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Abstract-200 words

Among the various preparation methods for nanocrystalline alloys, ionic liquid electrodeposition
at low temperature is of interest for its scalability and efficiency. To achieve nanostructures with
stabilized structures, it is desirable to directly deposit alloys in which the grain boundaries are
decorated with a segregated alloying element. Here a combination of atom probe tomography
and aberration corrected scanning transmission electron microscopy are used to confirm that in
Al-Mn nanocrystalline alloys deposited from an ionic liquid, Mn is slightly segregated at grain
boundaries in the as-deposited condition. The apparent heat of grain boundary segregation is
calculated to lie between 1100 and 1500 J mol™, which aligns reasonably well with a value
calculated using a Miedema-based segregation model, and which is also in line with a more
refined CALPHAD-type estimation if it is assumed that the Al-Mn deposits are not fully
equilibrated at the deposition temperature.
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Introduction

The wide degree of control over nucleation and growth kinetics available in electrodeposition
can produce materials with a variety of internal structures, with grain sizes ranging from the
micro- to the nanoscale[1-8]. Among them, nanocrystalline electrodeposits are particularly
interesting due to the improvements in properties such as strength and hardness that result from
grain refinement[9], and the ability of this technique to modulate composition and structure to
nanometer scales[10]. However, because of their high grain boundary area densities, pure
nanostructured metals generally coarsen rapidly even at low temperatures. As a result, there is
increasing attention on alloys produced from electrodeposition baths, as the addition of solute
elements to a nanocrystalline deposit can result in kinetic solute drag, which slows grain
boundary motion, as well as thermodynamic energy reduction caused by segregation of solute
atoms to grain boundaries[11-13].

Grain boundary segregation has been studied in a variety of electrodeposits, some of which are
alloyed intentionally with the segregating species; systems such as Ni-W, Ni-P, Co-P, Co-W, and
Cu-Bi exhibit grain boundary segregation in the as-deposited state[14—18]. On the other hand, in
some electrodeposits the minority elements are merely incorporated as an unintended impurity
such as sulfur in ultrafine-grained Ni[19], and sulfur and carbon in Ni-Fe alloys[20]. Whether the
segregating solute species is added intentionally or not, grain boundary segregation in all these

alloys has proven beneficial in stabilization of the nanostructure.

Ni-P is one of the more well-studied of these systems, in which Boylan et al.[21] found enhanced
thermal stability up to 350°C using in-situ transmission electron microscopy (TEM). Further
experiments were done by Hentschel et al. with atom-probe field-ion microscopy, which showed
that in a nanocrystalline electroless Ni-3.6 at.% P deposit, P is segregated at the grain boundaries
with a local concentration as high as 11 at.% in the as-deposited state[17]. Farber et al. further
studied segregation of P at grain boundaries after heat treatment; the resulting NisP precipitates
located at grain boundaries and boundary junctions, as well as a continuous P segregation zone,
led to high thermal stability[22]. In the related Co-P system, Choi et al. reported P segregation
leading to enhanced thermal stability by field ion microscopy[14]. In electrodeposited Ni-W,
grain boundary segregation of W is sufficiently energetically important to the alloy

thermodynamics that the W incorporation level directly controls the grain size that is produced



upon deposition[23, 24], while also stabilizing the structure against grain growth[25]. For alloy
systems like Ni-Cu and Ni-Mn, the solute segregates to grain boundaries apparently only after
exposure to elevated temperature[26, 27]. Talin et al. showed that Ni deposits exhibited grain
growth for annealing temperature between 200 and 300°C, but Mn-containing Ni alloy deposits
were able to retain strength and fine-grained structures up to 500°C.

