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Abstract

In-spite of all of the unique properties of nanatajline materials, they are notorious
when it comes to their susceptibility to thermalhguced grain coarsening, thus imposing an
upper limit to their application temperature. Instistudy, we demonstrate a coupled Monte
Carlo-molecular dynamics simulation-guided experitakapproach of improving the resistance
to thermally induced grain coarsening in light-weignanocrystalline Al-Mg alloys. The
structure, grain boundary segregation of Mg, arntérexof grain coarsening of the Al-Mg alloys
were characterized using plan view and cross-stivansmission electron microscopy and
atom probe tomography. Coarsening resistanceribwttd to a combination of thermodynamic
stabilization of grain boundaries by controlled Blpregation, and kinetic stabilization through
pinning of the boundaries with nanoscale internhietgrecipitates. Thus, we highlight the
opportunities in extending the upper limit of apption temperature for nanocrystalline alloys

by using a complementary thermodynamic and kirgéibilization approach.

Keywords: Al-Mg, grain boundary segregation, intermetallic precipitation,
nanocrystalline, stability



1. Introduction

In-spite of many unique mechanical properties destrated by nanostructured alloys,
exposure of such alloys to high temperatures dusyrghesis or during use can induce drastic
grain coarsening, rendering them no longer usabléheir intended applications [1-3]. This
problem of poor resistance to grain coarseningamogrystalline materials arises from the large
proportion of atoms being situated along the gt@nndaries with higher excess free energy
than the atoms in the interior of grains [1]. Hetloere exists a large driving force for reduction
in grain boundary area (by grain-growth) so asthuce the excess free energy of the system. To
increase the stability of nanocrystalline alloysing thermal annealing, this large driving force
needs to be dealt with either by reducing the &rergy of grain boundaries (e.g. by solute
segregation) or by kinetic pinning of grain boundarotion [4-6]. Thermodynamic stabilization
approaches, sometimes in conjunction with kingtbitization approaches, have also been used
in several high density alloy systems such as W¢TiNi-W [8, 9], Fe-Cr-Zr [10], Fe-Cr-Hf
[11], Fe-Zr [12], Fe-Ni-Zr [13], Cu-Ta [14, 15],eFMg [16] etc. In such studies, concurrent or
competing phenomena of grain boundary solute satjoggand precipitation of phases such as
oxides, carbides or intermetallics, have been showrbe responsible for increasing the
resistance to grain coarsening. However especialign it comes to light weight alloys, at
present we do not have a predictive control of soohcurrent mechanisms responsible for
enhancing the grain coarsening resistance of alldgiss lack of understanding is even more
pronounced when it comes to alloys with a driviogcé for simultaneous solute segregation to

grain boundaries and intermetallic precipitationsahe case of Al-Mg alloys.

For curvature-driven grain-growth, the velocity, of, a grain boundary can be written

as[17]



vV =MxP =M exp [-Q/RT] 2yu/r (1)

where M is the mobility and the kinetic parametehjle P is the driving force (or pressure) and
the thermodynamic parameter. In Eq. 1y 8l the pre-exponential term,,Qs the activation
energy for grain boundary mobility, R is the idgak constant, T is the absolute temperatuyre,
is the interfacial energy per unit area and r ie tladius of the grain. The proposed
thermodynamic approach for improving thermal stgbibf the nanostructures corresponds to
strategies that reduce the pressure term (i.e. BHy¥) in Eq. 1 which essentially focus on
reducing the interfacial energy, whose temperature dependency is minimal[10, H@jvever,
competing and concurrent effect of solute drag,fanthation of nano-sized precipitates that can
pin grain boundaries against motion may also coutei to thermal stability via kinetic

stabilization[1]. The efficiency of precipitates pinning the grain boundaries, as defined by
Zener pinning i = % where P is the pressure exerted by the precipitateunit area of grain

boundary, F is volume fraction of particles witkzesid which are assumed to be spherical and

randomly distributed in the alloy ands the grain boundary energy[18].

While the mechanisms of thermodynamic and kingtbiszation are generally known
within the scientific community, their interplay becoming increasingly more important as new
nanocrystalline materials containing grain boundaimgses [19, 20] and nanoscale precipitates
[20] are being realized. The AI-Mg system provi@esopportunity to consider complementary
stabilization mechanisms due to their propensitygi@in boundary segregation [21-25] and the
potential to form AIMg. precipitates [26]. Past studies of nanostructdeMg have typically
relied on severe plastic deformation (SPD) basetinigues (e.g. ball-milling, equal-channel

angular processing (ECAP), high-pressure torsiorPT(l etc.) to create the starting



nanostructure. [27-39]. On annealing such defoiongrocessed Al-Mg alloys with high levels
of stored energy, recovery and recrystallizatioendsy were often observed, providing either a
coarse grain structure or bimodal grain size distron with or without second phase
precipitates of AMMg,[35]. SPD processing is expected to produce noiiiegum grain
boundaries with excess density of dislocations tlcturn are expected to be the pinning sites
for Mg causing increased Mg segregation at graumdaries [40, 41]. Prior research on Al-Mg
alloys is summarized in Table 1 and shows thattlaee disagreements in the literature, where
some studies reported the formation of super-stairsolid solution of Mg in Al, while others
reported the formation of non-equilibrium grain bdaries with grain boundary depletion or
segregation of Mg or formation of Allg, precipitates [30, 34, 38, 40, 42-44]. The thermal
stability of nanostructured Al-Mg systems was nedleated in sufficient detail in past either,
predominantly limited by spatial resolution and st@wity of analysis methods to verify the
existence (or absence) of thermodynamic or kirgtibilization mechanisms. Within the limited
past work reported on thermal stability of nanotayge Al-Mg alloys, significant variation is
also observed i.e. some studies reported graintgropon annealing (e.g. 200 ngn 10 microns
[39] and 100 nn+> 10 micron [36]) whether Mg was present in solitbgon [36, 39] or in both
solid solution and precipitates [37]. Therefores iresent work was undertaken to systematically
investigate thermal stabilization in nanocrystaliAl-Mg alloys through a computationally-
guided experimental approach while avoiding or glating any influence of prior deformation

during processing.



