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Abstract

The effect of sample preparation on a pre-aged Al–Mg–Si–Cu alloy has been evaluated using atom probe tomography. Three methods of
preparation were investigated: electropolishing (control), Ga+ focused ion beam (FIB) milling, and Xe+ plasma FIB (PFIB) milling. Ga+-
based FIB preparation was shown to introduce significant amount of Ga contamination throughout the reconstructed sample (≈1.3 at
%), while no Xe contamination was detected in the PFIB-prepared sample. Nevertheless, a significantly higher cluster density was observed
in the Xe+ PFIB-prepared sample (≈25.0 × 1023 m−3) as compared to the traditionally produced electropolished sample (≈3.2 × 1023 m−3)
and the Ga+ FIB sample (≈5.6 × 1023 m−3). Hence, the absence of the ion milling species does not necessarily mean an absence of specimen
preparation defects. Specifically, the FIB and PFIB-prepared samples had more Si-rich clusters as compared to electropolished samples,
which is indicative of vacancy stabilization via solute clustering.
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Introduction

Heat-treatable Al alloys, and other light metals such as Mg, are
susceptible to room-temperature aging. As these alloy microstruc-
tures evolve, these changes detrimentally impact subsequent pro-
cessing such as joining, forming, and even aging kinetics resulting
in a “shelf-life” to the alloy. The clustering of solute atoms, which
control these performance criteria, is strongly dependent on the
vacancy super-saturation (Aruga et al., 2015; Poznak et al.,
2018). These solute clusters, particularly in the early stages of
aging, are often difficult, if not impossible, to be resolved using
transmission electron microscopy (TEM) because of their size
and coherent structure within the matrix. In contrast to TEM,
atom probe tomography (APT), a field ion microscopy method,
can resolve as well as quantify the distribution characteristics of
such clusters in these early stages. APT has equal sensitivity for
all elements with an analytical sensitivity of approximately 5
atomic ppm and can reconstruct the spatial location of each
atom with near-perfect lattice rectification (Marquis & Hyde,
2010; Larson et al., 2013; Stephenson et al., 2013).
Consequently, these attributes make this technique well suited
to reveal the early stages of clustering in light metal alloys during
aging at room and elevated temperatures (Buha et al., 2007; Aruga

et al., 2015; Marceau, 2016; Buchanan et al., 2017; Hu et al., 2020;
Lee et al., 2021).

APT requires an ultra-sharp needle-shaped specimen (r <
50 nm) to enhance the electric field at the tip required for field
evaporation of the surface atoms. Historically, APT specimens
were shaped using electropolishing which produces specimens
that are essentially “damage-free.” In the past 20 years, the use
of a Ga+ focused ion beam (FIB) has become ubiquitous for
APT preparation as it enables site-specific preparation of APT
samples (Larson et al., 1999). While inordinately beneficial to
preparation, the Ga+ FIB does create unintended artifacts during
sample preparation including amorphization of the surface
(Miller et al., 2007), creation of vacancies and other point defects
from “knock-on” collisions within the alloy (Idrissi et al., 2011),
and embrittlement of the grain boundaries in Al alloys (Unocic
et al., 2010). The impact of such defects modifies precipitation
transformation pathways and accelerates aging kinetics in Al
alloys (Wang et al., 2017).

Recent work by Lilensten & Gault (2020) on a commercial
6016 Al alloy has shown that cryogenic cooling during FIB lift-out
and sharpening (performed at 82 K) reduces Ga+ diffusion to the
grain boundaries. While this work focused on the impact of tem-
perature during sample preparation with a particular emphasis on
Ga+ grain boundary segregation, it did not specifically address the
impact of milling created defects on solute clustering. Such
knowledge is critical in elucidating the link between solute cluster-
ing and mechanical properties. Another potential strategy for
light metals to mitigate ion milling damage during preparation
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is the use of the recently introduced plasma-based FIB (PFIB)
(Halpin et al., 2019; Famelton et al., 2021). This microscope
employs a Xe gas to create a plasma whereupon the ions are
extracted for milling. Xe is believed to mitigate prior FIB risks
because it is chemically inert (Halpin et al., 2019) and has
decreased penetration depth/stopping distance for the same
acceleration voltage, as shown by reducing up to 40% of the
amorphous damage (in Si) as compared to Ga FIBs (Kelley
et al., 2013).

To date, there have been a limited number of studies that have
specifically investigated the impact of point defects introduced
during FIB-based sample preparation on the early stages of solute
clustering behavior (Dumitraschkewitz et al., 2017; Famelton
et al., 2021). As noted above, this is especially relevant for light
metals where solute atoms are keenly sensitive to the disruptions
in the lattice as they partition (Marceau, 2016). Recognizing the
ever-increasing use of FIB milling methods to prepare APT nee-
dles, and the emerging PFIB options, this work investigates how
such sample preparation, particularly the PFIB, alters the intrinsic
nanostructure that ultimately influences the quantitative data that
APT provides.

