W) Check for updates

DR JINCHENG DU (Orcid ID : 0000-0003-4805-7498)

Article typemsmiArticle

Interfacial structures of spinel crystalswith borosilicate nuclear waste glasses

from molecular dynamics simulations

Wei Sun, Jincheng Du*
Department of Materials Science and Engineering, University of North Texas, Denton, Texas
USA
(* Corresponding author. Email: du@unt.edu)

Abstract

Spinel _crystal formation presents a critical issue in processing nuceste glasses and
affects the waste loading and glass formulation. In this paper, the interfaciatusers of the
model boresilicate nuclear waste glasses, the international simple glass (ISG), with two types of
spinel erystalsy namely thklgAl.O, and NFe,O4, were studied using classical molecular
dynamics® simulations witheffective partial charge potentials ancecently developed
composition-dependerioron related parameterBhe simulation resultsevealedthe structural
features of thesborosilicate nuclear waste glasses and their interfaces witb tiipes ofspinel
crystals.“it,was founthatthereexist notable structurahanges of glasses close to the interface

region affected by the adjacent crystal structunesterms of preferentialsegregation and
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ordering ofcations.Specifically the fraction of foufold coordinated ban (B,) is different
between thdSG bulk andthe interfaceregions,resuling from the local structure changad
ordering due tointerface formation In addition, the amount of fodold coordinatedAl

decreasesvhile five-fold Al increasesn the glassregion close to the glassrystal interface
which suggestsndication of initial stage ofrystal growthas Al adopts higher (skold)

coordination in‘the crystal as compared to majority of-fold coordination in the glas§hese
interfacial“structure changedtainedfrom MD simulations providevidence otheinfluence of
the precipitated crystals on the mumding melt and glaswhich lead tothe initial stage of

crystal growth

1. Introduction

Nuclear wastegeneratedrom the nucleaenergy industryand defense nuclear material
production.inthe pasteight decadesiave becomesignificant internationalenvironmental and
safety challenges. Development of ways to safely dispose these wastes is critical ®badares
the energy"and environment issues of ouf.@rarification, i.e. immobilize nuclear wastes in
glass matrixesis one of the mosefficient and acceptedvay for treating thee radioactive
wastes, especially those withigh and mediumlevel radiactivity’. Borosilicate glasses are the
widely accepted glass compositiar immobilizing radioactive wastsince these glasses have
relativdy low melting temperature and high long term chemical durapifisyfcompared to
conventionasilicate glassesvhich can effectivelylower the risk of losing radionuclides during
melting anesubsequent stordge *. During the processingf nuclearwaste glassesiue to
complex chemistry of the waste materialg/stalline phasesan form and some poses serious
issues In_processing-or example, the formation of nepheline crystals in waste glasses is
detrimental to.the chemical durability due to consuming glass forming &i1® ALO3 during
crystal formatioR® Iron nickel (NiFe,O,) spinel crystal isanothertypes of crystalghat can
form duringsthe vitrification procesandpresenta serious issue. These spinel crystals have high
melting temperature and higher density than the melt, as a resultdbklblock the melter
discharge channel It is thus critical, while designing nuclear waste glass composition, to
developa comprehesive understanding die interactions of these spinel crystalth glass and

melts. With these knowledge, glass composition or forming processes can be dewebymad t
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or levitate the issues caused by these spinel cry$tadsdetailed knowledge ofystal formation

and crystal/glass interfacial structures is also of general importance in glass science to

understand crystallization behaviors and development of glass cetamics

International simple glas@iSG) is considered to be a reference aluminoborosilicate
nuclear waste.glass and has been widely studiggst few yeafs The structures of ISG are
complicated due tonteractions of skoxide compositions, especially amotite three glass
formers? SD5"B,05, and ALOs;, which lead to he mixed glass former efféctBoron and
aluminumions*eanenterthe threedimensionalSiO4] networksby replacing SiAl®*
four-fold and forming [AIQ] tetrahedra Each [AlIQ] tetrahedronunlike [SiQy], contains a

IS mostly

negative charge, which needs todoenpensated byations chargeompensatorsuch as Naor
ca* withinvlSG. As for B*, it can takethree and fourfold coordination stateexisting as
trigonal [BOs] or [BO4] tetrahedra, respectivéfy The conversion process between the two
boron oxidation statesan be described by a tvatate statistical model with differeanthalpy™.

Similar to AI°*

, [BO4]” contains one negative charge and needs to be changpensait by
alkali and alkalie-earthcations in ISGIn addition,the structural features especially thiaction
of 3- and“4feld coordinated boron, nasty N3 and N, respectively,can alterwith glass
compositien, inaluminoborosilicate glags In ISG, the glass modifiepxides canplay multiple
roles such#as charge compensaibifour-fold coordinated borgnor generabn of NBOs on
[SiO.] tetrahedrd®® For exampleit has been proposed ththe C&" causes formation of more
NBOs than_N4& dueto its higter field strength®, whereas the Namainly acts asa charge
compensaitdf:

The'spinel structure with faggentered cubic lattice generally has a formula of®@B in
which A and B occupy the tetrahedral and octahedral interstitial cfitesygen closed packed
lattice, respectivelyln this study, we chose two typical spinel structures, M@Aland NiFeO4
to studythe ISGspinel glass/crystal interfaces. ThivalentMg®* and NF* in these two spinel
crystals occupy the tetrahedral sites wathoordination number ofour, whereas thérivalent
cationsAl**.and F&" have coordination number of six, occupying octahedral Siiesse two
spinel struetures have been widely studied on both experimental and thecsaittiaks.
However, thdack of detailed atomic structuraformation clouds the understanding and further
application of ISG glassAlthough experimentalcharacterizations such amiclear magnetic

resonance (NMRgan provided information on the structure of ISG gl@sgh ascationanion
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distance} the obtained highly complex signamake it difficult to determine the detailed
structured
Classical molecular dynamics (MD) simulations can provide systematic sardssort

and medium rangstructures in mulbxide glasse$**’

, as well as the glass/crystal interfaces.
Collin et al?.reported MD simulations on pristine ISG and the results were validated by
experimental datgGarofalini et al. reported a series of MD simulations regarding the silica and
alumina; inelading structures of silica/atina interface®, calcium silicate/alumina interfac8s

and calciufaluminosilicate glasses/alumina interfat®s. Recently, Jiang and Garofalini
reported a MD study on intergranular glassy films (IGFs) on growth of the prism surface in -
SisN4?% Rushton et af.reported interfaces between sodium lithium borosilicate glasses and the
MgO and CaQrcrystals and found that the borate and silicate polyhedral sfomgscsirrelation

on position and orientatiénWe have recently reported the interfacimhaviors between soda
magnesia aluminosilicate glass and Mg@J spinel crystalsand found that that aluminum ions
changed from _mainly -fiold coordination in the glass to 5 anddd coordination near the
interfacé® Fhisdprovides evidence of the influence of the crystal structure on that of the

glass at the' interface, which can be an initial stage of crystal growth. Recently, Deng and

Du24 has developed as set of composition dependent boron potentials that are compatible

with the existing potentials that allow simulations of full compositions of ISG.

