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Abstract

A Xe plasma Focussed Ion Beam instrument was used to prepare
in-situ specimens for Atom Probe Tomography from a bulk sample
of an aluminium 6XXX alloy. The nature and distribution of precipi-
tates and solute clusters observed in the alloy are not observed to differ
between standard electropolishing methods and Xe plasma prepara-
tion. Enabled by site specific specimen preparation, analysis of an
a-Al(Fe,Mn)Si dispersoid shows segregation at the phase boundary
and in the shell of the dispersoid.

Keywords; Al-Mg-Si-Cu alloy; Xe plasma focussed ion beam; atom
probe tomography; dispersoid.

1 Introduction

Atom Probe Tomography (APT) has been widely used to characterise de-
tailed microstructures in a variety of aluminium alloys [1-7]. A large propor-
tion of the atom probe research currently conducted on aluminium alloys uses
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specimens prepared by the standard electropolishing method [8]. Electropol-
ishing has several advantages over other specimen preparation methods, in
that it is relatively simple and does not require expensive equipment. Many
other materials systems prepared for APT are prepared by Focussed Ion
Beam (FIB) methods [9, 10], which have the advantage of enabling site spe-
cific analysis. Use of conventional Ga based FIBs on aluminium alloys has
been limited, due to the high affinity for Ga at grain boundaries [6, 11]. Ga
is known to embrittle grain boundaries in aluminium alloys [12] and it is pre-
dicted this reduces specimen yield, as discussed by Lilensten and Gault[13].
Furthermore contaminant Ga at a boundary has been observed to alter the
boundary chemistry [12]. The presence of excess Ga means the boundary
composition is not the same as in the uncontaminated bulk sample, but it
can also be that the ratio of the other elements observed at a boundary is
not the same as the uncontaminated boundary.

Two possible alternatives to gain the advantages of FIB preparation meth-
ods with aluminium alloys have been implemented; cryo-Ga FIB [13], to pre-
vent diffusion of Ga to grain boundaries and a FIB using an alternative ion
source [11, 14-16]. Lilensten and Gault [13] prepared a commercial 6016
alloy and observed that holding the sample 90 K or below during milling
resulted in a significant decrease in Ga content observed at a grain boundary
during APT analysis. An advantage of using an alternative ion source over
this approach is that it removes any doubt that Ga observed in the speci-
men is intrinsic or extrinsic to the specimen. The use of a Xe plasma FIB
(PFIB) with aluminium alloy samples and applying the commonly used lift-
out method [17] has been demonstrated [11, 14-16] and has been successful
at isolating grain boundaries without Ga contamination.

These works do not assess whether other damage mechanisms due to the
Xe beam are occurring. Estivill et al. [18] observed small clusters of Xe atoms
in Si APT specimens produced with a Xe PFIB, which they suggested were
due to the formation of nano-scale Xe bubbles in the specimen during milling.
It was also observed that crystallinity was lost in the surface 50 nm of Si.
Such features have not been reported in the Al specimens, although these
studies[11, 15, 16] all applied a final 5 kV or lower polishing step to remove
FIB damaged material. A few nm thick amorphous layer was observed via
Transmission Electron Microscopy in a Ti alloy by Halpin et al. [19] who
applied a 2 kV polish.

Halpin et al. also showed that due to the higher beam current often
achievable with a Xe-PFIB [20] a different procedure of tip production is
possible. By milling a circular trench into the surface of a bulk sample they
completely removed the need for a lift-out step onto a Si micro-post coupon
and a weld region in the final specimen, as used in the standard method



[17]. A universal, albeit empirical, observation amongst APT researchers is
specimen fracture at the weld between Si micro-post and sample, therefore
eliminating this feature could improve yield of successful analyses for certain
materials. In this work, the use of a Xe-PFIB for aluminium specimen pro-
duction without lift-out will be demonstrated and the results compared with
a conventional electropolished specimen.