Methods

The Al–Mg–Si–Cu alloy, with a nominal bulk composition of Mg
(0.7–1.0 wt%), Cu (0.6–0.9 wt%), Si (0.6–0.9 wt%), and remaining
total minor elements (<1 wt%), was solution-treated followed by a
low-temperature aging treatment at 100°C/4 h, denoted as pre-
aging (PA). After PA, the case study alloy was immediately trans-
ferred to a freezer, to mitigate the impact of secondary natural
aging (SNA) at room temperature (RT), and stored below −30°
C till sample preparation. Additionally, a sample was electropol-
ished following 30 days of SNA to deconvolute the impact of
the sample preparation times on clustering behavior. Since elec-
tropolishing does not involve ion energy impact, but rather a
gradual removal of material, these specimens are considered the
control or intrinsic state of the case study alloy. The alloy in the
PA condition was used as a case study for the following reasons:
(1) This condition will have nucleated Mg-rich clusters. (2) There
is enough solute dissolved in the matrix to capture the impact of
the defects introduced during FIB sample preparation.

The electropolishing was performed using a conventional two-
stage method (Yao & Zhong, 2005) with the sample cut into a
rectangular geometry, denoted as a matchstick, and crimped
into a Cu holding tube. In Stage 1, we utilized 10% perchloric
acid in glacial acetic acid at 5 V DC until necking and separation
of the matchstick occurred. In Stage 2, a mixture of 2% perchloric
acid in butoxyethanol was used, again at 5 V DC, to ensure a
sharp-needle-shaped specimen with a radius of <50 nm. After
electropolishing, a minor contamination of Cu was observed on
the tip surface (which is contributed to the electrolytic solution
inadvertently contacting the copper tube holding the APT tip).
Famelton et al. (2021) also noted a similar electropolishing arti-
fact. For both works, this surface area of copper contamination
was excluded from the subsequent analysis. This preparation pro-
cess took approximately 4 h to complete including sectioning of
the rectangular “matchstick” that was then electropolished at
one end into the APT tip. Ga+ FIB was performed using a
Tescan Lyra FIB/SEM with trenching out the region of interest
at 30 kV with 1–4 nA, while sharpening was performed at
30 kV between 30–300 pA. A low-kV clean-up step was per-
formed in the final polish at 2 kV and 120 pA to reduce ion

damage (Thompson et al., 2006). The Xe+ PFIB was performed
using a Thermo Fisher Scientific Helios G4 PFIB CXe dual-beam
FIB/SEM with initial trenching and sharpening at 30 kV and 30–
3000 pA, while final polishing was performed at 2 kV and 80 pA.
Effort was made to ensure the milling currents and conditions
used between the two FIB instruments at each stage were as equiv-
alent as possible. The ion milling process, regardless of instru-
ment, took between 4 and 6 h.

APT analysis was performed on a LEAP 5000 XS in voltage
mode at 35 K, with a pulse fraction of 20%, a detection rate of
0.5%, and a pulse frequency of 200 kHz. Reconstructions were
performed using IVAS 3.8.4, with pole indexing and spatial distri-
bution maps used to optimize the reconstruction parameters
(Breen et al., 2015). The cluster search was performed on a region
of interest away from the poles using the maximum separation
method, as described by Hyde et al. (2011). To ensure consistency
in the analysis of the different sample preparation methods, a
value of 0.5 for the dmax and a Nmin value of 17 with solute of
Mg, Si, and Cu were used for each sample. In addition, the voltage
range over which the data analysis was performed was between 3
kV and 5 kV. These values of dmax and Nmin were selected by
comparing the acquired data to a randomized dataset with the
same solute concentration. Cluster searching on both datasets
was then performed, with the selected values of dmax and Nmin

having the largest number of clearly discernible clusters compared
to noise.

The number density of the clusters (NV) was calculated as
follows:

NV = Nrthh

Ntotal
, (1)

where N is the number of clusters, ρth is the theoretical density of
the cluster (taken to be the same as the atomic density of Al), η is
the detection efficiency of the LEAP 5000XS (80%), and Ntotal is
the total number of ions in the dataset (Jenkins et al., 2020).
The error of the number density is given as NV divided by the
square root of the total number of clusters.

Stopping and range of ions in matter (SRIM) modeling was
performed using the SRIM 2013 software developed by Ziegler
et al. (2010). Xe and Ga ions were implanted perpendicularly
into a pure Al target with a depth of 100 nm and a width of
100 nm. The total implanted ion count was 50,000 ions.