The aim of thiswork is to investigate the structure properties of ISG glasses and
interfaces_between ISG aspinel MgAl,O, andNiFe,O,4) crystalsusing moleculadynamics
simulationswithythe newly developed boron potential parametine atomic distribution within
the interfaces” were studied usingdemsity profiles, pair distribution function, bond angle
distribution and other analysis methods to gain insighteenlocal structure change or ordering
at the crystablass interface, as well as the effect of the types of crystals on these kind of
ordering behaviors.

This paper.is.organized as follows: the next section describes the simulatioydoiogy from
emgrical petential, to glass formation procedure, to interface building proceduréracuisal
analysis metheds. The results section first reports the structure ofdS&Grpm simulation and
then ISGspinel interfacial structures of twgpeslow energyspinel surfaces: (110) and (111)
for the two spinel crystals. Then the ordering of cations around the glass/ctgstaces were

summarized. This is followelnly discussions and conclusions.
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2. Computational Details

To validate the empirical potentials used in the MD simulatithesstructure and
mechanicaproperties othe relatedspinelstructuresvasfirst calculated using the energy
minimizationmethodimplemented irthe General Utility Lattice Program (GULP) pack&ge
And for the glassormationand construction of thiaterfacemodels classical molecular
dynamics 'simulationgere performedby using the DL_POLY packagRartial charge pawvise
potentials'were“employed to describe the partial covalent and part@hitare of the chemical
bonding in the glass and crystal structuiidse shortrange interaction is in tHgéuckingham
form:

ij Cij
Vij(ri;) = Ayj exp (‘Q) -— @

Pij Tij

wherer represents the interatomic distandep, andC are the parameters for the Buckingham
term.In order to.avoid the overriding of the power term to the exponential term that caused
problemsat high temperature and initial high energy configurations at tHfadetér splice
functionswassthus introduced correct the original Buckingham potential at short interatomic
distancde®:

V,(rij) = Bl-jrijz + Dl-jrl-j" (2)

whereB, D and n are parametearsosen to ensure the potential, force and first derivative of
force to be continuous at the splicidigtance s. The partial atomic charge and parameters for
short rangeriteractions are listed in Tablé"1Boron related parameters were rebedeveloped
and hasreomposition dependent;fparameter for BO interactions to account for the effect of
glass composition on boron coordination chahdgetailsof the potential development and

testing can be found in Ref. 27.

As awvalidation of the potentials, calculations of the bulk spinel M@ABNnd NiFeO4
were performed and the properties of the two oxides were calculatedmpared with reported
experimental data and first principles density functional theory (0&#).The Bulk, Shear, and
Young’'s moduliwere calculatethased on the elastic moduli componestaccording to the

Voigt-ReussHill schem&?° The experimental crystal structures, as well as mechanical
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properties from experimental measurements and from first principles calculations were also
included in Table 2 and 3 for comparistircan be seethat the adopted empirical potentials
were ablgo reproduce the structures of both Mg@J and NiFeO, spinelvery well. The

elastic maodulcomponents, Bulk moduli, and Shear modgre also very well reproduced by
the potential.However, the Young’s modubm calculationsverelower thanexperimental
valuesfor both crystals. This might be due to the calculated Young’s modulus is an isotropic
estimation‘from'th&/oigt-ReussHill schemewhile experimental values can be anisotropic. This
difference"canalso be due to large variations inntedonechanical properties such Bulk and
Young’s moduli caused by sample and measurement conditions. In addition, the set dlpotenti
in Table lhassbeen appliew ISG as well as several aluminonsilicate glass sy&tefsnd

been proved to'successfupredict the complex glass structure, thermal and mechanical
properties. Hence the choice of the comprehensive set of potential is due toliktgapa
describe both the crystal and glass phases, as well as its transferability to désssireig wide
composition ranges. It is expected that the potentials can hand complex irltetfactares and

behaviors;

Slab.models with appliethireedimensional periodic boundary condition were adopted to
createthe crystal surfasaand crystal/glasmterfaces. The starting configuration for interface
calculations'eonsists of the ISG layer and spingttalsurface layer, in which the supercell
models for spinel MgAIO, and NiFeO,4 (100), (110), and (111) surfaces were generdted.
addition, for both of the two crystals, the@saved (111) surface are not suitable for interface
generating and analyzing since the-planés shapas not rectangular. Therefore, the redefined
MgAI O, and.NiFeO, (111) surfaces were performed bystructing orthogonal surface
vectors,as depicted in Figure 1. The final dimensions ofes«ed MgA$O,4 (100), (110), and
(111) surfacessfor interface building a@.25Ax40.25Ax28.5440.45Ax34.32Ax28.8Rand
45.77Ax39.64Ax37.05 respectively. FoNiFe,O,4 (100), (110), and (111) surfaces, the
dimensions ard1.81Ax41.81Ax75.9841.81Ax47.31Ax44.15and40.97Ax47.31Ax47.60A

respectively.