Table 1: Summary of literature on nanostructureeMyl binary alloys, sorted in the
order of increasing Mg%. The literature reported%wivalue is listed in normal font while the

corresponding converted at % value is italicized.

[

Reference| Mg Fabricatio | Analyz | Average | Mg Evaluation of
Wt.% n method | ed by | Grain size | distribution Thermal
(At.%) stability
M. P. Liu | 0.5 Cast- TEM, | Grain size | Supersaturated Not studied
et.al. (0.55%), | homogeni | XRD reduced | solid solution
2010[33] | 1% zed+ HPT from 120- | with
(1.1%), 55nm for | equilibrium
2.5% 0.5-2.5 and non-
(2.8%) wt% Mg | equilibrium
grain
boundaries
J.Wang |3% ECAP and| TEM, ~200nm | SupersaturatedOn annealing
et. al. (3.32 %) | post DSC solid solution | up to 300 °C,
1996[39] annealing grain size
grows to 10
pm.
M. 3% ECAP, TEM 90nm and | Super saturatedGrains grew
Furukawa | (3.32%) | torsion higher solid solution | from 100nm to
et.al. 1996 strained, 10-15pm
[36] post range on
annealed annealing up td
300°C. On
further higher
temperature
annealing grair]
Size grew to
100pm range.
R. Hayes | 4% Cryomilli | TEM- | ~300nm Al3Mg2 and | Creep tested a
et.al. (4.42 %) | ng+HIP SAED, Al-O and AI-N | 300 °C,
1999[31] XRD precipitates precipitates
inside the grain suggested to
interiors and | play role in
grain pinning grain
boundaries boundary (GB)
sliding
K. M. 4.5% Mechanic | SEM, | 26nm SupersaturatedNot studied
Youssef | (5%) al alloying | TEM, solid solution.
et.al. at room XRD
2006[28] temperatur,
e and 77K
B. B. 5% HPT TEM- | ~150nm | Supersaturated Not studied
Straumal | (5.5%), EDS, for Al-5% | solid solution
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et.al. 2004| 10% SAED, | Mg and with <10nm
[30] (11%) XRD ~90nm for | sized AkMg.
Al-10% precipitates
Mg)
F. Zhou 6.4% Cryomille | DSC, |~ 25nm SupersaturatedOn annealing
et. al. (7%) d XRD, solid solution | to 370 °C,
2003 [35] TEM recovery
observed from
100-230 °C
and
recrystallizatio
n observed up
to 370 °C
leading to
generation of
bimodal grain
sizes.
F. Zhou 7.5% Cryomilli | XRD, ~20nm SupersaturatedAl-7.5% Mg
et. al. (8.3%) |ng SEM solid solution | reported to be
2002 [29] thermally
stable.
Y. S. Park| 7.5% Cryomilli | SEM, | Bimodal: | Supersaturated Not studied
et.al. (8.3%) | ngand TEM mix of solid solution.
2004[27] HIP, Coarse (1-
extrusion 4 pm)
grains and
nanocrystg
Is (114-
197 nm)
B. Q. Han | 7.5% Cryomille | TEM, | ~260nm Supersaturated500°C
et. al. (8.26%) | d and XRD solid solution | annealing lead
2005 [37] extruded with second to some grains
phase oxide or| to grow to 550
Al-Mg nm.
intermettalic
precipitates
G.J. Fan | 7.5% Mixture of | OM, Bimodal | Supersaturated Not studied
et al. (8.26%) | coarse SEM, | grain size:| FCC Al(Mg)
2006[32] grained TEM, coarse solid solution
powder XRD grains
and (2.7-3.5
Cryomille um) in a
d powder matrix of
+ HIP and fine grains
Extrusion (120-
338nm)
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R. 7.5 % Cryomille | TEM- | 50-300nm| SupersaturatedAgeing at 175°
Goswami | (8.26%) | d + EDS solid solution | for 10 days led
et. al. consolidat | and with AI3Mg2 | to precipitation
2014 [34] ed and XRD precipitation | of AlzMg,

extrude + and some grairn

aged at boundaries

175°C for enriched in Mg

10 days (based on

STEM-EDS)

S.C. Pun | 6.35% | Mechanic | TEM- |24 nm Mg shown to | Not studied.
et. al. [21] | (7 %) ally milled | EDS, (measured| be segregated

+ SAED, | by XRD) | to grain

annealed | XRD boundaries

at 200C using TEM-

for 1 hr EDS

Acronyms:

DSC: Differential scanning calorimetry

ECAP: Equi-channel angular pressing

EDS: Energy dispersive spectroscopy

HIP: Hot iso-static pressing

OM: Optical microscopy

SAED:Selected Area Electron Diffraction

SEM: Scanning electron microscopy

TEM: Transmission electron microscopy

STEM: Scanning Transmission Electron Microscopy
XRD: X-ray diffraction

In this work we used a computationally-guided ekpental approach to design
coarsening resistant nanocrystalline Al-Mg bindtgys. A hybrid Monte Carlo (MC)/molecular
dynamics (MD) model was used to explore thermodyoaltly preferred states in
nanocrystalline Al-Mg alloys with a focus on solutistribution and its implications for
nanostructure stability. In particular, we prediocé concentration of Mg solute segregated to
grain boundaries for alloys of Al-5 and Al-10 at. Rkg at temperatures of 25 and 300.
Guided by the simulation predictions, correspondiidMg thin films were deposited through

magnetron co-sputtering of Al and Mg and the filwexe characterized by transmission electron

microscopy (TEM) and atom probe tomography (APT)ctmracterize nanoscale structural
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features and their dependence on the solute ditibib The films were annealed at 3G0for 3

hours to analyze their coarsening resistance. Mpalictions are used to understand grain
boundary segregation and its role in precipitatiothe experimental materials, thus identifying
a critical mechanism that can enable synergistectf between thermodynamic stabilization via
grain boundary (GB) segregation and kinetic pinrthrgugh nanoscale precipitation along grain

boundaries in nanostructured alloys.