The above investigations that explore grain boundary segregation in electrodeposits focus on
alloys synthesized from aqueous solutions. In light of the increasing effort devoted to
electrodeposition from non-aqueous baths, in particular ionic liquid baths, it is of interest to
understand whether similar alloy nanostructures can be produced from those media. lonic liquid
deposition has received considerable attention due to the low volatility, low flammability, and
low toxicity of the electrolyte, as well as the wide electrochemical window properties seen in
some systems[28—35]. These unique properties enable the deposition of low reduction potential
metals such as aluminum, magnesium and titanium at moderate temperatures, or even
semiconductors and compounds, [36, 37] without concern for hydrogen evolution. The technique
can produce fully dense and deployable materials in the as-deposited condition if properly
controlled [38, 39], and the internal structure can be finely tuned , by, e.g., controlling the
applied current waveform[4,40]. Meanwhile, challenges such as a multiplicity of redox states[37]
as well as insufficient adhesion at some substrate sites[41], and solution sensitivity to water[36]

all need more attention.

With such technological benefits, it is clearly of interest whether nanostructured deposits
produced from ionic liquids can be stabilized by grain boundary segregation of incorporated
second species, in much the same way that similar deposits produced from aqueous solutions are.
Yet, we are aware of no ionic liquid-derived electrodeposit that has been shown to exhibit grain

boundary segregation in the as-deposited state, nor of any focused study of this issue.

In this work, we explore grain boundary segregation in aluminum-manganese alloys produced
from an ionic liquid electrolyte. The binary Al-Mn system has a wide variety of equilibrium and
metastable phases including solid solutions, several intermetallic phases, and a quasicrystalline
icosahedral structure[42, 43]. Previous work from our group showed that Al-Mn alloys deposited
from acidic chloroaluminate ionic liquid can produce many of these structures with a variety of

characteristic length scales, ranging from microcrystalline to nanocrystalline, as well as dual-



phase nanocrystalline-amorphous structures[4, 44]. What is more, for a duplex deposit
containing both crystalline and amorphous regions, a three-dimensional atom probe tomography
study of this system showed a subtle preference of Mn for the amorphous phase vis-a-vis the
crystalline one[45]. Such a preference is an indication that Mn may perhaps also prefer the
disordered regions in grain boundaries, however no grain boundaries were studied in that work
and the possibility of Mn segregation to grain boundaries remains speculative[45]. In this paper
we address this issue, and explicitly demonstrate that as-deposited Al-Mn alloys exhibit Mn
segregation at the grain boundaries.

Experimental procedure

Al-Mn nanocrystalline alloys were prepared by electrodeposition from a chloroaluminate ionic
liquid solution (1-ethyl-3-methylimidazolium and anhydrous aluminum chloride (AICl3) with a
2:1 molar ratio) in a nitrogen glovebox with water and oxygen content below 1 ppm, as

described in more detail in Ref. [4]. Anhydrous manganese chloride (MnCl;, 99.99%, Alfa Aesar)
was added into the ionic liquid and stirred until it was fully dissolved with a concentration of
0.065 mol/L. Pure aluminum foil (99.99% purity, purchased from Alfa Aesar) was used as the
anode and polished copper (99% purity) was used as the cathode. Pulse plating was conducted
with a current waveform composed of 6 mA/cm? of cathodic pulse and 3 mA/cm? of anodic

pulse, each of 20 ms duration, following the procedure in Ref. [40]. The total deposition time

was 8 hours, leading to a deposit with a thickness around 10 pum. The sample was released by

dissolving the copper substrate in concentrated nitric acid.

The deposit composition was measured using a JSM-6610LYV scanning electron microscope
(SEM) with calibrated energy-dispersive x-ray spectroscopy (EDS). X-ray diffraction (XRD)
was carried out with a PANalytical X'Pert x-ray diffractometer operated at 45 kV and 40 mA
with a Cu Ka source. The data was analyzed using Rietveld refinement to ascertain grain size
and crystallinity. Transmission electron microscopy (TEM) was employed to study the grain size
with a JEOL 2010F TEM, on samples prepared by electro-jet-polishing with 5% perchloric acid
in 20% butoxyethanol and 75% methanol under a voltage of 15V at -20°C, using a Fischione

model 100 twin-jet electropolisher. Scanning transmission electron microscopy (STEM) samples



were prepared via the in-situ lift-out method in a FEI DB235 focused ion beam (FIB) and final
polishing was completed to remove the amorphized damage layer in a Fischione 1040 NanoMill.
STEM analysis was conducted in a JEOL JEM-ARMZ200CF at 200kV using bright field (BF) and
high-angle annular dark field (HAADF) imaging. EDS line scans were performed with a JEOL
100-mm? x-ray detector. Prior to analysis, an SPI plasma cleaner was employed to remove

excess carbon from the sample surface.