Table 4 shows the ISG glass composition. To build an interface, thexratialy
dimensions of simulation cell were determined by the size d¥igid ,O, and NiFeO, surface

cells. Since three chosesrystal surface slabs, (100), (110), and (111) have different dimensions,
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three glasaswith different cell size$or each crystalvere generated with the differesgts ofx
andy. Thez dimensions of glass cells were chosen accordingly to keep the density and total
number of atoms consistendyhe three initial glass systems were generatedaining around
6000atoms with thesamecomposition by randomly placing all the atoms in the corresponding
cells. This was.followed by heating to 6000 K using constant volume (NVT) simulations, and
then quenching down to 300 K gradually with a cooling ratekghs Thefinal glass structuse

were then“usetb form interfacdogether with cleaved crystal supercell

Figure2 shows the schematic structure of initial generated Miyf110)/ISG
interface model. The interface was created by insertion of M@Adrystal part andgjlasspart,
with a 5 A gap betweeboth of the sidesThe initial interface was then meltat6000 K
followed bya.step by stequench process to 300 K. Figure 3 shows the schematic temperature
profile of the.MD simulation process of interface formation in this work. It care&e that two
coolingstageswvere taken places in the quench process. From 6000 K to 10@0&ystem was
first relaxedat 6000 K for 50 ps, and then cooled down to 1000 K at a cooling rate of 5 K/ps
with constant velume calculations in the canonical (NVT) ensertibteworth mention that the
atomic paesitions in the crystalline component were fixed during this stateywt@ehe
crystalline phase could melt down into liquid ceramic phase. The second statk fstent 1000
K to 300 Kyinwhichall atoms positions were allowed to relax since the temperature range is far
below the melting temperature of spinel Mg@l,. In addition, to allow volume relaxation of the
simulated’systems, subsequent MD calculations were performed in the isobdrernisl
(NPT) ensemblend NVE ensembli& which simulation cell dimensions are allowed to vary

with time.

The paritaltotal correlation function (DF, namedT(r) in the figure¥andbond agle
distribution (BAD)analyses were uséd studytheatomic structures dSG and interface The
TDF and BADanalygs were averaged over 600 configurations in the final state of the
production.run (NVE ensemble) in duration of 50 ps at 300 K. To characterize the interface
structure and.atom distribution, z-density profile along with Coordination numbBm(iGfile

were performed fothe final relaxed structures.

The zdensity profile (ZDP) analysis were used to study the composition chaongestiaé

dierection perpendicular to the crystgéiss interface. ZDP plots were constructed as follows: the
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system was subdivided into a series of slices parallel to théar#eeach with adimension of

0.2 A or 0.5 A. The number of atoms in each slice was then calculated in each of the slices. This

number was then divided by the volume of the slice to obtain atom number density.

3. Results
3.1 General structurefeaturesof | SG

Thershortrangestructureof glasses can be effectively described by using pair
distributionfunetions such as partial total correlation funct{@ifg) and bond angle
distributiors. Figure 4 shows the simulatedrtial TDFalong with the coordination distribution
for ISG. The bend distance of an atom pair is represented by the first peak position in their
partial correlation functionszor some pairs, for example B-O, there exist two peaks which
represent two different bond distances that correspond two coordination=at8s0 pair, the
main peak is at 1.64, which agrees well with reported boroaluminosili¢3tsG* and
aluminosilicate glassésom MD* results and X-ray absorption spectra results from
experimentd*=The main peak of Al-O pair, which éso considered as a glass former, locates at
1.75 A, in'a geod agreement with previous MD simulation resulisditim aluminosilicate
glasse¥ ‘as well as the experimental conducted XRD and EXaf®th alumina and sodium-
aluminosilicate glass&s® For another significant glass former@pair distribution plot
contains two main peaks indicated in Figure 4. The first peak locates at around 1.46 A,
corresponiding to three-coordinated borof) (B/hile the second peak locatesambund 1.52 A,
correspondingito four-coordinated bororf)(Bnterestingly, the bond distance oi@pairand
B*/B* ratio arehighly dependdon boron concentratiéh For the glass modifier in this system,
Na-O, CaO and ZrO pairs display broader peaks, locating at around 2.47 A, 2.40 A, and 2.10
A, respectivelywhich agrees with previous resdlts

The bottom panel dfigure 4shows accumulatecbordination number of ISG. Bogi
andAl are found to béour-fold coordinated, which agrees with previous MD studies fofISG
Different'from Si, the coordination numbefr Al depends on the glass compositidiang et
al. *° reported that when the composition with Al/Nio is one or smaller than one, Al ions are
mainly fourcoordinated. As the Al/Na ratio increases, the-tiwerdinated Al accordingly
increases and fowgoordinated Al decreasds.ISG, it is alkali rich hence Al exist in fotiold

coordinationlt is worth mentioing that Alions usuallyexistsin six-fold coordinated in oxides
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crystals, such as MgAl ;04 spineland ALO3 corundum structureg.or Bin ISG, theaverage
coordination number is around 3.5, which indicates around 50% offBlareoordinated in
ISG. As found in this studytheformation of the glassrystal interface camfluencethe Aland

B coordination.

Usually, OSi-O BAD are used to describe the regularity of the silicon oxygen
tetrahedrons, whereas the SISDBAD represent theetrahedron connectivity. It can be seen in
Figure 5 that the &i-O bord BAD shows a peak at around 20@&hich is in agreement with the
experimental data based on neutron and kiwgrgy Xray diffractior?’. This result is consistent
with theoretical angle of tetrahedral, indicating the SiO¥hedron. The peak of @F-O BAD,
shown in Figure 5b, is relatively wider than that o560 and locates at around E0Which
agrees well.with previous simulation results in sodalominosilicate and boraluminosilicate
glasses. Whiledor @-O, thebond angt is slightly wider than &i-O, locating at around 109
Additionalfstrticture features of 1I3@nd I1SG with different amount of Ze¥ were reported

elsewhere.
3.2 Structuresiof M gAl,04(110)/1SG interfaces

The schematic structures of the swilew of local configuration of ions near both AIO-
terminatedrand-MgAlQerminated110)/ISGinterfacewere demonstrated in FigureThe
dashed linesdicate the outer layer of MgAD, crystal, separatintheatoms from the glass and
the crystal’The colors assigned to each type of atom are consistent with the ones in z-density
profile plots. In Figure 6, larggrangeatoms represent B species from glass. For better
demonstrating speciesonly B-O bonds are showed in this and following figutlesan be seen
that some B atoms from the glass were absoobénl both AlOterminatedand MgAIO-
terminated-sidg forming bonds with the O atoms frglass andhe outer layeof crystal In
addition, some Al atoms from glass segregate to the crystal surface and formviibr@dgrom

crystal.