It will then be shown how this approach has also enabled analysis of a
dispersoid precipitate, isolated and captured within an APT specimen via
this specimen preparation route. Dispersoid precipitates are formed during
homogenisation of Al alloys and often occur heterogeneously [21, 22]. Identi-
fication and extraction of these types of features is logistically problematic if
relying upon electropolishing specimen preparation methods and successful
APT analysis is made significantly more likely using FIB methods.

2 Experimental procedure

An extruded Al-Mg-Si-Cu alloy was examined in this study. The alloy was
received in as extruded form from Constellium and subsequently had a short
pre-age treatment applied. The nominal alloy composition is Al - 0.6 Mg - 0.6
Si- 0.3 Cu at % with total other additions less than 0.2 at%. APT specimens
were prepared via two routes. Standard two stage electropolishing techniques
[23, 24] were used to produce needle specimens using first a solution of 15 %
perchloric acid, 10 % water and 75 % acetic acid by volume and followed by
a solution of 1.2 % perchloric acid, 0.8 % water and 98 % 2-butoxyethanol by
volume. Voltages in the range 20 V to 10 V were used, with lower voltages
used as the needle became thinner.

Xe-PFIB work was carried out using a ThermoFisher Helios™ G4 PFIB
CXe. Samples were prepared by standard metallographic preparation tech-
niques of polishing with diamond suspension and colloidal silica. The pol-
ished samples were then attached to a Cu holder by using a silver suspension
(silver DAG 1415M) and transferred to the PFIB in a specially adapted pin
stub, as shown in Fig. la. The procedure described by Halpin et al. [19] was
adapted and is shown in Fig. 1b-e.

The milling procedure can be split into two steps; the circular trench
mill and sharpening. The “tab” milled for laser access to the specimen by
Halpin et al[19] was found to be unnecessary. Coarse milling was performed
to remove the bulk of the material from around the region of interest. This
process was scripted using iFast (ThermoFisher software) to generate sets of
concentric annuli with a constant inner radius, but decreasing outer radius.
This has the effect of producing a stepped base of the milled circular trench,



with a pillar of material remaining in the centre. The first set of patterns
were milled over an annulus of outer/inner radii 150/20 pm using 30 kV /2.5
1A milling conditions. A further mill was carried out, with milling conditions
of 30 kV/60 nA, using a second set of concentric annuli with a set of reduced
outer radii (Fig. 1d). This setup reduced the milling time considerably
over the perpendicular edged trench (single annulus) technique (Fig. 1c)[19].
Differing milling rates depending on grain orientation led to a rougher base
to the trench (Fig. 1c-d) than the specimens produced by Halpin et al. [19],
however this was not found to be an issue for APT experiments.

The sharpening stage of milling, Fig. 1d-e, was not automated and used
standard annular milling techniques, with a range of annuli sizes and milling
currents. A final low voltage polishing step was applied to remove the mate-
rial most damaged by the Xe beam, using 5 kV/1 nA milling conditions and
removing at least 300 nm of material, as monitored by the electron beam. In
order to determine the effects of ion beam induced damage and artefacts on
the surface material, some specimens were prepared without this final polish-
ing step. The entire process, from selecting a region on the sample surface,
to finished specimen, takes around two hours, the first half of which is the
automated circular trench mill.

Once milling was complete the Cu holder was removed from the pin stub
and transferred to a Cameca LEAP™ 5000 XR. All APT datasets shown
here were collected using laser pulsing, with laser pulse energy of 100 pJ. The
specimens were held at a stage temperature of 50 K and a pulse rate of 125
kHz was used. APT datasets were reconstructed using the Cameca [IVAS™
visualisation software. Calibration of reconstruction parameters was carried
out using the methodology described by Gault et al. [25]. Overlaps of peaks
with the same or similar mass-to-charge state ratio was carried out using
custom MATLAB code, as described by London [26][27] and was used for
compositional line profiles. Solute cluster identification was performed using
the open source software Posgen [28], using the maximum separation method
[29]. Values of cluster defining parameters dpax and Ny, were selected based
on the methodology of Williams et al. [30], and were in the range of 0.75 -
0.85 nm for dy.y and 16 - 23 atoms of Mg, Si and/or Cu for N,.