A variety of atom probe samples were prepared by FIB lift-out with a combination of pyramid
milling and annular milling described in [46-50] to reduce the Ga implantation. The lift-out
procedure was conducted with a FEI Helios FIB operated at 30, 16, 8, and a 5 kV final cleaning
step to remove the amorphous layer. The sample tip diameters ranged from 50 to 80 nm. Tips
were observed with the JEOL 2100 TEM to study the tip geometry and structure for better

reconstruction.

The atom probe tips were analyzed using a CAMECA LEAP 4000X HR instrument operated
under voltage mode with a pulse fraction ranging from 15 to 18% and pulse repetition rate of 200
kHz at 50K. The datasets acquired by atom probe ranged from 3 to 34.5 million atoms. Data
analysis was conducted using IVAS software and the results were output for further analysis by

custom algorithms.

To test the distribution of the Mn solute inside the Al-Mn deposits using APT data, binomial
fitting was used. If a sample were a perfectly random solution, the frequency distribution of the
composition when measured many times in small blocks would be binomial.[51] We divided
individual samples into many blocks with n = 200 atoms inside each to obtain the composition

distribution. The binomial distribution describes a probability density P(c) at concentration c as



1 —(c—cg)?
P(c) = oy exp( (202") ) (1)

where ¢y is the average concentration the whole sample, c is the concentration for individual
blocks, and the width normalization is given by 62 = ¢,(1 — ¢,)/n. The binomial equation
involves only a single fitting parameter, namely the average solute concentration; deviation from

a single-variable fit suggests a nonrandom solute distribution.

Results

1. Basic structure characterization

The average concentration of the Al-Mn deposit is measured as 6.8 (x0.4) at.% Mn by SEM EDS.
The XRD pattern and TEM micrograph in Figure 1 confirm the presence of face-centered cubic
crystalline Al phase, with no evidence of any additional phases, which is in line with prior
references [4]. Using a combination of dark-field and bright-field imaging of over 100 grains, the
average grain size was measured as 162 nm. The inset selected area diffraction (SAD) pattern in

Figure 1(b) confirms a fine-grained FCC structure with no evidence for additional phases.

2. Aberration-corrected STEM results

To examine the grain boundary segregation behavior in the Al-Mn system, we characterized the
grain boundary structure and obtained chemical signatures from the grain boundary and grain
interiors. The BF and HAADF images seen in Figure 2 demonstrate the typical appearance of
two adjacent grains. The increased intensity via HAADF along two boundaries, seen in Figure
2(b), suggests there is a local increase of average atomic number. Thus, in this alloy, the
increased intensity is likely Mn segregation. Unfortunately, Mn-enrichment is typically not as

evident at higher magnifications, as seen in Figure 2(c) and (d).

A concentration profile across another such grain boundary is shown in Figure 3. The Mn and
Al concentrations, calculated to 2¢ error, are determined using the Cliff-Lorimer equation, and
the K factor is determined by substituting the global concentration as the grain interior
concentration. The Mn content reaches a maximum of approximately 14 at.% at the grain
boundary, as compared to ~7-8 at.% in the grains, and confirms that the high intensity in
HAADF is Mn segregation.



Generally, EDS line scans do not provide absolute interfacial compositions because of grain
boundary inclination. To more accurately measure the Mn-enrichment, and eliminate the effect
of boundary inclination, the scanwidth method [52] was used to determine extent of Mn
segregation via Eq. (2)

ML, = NS/B) X ;—: X W X kpg 2

where MLg, is the number of Mn solute atoms per monolayer, Ny is the atom number density of

the Al matrix, I, and Ig are the EDS intensities of the Mn and Al, and w is the EDS scan width

perpendicular to the grain boundary[52]. N,(;/ 3)

is determined by taking the area density of the
most densely packed plane, which is {111} for FCC Al. Eq. (1) gives a Mn area density of
4.2+0.2 atoms/nm? and 2.6+0.1 atoms/nm? on the grain boundary and grain interiors,
respectively. Thus, the difference of approximately 1.6 atoms/nm? represents the excess of Mn
on the grain boundary. Because the sample thickness is unknown, an effective scan width was
not utilized to eliminate the effect of beam broadening. The line profile and scanwidth results

are in good agreement as both techniques estimate ~50-60% enrichment of Mn on the boundary.