2. Methodsand M aterials

2.1 Computational Methods

Atomistic simulations employed columnar nanocrystalstructures designed to emulate
the experimental materials while providing a comabiomn of exceptional computational
efficiency and the ability to capture 3D grain gtbwdynamics[45]. A planar Voronoi
tessellation method[46] was used to produce 2Dqogdyal templates containing 50 grains with
an average grain size of 5 nm. A total of 5 stitef were selected from 50 individual
tessellations and specifically chosen based oaltsence of unstable polygons with a very small
number of sides. These 2D templates were used ¢odupe <001> textured columnar
nanocrystalline structures containing <001> tilubdaries with a distribution of misorientation
angles. The thickness of the simulation cell wesigmed based on the minimum number of
atoms required for the hybrid Monte Carlo (MC)-nmlkar dynamics (MD) scheme, which is
described in the work of Sadigh, et al.[47] Givka number of grains and an average grain size
of 5 nm, the total size of the simulation cell vi&s5 x 31.5 x 6 nm and contained approximately
362,000 atoms. The embedded-atom method (EAMnpataleveloped by Mendelev et al.[48]

for Al-Mg was used with an isobaric— isothermal [NFhermostat and a time-step of 2 fs.



Simulations were conducted using the Large-scatenikt/Molecular Massively Parallel
Simulator (LAMMPS) platform[49]. Starting with thgure Al structure, Mg atoms were added
through random site replacement to produce alloypmsitions of Al-5 and Al-10 at. % Mg.
Energy-minimized structures were then achievedguainonjugate gradient (CG) relaxation to a
final relative energy convergence of ‘fCfollowed by a MD relaxation for 0.2 ns. To expmor
solute redistribution through simulated annealitigge structures were evolved for 10 ns at
temperatures of 25 and 300 °C using the hybrid M@Mgchnique. The Ovito package[50] was
used for visualization and quantification of distiions with grains distinguished using the
common neighbor analysis (CNA) method,[51] whictldres each atom according to its local
atomic coordination. The grain boundary solute sgdg was calculated following the Gibbsian

interfacial excess [52] defined by:

1 Mg Mg NgllJ
I = a Ngb —NC W (1)

where Ay, represents the grain boundary area and N the nuofiddg or Al atoms in the grain
boundary or grain interior denoted by the subssrigb’ and ‘c’, respectively. In instances
where precipitation was detected, solute and solaoms in the precipitated phase were

excluded from the solute excess calculation.
2.2 Experimental Materialsand M ethods

High-purity nanocrystalline thin films of pure Alknd Al-Mg alloy with nominal
compositions of Al-5 at % (4.5 wt.%) Mg (hencefqr&i-5% Mg) and Al-10 at % (9 wt.%) Mg
(henceforth, Al-10% Mg), were fabricated using matgon sputtering (Denton Vacuum). Al and

Al-Mg films of thickness 100 nm were deposited owdstress SiN (30 nm thick) TEM windows



(for TEM/STEM analysis) and on doped Si microtipagr specimen posts (for atom probe
tomography (APT)). The TEM windows and the microdipays were clamped on a copper
support plate which, in turn, was clamped on a wed®led substrate holder. The sputtered film
thickness and the deposition rate were simultarigaosnitored using a quartz crystal thickness
monitor. Al deposition for all films was performeding ~130 W DC sputtering power and Mg
was deposited using ~12 W RF sputtering power, witior variations to incorporate different
compositions. The deposition power was adjustedddin materials to maintain deposition rates
of 2.8 A/s for Al for all samples, 0.2 A/s for MgrfAl-5% Mg and 0.5 A/s for Mg for Al-10%
Mg. A base pressure of at least 5%1frr was achieved in the chamber before starting a
deposition run and an ultra-high-purity argon vatpressure of 2.2 mtorr was used at a flow rate
of 40 sccm (standard cubic centimeter per minuta)nd sputtering. The thickness of the
sputtered films was measured using cross-sectibBM imaging. Thermal stability of the Al
and Al-Mg films, sputtered on the TEM grid, wasdsad by annealing them at 300 °C for 3
hours within the vacuum chamber itself at the enth® sputtering run and without any exposure
to atmosphere (at 5x¥Gorr vacuum). At the end of 3 hours annealing,shmples were cooled
down to room-temperature with the high vacuum bemaintained during the entire heat-
treatment duration to avoid any potential oxidatadrthe films at elevated temperatures. Upon
cooling, the annealed samples were removed fronvalsaum chamber and analyzed in TEM

for grain growth and Mg distribution in the matrix.