3 Results and Discussion

3.1 Assessment of PFIB induced damage

Xe implantation into the surface of the specimen is observable in the APT
reconstruction of the specimen prepared without a 5 kV polishing step (Fig.



Figure 1: Images of the sample preparation process. a) Sample mount b)
Start of automated milling, after protective platinum layer has been de-
posited on the sample surface c¢) Perpendicular edge trench d) Stepped edge
trench e) Fully prepared specimen f) High magnification image of tip after
5 kV polish g) Centre of milled region h) Overview of bulk sample surface
showing multiple specimens milled into the same surface.
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Figure 2: Al - 6XXX selected atom maps. 20 nm thick slices from atom
maps showing Mg, Cu and Xe. a)-c) PFIB no polish d)-e) Electropolished
f)-h) PFIB 5 kV polish A i)-k) PFIB 5 kV polish B

2¢). In the specimens which did receive the polishing step, no peaks in the
whole dataset mass spectrum due to Xe were detected, as shown for one of
these such samples in Fig. 3b. Ranging the relevant regions in the mass
spectrum there is also no obvious Xe segregation apparent in the atom maps
(Fig. 2h and k). However, by extracting the first 20 nm of this dataset, were
it might be expected to find any implanted Xe, peaks due to the presence
of Xe™ ions are observed (Fig. 3c¢). Due to the small number of Xe ions
detected, the composition of Xe needs to be assessed with comparison to the
local background counts, which can change throughout an APT dataset [31].

Figure 4 shows line profiles of the concentration of Xe as a function of
depth from the apex of the APT reconstruction. Local background correction
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Figure 3: a; Mass spectrum of PFIB 5 kV polish C, typical of all the mass
spectra, with major peaks labelled. Bands above the spectrum indicate the
positions of the expected peaks for a given ion. Thickness of the lines within
the bands indicate the relative sizes of peaks expected based on natural
isotopic abundances. b; Section of mass spectrum of whole PFIB 5kV polish
C dataset, showing the range of mass-to-charge ratios which would encompass
Xet ions. c¢; Same section of mass spectrum as in b but only for ions from
the apex 20 nm of the dataset. Peaks due to Xe™' ions are visible above
background noise

has been made by fitting an exponential function to the portion of the mass
spectrum at a lower mass-to-charge ratio than the ranged window. The error
bars shown indicate one standard deviation in this background correction.
Using this method low levels of Xe are observed in the first 50 nm of material
when a polishing step has been carried out. Beyond 50 nm the amount of
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Figure 4: one dimensional concentration profile for Xe as a function of dis-
tance from specimen apex. Local background correction has been applied
and error bars are 1 standard deviation of the applied background correction

Xe is below the detection limit. Higher concentrations of implanted Xe are
left in the specimen generated in the absence of a final 5 kV polishing step.
Two profiles are provided for this specimen, one is for the whole dataset and
shows there is Xe present in the specimen upto 300 nm for the specimen
apex. The other profile shows the Xe composition of a 15 nm radius cylinder
along the central axis of the specimen. There is Xe present to a depth of 100
nm along the central axis. The Xe is implanted to a depth of upto 100 nm
into the surface, but can be found at the surface of the sample at a greater
depth due to the needle shaped nature of the specimen.

In comparison, electropolishing is known to potentially cause contamina-
tion of Cu on the surface of an APT specimen [32], as was observed here
(Fig. 2e), there is a surface layer of Cu deposited during the electropolishing
process. This layer is particularly problematic for the analysis of this family
of alloys, as the segregation of Cu is of interest to solute cluster and precipita-
tion behaviour [33]. Excess Cu ions detected can affect the measured matrix
and cluster compositions and the potential identification of solute clusters.
The presence of Cu contamination means that relatively large sections of
data need to be discarded and long datasets with sufficient regions fully free
of the Cu contamination are required, to obtain a representative analysis.