In addition to the results seen in Figure 2 and Figure 3, we surveyed several more individual
grain boundaries; grain boundary segregation is clearly observed in most but not all of these. In
light of the broad spectrum of different grain boundary characters that might be sampled in a
polycrystal, it is reasonable that a variety of different responses are observed. We will comment

further on this later.

3. APT results

Results from atom probe tomography also suggest a tendency for grain boundary segregation of
solute. An atom probe tip and the corresponding reconstruction atom dot maps are shown in
Figure 4(a) to (c), where several grain boundaries that appear to span the sample are captured. A
line scan with a block size of 1.8 by1.8 nm? along the axial direction (z direction) was carried out.
Mn concentrations along this direction which exceeded two standard deviation of the average
concentration are marked; their positions are indicated by green arrows in Figure 4(b)). Their
corresponding locations are also marked in the TEM image in Figure 4(a). The Ga distribution
(Figure 4(c), blue dots) also aligns with the Mn distribution and coincides with the grain

boundary positions in the TEM micrograph; as suggested in Ref. [45], Ga is an effective marker



of grain boundaries in APT of aluminum. Taken together, the above results positively identify
several individual grain boundaries, and confirm than Mn is located preferentially at them.

Knowing the positions of the grain boundaries, we can proceed to conduct quantitative analysis
using ladder diagrams as shown in Figure 5, which includes several parallel profiles across the
same grain boundary at different positions, each 1.8 by 1.8 nm in cross section. A ladder diagram
is a cumulative presentation of solute content along a one-dimensional line, plotting the number
of solute atoms encountered as a function of the total number of atoms encountered. Such ladder
diagrams have been extensively used for identifying different phases as well as clustering in APT
data.[23, 53, 54] The slopes of these ladder diagrams are indicated in Figure 5, and represent the
local concentration; in every case there is a clear signal of Mn segregation at the grain boundary,
and the amount of grain boundary segregation ranges from 3 to 6 at.% higher than the
composition in the neighboring grains.

To get better statistics on the grain boundary and grain compositions, we constructed and
analyzed 180 ladder diagrams such as those of Figure 5, to assemble composition distributions
unique to the boundary or the grains. The result is shown in Figure 6. Figure 6(a) shows a
histogram of Mn concentrations at the grain boundary and Figure 6(b) shows a histogram in the
grain interiors; the grain boundary is indeed enriched in Mn. Figure 6(c) shows a cumulative
probability plot of the difference between grain boundary and grain interior sites on individual

ladder diagrams, which suggests a median enrichment of Mn at boundaries of about 3 at.%.

These subtle Mn increases at the grain boundaries can also be verified indirectly using binomial
compositional analysis on entire APT samples. We divide the sample into multiple blocks with n
= 200 atoms inside to obtain the composition distribution in Figure 7(a), and by treating ¢, as the
sole fitting parameter, Eq. (1) can be fitted to the experimental data of Figure 7(a) as shown in
red. The fit is significantly different from the shape of the data, which exhibits skew to higher
concentrations. Such skew is what would be expected if there were a minority of sites of higher-
than-average composition, i.e., if there were selective segregation of solute to some regions in

the sample (grain boundaries).



Since the sample may therefore better be described as a combination of two different regions
(crystals and grain boundaries), each of which is a random solution at its own composition, we

further fitted the data with a two-binomial distribution as

P(c) = L9 _ex ~(ecq) + L9 oy ~eeqn)” (3)
ogiV2m p Zafﬂ- ogpV2m p Zoﬁb
in which the subscript g; denotes the grain interior and g, denotes the grain boundary regions,

each present in their own volume fraction, f and at separate compositions, c.