Thesegregatiof B and Alshowed in Figure B glasswere therverified byZ-densiy
profiles (ZDP) of the (110) interfacesalong withother elementsZDP analyses were used to
study the elemental distributiggerpendicular to the crystglass interface. For ZRx¥Fshown in

Figs. 7, 10, 12 and 1thecontributionsfrom the spinel crystal were not included to focus on the
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change of the glass structure due to the interface formation and the ZDP were calc0latéd at

intervals For ZDPs in Figs. 8, 11, 13, 15, the analyses were done at a higher resolution at 0.2 A

in order to examine details of structure changes at the cglata interfaceAnd in these

figures, bath the crystal and glass contributions are shown.

Figure 7 shows the atomic density profiles {110)/glass interfacdt is found that the
intensity of O, Si, Al, and Ca are higher near both AlO- and Mg&l@iinated sides of the
crystal part, indicating an ordering of these species segrefgatedSG. The intensity of these
peaksdecrease,accordingly when moving further into the glass, where the cehieigtdds
reaches thesnoermal glass denslityaddition different magnitudes of decay for different peaks
are observed in Figure For B, Zr, and Cahe density maxima closed to the crystal surfee
generally much.larger than the rest of the gledsile the peakef O and Si species decay
gradually frem.Crystal surface to glass butks worth mention thathe Al peaks at MgAI©
terminated side are higher thiénose at AlGterminated side. According to the orientation of
(110) surface with a sequence of ... AlMgO-AlO-AIMgO..., the next layeafter AIMgO
denotes ta AlO layer, which leads to the segregatiod from ISG.

In“kigure 8, high definition z-density profiles including both crystal (dashes) lared
glass (solid-lines) within about 10 A near both sides of interface are plotted, inotdke a
close investigation of atoms distributidhcan be seen in Figure 8a that the stronger peék
species from glass overlappingth relatively smaller Si and B pealgre absorbed into the
AlO-terminated, (110) surfac&he peaks of B and Al decay to a low lever into glass bulk
direction. Interstingly, small peaks of O from crystal can be observed at glass side, locating at

about 1 Afabove the outer layer of Aterminated surface.

Different distribution is observed nddigAlO-terminated sideln Figure 8b, overlapping
of O, B, and Al'originating from ISG are observed near the surface, following loglttieely
high Si peak overlapping with B and O. Although the location of O feature appearing sid&
is closerto the crystal surface than that at-fd@ninated side, the “movement: of @mis from
crystal to ISG after quench down to 300K is still exist, indicating the ion agehaetween glass

and crystal to some extent.

3.3 Structures of MgAl,04(111)/1SG interfaces
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The MgAlLO4 (111) surface, with layer stacking sequence of -anioncationanion-
cation- « -, has a much higher net dipole moment along surface normal direction. Therefore,
such high polarity results in quite different atoms segregations from ISGcheeatic
structures_of side view of local configuration of ion$vat terminated (111)/ISG interface
models after.meltjuench process are demonstrated in Figure 9. The (111) surface used in
construction ofinterface model contains O-termination on one side and Al-teéanioatthe
other side'Similar to (110)/ISG modelshe dashed line represents the outer Al and O layer of
Al-terminated'and @erminated (111), respectivelyor Al-terminated (111)/ISG side, shown in
Figure 9a, welarranged [SiQ)] tetrahedron can be observed above the Al layer frontatrys
owing to its high polarity. In addition, some B atoms are also segregatedSt®no the surface
area.Figure®9brshows the O terminated (111) surface. It can be seen that sulzstamiia of B
atoms along with Al atoms absorbed from ISG forming bonds with O abthe outer layer of

crystal.

The atomiadensity profiles of (111)/IS@Gterface arghen showed in Figure 1Bear the
Al-terminated side, the density profiles indicate wlefined O, Si, and Na layers, which agrees
with thecrystatlike [SiO4] tetrahedron in Figure 9a. For the O-terminated side, the profiles show
distinct peaksof Al, B, and Zr, which indicates an ordering of these catiomatmtdrom the

glass growing'on @erminated side of crystal.

High resolution z-density profiles within abdhie 10 A near the interfaces of both sides
of (111)/ISG eantaining species from both crystal and ISG are summarizegline EiL. The
thick solid'lines represent the atoms from glass, while the dashed lines arestfr@onerystals.
It can be seen that at®rminated side (Figure 11a), the first set of pdaka ISGabove the
crystal outer layecontainsSi, Al and B ions, and overlapping with atoms segregated from
crystal.Interestingly, a hint of B peak is observed at the crystal region, further cargithe ion
exchange_ at the interface ar@dter the first set, a substantial amount chtdmsare segregated

from ISG, forming hjh intensity peak at about 28.5 A.

The Akterminated siddas the opposite direction of dipole moment againtgr@inated
side, which results in different atoms distribution. As shown in Figure 11b, the firstrpaak f
the atoms in the glass is the O peak just aboe@titer Al layer from crystallhe next and third

peaks denote to Si and O atoms from ISG, locating about 0.5 and 2A from the first O peak,
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respectivelyFor one thing, the high sharp peaks of O and Si atoms indicate the corresponding
atoms sittingat samey plane. For anothethe location of these three peaks @vasistent with

the ones of O, Si, and O layers marked in Figure 9a, in which thelefelled crystalike layers
construct array of parall§biO,] tetrahedra, with the same position on interface-normal

direction

Théeouter three peaks of crystal part in Figure 11b denote to O (at around 59.%a4), Si
around 601A), and O (at around 61.5I&yers in Figur®a, respectivelyA [SiO,] tetrahedron
was placedratreorresponding z position for demonstration in Figure 11b. The secand (Si)
third (O) peakd$iave a distance of3 A, which is close to the Si-O bond length, thus
corresponding to the Si and O1 atoms, respectilrelgddition, the similar heightsf these two
peaks indicates.th#tte most of corresponding Si and O atoms ftrenS+O bonds withsimilar

distances,and.directions, contributing to th&iayers in Figure 9aWhile the distance between

the first Ofpeak and the second Si peak is about 0.5 A, matching the positions of 02, O3, 04, and

Si from the demonstrated [SiftetrahedronSecondary to the distancetiatthe heighof first
O peak isiabout 5 times larger than the second and third peaks, while the ratio betmeesi O
in [SiOy4) tetrahedron dirst and second layers 3/1, meaning only part of O atoms from the

first O layer aresbonded with Stans.
3.4 Structures of NiFe,04(110)/ 1 SG interfaces