There is variation of Mg content between specimens that is greater than
the confidence interval for the different datasets. In particular the specimen
PFIB 5 kV polish A contains more Mg than the other specimens with the



same treatment. APT samples small volumes of material and some variation
between samples is expected. The PFIB specimens have similar bulk com-
positions and composition profiles to the electropolished specimen. There
is also no effect on the solute content in the regions were Xe implantation
was observed. Notably however the surface Cu and oxygen content of the
electropolished specimen is much higher. Oxide formed on the surface of
the specimen during electropolishing may be thicker than the native oxide
formed on the specimens after FIB milling. The Xe clusters observed in the
Si specimens of Estivill et al.[18], which were produced solely with a 30 kV
accelerating voltage, were not observed.
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Figure 5: One dimensional concentration profiles of O, Si, Cu and Mg as a
function of distance from specimen apex. Error bars indicate a 95% confi-
dence interval in the solving of mass-to-charge state overlaps by maximum
likelihood estimation as described by London [26]. For each of the elements
Si, Cu and Mg the 5 line profiles have been normalised by the same factor
such that the scale is from zero to 1 dimensionless units.



3.2 Solute distribution

Heterogeneous precipitates, thought to be nucleating on dislocations, have
been observed in all three specimen preparation conditions. It is therefore
unlikely the FIB milling process is creating damage that is leading to nucle-
ation of such precipitates. The precipitates here are defined to be features
which contain over 200 detected solute atoms (Mg, Si and Cu) although
there is also solute segregation involving fewer atoms. Solute clustering is
more likely to be affected by the heat input during milling as the diffusion
distances involved are shorter and the solute clusters are believed to be less
thermally stable [34]. The size distribution of solute clusters and precipitates
observed is shown in Fig. 6. The clusters sizes observed do not vary signifi-
cantly between the electropolished and PFIB prepared specimens, other than
the electropolished specimen contains a higher proportion of larger features.
This specimen is however a smaller dataset, which contains a heterogeneous
feature, which will skew the distribution. Far more solute clusters were anal-
ysed using PFIB preparation due to the larger volume of data analysed. The
1365 clusters found in the PFIB prepared specimens were richer in Mg than
Si containing on average, 53 & 10 at% Mg, 38 & 9 at% Si and 8 £ 5 at% Cu.
The 67 clusters found in the electropolished specimen have a very similar
composition containing on average 57 & 11 at% Mg, 33 & 11 at% Si and 9 £+
6 at% Cu. The precipitates observed also all have a similar ternary composi-
tion between specimen preparation methods (Fig. 6d). There is a narrower
observed composition range of Cu and a wider range of Mg:Si ratios.

3.3 «a-Al(Fe,Mn)Si dispersoid

Figure 7a-f shows a dispersoid precipitate observed in the same alloy and
heat treatment condition as the other specimens shown. The dispersoid is
partially contained within the dataset, so that two perpendicular sides of the
dispersoid are observed. The ionic species shown in the atom maps show that
the dipersoid itself is rich in Si and Fe and that Mg and Cu are segregated
to the phase boundary between the matrix and dispersoid. There are also
precipitates which contain Mg, Si and Cu in the Al matrix region surrounding
the dispersoid. One precipitate was observed at the phase boundary between
Al matrix and the dispersoid (Fig. 7b).

In order to show the full elemental segregation between the aluminium
matrix and dispersoid a proximity histogram [35] was generated, showing
composition as a function of distance from the interface (Fig. 8). The in-
terface was defined by an iso-concentration surface of 8 at% Si** ions. This
species was used to define the interface as its mass-to-charge state ratio does
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Figure 6: a) and b) Plots of aspect ratio against oblateness for a) PFIB 5
kV polished specimens and b) An electropolished specimen. Spot area is
proportional to number of solute atoms detected. ¢) Normalised histograms
of solute cluster and precipitate radii of gyration. d) Ternary compositions
of the observed precipitates (over 200 detected solute atoms).

not overlap with any other species present in this specimen.