Scanning transmission electron microscopy (S/TEkBeovations were acquired using
an aberration corrected FEI Titan 80-300 electracrascope in STEM mode using the annular
dark field (ADF) detector. Both probe convergenogla and the inner detection angle on the

ADF detector was set to 18 mrad. The use of lomelindetection angle maximizes the
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diffraction contrast that helps to distinguish wdual grains in the deposited films.
Compositional analysis was performed with a JEOLMEROF S/TEM operated at 200 kV. The
energy dispersive x-ray spectroscopy (EDX) analysis performed with a JEOL Centurio high-
collection angle silicon drift detector (100 MiThe average columnar grain size of as-deposited
and annealed thin films was measured from thepeesve plan view STEM images and using
the linear intercept method. The distribution of Mgthe Al-Mg alloy films was determined
using APT analysis of the thin films deposited @ped Si microtip arrays. The thin film coated
Si microtips were subjected to annular milling tatan needle specimens with specimen apex
diameters less than 100nm. APT experiments werelumed using CAMECA LEAP 4000
XHR system in laser mode of evaporation using an8b%avelength pulsed UV laser at 20pJ
laser pulse energy while specimen temperature veastaned at 40K and evaporation rate was
maintained at 0.005 atoms per pulse. The APT ®sudire reconstructed using Interactive
Visualization and Analysis software (IVAS 3.6.1For calculation of interfacial excess of
solutes at the grain boundaries, cylindrical regmhinterest were extracted across grain
boundaries and their Pos files were exported uSAg software. The Pos files were read in to
a custom Matlab script provided by X. Zhou et.58][from University of Alabama and is based
on estimation of Gibbsian interfacial excess otises at grain boundaries by B. W. Krakauer et.
al [54].Cross-section STEM samples were extraatewh fllat portions of the coated APT doped
Si-microtip arrays by lift-out process using an HBlial beam focused ion beam-scanning

electron microscope equipped with an omniprobe mamepulator and Pt-gas injection system.

3. Predicting Ther modynamically Preferred Nanocrystalline Statesin the Al-M g System
The presence of a high volume fraction of graindatawies in nanocrystalline materials

has a significant impact on equilibrium solute wlgttions and thermodynamically preferred
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states relative to coarse-grained materials. Offegse features open up new opportunities for
transforming properties via collective tuning ofusture and chemistry that are not captured in
classical alloy phase diagrams. To quantify the ob grain boundaries on solute distributions in
nanocrystalline Al-Mg alloys, hybrid MC/MD simulatis were performed to minimize system
energy with respect to both solute configuratiod &rtal structural relaxations. Two average
alloy compositions — 5 and 10 at.% Mg — were eviblaetemperatures of 25 and 3 from

the same initial nanocrystalline structure. Thstey energy drop and corresponding GB solute
excess are shown in Fig. 1a for evolution af@5 Partitioning of solute to the GBs drove the
reduction in system energy, which was exacerbatedlli10% Mg despite an identical solute
excess in the grain boundaries. Atom maps are shaiwl.5 and 7.5 ns in Fig. 1b and 1c,
respectively, with FCC atoms colored blue, HCP dowted atoms (i.e. in stacking faults) dark
blue, GB atoms grey, and Mg atoms red regardlesisenf location in the grain structure. After
1.5 ns, the structures evolved to contain hetereges solute distributions with greater Mg
solute in the GBs relative to the interior of thaigs, which persisted over the entire simulation
and produced thermodynamically preferred solutkilstad nanocrystalline states for both alloy

compositions.

Evolving the Al-Mg alloys at the higher temperatafe300°C had a significant impact
on the final state of the system as reflected q Ed by the emergence of two discrete energy
drops. The initial reduction in system energy \a#tsibuted to the sharp increase in the GB
solute excess and akin to the evolution af@5 However, small subsets of atoms in the GBs of
Fig. 1e exhibited icosahedral coordination afté ds at 300C captured by the yellow atoms
and indicative of a new phase nucleating in the ,GBBSich is often referred to as a GB

complexion [55, 56]. Further evolution of the gystproduced a second energy drop that was
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more pronounced for Al-10% Mg and accompanied blgap reduction in the GB solute excess.
The icosahedral GB phase evolved into an orderetboand shown in the atom map after 7.5
ns in Fig. 1f with a composition of Mg (33.3 at.% Mg). With the precipitated configtioa
representing the lowest energy state at%®D(.e., at the modeled time scales and relatii@eo
solute stabilized nanocrystalline state contair®®) segregation), Mg atoms were drawn out of
the solute-rich GBs during the formation of,¥lg, thus accounting for the reduction in the GB
solute excess that accompanied the second drdpeisyistem energy. Given that the phase-
separated nanocrystalline state containing Al2Megipitates represented the lowest energy state
at 300 oC, Al-5% Mg also exhibited formation ofglirdered compound with convergence of
the GB solute excess to the same value as Al-10%rMg Fig. 1d. The more subtle drop in
system energy resulting from the Monte Carlo prec¢esAl-5% Mg was attributed to the lower
amount of solute available in Al-5% Mg to form tbedered Al2Mg phase relative to Al-10%
Mg.There are a few of nuances deriving from theridy®MC/MD simulation technique that
influence formation of the ordered precipitatesrst-from the Al-Mg phase diagram [26], the
intermetallic compound that forms for Al-rich caogndirations is AIMg (37.5 at.% Mg), which
has been reported with the compfe$amson crystal structure that contains atomidetssvith
coordination shells exhibiting icosahedral symm¢&¥]. While icosahedral coordination was
observed for the AMg compound in our simulations, the stoichiometiffeded from the
equilibrium intermetallic compound from the phasagdam and particularly contained less Mg.
This disparity was attributed to the EAM potentighich was derived for dilute alloys of Mg in
Al and not specifically optimized for the intermiéita AlsMg, phase [48]. Second, the
thermodynamic driving force for formation of thedered compound is actually greater at the

lower evolution temperature of 26. Its preferred formation at 30C was due to enhanced
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acceptance probabilities intrinsic to the Montel@€aampling method at elevated temperatures
[47], which allows for more rapid evolution of teelute configuration. This is also promoted by
increased atomic mobilities at elevated temperataie previously noted during precipitation
events in superalloys [58]. The disparate stoitietvyy and anomalous temperature dependence
notwithstanding, the tendency for precipitation amtompanying loss of solute from grain
boundaries will lower the propensity for stabilibat through GB segregation, but opens up new
possibilities for enhancing thermal stability thgbuZener pinning [59]. The interplay of these
two mechanisms are explored in the remaining sestigith particular focus on correlating
solute distributions and alloy stability in nanastalline Al-Mg thin films with the computational

predictions of thermodynamically preferred nanoalise states.