The binomial-binomial fit of Eq. (3) to the data of Figure 7(a) is also shown in Figure 7(a), along
with the sub-distributions corresponding to each region. The fit reveals an average grain interior
concentration of 7.5 at.% (dotted blue line) and an average grain boundary concentration of 12.6
at.% (dashed blue line). The grain interior concentration is within the error of the bulk Mn
concentration measured by SEM-EDS, and the enhancement at the boundary of roughly 5 at% is
reasonably aligned with the results of Figure 6. The grain boundary fraction fitted in the binomial
fitting is 12% of the total volume, which aligns reasonably well with a geometric estimate based
on isoconcentration surfaces such as shown in Figure 7(b), which also suggests that grain
boundaries comprise ~7-10% of the sample. Note that in Figure 7(b), the anomalous region at the
top of the analyzed volume is associated with Ga damage near an exposed crystallographic pole,

however, this region represents less than 2% of the total analysis volume.

Interestingly, the distributions of grain boundary concentration and grain interior concentration
in Figure 6 exhibit some overlap, which allows for the possibility of individual grain boundaries
exhibiting little or no solute segregation. This aligns with the STEM observations described
above, where some boundaries but not all exhibited compositional contrast. Since grain
boundary segregation is known to depend on the misorientation and boundary plane indices [55],
it is reasonable that a survey of a variety of boundaries such as we have conducted here would

reveal a spectrum of responses.



Discussion

The above characterizations are all consistent with one another, and confirm that the as-deposited
Al-Mn alloy in this work is a single-phase FCC polycrystal solid solution with a fine grain
structure, and with subtle but clear enhancement of Mn at the grain boundaries of ~3-5% as
compared to the bulk concentration. While there are many different types of grain boundaries,
each with different segregation behavior, and also different sites within any individual boundary,
these results speak to the average, or effective grain boundary segregation behavior. Grain
boundary segregation results from a positive heat of grain boundary segregation of the solute
species, i.e., it is a reflection of an energetic preference for solute to occupy grain boundary sites.
Were the system assumed to be a solid solution in equilibrium (a significant assumption for
electrodeposition, which we will test shortly), an effective heat of segregation (Hseg) can be
estimated based on the quantitative STEM and APT composition measurements using the
McLean segregation isotherm:

Cqyp Cqi H
Cob__ S0l oxp (ﬂ) (4)
1-Cgp  1-Cgi kT

Where the composition subscript gi denotes the grain interior and gb denotes the grain boundary.
Taking the relevant temperature to be the processing temperature T = 300K, the Hgeq values
obtained from the experimental results are shown in Table 1, and range from 1100 to 1500 J mol
! Such values are very low, suggestive of a weak segregation tendency, which is of course in

line with the subtle composition inflation we measured.

Reliable grain boundary segregation energies are not generally available for arbitrary alloy pairs,
and for the Al-Mn system our best point of comparison with theory is with a Miedema-based

model for the grain boundary segregation energy. The calculation was proposed by Murdoch and

Seg

Schuh[56], and gives the dilute limit grain boundary segregation enthalpy (AH \;

S 1 i 2/3 2/3
AHy = —=0.71 X - x v X [-AHE , — eyyiVy” + envVE ] + AE,, (5)

in which the subscripts B denotes solute and A solvent, AHI , is the interaction energy (i.e., the
bond-level heat of mixing) for a B atom surrounded by A atoms, ¢, is a dimensionless semi-
empirical constant equal to 4.5 x 108, ¢ is the surface energy for the pure subscripted metal, V

is the atomic volume, and v = 1/2 describes the fraction of bonds lost at grain boundaries [57].



The elastic term is based on an Eshelby-type continuum linear elastic formalism[58, 59] for the
energy of substituting a misfitting solute atom inside the solvent matrix:

247K 4Ggrgra(ra—1p)%
AE, = 4GprpTa(ra—7B) (6)
3Kprp+4Gprp

Here, K is the bulk modulus, G is the shear modulus, and r is the atomic radius.