8 at% was

used as at this value the surface intersected closely with the thin Mg layer
observed in Fig. 7g. The section of the interface containing the phase bound-
ary precipitate was excluded from this analysis. To generate the proximity
histogram ions were separated into bins of width 2 nm, radiating outwards
from the interface. For each bin the overlaps of mass-to-charge state ratio
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Figure 7: Atom maps in the region of an a-Al(Fe,Mn)Si dispersoid. a) 20
nm thick slice showing Al and a surface showing 8 at% concentration of Si**
(green). The black arrow indicates orientation of specimen central axis. b)
90°rotation of region shown in a). A surface showing 17 at% Mg** (blue)
indicating a phase boundary precipitate is also shown. c¢)-f) 20 nm thick
slices showing the same region as a) for selected elements. c¢) Si. d) Mg. e)
Cu. f) Fe. g) Cylinder of diameter 8 nm taken from the region indicated
by the red arrow in a) and b) showing Mg, Si, Cu, Ni and other transition
metals (Mn, Cr and V) from left to right. The dashed line indicates the same
plane in the 5 atom maps.

were solved using the method of London[26]. The important species which
overlap in this material are; Al™, Sit and Fe? and associated XH,, hydride
ions. A local consideration of mass-to-charge state overlaps is required in
this case as the relative ratios of these species is expected to change between
the two phases.

From the proximity histogram, Fig. 8, segregation within the Al matrix
and the dispersoid can be observed. Both phases can be split into two re-
gions. The matrix has a very low amount of transition metal species, apart

12
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Figure 8: Proximity histogram showing composition as a function of distance
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Matrix < -10 nm; -10 nm < Depletion Region < 0 nm; 0 nm < Dispersoid
Shell < 6 nm; Dispersoid Core > 6 nm. The error bars indicate a 95% con-
fidence interval in the solving of mass-to-charge state overlaps by maximum
likelihood estimation as described by London [26]
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from Cu. Within approximately 10 nm of the interface the concentration
of the elements which form the strengthening precipitates, Mg, Si and Cu,
is decreased. The precipitates found around the dispersoid mainly occur
around the boundary between the bulk matrix and depletion region, with
one precipitate forming at the interface and one in the depletion region. It is
thought that precipitates in the matrix have nucleated on dislocations around
the dispersoid. The effect of dispersoids on the distribution of strengthening
precipitate forming solute and heterogeneous nucleation of precipitates is im-
portant for understanding the role that they play on the overall mechanical
properties of the alloy [36, 37].

The dispersoid exhibits a core-shell structure. The core of the dispersoid
is richer in Al compared to the shell, which is enriched in Si and Ni. The other
transition metals present, Fe, Mn, Cr and V show no preference for the shell
or core. The proximity histogram allows for the solving of mass-to-charge
overlaps which requires sufficient ionic counts to be accurate. This is at
the expense however of spatial resolution. A one dimensional concentration
profile though the highest spatial resolution section of the interface has been
produced to give a more detailed profile of the spatial segregation.

Figure 7g shows an 8 nm diameter cylindrical section, extracted normal
to the boundary from the region indicated by the red arrow in fig7a and b.
This cylinder is nearly parallel to the local surface normal of the hemispher-
ical surface on which the reconstruction is based, and is thus the section of
the phase boundary which has the greatest spatial resolution [38]. A one di-
mensional concentration profile was generated from this region of the phase
boundary, using a bin width of 0.05 nm, and is shown in Figure9. The zero
point of this profile is defined by the peak in the Mg concentration. From
this profile it can be determined that Mg and Cu are segregating to the phase
boundary between the matrix and dispersoid. The peaks in concentration of
these two elements occur at the same position at which the elements that
form the dispersoid, such as Si and Mn increase. The Ni enrichment occurs
away from the boundary in the shell of the dispersoid. The Cu is less strongly
segregated to the phase boundary than Mg. Cu is also detected within the
dispersoid, while Mg is only present in the matrix and at the phase boundary.