4. Thermal Coar sening Resistance of Nanocrystalline Al-M g Alloy Films

Thin films of Al-5% Mg and Al-10% Mg were sputteeplosited for thermal stability
measurements with nominally pure Al films also defeul to serve as a baseline. The plan view
STEM images of pure Al, Al-5% Mg and Al-10% Mg allthin films are shown in Fig. 2. at the
same magnification for both the as-sputtered amg@ed conditions. Figs. 2(a-c) show that the
average diameter of columnar grains of the sputtpree Al, Al-5% Mg and Al-10% Mg films
was 16.5 nm, 5.3 nm and 3.6 nm, respectively. Bagpattered columnar grain diameter of Al-
5% Mg is ~3x lower than that in pure Al and a fertmeduction of ~1.5x is observed when the
Mg content increases to 10 at.%. Thus, the addibioMg promoted the formation of a finer
nanocrystalline grain structure during film depiosit Grain size reduction in a sputtered Al-
alloy relative to pure Al film has also been obserpreviously by Lance Barron [60], where for
a 300 nm film thickness, a pure Al film exhibite@rain size (measured by AFM) of ~100 nm as

compared to ~60 nm for a Al-0.5 at.% Cu film. Gragfinement due to the addition of solute
13



saturated at 0.5 at.% Cu with little change at éighu concentrations up to 1.5 at. %. Similar
behavior was observed in ternary systems of Al-Cuixére X was Cr or Ti in concentrations up

to 2 at.%.

Upon annealing, it is expected that the columnaingr will transform to equiaxed
grains[61, 62]. After annealing the average grae sf the pure Al, Al-5% Mg and Al-10% Mg
films was measured to be 33 nm, 9.9 nm and 6.1raspectively, as shown in Figs. 2 (d-f).
After annealing, the grain size of Al-5% Mg is ~8l8wer than in pure Al while the grain size
of annealed Al-10% Mg is ~1.6x lower than in Al-%g. In other words, for a given heat-
treatment condition (as-sputtered or annealed)gthm size decreases with increasing Mg. The
relative decrease in grain diameter/size betweeows Mg concentration films are the same in
both as-sputtered and in annealed conditions. Mages in Figs. 2(a-f) also show that the grain
size in annealed Al, Al-5% Mg and Al-10% Mg repnesa grain growth of 100% , 87% and
69%, respectively, relative to their respectivespsttered grain sizes. Thus, while the annealed
grain size is larger than the as-sputtered graie 81 all the films, the extent to which the

microstructure coarsened decreased with increddmgoncentration.

5. Nanoscale Distribution of Mg: Segregation vs. Precipitation

The through-thickness distribution of Mg in the spatttered films was analyzed by
STEM-EDS. The cross-section specimens for thisyaigivere prepared from the Al-Mg films
deposited on the flat regions of the Si microtipagr Figs. 3(a) show the cross-section STEM
image of as-sputtered 100nm thick Al-5% Mg film.eTgrain morphology near the film surface
(top of the image) appears columnar while near film@/substrate interface (bottom of the

image), the grains are narrower or v-shaped. Bfise) show the EDS elemental maps of Al,
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Mg, O and Si in as-sputtered Al-5% Mg. EDS mapsashoclear segregation of Mg and O on
the free surface of the films and at the film-Svstwate interface. In these STEM/EDS results of
as-sputtered Al-5% Mg films, we found no evidenoe $egregation of Mg solute along the
columnar grain boundaries, or the formation of &MMg precipitates in the film. The SAED
patterns from the film also did not reveal any pree of Mg rich precipitates as shown
subsequently in figure 7. The overlap of severdliomar grains within the thickness of TEM
sample can influence the interpretation of sol@gregation or precipitation using STEM/EDS
images and hence a more detailed characterizafi@s-eputtered Al-5% Mg was performed
using APT and the resulting data is shown in Fgga-d). Figs. 4(a) and (b) show the APT
reconstruction with Al (blue) and Mg (pink), respeely, in the as-sputtered Al-5% Mg film.
Figs. 4(c) and (d) shows a 2D compositional contoap of Mg and Al, respectively, ina 1 nm
x 10 nm x 35 nm slice to identify the location ofjMolute segregation and grain boundaries.
The color scale showing the highest and lowest eatnation of Mg and Al is given below the
respective images. From the Mg 2D map in Fig. 4é&)grain boundary with pronounced
segregation of Mg is identified, which is markedngsa red arrow. Mg segregation up to a
maximum 7 at % was observed along the grain boynd&e Al 2D compositional contour map

in Fig. 4(d) shows a corresponding depletion of®ims in the same region.

Now turning our attention to the analysis of astsyed Al-10% Mg film, the STEM
image and EDS maps of as-sputtered Al-10% Mg aogvshn Figs. 5 (a-e). Similar to Al-5%
Mg EDS mapping results, no evidence was obtainedcfear Mg segregation to grain
boundaries. However segregation of Mg and O to fdmsurface and Si substrate-film interface
was observed for Al-10% Mg film also as shown m %i(c) and (d). One isolated dark contrast