Forthe'NiFeO,4/ISG interface, the density profiles were also performed to demonstrate
segregation and movement of different species. As shown in Figutleel2omialensity
profiles for NEFe,04(110)/ISGindicate distincpeaks of Ca, Zr, B, and Al for Fe®rminated
side, and Ca, Al, Si, and O for NiFg@rminated side. Similar to Mg,04/ISG interface, these
high sharp-peaks near crystal surfaces indiwatiain degrees ardering of these ions
segregated from the glagdespite of the difference of spinel crysthle Al and O peaks at
NiFeO-terminated side are obviously higher than those atti®inated side. This is because
the NiFe&zO, and M@l .04 (110)havesimilar dacking sequence, ...FeONiFeO- FeO-
NiFeO....The next layer after NiFeO belongs to FeO layer, which is the reason leading to the

segregation of Al from ISG.
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The high density profiles include both crystal (dashed lines) and glass ifsespiithin
about 10 A near both sides of Ni(110)/ISG interface are plotted, in order to take a close
investigation of atom distributioNear FeGterminated side, the peak of O species from glass
with high intensity along with Si and B peaks were absorbed into the AlO-terohifii@)
surfaceln addition, Fe and O ions originally from outer layer of crystal are observed near 22 A
overlapping with the first set of peaks of O, Si, and B from glass. Meanwhile, {fec®s from
glass moved-into the outBeO crystal layerfrom which the peak has same heights with those
from Fe and"O"observed in glass. This ion exchange phenomenon was also observed in
MgAI ,O4/ISG interface modeldnterestingly, although the two sets of interface models contain

different aystails, it is always B species from glass that segregate into crystal layers.

For.NikeOterminated side, shown in Figure 13b, no ion exchange was observed on both
crystal and.glass regions, which indicates this phenomenon highly depends on theoormntat
crystal.In addition, overlapping of high intensity of O and relatively low intensity of B and Al
peaks from ISG are observed near the crystal surface, following by thekSyerlapping with
O and B.

3.5 Structures of NiFe,0,4(111)/1SG interfaces

Figure=14 shows the atomic density profiles of ISGNidfe,04(111)/ISG Similar to
MgAI04(111) planethe NiFe,04(111) surface has a layer stacking sequence of argation
— anion- cation.., indicating high polarity along surface normal direcfidre NiFe,O4(111)
plane used to generate interface contaisiesr®inated on one side and Fe-terminated on another
side. It is found that the intensity of Ca, Na, Si, angp€cies are clearlyigher near Fe-
terminated.surface, whighdicates an ordering of these atoms sgaged from the glass. On the
other side of:N¥e,0,4(111) surface, the @tomsin theouter layer attraanost of cations from
glass, resultingiin the segregation of Ca, Zr, B, and Al to the surfaceraestlition, peaks of
different species show distinct magnitudes of decaySkand B, the peaks closed to crystal
surfaces gradually decay into glass biikile for O, Na, Zr, and Athese peaks near crystal
surfaces are much higher than the rest of the glamsapared tdMgAl ,04(111)/ISG interface,
the segregated atoms from ISG are quite simiteaddition the density profiles near metal
terminated side frorboth MgALO4(111)/1ISG and Nte,O4(111)/ISGshowhigh sharp O and Si

peaks, indicatinghe crystatlike Si-O layers forming on the catieerminated crystal surface.
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High resolution z-density profiles of O, Si, Al, and B from glass, along widetbpecies
from NiFe;04(111) crystal within 10 A of interfaces around both sides of (111) surface are
showed in Figure 15At Fe-terminated side (Figure 15a), thest high first peak from glass
denote to O, followed by a short Si pe@ke next O pegkhough relatively smallpcates at
around 19.2.A, occurring at about 1.7 A from the Si peak. The locations of these three peaks
agree well\with‘the €5i-O layers inthe high ordered Gi-O peaks in caption image in Figure
15a. Similarto'MgAIO,4(111), the three well defined O, Si, and O layerm NiFe,O4(111)
Feterminated sideonstruct a row of ordered parallel [Sj®@etrahedra, with the same position

on interface-normal direction.

For the O-terminated crystal surface side, showed in Figure 15b, thefiioftpeaks
from glass.consists @il the glass former, Al, Si, and B, partially overlapping with the outer O
layer of NEe,O4(111). Due to the accumulation of cations at the crystal surface, the high sharp
O peak was formedght after. This aniorcation layers segregated from glassicate high
ordering structure near crystal surface, which highly depends on the suréatatan and

results from the crystal growth after mgliench process.
3.6 Ordering of cations at the glass/crystal interfaces

It hasbeen known from previous z-density profiles fiiaall the MgALO,/ISG and
NiFe,0./ISG interfacesatoms from ISG show differenbncentrations between interface area
and glassbulk are@herefore total correlation function and coordination number distribution
analysis forthree chosen regioifigr each interface modelere then take into investigatiotije
crystal part, the interface region from ISG, and the begjion For interface modegincethe
ISG part contains finite atomthe concentration change at the interface region would #fiect
concentration-at bulk regiomherefore, the results from pure ISG were included as a reference.
Here only B and Al species were investigated stheecoordination number tiese twdons
highly depends _on the concentration of glass. In addition, the coordination number astiell a
bond length for B and Al in glass are quite different from those in crysbalever for Si, the

length of Si-O bond showed very similar behawoboth silicate glass and crystalline silica

Figure 16 and 17 show the total correlation function and coordination number distribution

of B-O pair andAl-O pair of MgALO4(110)/ISG and MgAIO4(111)/ISG,respectively. The
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interface region from 1IS@ marked in blackincluding atoms within around 5 A above the outer
layer of crystal. The bulk region from ISG is marked in red, sitting around 20af am

crystal surface. Therystal region is marked in yellow, while the curve representing puresiSG i
marked in_blueEor B-O pair, we can see that the first peakjch represents thremordinated

B, of bulk region from ISG part is highest, followed by interface region and then$@ren

the other hand, the sequence of second peaks, which denotes to four-coordinated B, are opposite
against'the*first'ones. The pure ISG has the highest concentration of four-ceor&nahile

the bulk region‘of ISG part from interface has the lowest concentratioriof i&lI-O pair,

shown in Figure 16b and 17b, the bond length is around 1.91 A in crystal, longer than that in
bulk region:froam ISG and pure ISG. Interestingly, theOApairs from interface part from ISG

are more crystdike since the pair distribution function of these two are almost overlapping with
each other. In addition, the coordination number foatAhterface region is very similar to that

in crystal. All of these results indicate the ordering and crystal growth near thed soy$ace.