Figure 9 shows the density of ions overlaid with the concentration of Mg.
This is the density of ranged ions in the dataset, with no correction made for
the absence of ions due to detector efficiency. The region next the boundary
on the dispersoid side of the boundary is lower in density. This leads to
the shell width appearing wider in the reconstruction. This distortion in the
reconstruction is caused by the differing evaporation fields of the two phases
[39, 40]. Based on the number of ions in the shell region, we estimate the
shell thickness to be approximately 1 to 4 nm thick (1 to 3 dispersoid units
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Mg (12, 12.5, 13, 24). The origin of the distance from interface is defined by
the peak in the Mg concentration profile. The density of ions as a function
of distance from the interface is overlaid with the Mg concentration profile.
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cells).

Multiple types of dispersoid precipitate are possible, however in this type
of alloy it is expected that a-Al(Mn,Fe)Si dispersoids form. The equilibrium
structure and composition of this phase has been calculated [41-43]. Mul-
tiple works have observed variations in Mn/Fe ratio in this structure [44,
45] and inclusion of Cr [21, 46]. The proposed unit cell contains 138 atoms,
with 11 distinct lattice environments. Three of these lattice environments,
making up 30 of the 138 atoms in a unit cell, have mixed occupancy of Al
and Si [43]. This leads to the equilibrium composition of Algg7Mnj74Sii2,
however if all potential Si sites were occupied by Si the composition would be
AlgpoMny74Sisg 7. This literature value and theoretical value are compared
to the observed composition of the dispersoid in Fig. 10. The transition
metals which showed no segregation to the shell or core are combined; Fe,
Mn, Cr and V. The solute elements which were present in the dispersoid,
but showed segregation to the phase boundary and/or shell are combined
also for comparison; Si, Cu and Ni. The core composition agrees well with
the expected composition from Sugiyama et al. [43], especially if the small
amounts of Cu and Ni are considered to occupy the same lattice sites as Si
in the structure. In the shell, the concentration of these segregated species
increases towards, but does not exceed, the theoretical maximum Si content.

The authors are only aware of one work which has observed core-shell
segregation in an a-Al(Mn,Fe)Si type dispersoid [46]. Flament et al. observed
Cr segregation to the shell of an a-Al(Mn,Fe,Cr)Si dispersoid, which was
not observed in this case. They were unable to measure the distribution of
Al and Si via electron energy loss spectroscopy. The alloy chemistry and
thermal history however are not the same which could potentially account
for the difference in observation. It should be noted that it is the late period
transition metals, Ni and Cu which show preference for the shell or phase
boundary while the earlier period transition metals Fe, Mn, Cr and V do not.

4 Conclusions

The use of a Xe-PFIB for preparation of aluminium APT specimens with-
out lift-out has been demonstrated. Using similar low accelerating voltage
polishing steps as used with standard Ga FIB specimen preparation meth-
ods, specimens can be produced with minimal artefacts due to the Xe beam.
Despite the relative ease with which elements diffuse in aluminium alloys at
room temperature, no change in solute distribution was detectable. Xe-PFIB
is a useful technique for aluminium APT specimen production, allowing ef-
fective site specific analysis. The milling procedure used is simple and quick
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the structural work of Sugiyama et al. [43].

compared to lift-out specimen preparation methods, with fewer critical steps.
As well as reducing the time taken to prepare samples, the ability to auto-
mate the circular trench mill reduces the required user input.