precipitate region was observed in the STEM imaig@ld0% Mg film as shown in fig 6(a).
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STEM-EDS mapping was unable to quantify the contosiof the precipitate (to enable its
identification), due to its size being much smallean the TEM sample thickness and hence
EDS signal from the precipitate overlapping witke #ignals from surrounding matrix. Hence to
better understand the compositional partitionini/lgfin the Al-10% Mg film APT analysis was
conducted. Figs. 6(b) and (c) show the APT recaoson with Al (blue) and Mg (pink),
respectively, in the as-sputtered Al-10% Mg film.Idcal region with apparent pronounced
segregation of Mg was evident which is highlightesihg a dotted oval in Fig. 6(c). To clearly
visualize the regions with Mg segregation, an isneentration surface for 20 at % Mg was
plotted as shown in Fig 6(d). The oval-shaped megiith locally high Mg content is clearly
delineated as a distinct region in the Mg 20 ats#&domposition surface plot. The columnar
grain boundaries with increased Mg segregatiorals@ visible in the image. A thin rectangular
slice of the APT data, using a 1nm x 25nm x 70 egian highlighted by dashed rectangle in
Fig. 4(c), was utilized to probe the compositioraregge in Mg and Al. The 2D compositional
maps of Mg and Al in this rectangular region areveh in Figs. 4(e) and (f) respectively. The
region with highest Mg concentration (Fig. 4(e)¥ laacomposition very close to 40 at % Mg and

60 at % Al (Fig. 4(f)) indicating the formation lated equilibrium AMg, precipitates.

To additionally analyze the presence ogMMd), type precipitates in the films, selected
area electron diffraction (SAED) patterns were extkd from both as-deposited Al-5% Mg, Al-
10% Mg films as well as films after annealing ab0%Dfor 3 hours. Fig. 7(a-b) show the SAED
for as-deposited Al-5% Mg and Al-10% Mg films, respively. For both as-deposited
compositions, we identified the presence of ditfi@crings that correspond to FCC matrix, but
we cannot identify any diffraction spots that cobkl associated with AVig,. Fig 7 (c) and (d)

show the diffraction pattern of 3%0-3 hr annealed Al-5% Mg and Al-10% Mg films
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respectively. In addition to FCC rings, a few difftion spots can now be additionally identified
(as indicated by red arrows) that possibly corradpo either oxides or Allg, precipitates. The
presence of only a few extra diffraction spots miéhedess suggests that only a negligible volume
fraction of oxides or AMQ, precipitates are present, and that a majority ofid/associated with

either grain boundaries or in bulk FCC solid santphase.

The measured concentration from APT data for Al-SKIg\l-97.88 at%-1.68 at% Mg-
0.13 at% O, 0.20 at% Ga, and Al10Mg is Al-88.92 alg-10.92 at%, O-0.096 at% O, Ga-
0.037 at%. This deviation of APT measured Mg cotregion from nominal STEM-EDS
measured average Mg concentration in Al-5Mg filmaigibuted to the small fraction of grain
boundary regions with Mg segregation captured i APT data volume given in figure 4,
biasing the average concentration of dataset ctostie bulk grain interior concentration which

is depleted in Mg.

6. Implications of Solute Heter ogeneitiesfor Thermal Stability

Solute heterogeneities deriving from grain boundaggregation and intermetallic
precipitation can be better visualized by plottimng Mg concentration from the simulations
separately for the solute stabilized and phaseratguh nanocrystalline states shown in the
isometric views for Al-10% Mg in Fig. 8(a) and (bgspectively. Grain boundary segregation
was conspicuously evident in the solute stabilinadocrystalline state, but nearly eliminated
upon the formation of the ordered.Mg precipitates in the phase separated nanocrystall
state. The concentration of Mg was mapped acragstypical grain boundaries as a function of
distance between the centers of two adjacent gesidshown in Fig. 8(c) and (d) for the Al-5%

Mg and Al-10% Mg structures, respectively. The kabanocrystalline state produced from
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evolution at 25C is characterized by elevated grain boundary sotaintents for both alloy
compositions and consistent with the alignment aj Btoms with grain boundaries in the
isometric view shown in Fig. 8(a). Precipitatiointiee Al,Mg phase during evolution at 300 °C
markedly reduced the grain boundary Mg contentign &b). The maximum Mg concentration
in the solute stabilized nanocrystalline state aggroximately 12 and 19 at.% in Al-5% Mg and
Al-10% Mg, respectively, which dropped to approxietp 2.5 at.% in both alloys upon

precipitation of A(Mg at the grain boundaries.

The experimental APT results in Figs. 4 and 6 destrated that Mg enriched grain
boundaries were present in the both alloy films¢hie as-sputtered state. Segregation of Mg was
also observed along columnar grain boundaries ®AiR10% Mg film, as shown in the cross-
sectional view of the APT reconstruction along sar Fig. 9(a) and the corresponding 20 at %
Mg iso-concentration surface in Fig. 9(b). The igrdoundaries containing elevated
concentrations of Mg atoms are highlighted by as@and the AIMg, precipitate is outlined via
the dotted circle. The extent of Mg segregatiorgtain boundaries was quantified using one
dimensional composition profiles calculated usingnan diameter cylindrical region of interest
with a length of 10 nm aligned perpendicular to imgrédoundary regions in the APT
reconstruction. Representative composition proffesAl-5% Mg and Al-10% Mg films are
provided in Fig. 9(c) and (d) respectively. Frone tbomposition profiles, maximum grain
boundary Mg concentrations in Al-5% Mg and Al-10%g Mere estimated to be approximately
5.5 and 20 at %, which are approximately 2.5 tiggesater than the solute concentration in the

interior of grains.

The as-sputtered Al-5% Mg was observed to havevanmage interfacial excess of Mg

between 1.56 to 3.18 atoms/nm2, which was enhantdbte as-sputtered Al-10% Mg and
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exhibited values between 4.26 and 14.33 atoms/fimd#n the simulations, the Mg GB excess
for as-deposited AI5SMg was observed to be 25 atom2/for solute stabilized nanocrystalline
state and about 6 atoms/nm2 in the case of phaseated state (Figure 1). The experimentally
observed values of Mg GB excess for Al-5Mg are lotian these simulation predicted values
indicating a low extent of solute enrichment atigtaoundaries. In the case of Al-10 Mg alloy,
the simulations predicted 25 atoms/nm2 for soltébikzed nanocrystalline state and about 6
atoms/nm2 for phase separated state (Figure 1)eXperimentally measured Mg GB excess of
Al-10Mg between 14.33 to 4.26 atoms/nm2 indicatg the Al-10Mg film has a combination of

solute stabilized nanostructure and phase separatedstructure.