Results and Discussion

Figures 1a–1c are representative APT reconstructions showing
only the clusters identified, using the nearest neighbor search
algorithm, in samples prepared using the three preparation meth-
ods: electropolishing (which served as the control), FIB, and PFIB.
All three methods reveal qualitatively similar clustering. No Xe+

implantation in the PFIB sample was detected consistent with
the absence of any peaks in the mass spectrum range of Xe+,
Figure 1d. In contrast, the reconstruction of the Ga+ FIB sample
reveals the presence of Ga, both in the mass spectrum, Figure 1e,
and in the inset image in the same figure showing its concentra-
tion enrichment in the data volume. Here, the Ga accounted for
≈1.3 at% of the total collected ions. The absence of Xe+ could
be explained by two things: (1) the lower penetration depth of
Xe, as compared to Ga (Kelley et al., 2013), and (2) Xe being a
gas at standard conditions and would diffuse out of the tip and
be lost to the atmosphere. The lack of Xe+ detected in the sample,
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unlike Ga+, could provide indications that this method of ion
milling does not result in significant artifacts introduced into
the nanostructure. In the recent work by Famelton et al. (2021),
where they used a PFIB to prepare APT tips from a 6xxx alloy,
they noted Xe+ capture in their APT data volume sets, suggesting
potential user-dependent variations in PFIB-prepared APT
samples.

While the clusters qualitatively exist between each method, a
detailed evaluation of their distribution characteristics reveals
notable differences. Table 1 notes a significant modification in
the number density of clusters. Specifically, Ga+ FIB- and Xe+

PFIB-prepared samples have approximately a doubling and nearly
an order of magnitude increase in clusters for each method,
respectively, as compared to the electropolished control sample.
Interestingly, the cluster size is not significantly different among
all the prepared samples, suggesting that the two observations
from the control are not governed by kinetics. Recognizing that
the number density could be influenced by differences in ambient
temperature exposure from handling variations among the three
preparation methods, an electropolished-prepared tip was studied
from a pre-aged sample but allowed to naturally age for 30 days at

ambient temperature (denoted as PA + NA/30 days). As can be
seen in the tabulated results in Table 1, the number density
slightly increased from 3.2 ± 0.4 × 1023 to 4.5 ± 0.8 × 1023 m−3

for this sample but is still lower than either the FIB or PFIB sam-
ples. This reinforces the deduction that the significant increase in
cluster density is indeed a result of the specimen preparation
method and not from potential (minor) handling differences
between the preparation times among the three samples.

To further confirm that the sample preparation method
impacts cluster formation, the cluster compositions were exam-
ined based on their Mg:Si ratio. Figure 2 is the histograms of
the Mg:Si ratio where a clear demarcation between the electropol-
ished, Ga+ FIB, and the Xe+ PFIB exists. Specifically, the percent-
age of Si-rich clusters in the electropolished samples is 33%,
Table 1, whereas in the FIB and PFIB samples, the Si-rich clusters
are approximately 50 and 55%, respectively. Of the two ion
milling methods, the clusters in Ga+ FIB did not reveal a clear
separation based on solute enrichment, quantified via the Mg:Si
ratio compared to either the electropolished sample or the
PFIB sample. Collectively, the number density increases and the
change in the cluster composition provide strong, quantitative

Fig. 1. Clusters detected in (a) a Xe+ PFIB sample dataset, (b) a Ga+ FIB sample dataset, and (c) an electropolished sample dataset. Extracts of the mass spectra
from (d) a Xe+ PFIB sample dataset and (e) a Ga+ FIB sample dataset with a clear Ga+ peak and an inset image of the Ga concentration in the reconstruction
visualized volume via density (where red indicates higher Ga concentration).
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evidence that these differences are driven by the sample prepara-
tion method, i.e., the clusters have nucleated during ion milling.

The observations of a higher cluster number density and the
nucleation of more Si-rich clusters can be explained by the clus-
tering sequence after rapidly quenching an Al–Mg–Si alloy. When
such an alloy is quenched from solution treatment temperatures,
the Si atoms are the first to diffuse to the quenched-in vacancy
clusters to stabilize them (Poznak et al., 2018) since Si has a pos-
itive binding energy and Mg has a negative binding energy to such
vacancies (Wolverton, 2007; Wang et al., 2017). Therefore, the
initial clusters that form at room temperature are Si-rich clusters,
and over a period of few days of natural aging, Mg atoms will then
segregate to the Si-vacancy stabilized clusters forming the
observed Mg/Si co-clusters. Thus, the formation of Si-rich clusters
is a distinct chemical signature of the newly formed clusters. The
clear increase in Si-rich clusters in the PFIB sample and the bal-
ance of Si-rich and Mg-rich clusters in the FIB sample reveal that
the ion milling has indeed facilitated an increase in the vacancy