With this equation and numerical values from Miedema[60], de Boer[61] and James et al.[62]
(which are all assembled in Table 2), the expected grain boundary segregation energy for Mn in
Al can be calculated using equation (6). To keep the spirit of a Miedema-type estimate, we use

here Miedema’s original estimate of the system heat of mixing for Mn dissolved in Al A Ht =

-106 kJ mol™ [60]. The calculated Mn grain boundary segregation energy is 1030 J mol™. This
value is surprisingly well aligned with the experimental data based on an assumed equilibrium
state in the deposit (Hgeg~ 1100-1500J mol™) both in its positive sign (i.e., grain boundary

segregation is favored) and its magnitude.

One possible interpretation of this close alignment is that the deposition process used to make
this alloy is sufficiently close to equilibrium growth that it is able to find a near-equilibrium
condition and grow a grain structure with the preferred grain boundary solute content. This is at
least somewhat plausible in light of the kinetic calculation of Ruan and Schuh[4], who estimated
that the average atom might diffuse around 20 nm over the surface before becoming buried in an
Al-Mn electodeposit, and for our deposition conditions a somewhat larger diffusion length of
perhaps 40 nm is Kinetically reasonable. In this scenario, the majority of atoms would
experience both bulk and grain boundary states as they traverse the surface during deposition,
and might therefore preferentially assemble into a near-equilibrium grain boundary segregation

state.

In this scenario, the grain boundary segregated state is of lower energy than the competing solid
solution, but it is an interesting question whether it would successfully compete with the
equilibrium diagram that involves intermetallic AlsMn. In nanocrystalline materials, it has been
suggested that grain boundary segregated polycrystals can energetically compete with second

phases in equilibrium[63]. In similar Al-Mn electrodeposits studied in prior work, heating has



been shown to lead to intermetallic formation[4, 64—67], which suggests that the polycrystalline
state may be out of equilibrium, as discussed next.

The second possibility is that the deposit is not in equilibrium, but rather is in a kinetically
trapped condition, and the grain boundary segregation we observe is therefore a signature of
thermodynamic preference but is not equilibrated. If the polycrystalline state is already viewed
as a metastable state excited above an intermetallic ground state, then incomplete grain boundary
segregation would represent an even further degree of excitation (i.e., higher-energy metastable
condition entrapped kinetically). In this case the true grain boundary segregation energy would
be higher, and underestimated by the above model. There is some reason to expect this situation.
For example, the Miedema heat of mixing for Mn in Al used above (AHRt , = -106 kJ mol™[60])
is somewhat higher than one obtains from an analysis of CALPHAD-type free energy functions
for the Al-Mn system which are used to generate the phase diagram[42]. Using such equations in
the dilute limit of Mn concentration yields an alternative value of AHRS , = -70 kJ mol™. Using
this value to correct the estimate of equation (5) yields a somewhat higher grain boundary
segregation energy of 5300 J mol™. If this value is more reflective of the true grain boundary
segregation energy for Mn in Al, then the fact that it is four to five times higher than the effective
value extracted from the experimental results would align with the electrodeposit being out of
equilibrium, i.e. not fully segregated to the extent it could be. Future work examining changes in
segregation state upon heating might prove helpful in more precisely determining the true value

of the grain boundary segregation energy.

Conclusion

The grain boundary segregation behavior of electrodeposited Al-6.7 at.%Mn has been studied
experimentally using aberration-corrected STEM and APT, and compared with a Miedema-
based grain boundary segregation model. Both the STEM and APT results revealed that Mn is
segregated to grain boundaries in the as-deposited condition, and showed reasonable quantitative
agreement with one another. Using the McLean isotherm (and therefore assuming an
equilibrium condition) gives a grain boundary segregation energy of order 1100-1500 J mol™.