The experimentally measured grain boundary Mg aotnagon in Fig. 9(c) was less than
the predicted values from simulations for Al-5% KMgm Fig. 8(c), but fell within the predicted
range for the solute stabilized and phase sepanaséedcrystalline states. Conversely, the
experimentally measured concentration of Mg ingteen boundaries of the as-sputtered Al-10%
Mg was consistent with the grain boundary Mg cotreion calculated for the solute stabilized
nanocrystalline state from Fig. 8(d). Given that thrmation of AIMg, precipitates in the as-
sputtered films occurred at only discrete locatiqne. precipitates were not distributed
uniformly throughout the microstructure), theirlugnce on grain boundary segregation will be a
more localized effect that depends on the proxinatythe analyzed grain boundary to a
precipitate. Thus, the lower grain boundary Mg aanmiration in the Al-5% Mg film was
attributed to the formation of a low volume fractiof isolated nanoscale Mg, precipitates,
consistent with AIMg precipitation reducing the grain boundary soleteess in the phase

separated nanocrystalline state from computatipreictions.
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The plan view TEM images of the Al and Al-Mg filnts Fig. 2 showed that for identical
heat-treatment conditions (i.e., 300 °C for 3 hjputise alloys exhibited less extensive grain
growth than the pure Al film. Thus, not only ditetaddition of Mg inhibit grain coarsening, its
ability to stabilize the nanostructure scaled witle Mg content. These observations are
consistent with thermodynamic stabilization of nemystalline metals through grain boundary
segregation reducing the grain boundary energyhemte the driving force for grain growth
[63-65], which has been noted in other work on Ad-llloys [21]. However, our results also
provide insights into the onset of instabilitiesedto intermetallic precipitation and its
implications for sampling other mechanisms that camtribute to thermal stability. The
simulations and experiments both confirmed the @nspy for the Al-Mg system to form
ordered intermetallic precipitates despite a higtume fraction of grain boundaries being
available to accommodate solute atoms. In fa@ingboundaries were preferred sites for the
formation of the precipitates due to their highey bbncentration relative to the grain interiors.
The equilibrium volume fraction of Allg, precipitates can be estimated using the phase
diagram and our TEM and APT results. While the igpiim solubility of Mg in Al at room-
temperature is less than 1 at.%., sputtering amrt@mperature is a highly non-equilibrium
process that enabled the production of films within® 10 at.% Mg nominally in solid solution
though we note the presence of few nanoscai®l@y precipitates from the TEM and APT
analysis (Figs. 3-5). The formation of these piaies in the as-sputtered films can be
attributed to Mg diffusion along grain boundaribattproduces local Mg enrichment and in turn,

regions that exceeded the terminal solubility (a2@6 ).

Annealing at 300 °C is above the solvus of Al-5% #g50 °C) and slightly below the

solvus of Al-10% Mg (~330 °C). Under equilibriumrattions at 300 °C, 100% and 94% of Mg
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should be in solution in Al-5% Mg and Al-10 Mg, pestively. Upon cooling to room-
temperature, the equilibrium volume fraction (byderule) of AkMg, in Al-5% Mg and Al-
10% Mg should be ~10% and ~23%, respectively. TBM diffraction pattern in Fig. 7 and
APT results (Figs. 4, 6), both indicated that oalgmall number density of Mg, precipitates
was present in both the as-deposited alloy filnes,the precipitate volume fraction was less than
that predicted by the lever rule. APT results alsmonstrated solute enrichment of the grain
boundaries despite the presence of theM@b precipitates. Collectively, grain boundary
segregation and the reduced volume fraction ofipitates relative to equilibrium predictions
from the phase diagram indicate the alloys occupiedntermediate state between the fully
solute stabilized and phase separated states f@@drom simulations. We thus attribute the
enhanced thermal stability of the sputter deposiketg films to grain boundary segregation
suppressing the driving force for coarsening codipléth nanoscale precipitates reducing the

grain boundary mobility via a Zener pinning medean[66]

“Two additional extraneous effects are reportethtimence grain boundary mobility and
hence, grain size stabilization and grain growthese include 1) influence of impurities in the
sputter-deposited films and 2) the influence ahfthickness on inhibiting grain growth during
annealing through grain boundary grooving. Mo-Rigde et al. showed that nominal
concentration of 0.7 to 2.1 at% O in nanocrystalli lead to O segregation to grain boundaries,
which in turn helped to enhance the critical stegsonset of grain boundary migration [67].
The measured average O concentration in Al-5MgAdritDMg alloys in this work are far lower
(below 0.2 at%) in comparison and hence we belibae O impurities do not play a significant
role in restricting grain growth; instead, Mg segagon and intermetallic precipitation
dominated thermal stability of the alloys relatteethe pure Al film. During heat treatment, grain
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boundary grooving can occur in thin films that dosigs grain growth, especially as the grain
size approaches thin film thickness [68, 69]. Thaximum grain size observed in this study
even after annealing was 33 nm and still much smé#flan the overall 100 nm thickness of the
film. Furthermore, no conspicuous evidence of lesgale grain boundary grooving as reported
in literature [68] was detected in the films stutlibere.. However, even if grain boundary
grooving influenced stability of the films, it walibe consistent across all three films (Al, Al-
5Mg and Al-10Mg) due to their comparable thicknessleus allowing for a direct comparison of

the behavior across the materials.