Different from MgAlLO4/ISG interfaces, thbli and Fe in crystal part MiFe,0,4/ISG
interface cannot be found in ISG part. Therefore, the crystal growthNip@sO, surfaces
show distinet,behaviors on magnitude. Figure 18 and 19 display the total correlatioonfamcti
coordination number distribution of 8-and AtO pair of NiFe0,4(110)/ISG and
NiFe,Ox(22)/ISG, respectivelyror B-O pair, the highest peak of three-coordinated B comes
from bulk region of ISG part in both of (110)/ISG and (111)/ISG interfaces, while théSiare
shows thelowest height on this peak, which diffeseifMgAI,O,/ISG interfacesinterestingly,
the fourcoordinated B peak in the interface regiothea NiFeO4(110)/ISG model showigher
intensity than.the other two (Figure 18a). ButNiFe,04(111)/ISG interface model$he B
from interface.and bulk region of ISG show similar behavior on total correlatiotidoras well

as coordination number (Figure 19a).

As for Allatom in NiFeO,4(110)/ISG, showed in Figure 18b, the bond length oOAR
interface region from 1S@ slightly longer than tatin bulk region and pure ISG, however much
shorter compared to that MgAl ,04(110)/ISG interface, as welsdhe coordination number of
Al. This result indicates that the Al atoms segregated to the,Qif&10)/ISG interface are
more glasdike in both bond length and coordination number than those near
MgAI 204(110)/ISG interfacef-or NiFe04(111)/1SG, showed in Figure 19b, the Al atoms
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demonstrate almost same behavior on both bond length and coordination number distribution.

Therefore, despite of thegregation of Al to both MgAIO4/ISG and NiFgO,4/ISG, the Al
atoms show distinct degree of ordering that highly depend on the qgstal

4. Discussions

Ordering and preferential distributiorear the crystal surfaseere evidencebtly the
results ofdensity profile analysis of the interface structures of both MQMSG and
NiFe,O4/I1SG interface modelsyith sharp peaksear the crystal surface represegthe species
segregated'froiSG bulk andndicaing an ordered local structure as compared to more random
distributiontnsthe bulk glass. In addition, the coordination number change of Al, which shows
distinct behaviors on CN and bond length in crystal and glas® another direct evidence on
the occurring.of ordered structutecan be seen in Figure 16 and 17 thaatdimshave a

coordination.aumber of six in crystal and fouthe glass bulkWhile for Al from glass near

interface area, the curves almost overlapped with the ones from crystal, indicating the Al species

near bath MgAl>04(110)/ISG and MgAIO4(111)/ISGinterfaces are more crystigte.

As forthe B ion, the relative percentagésB* and B are highly depended on the glass
compositiens, which can be observed in Figure 16aii®an be seen thétte TDF curve foB
ion contains'two peaks, which denoteshi@ecoordinated and four coordinated-B,
respectivelyFor all the four interface structures, the tham®rdinatedB peak locates at around
1.46 A for'B from glass bulk area, and it shifts to around 1.43t 8 from ISG, along with the
intensity decreases. While the pealdafoordinatedB from glass bulk is higher than that from
ISG. For Bifrem interface area, the positions and hegfhpeaks for MgA}O4(110)/ISG,
MgAIl,04(111)/1ISG, and NiFgD4(110)/ISGinterface models are between glass bulk area and
ISG, while the peak of B from interface area almost overlaps with that from glass bulérarea f
NiFe;04(111)/ISG interface model.

Distribution of Al and B coordinatioapecies for pure ISG and the four nfidees are
summarized inrable 5 and 6, respectivelyor Al species99.3% of them have a coordination
number of 4 in‘pure ISG and 0.7% of them are tloa@dinatedwhile no fivefold Al is
observedThis indicates that Al acts gtass former in ISG-However, ISG show distinct
behaviors of coordination numbehen forming interface. It can be seen in Table Sfibradll of

the spinel/ISG interfaceodels, the amount éour-coordinated Al is less than that in pure ISG.
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In addition, the five coordinated Al ions appear at all the iiai@rface modelswhich cannot be
found in pure ISG. The increase of Al coordination number is cdnsathdequate glass
modifiers to compensate the extra negative charge ofJAf5° In this case, the local
compositionchangesn ISG when forming interface with spinel Mg, and NiFeQ, is the

reason of the.existence of highordinated Al in the glass part of spinel/ISG interface.

For five-coordinated Al, théVigAl O, and NiFeO, spinel(110)/ISGnodelshave
concentration of 2.6% and 2.20%, respectively, higher thaM¢g#d ,O, and NiFeO,
(111)/1SG models, which have concentrations of 0.7% and 0.73%, respe@ivealar results
of concentration changes of &l a-Al ,0O3/Calcium-Alumino-Silicate glassvere reported by
Zhang and Garofaliff.

The percentage of Boron species of pure ISG, MGA110)/1ISG, MgAbO,4(111)/ISG,
NiFe,04(110)/1ISG, and NiFg0,4(111)/ISG interface models are summarized in Tabledan
be shown that the concentration dfiB pure ISGis lower than that in spinel/ISG interface
models, wheredhe B* concentration is highewhen forming interface with spinel crystalset
ISG have differenB® and B values, demonstrated in TableThie B* concentration of all the
four interface models are lower than that of pure IB8.MgAl,O,/ISG, the (110)/ISG has the
B* value of48.87%, higher than (111)/ISG. Interestintig trend is similar in NiF©4/ISG
interfaces, in which the (110)/ISG has highénvBlue.The coordination of Borois highly
composition depended due to two reasons. Firtstéyformation of interfaces cause
redistributionrof glass formers in ISG part, resultingamversion between’&nd B. Secondly,
the local composition change affect the coordination number change as a function of

compositidn by using this set of potenttls

Density-profile analysis of the interface structures generated from MD simulatibndne
indicate crystallization occting near the crystal surfaceiger peak intensity results in higher
ordered local environmentdsually, it is difficult to observe the long range order structure
directlysHoweverfor MgAl O, and NiFeO, spinel crystals included interface models, b
Al-terminated (111)/ISG and Rerminated (111)/ISGhow weltarranged [SiGQ)] tetrahedron
above the Abnd Fdayer of MgALO,4 NiFe,O, crystak, respectivelywhich cannot be observed

on the other sidefdhis interface structureitth O termination on the surface slabs.
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To further study this phenomenon, another interface structure with Mg-terminated (111)
on one side and O-terminated (111) on the other side was constructed and undergelsame
guench procedure. Figure 20 shows the snapshots of interface area of Mg- and Al-(¥11)/glas
structures. On the contrary of waliranged [SiQ) tetrahedron on the Akrminated side, the O
and Si atoms;.though still accumulating near crystal surface, are relatigedydisorganized.

