dominated by some fine scale
roughness but two feature used for correlation to the X-ray CT data in a) are shown with black and
white arrows. d) Secondary electron image of the sample of preparation of the volume of interest for
serial sectioning. The red arrow highlights a large void also visible in b) indicating the success of the
correlation.

Figure 6(a) shows again the X-ray CT data highlighting the internal voids and the volume of
interest. Figure 6(b) shows the region of interest as captured using the PFIB. The detailed
microstructure of the steel is clear and the voids have been highlighted in red. Figure 6(d) shows the
same region but this time with the inclusions captured highlighted in blue. Out of 9 of the voids
captured within the PFIB sectioned volume 8 were associated with a manganese sulphide inclusion as
determined by EDX (not shown). Figure 6(c) shows a magnified region of the PFIB data immediately
adjacent to the large spherical void. This highlights the detail of the microstructure captured and shows
an example of small voids that are associated with the carbides in the microstructure. These voids are
associated with carbides and form close to the large voids and may be important in linking the large
voids together in the final stages of fracture just prior to failure.
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70 pm

Figure 6 a) 3D rendering of the sample showing the internal voids. The orange box highlights two
distinctive voids for further analysis using the PFIB. c¢) Though Lens Detector SEM image of one of
the PFIB slices. Voids are highlighted in red, the two largest voids are also visible in a) but several
other smaller voids are also visible. The large orange box highlights the large spherical void and the
smaller orange box highlights the sub-region shown in ¢). ¢) shows a magnified region of b) showing
the location of sub-micron voids (white arrows) associated with carbides which are found around the
large voids. d) same as b) but highlighting in blue the inclusions associated with the voids.

Use of the PFIB made it possible to extend the range of scales investigated and also add additional
information regarding the microstructural context of the voids. The X-ray CT imaging allowed a
sufficient volume of material to be characterized to produce statistically significant information on the
size distribution, void volume fraction and inter-particle distances to understand trends in the voids as
a function of depth beneath the fracture surface. The PFIB serial section data is not able to extend to
mm-sized volumes like the X-ray CT, but it is a multiscale dataset in its own right and effectively
overlaps with the scales captured in X-ray CT. The X-ray CT volume captured effectively resolves the
voids 10’s of microns in size whilst at the same time capturing carbides 100’s of nanometers in size.
The PFIB has provided microstructural context of the large voids and made possible the critical
observation that each of the voids, including many voids unresolvable from the X-ray CT data, is
associated with an inclusion and that the volume of the void scales with the volume of the inclusion
raised to the power 3/2, thus emphasizing the importance of the inclusion size distribution.

4. Lab-based nanoscale X-ray CT

As shown in the previous example it is often important to investigate the material at the nanoscale and
as discussed in section 2 there are situations where time lapse imaging can be used to help understand
processes. One of the major downsides of serial sectioning is that it is destructive and cannot be
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utilized for time-lapse studies. However the PFIB can be used to prepare site specific samples suitable
for nanoscale X-ray CT (nano-CT) imaging, which is capable of investigating processes over time, in
3D, at the nanoscale. In this exemplar micron-sized specimens are investigated with nanoscale
resolution with a temporal resolution of the order of hours.

An experimental procedure to optimize time-lapse imaging using nanoscale X-ray CT has been
developed [35]. Bradley et al. explain in detail how the acquisition of both absorption and phase
contrast data followed by the effective registration and combination allows for optimum phase
identification. In this approach the contrast available through absorption contrast and the edge
resolution possible through the phase contrast results is combined to identify the phases with precise
interfaces. Here the PFIB has been used for the preparation of the site-specific NanoCT specimens,

4.1 Exemplar: corrosion of AZ31 magnesium alloy

Here, an exemplar of corrosion damage of twin roll cast AZ31 magnesium alloy is presented. There is
still a real need to better understand the corrosion of magnesium alloys [36] as this is one of the
principal obstacles to its uptake in many engineering and aesthetic applications. Twin-roll casting
offers a route to directly produce magnesium sheet in a cost effective way. In this study the
propagation of the corrosion in this alloy is investigated to better understand it’s interaction with the
microstructure.