Using this specimen preparation technique, the complex chemical struc-
ture around an a-Al(Fe,Mn)Si dispersoid was analysed, providing detailed
chemical and spatial information unachievable via other methods. Mg and
Cu were observed to segregate to the Al and dispersoid phase boundary. A
core-shell structure was also observed, with Si and trace amounts of some
transition metals thought to replace Al in the shell of the dispersoid, while
elements thought to sit on transition metal sites show no core/shell prefer-
ence.
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A Appendix Peak assignments and mass-to-
charge overlaps

1 cret
RN
10 MgH*  SiH*
111 | I
9 oS, SN
.
8 Fe“* crt Ni* CUH2
I 1 [

= 7 |M|g+| N [ F?+\ 1 :\“HT
% M92+Si2+ V2+ Mn2+ A Vas Mn* cut
8 6 NN 1111 1AHg 1 (I
c A AI*| AIH*
2 5
(o2
o
= 4

3

2

I
1

0 hul‘lddikbh Ily‘i“”l‘lﬂ ||l\||n|‘u|i‘nlw uli]ﬂ” uullu”dlulmhlu|“|||hh| ill i‘l‘llmﬂumﬂ \“I‘\iH‘II‘H‘l‘I i ‘\il ]lll I{I‘I\ i‘\uj\ \v|| | L‘\ ‘IIII“I\II“I ‘|| \Iiiill
10 20 30 40 50 60 70
m/z Da

Figure A.1: Mass spectrum of whole dispersoid and part of the surrounding
matrix. The major ions are labelled. The coloured horizontal bars indicate
the range of mass-to-charge ratios over which a species could be observed.
The thickness of vertical lines within the bar indicate the relative abundance
of each peak expected for natural isotopic ratios.

The dispersoid precipitate shown in the main body of this work contains
several elements which have mass-to-charge ratios which are within 0.1 da.
This section describes how some of these overlap problems were dealt with.

Figure A.1 shows the mass spectrum for the whole dispersoid precipitate
and part of the surrounding matrix. The main overlaps occur around the
24 - 30 da region and 50 -70 da region. Here we focus on the 24-30 da
region as it is more complex. The overlaps in the 50-70 da region were solved
using the maximum likelihood approach described by [26], considering the
ions displayed in figure A.1. The 24-30 da region contains peaks due to light
elements in single charge state and heavier transition metals in a 2+ charge
state.

The main complexity comes from the overlapping of AIHT, AlH,™*, Sit,
SiH™, Fe?™ and Ni**. If all these ions are considered for the mass-to-charge
overlap solving there in insufficient information to fully solve this problem
[26]. However as we will we show conclusions can still be drawn about the
composition and distribution of these ions in the APT dataset. The compo-
sition profiles of selected ranges across the dispersoid interface are shown in
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Figure A.2: Composition profile of selected ranges across the dispersoid in-
terface. The surface used is the same as in the main body of work; iso-
concentration surface of 8 at % Si?*. Error bars indicate 1 standard deviation
in the estimation of the background correction to each range.

figure A.2. The potential identities of ions contained within each range are
given in the figure key. Mn has no major mass-to-charge overlaps in either
the 1+ or 2+ charge state. The composition of Mn?T is greater around the
interface and shell of the dispersoid, while there is more Mn™ in the core of
the dispersoid. The combination of these charge states leads to a uniform
composition within the dispersoid as shown in the main body of the work.
A similar distribution of the two charge states is observed for other non-
overlapping or weakly overlapping ions, such as Al, Cr, and V. This effect is
thought to be due to a locally higher electric field during evaporation.

The non-overlapping ®"Fe?* species also has a greater composition around
the interface and shell, while the **Fe™ ions are found more in the core. Based
on the 5"Fe?** composition, the total composition of Fe? from all isotopes
can be estimated, as well as the contribution to individual ranges. Si*T is
segregated to the interface and shell of the precipitate, similarly to other 2+
charge state ions. In this case though the degree of is Si segregation to the
shell is such that there are not enough ions which could be Sit to even out
the segregation, as was observed for other elements, such as Fe, Mn, Cr and
V.