The reason could be the high dipole moment oteAhinated (111) surface.
5. Conclusions

The structuresf international simple glass (IS@hd itsinterfaces with low energy
surfaces ofiMgAIO, and NiFeO, spinel structuresereinvestigated by using MD simulatien
with partialkcharge pairwise potentials with recent developed boron pararfetierdistribution
functions, bondiangle distributions, arrdensity profilewere used to characterize the interfacial
structuresThe results indicate there exatbmic level ordering of ions on the glass sidar

glass/crystal interfase

The influence of the crystal surface structonethe atom distributions and ordering on
the melt/glass.sideas observed in several different types of interfad€esthe
MgAI ,04(110)ISG interface, it was fourttat there exishccumulation of O, Si, and B toward
AlO-terminatedsside and O, Al, B toward MgAkerminated side. For the MgiD4(111)/ISG
interface, preferential segregation of O, Si, and Na species from ISG bulk eteioriiated
spinel surfacevas observed, while Al, B, and Zr segregaiias observed near-terminated
side. For NiFgO./ISG, similar trends occurred in the sintidas. For the (111) surfaces of both
types ofspinel crystals, welarranged [SiQ)] tetrahedron was observed near AltEeninated
sides, whictshows indication of initial crystalline growtm addition, ion exchange between B
from 1ISGrand-Fe from NiF€,(110) surface was observed from simulations, possible due to

similar charge and ionic sizes

The_ordering on the glass side show indication of initial stage of cryetatig
According'ta total correlation function analysis of selected interfacetagieercoordinated Al
and Fe species (both are four in the glass, but six in crystals) were foundhedgtass side of
theinterfaceregions indicating the initial stagef formation of crystalike structuresin

addition, the distributionf B> and B varies noticeabljn ISG bulkand that of the interface
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region highlighting the influence of crystal surface structure on that of the adjacent glass

regions.
6. Acknowledgement

This research is being performed using funding received from the DOE QGifibkeglear
Energy and Environmental Management through the Nuclear Energy UniversitgrRsagnder
Grant No."DENE0008597.

References
1. Pegg. L. Turning nuclear waste into gldasys Today015; 68: 33—39.

2. Collin M, Fournier M, Frugier P, et al. Structure of International SimplesGad
properties of passivating layer formed in circumneutral pH conditions. 2018; 2 (1): 2397-
2106

3. Ojovan Ml, Lee WE. Chapter 1Tmmobilisation of Radioactive Wastes ingss. In:
Ojovan"Ml, Lee WE (edsAn Introduction to Nuclear Waste Immobilisatidgmcollection,
OxfordElsevier, 2005, pp. 213-249.

4, Rushton MJD, Grimes RW, Owens SL. Partial ordering of glass networksrad@ac
simulated glassrystal interfaces] Non Cryst Solid2011; 357: 3278-3287.

5. Deshkar A, Ahmadzadeh M, Scrimshire A, et al. Crystallization behavimmfand
boran-containing nephelin®&,0- Al,O3- 2Si0,) based model highkevel nuclear waste
glassesd.,Am Ceram So2018; 4: 1-21.

6.  Shaharyar Y, Cheng JY, Han E, et al. Elucidating the Effect of Iron Spadee’/Fe’")
on Crystallization Kinetics of Sodium Aluminosilicate Glasse8m Ceram Sq®9:
2306-2315.

7. Mauro JC, Philip CS, Vaughn DJ, et al. Glass Science in the United States: Statent
and Future Directiondnt J Appl Glas S¢i5: 2-15.

This article is protected by copyright. All rights reserved

95UB017 SUOWLILLIOD SAIE1D 3|l jdde auj) Aq pauBA0B 812 S3o1Ie YO ‘88N JO 3N 0} AR1q 1T 3UIIUQ AB]IA UO (SUONIPUOD-PUB-SLLLIBY WD A3 1M A0 )BUI|UO//SANY) SUONIPUOD PUE SULB | 8U) 885 *[7202/T0/S0] U0 Ae1qiauIIUO AB|IA ‘UOIULIOJU| IIULDSL PUY DIJNUBIS JO 30O AQ 17/€9T 908 [TTTT 0T/I0p/W00 A3 1M AReiq 1pUT U0 SDILLRISD//SANY WO papeojumoq ‘g ‘6T0Z ‘9T6ZTSST



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Gin S, Abdelouas A, Criscenti LJ, et al. An international initiative on longttetravior
of highdevel nuclear waste glagdlater Today2013; 16: 243-248.

Du J.Challenges in Molecular Dynamics Simulations of Multicomponent Oxide Glasses

Springer-International Publishing, 2015.

Wu'J, Stebbins JF. Effects of cation field strength on the structure ohabhorosilicate
glasses=Higiresolution*'B, /Al and*Na MAS NMR.J Non Cryst Solid2009; 355:
556=562:

Smedskjaer MM, Mauro JC, Youngman RE, et al. Topological principles of boresilicat
glass chemistryd Phys Chem B011; 115: 12930-12946.

Du LS, Stebbins JF. Network connectivity in aluminoborosilicate glasseshA hig
resolution*'B, 2’Al and *’O NMR study.J Non Cryst Solid2005; 351: 3508—-3520.

Smedskjaer MM, Youngman RE, Mauro JC. Principles of Byseglass chemistry:
strucure - property relationship®ppl Phys A2014; 116: 491-504.

Cormier L, Galoisy L, Delaye JM, et al. Short- and medium-rangdtstaliorder around
cations’in glasses: amultidisciplinary approd@bmptes Rendus I’Academie des Sci Ser
IV Phys2001; 2: 249-262.