The results of this study demonstrate that deltiesalection of specific solute additions
(e.g. Mg to Al in the current work) can enable diaoeous grain boundary segregation and
intermetallic precipitation where nanoscale prdaips preferentially form at the grain
boundaries due to their elevated solute conceatraélative to the interior regions of the grains.
Nanostructure stabilization will thus be governgditlire combination of thermodynamic driving
forces and kinetic barriers to grain coarseningom@lementary mechanisms that provide
multiple pathways to achieve thermal stability tigh solute segregation and precipitation can
expand the alloy selection parametric space begohdnt-solute combinations that fit within
either thermodynamic or kinetic stabilization ariée We also note that the minimal degree of
precipitate coarsening in the time scales studiethis work also demonstrates the potential of
using this approach for designing alloys that ceovide superior higher temperature properties

through coarsening resistant precipitates.

7. Conclusion
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In this study, we show that heterogeneous disinhatof Mg in nanocrystalline Al-Mg
alloys predicted by simulations and experimentabigerved through APT plays a critical role in
suppressing grain growth. In conjunction with arthedynamic contribution due to grain
boundary segregation, there is also a concurreetikibarrier due to the formation of nanoscale
intermetallic precipitates identified in both thengputational predictions and experimental
results. The experimentally observed Mg concemtnasit grain boundaries in both Al-5% and
Al-10% Mg films lies either at the computationalfyredicted Mg concentration at grain
boundaries for solute-stabilized nanocrystallineMy, or in between this thermodynamically
preferred state and a phase separated nanocrnstathte containing intermetallic precipitates
that form preferentially at grain boundaries. Timsturn implies concurrent occurrence of
increased Mg segregation at Al-Mg grain boundaaies formation of a low volume fraction of
Al3Mg, precipitates. Hence, the coarsening resistanceanbcrystalline Al-Mg alloys upon
heating was attributed to a synergistic effect imvg Mg segregation to grain boundaries
reducing the driving force for grain growth (i.eetmodynamic contribution) and the formation
of nanoscale AMg, precipitates pinning the boundaries against mgngtkinetic contribution).
Deliberate design of nanocrystalline alloys to ekptomplementary stabilization mechanisms
thus provides an opportunity for engineering caarsg resistant lightweight alloys in the Al,

Mg and Ti systems.
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Fiqur e captions

Figure 1. a) System energy drop and corresponding GB sokaess as a function of simulation
time during evolution at 28C for Al-5% Mg and Al-10% Mg. The plateau in s@ugxcess
drove stabilization of the system energy with selpartitioned to the GBs in the snapshots at (b)
1.5 and (c) 7.5 ns, thereby producing a solutelstedd nanocrystalline state. Results are shown
in (d) for evolution at 300C, and the initial energy drop due to GB segregadifter 1.5 ns in (e)
rapidly succumbed to the formation of,Mg precipitates after 7.5 ns in (f), which maniésbas

a sharp decline in the GB solute excess and ewoludf the system to a phase separated
nanocrystalline state. The images shown in (), (&, (f) are 31.5x31.5 nm. The reader is

referred to the web version of this article foenmretation of references to color.

Figure 2. STEM images of as-sputtered films of (a) pure AlA&b5% Mg and (c) Al-10% Mg,
deposited on the silicon nitride TEM windows; antEM images of annealed (300C for 3

hours) films of (d) pure Al (e) Al-5% Mg and (f) Al0% Mg.

Figure 3: a) Cross-sectional STEM image of as-sputtered AH@%p thin film. STEM-EDS
maps of Al-5% Mg showing distribution of (b) Al (8)g (d) O (e) Si.
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Figure 4. APT results of as-sputtered Al-5% Mg showing disttion of (a) Al (blue) and (b)
Mg (pink) atoms. 2D concentration map of (c) Mg gddl Al with corresponding color map
showing the observed variation in Mg and Al concaidn along a grain boundary region. The

location of grain boundary is indicated by red atro

Figureb5. a) Cross-sectional STEM image of Al-10% Mg thimfi STEM-EDS maps of Al-10%

Mg showing distribution of (b) Al (c) Mg (d) O (&.

Figure6. (a) Cross sectional STEM image showing locatioarofsolated Mg rich precipitate in
the film. APT results of as-sputtered Al-10% Mgrfishowing distribution of b) Al (blue) ¢) Mg
(pink) with dotted oval shape highlighting the gmese of a high Mg concentration region and
dashed rectangle showing the area used for 2D caitipal mapping. d) 20 at % Mg iso-
concentration surface indicating the locations ighiMlg concentration €) Mg 2D concentration
map and f) Al 2D concentration map plotted usingsam x 1 nm x 70 nm slice of APT data

with corresponding compositional scale shown below.

Figure 7: Diffraction pattern of as-sputtered (a)Al-5% Mgda(b)Al-10% Mg films, and after
annealing (300 °C-3 hours) of (c) Al-5% Mg and &)10% Mg. white arrows in (a, ¢) index
the rings from the matrix while the red arrowsdyjndicate additional reflections possibly from

Al Mg, precipitates.

Figure 8: Computationally predicted Mg atom distribution @) solute stabilized
nanocrystalline and b) phase separated nanocigstadl-10% Mg alloys. Comparison of the
predicted Mg concentration profiles across repriedse grain boundaries in c¢) Al-5% Mg and

d) Al-10% Mg from the solute stabilized and phaspasated nanocrystalline states.
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Figure 9: The top-down view of APT reconstruction along zsashowing (a) Mg distribution

and (b) Mg 20 at % iso-concentration surface, watimows indicating grain boundary as
evidenced by the segregation of Mg atoms. Expetiatignrmeasured Mg concentration profile
perpendicular to representative grain boundariestaputtered c) Al-5% Mg and d) Al-10% Mg

measured using APT.
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