concentration that enabled the Si in solution to now cluster by
the introduction of vacancies created during milling.
Furthermore, coupling the increase in Si-rich clusters with the
higher total cluster density in the PFIB sample as compared to
the FIB sample provides further evidence that the Xe+ promoted
a higher fraction of vacancy formation. Therefore, the number
density and the chemical signature of these clusters (Si-rich versus
Mg-rich) offer a direct means to measure how milling artificially
evolved the nanostructure, even when the milling ions are not
detected in the mass spectrum. This is further highlighted in
the electropolished (PA + NA/30 days) sample in which the clus-
ter characteristics are closer to the electropolished sample without
any secondary natural aging. In the Famelton et al. (2021) report,
where PFIB preparation was used, an increase in clusters was
noted but attributed to a larger sampling volume. Additionally,
average cluster compositions were provided. While the study con-
cludes that PFIB results in minimal sample preparation artifacts,
the above results strongly indicate otherwise. These results do sug-
gest a checkpoint in the interpretation of APT data from
PFIB-prepared samples, particularly for the early stages of cluster
formation.

To understand the relative impact of Ga+ and Xe+ impinge-
ment on vacancy formation, SRIM modeling was performed
(Ziegler et al., 2010). The Xe+ and Ga+ were implanted perpendic-
ular to a pure Al surface with the vacancy profiles in Al for the Xe
and Ga implantation plotted in Figure 3. Although Ga implanta-
tion results in vacancy formation at greater depth, Xe-based
implantation results in a much higher surface vacancy concentra-
tion at a depth of up to 30 nm at 30 kV. This results in a large
concentration of Xe-induced vacancies, some of which diffuse
out of the needle to the free surface and are annihilated
(Dumitraschkewitz et al., 2019). Nonetheless, it is likely that a

Table 1. Cluster Radius, Number Density, and the Percentage of Si-Rich of
Clusters Detected in Samples Prepared via All Sample Preparation Methods.

Sample
Preparation
Method

Cluster
Radius (nm)

Number
Density

(1023 m−3)

Si-Rich
Clusters
(Mg/Si <1)

Electropolishing 0.54 ± 0.06 3.2 ± 0.4 33%

Ga+ FIB 0.58 ± 0.07 5.6 ± 1.4 50%

Xe+ PFIB 0.60 ± 0.07 25.0 ± 3.0 55%

Electropolishing
(30 days NA)

0.56 ± 0.06 4.5 ± 0.8 30%

Fig. 2. Relative frequency histogram of the Mg:Si ratio of the clusters detected in the electropolished-, Ga+ FIB-, and Xe+ PFIB-prepared Al–Mg–Si samples.
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significant number of these vacancies will become stabilized by
the dissolved solute Si atoms in the alloy forming the observed
Si-rich clusters discussed above. This process of clustering is
extremely fast and occurs within 15 s at 0°C to stabilize such
vacancy clustering (Ozawa & Kimura, 1970). This finding is crit-
ical because it demonstrates that Xe+ PFIB-prepared samples can
indeed generate artificially higher cluster number densities in Al
alloys. Although 2 kV polishing was used to minimize the FIB
and PFIB-related damage, SRIM modeling indicates that vacan-
cies are still induced up to 5 nm into the surface. For the Ga+

FIB-prepared sample, the significant concentration of Ga found
throughout the sample (≈1.3 at%) indicates severe implantation
which likely contributed to amorphization of the surface (consis-
tent with large amounts of Ga at the surface, see inset image in
Fig. 1e) and that existing clusters being annihilated under implan-
tation explains the modest increase in the cluster density as com-
pared to the electropolished sample.

Conclusion

This work reveals, quantitively, the substantial impact that ion
milling can have on the solute clustering quantification in alumi-
num alloys using APT. Through a series of controlled experi-
ments, the chemical signature of Si-rich clustering, as well as
the increase in cluster density, provides supporting evidence
that this ion milling creates new vacancies through implantation
and knock-on events. Unlike Ga+ FIB milling, where the ion spe-
cies is captured in the APT reconstruction providing direct chem-
ical signature evidence of potential artifacts, the Xe+ PFIB ions
were absent in its APT reconstruction. While this ion signature

is not present, the PFIB milling has a higher deleterious artifact
impact to the changes in the clustering nanostructure.
Specifically, an increase in cluster density as compared to prepa-
ration where electropolishing or FIB milling is used results in the
increase in vacancy density created by the Xe+. As Xe+ PFIB
becomes an increasingly used as a tool in preparing Al alloys,
these noted artifacts should be considered with any quantitative
analysis and conclusion of the nanostructure, particularly with
respect to the early stages of clustering.
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