A pillar of magnesium with dimensions 48 x 50 x 70 um, was prepared from the middle of a twin
roll cast section using mechanical grinding to produce a matchstick of material with dimensions of 2 x
2 x 10 mm’, but with a sharp point < 500 pm across at one end. The sharpened point was prepared to
its final dimensions using a FEI Helios PFIB. The microstructure consists of large mm-sized dendrites.
The sample was subsequently immersed in 0.1 M NaCl solution, with the sample removed from the
solution for X-ray imaging after cumulative exposure times of 0, 0.5 and 2 hours. Nano-CT was
carried out using a Zeiss Xradia Ultra 810 system operated at 5.5 kV. 701 projections were collected
with an exposure time of 60 s. Data was collected for a 65 pum field of view with a voxel size of 60
nm. An absorption contrast and phase contrast scan was acquired at each time step. The orientation of
the samples was tracked between subsequent scans, and care was taken to ensure registration of the
data recorded at the different time steps.

Figure 7(a) shows the time lapse sequence as a 3D rendering, while figures 7(b) and 7(c) show
virtual cross sections through the volume at the positions shown by the red and blue lines respectively.
The development of corrosion product is clear (seen as darker surface regions) as the surface has
developed significant topography; this is quantified by the colour map on the volume surface where
the depth of corrosion is shown as the different colours. Here, the depth of corrosion is presented as
the difference with respect to the previous time step and not the cumulative total. In this way it is
possible to more easily see if corrosion of certain regions has stopped, slowed or accelerated between
each immersion step. The dendritic structure of the alloy is clearly visible from the virtual cross
sections and bright, high atomic number, particles can be seen decorating the inter-dendritic regions.
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Figure 7 a) shows a volume rendering of the surface of the reconstructed nanoCT data, the red and
blue lines indicate the position of virtual slices shown in b) and c). 1), ii) and iii) present the same
sample after two sequential immersion steps. In a) ii) and iii) the surface is coloured to show the depth
of material lost since the previous scan. In b) and ¢) the same virtual slice is shown for the different
time steps, Considerable corrosive attack can be seen, the orange arrow acts as a point of reference.

After 2 hours of exposure the corroded sample was transferred to the FIB-SEM for further analysis.
Figure 8(a) shows the surface of the specimen, after being minimally polished using the PFIB (at 30
kV and with a current of 15 nA) to remove the surface topography and corrosion product to allow
chemical mapping using EDX (see figures 8b) and 8c). Comparing figure 8(a) with (b) and (c) it is
clear to see the correlation and confirm that the interdendritic regions have segregated particles that
are Al and Mn rich, although it does appear that some of these are different particles, as the chemical
distributions are slightly different. One of these interdendritic regions (from the same sample but
without correlation) was analyzed in more detail using STEM-EDS (see figure 8d and 8e). From this it
was possible to further understand the complexity of these sites and confirm that the interdendritic

1
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regions are rich in Al and Zn, as expected. In addition, different phase particles are also revealed in
these regions as Al and Mn rich particles (which appear bright red and have a feather-like
morphology) and also Mg and Si rich particles (which appear bright blue and have a cubic
morphology).

50 um

Distance / nm

Figure 8 a) shows the surface rendering of the reconstructed nanoCT data after the final corrosion
step. b) and c¢) show EDS maps highlighting Al and Mn respectively. In both cases enrichment appears
along the interdendritic regions but there is not a one-to-one correlation of the enriched Al and Mn
regions. d) a STEM-EDS spectrum map from one of the interdendritic regions highlighting Al in red
and Mg in Cyan the position of a line trace is shown in yellow with the elements present along the
length presented in e).

It is clear that the corrosion progresses along the dendrite arms, which are relatively Mg rich [37].
Progress is arrested when the corrosion front reaches the interdendritic regions and is due to the
enrichment of the Al and Zn in these regions, although STEM-EDS data shows that the interdendritic
region is quite complex with multiple phases all in close proximity. Work is continuing to understand
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the role of the multiple phases on the initiation and propagation of the corrosion, which is currently
believed to be controlled by small impurity particles.

5. Conclusions

There is a clear desire to investigate and understand many materials systems across multiple time and
length scales. To achieve this multiple instruments need to be effectively linked together as no single
instrument can provide all of the required functionality. Correlative tomography describes a workflow
where regions of interest are successfully targeted to build up a multiscale and multi-layered picture of
a sample. The acquired information also has to be effectively connected for an analysis that makes
best use of the multiple datasets, typically involving the accurate registration of the datasets. The
techniques and exemplars presented in this paper outline a number of complementary approaches,
each including different aspects of correlation and different scales of information, which could also be
connected in a single study if desirable. In each case the intention is to identify the key time and/or
length scales of the process/feature/property so that it can be better understood.
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