The 28 da peak is thought to be a combination of the ions, **Fe?*, 28Si*
and AIHT. A large proportion of ions ranged in this peak are found in the
dispersoid and are due to *°Fe?*, as estimated by the *"Fe?* peak. These
three ions have slightly different mass-to-charge ratios. It can be seen in the
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mass spectrum that there is a double peak due to the difference in mass.
Although the peaks from the three ions partially overlap, by ranging the
different sections of the peak it can observed if the different ions are found
preferentially in different sections of the dataset. Figure A.3 shows how the
28 da and 29 da peaks have been split into multiple ranges, and the compo-
sitional profiles of these ranges across the dispersoid interface are shown in
figure A.4. For 28 da the lower mass side of the peak has very low compo-
sition in the matrix and is concentrated more in the shell of the dispersoid
than the core. The higher mass section of the peak is segregated to the
matrix, peaks slightly around the interface and then drops in the dispersoid
core. The middle section also increases in composition around the dispersoid
interface, but unlike the other parts of the peak, increases in composition in
the dispersoid core. This increase in composition towards the core is thought
to be due to 28Sit. The same analysis applied to the 29 da peak, shows that
the higher mass part of the peak, primarily expected to be due to AIH,*
, 1s segregated to the matrix and drops to almost zero composition in the
dispersoid core, with no peak at the interface. The lower mass side of the
peak meanwhile peaks around the dispersoid interface and has a non-zero
composition in the dispersoid.
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Figure A.3: Section of mass spectrum form figure A.1. Red lines indicate
the expected mass-to-charge ratio for the ions that potentially lead to these
peaks in the mass spectrum. The shaded sections as the spectrum indicate
the ranges used to produce the composition profiles in figure A.4.

The lower mass section of the peak could be due to; ?*Si*, which is
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Figure A.4: Composition profiles of selected ranges across the dispersoid
interface. The surface from which the profile is generated and the total
ranged area of the mass spectrum are the same as in figure A.2.

expected to be segregated more to the dispersoid core, based on the split
ranging of the 28 da peak; 28SiH™*; *®Ni?* or combination of these ions.
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Figure A.5: Top Panel: Composition profile of the 29 da range across the
dispersoid interface and the estimated composition profiles of several ions
which could contribute the 29 da peak. Bottom Panel: The same profile and
estimated contributions for the 30 da range. Error bars indicate 1 standard
deviation in the estimation of the background correction to each range.
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For each of these possible three ions an estimation of how much they could
contribute to the 29 da peak was made, based on other peaks which contain
that species. The maximum potential 2Si* contribution was determined
by scaling the amount of 2Si™ present at 28 da, if there was no AIH* and
the amount of *Fe?T was in the expected isotopic ratio with 5"Fe?*. The
maximum ®Ni?* content was estimated by using the next two most abundant
isotopes and assuming they made up all the counts within the ranges they
would be found. The same procedure was applied for 2SiH™ based on there
being a maximum amount of 3°SiH"in the 31 da range. Based on the 31 da
peak the contribution to 29 da could be 2SiH™ or *®Ni?**. However applying
the same maximum content approach to the 30 da range shows that not
enough °Ni?* is observed for it to be the main contributor to the peak in
29 da. The observed composition of the 29 da, 30 da and 31 da ranges in
the dispersoid can be explained by the overlap of Sit and SiH". There is
no conclusive evidence that there is Ni** observed in the spectrum. For this
reason Ni?t was left out of the maximum likelihood mass-to-charge overlap
solving [26] implemented in the main body of this work. The other ions
considered in this overlap region are shown in figure A.1, not including Ni?*.

Any Ni?T that there is present makes up a small proportion of the disper-
soid and is expected to be observed more in the shell of the dispersoid, based
on the charge state behaviour of the other ions present. It is observed that
the ranges which contain a majority Nit contribution are segregated to the
shell which suggests there is Ni segregation to the shell as this charge state
is expected more in the core than the shell.
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