This very low energy level suggests that segregation is either very subtly favored



thermodynamically in this system, or the deposit is out of equilibrium and does not find as
segregated a condition as it would like. Interestingly, both of these possibilities are supported by
Miedema-type calculations; a simple calculation yielded roughly 1000 J mol™ using the classical
Miedema interaction energy for Al and Mn, while the use of a more experimentally relevant
interaction energy based on the calculated bulk phase diagram gives 5030 J mol™. The first of
these calculated values matches the measurements, while the second would anticipate greater
segregation if the sample were able to fully equilibrate.
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Figure 1 Structural characterization of the as-deposited Al-Mn alloy film by (a) XRD and (b)
bright field TEM. (a) shows that the material is Al FCC crystalline phase. (b) shows the grain
size (in plan view) is about 162 nm on average, and the inset SAD pattern conforms to a single
phase FCC structure.



Figure 2 Images of typical grain boundaries under Cs-corrected STEM. The low magnification
BF image (a) depicts two adjacent grains via and low magnification HAADF (b) shows the two
grain boundaries exhibit Mn segregation. Images (c) and (d) are high magnification BF and
HAADF, respectively.
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Figure 3 An EDS composition line scan in Cs-corrected HAADF STEM (a) shows an increase in
Mn concentration (at.%) at a grain boundary, which is imaged in (b). The start and finish
direction of the scan is marked with the yellow arrow in (b). The average concentration of the

line scan is 6.9 at.%, and the concentration at the boundary is about 10.5 at.% on average.
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Figure 4 (a) TEM picture of an APT sample. Green arrows mark the position of three individual
grain boundaries. (b) The atom dot maps of Al and Mn and (c) Mn and Ga for the same sample.
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Figure 5 Ladder diagram analysis of an individual grain boundary on the atom probe sample.
Each line here represents a one dimensional 30 nm scan across the marked grain boundary, with
an 1.8x1.8 nm? cross sectional area. The x axis is the cumulative total (Al+Mn) number of atoms
while the y axis is the accumulated number of Mn atoms encountered in a one-dimensional
traverse across the boundary. The slopes marked here represent the Mn concentration for each
scan. The slopes all change across the grain boundary. (The blue dashed line and green dashed
line show the concentrations for grain interiors, and the red dashed line denotes the region of
higher slope that corresponds to the grain boundary.) The grain boundary is enriched by about
3.6 at.% Mn in line (d) to 6.92 at.% Mn in line (a) as compared with the background level in the

grains.
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Figure 6 Concentration distributions for regions in the (a) grain boundary and (b) grain interior
of an APT sample. The average grain boundary concentration is 10.5 at.% Mn and the average
concentration of the grain interior is 7.3 at.%. The degree of segregation (concentration
difference between grain boundary and grain interior) is also plotted with a cumulative
probability plot in (c) and histogram in (d). The average degree of segregation is 3.1 at.% Mn for
this grain boundary.
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Figure 7 (a) Frequency distribution for one of the atom probe samples with a volume of 36 x 16
x 234 nm®, divided up into blocks containing n = 200 atoms each, and compared with single
binomial fitting and binomial-binomial fitting. The black dots show the experimental data
frequency distribution. The single binomial fitting (red) significantly deviates from the
experimental data, which is broader; suggesting the distribution of solute is not random. The data
is further fitted with a dual-binomial function (solid blue line), with sub-distributions shown with

dashed lines (b) The corresponding iso-concentration surface at ¢ = 10.5% Mn for the volume

analyzed in (a).



Table 1 Results of effective heat of segregation (Hseg) extracted from experimental data at room
temperature using McLean isotherm analysis.

Methods Hseq (3 mol™)
STEM (line scan measurement) 1145
STEM (area density measurement)* 1177
APT (line scan average) 1262
APT (binomial fitting) 1420
Miedema based model (with AHIRE 1030
Miedema based model (with AHI, 5280

*assumes grain boundary thickness in STEM = 1 nm.



Table 2 Numerical values for calculation of grain boundary energy from Miedema [60], de Boer
[61] and James et al. [62]

Parameter Value | Parameter Value

AHR,  Miedema (k J mol™) | 106 | Vo(A=Al) (10°m*mol”) | 10.00

AHRE,, Calphad (k Jmol™) |70 Vg (B =Mn)) (10°m® mol™) |7.35

vs, (A= Al), Im? 1.16 | KA(A = Al) (GPa) 75.50

s, (B=Mn), A m? 1.60 | Gg(B = Mn) (GPa) 76.50