Barlet'™M;*Kerrache A, Delaye JM, et 8li0,-Na,O-B,03 density: A comparison of
experiments, simulations, and theaihyNon Cryst Solid2013; 382: 3244.

Delaye JM. Modeling of multicomponent glasses: a reviaur. Opin Solid Stat®ater
Sci2001; 5: 451-454.

KieuLH, Delaye JM, Cormier L, et al. Development of empirical poteritialsodium
borosilicate glass systemsNon Cryst Solid2011; 357: 3313-3321.

Blonski S, Garofalini SH. Molecular Dynamics Study of Sitisdumina Interfaces]
Phys Cheni996; 100: 2201-2205.

Blonski S, Garofalini SH. Atomistic Structure of Calcium Silicate Intergranular Films in
Alumina Studied by Molecular Dynamics Simulatiod$\m Ceram Sot997; 80: 1997—

This article is protected by copyright. All rights reserved

95UB017 SUOWLILLIOD SAIE1D 3|l jdde auj) Aq pauBA0B 812 S3o1Ie YO ‘88N JO 3N 0} AR1q 1T 3UIIUQ AB]IA UO (SUONIPUOD-PUB-SLLLIBY WD A3 1M A0 )BUI|UO//SANY) SUONIPUOD PUE SULB | 8U) 885 *[7202/T0/S0] U0 Ae1qiauIIUO AB|IA ‘UOIULIOJU| IIULDSL PUY DIJNUBIS JO 30O AQ 17/€9T 908 [TTTT 0T/I0p/W00 A3 1M AReiq 1pUT U0 SDILLRISD//SANY WO papeojumoq ‘g ‘6T0Z ‘9T6ZTSST



20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

2004.

Zhang S, Garofalir8H. Molecular Dynamics Computer Simulations of the Interface
Structure of CalciumAlumino-Silicate Intergranular Films between Combined Basal and
PrismePlanes of a-Al,03. J Am Ceram So2005; 88: 202—209.

Litton DA, Garofalini SH. Atomistic Structuref Sodium and Calcium Silicate
Intergranular Films in Aluminal Mater Res1999; 14: 1418-1429.

Jiang YpGarofalini SH. Role of Lu and La in the intergranular films on grofithe
prismesurface in $-SisN4: A molecular dynamics stud$cr Mater2016; 113: 97-100.

Sun'W,Du J. Local ordering and interfacial structure between spinel erydtal
aluminosilicate glasses from molecular dynamics simulatiohs. Appl Glas Sc2019;
10: 41-56.

Deng L, Du J. Development of effective empirical potentials for molecular dynamics
simulations of the structures and properties of boroaluminosilicate glagses.Cryst
Solids2016; 453: 177-194.

Gale«dD. GULP: A computer program for the symmetigpted simulation of solid3.
Chem Soc Faraday Trai997; 93: 629-637.

Denglz"Du J. Development of boron oxide potentials for computer simulations of
multicomponent oxide glassesAm Ceram Sqo®OI: 10.1111/jace.16082.

Dud, Cormack AN. Molecular Dynamics Simulation of the Structure and Hydtiaxyl
of Silica Glass Surfaced.Am Ceram So2005; 88: 2532—-2539.

Jamal'M, Asadabadi SJ, Ahmad |, et al. Elastic constants of cubic crgsiaiput Mater
Sci2014; 95: 592-599.

HilFR.. The Elastic Behaviour of a Crystalline Aggrega®eoc Phys Soc Sect®52; 65:
349.

Xiang Y, Du J, Smedskjaer MM, et al. Structure and properties of sodium aluroatesili

glasses from molecular dynamics simulatiah€hem Phy2013; 139: 44507.

This article is protected by copyright. All rights reserved

95UB017 SUOWLILLIOD SAIE1D 3|l jdde auj) Aq pauBA0B 812 S3o1Ie YO ‘88N JO 3N 0} AR1q 1T 3UIIUQ AB]IA UO (SUONIPUOD-PUB-SLLLIBY WD A3 1M A0 )BUI|UO//SANY) SUONIPUOD PUE SULB | 8U) 885 *[7202/T0/S0] U0 Ae1qiauIIUO AB|IA ‘UOIULIOJU| IIULDSL PUY DIJNUBIS JO 30O AQ 17/€9T 908 [TTTT 0T/I0p/W00 A3 1M AReiq 1pUT U0 SDILLRISD//SANY WO papeojumoq ‘g ‘6T0Z ‘9T6ZTSST



31. Ren M, Du J. Structural Origin of the Thermal and Diffusion Behaviors of Lithium
Aluminosilicate Crystal Polymorphs and GlasseAm Ceram So2016; 99: 2823-2833.

32. Du J. Molecular Dynamics Simulations of the Structure and Properties of Low Silica
Yttrium-Aluminosilicate Glasses.Am Ceram So2009; 92: 87-95.

33. Zirl DM, Garofalini SH. Structure of Sodium Aluminosilicate GlasseAm Ceram Soc
78: 2848=2856.

34. GreavesiGN, Fontaine A, Lagarde P, et al. Local structure of silicate gldasa®1981,
2937611

35. McKeown DA, Waychunas GA, Brown GE. EXAFS study of the coordination
environment of aluminum in a series of siliteh glasses and selected minerals within the
Na,O-Al ,03-SiO, system.J Non Cryst Solid4985; 74: 349-371.

36. W.Burnham C, J. Buerger M. Refinement of the Crystal Structure of Andalusite
Zeitschrift Fur Krist- Z Krist 1961; 115: 269-290.

37. Dudd, Cormack AN. The medium range structure of sodium silicate glassescalarol
dynamics simulation] Non Cryst Solid2004; 349: 66—79.

38. Lu X, Deng L, Kerisit S, et al. Structural role of Zr@nd its impact on properties of
borealuminosilicate nuclear waste glassgg.Mater Degrad?2018; 2: 19.

39. Moore H, McMillan PW. A study of glasses consisting of the oxides of elemdots of
atomic weightJ Soc Glas Techndl956; 40: 66—96.

40. Siekafus'KE, Wills JM, Grimes NW. Structure of SpideAm Ceram Sot999; 82:
3279-3292.

41. Bruschini E, Speziale S, Andreozzi GB, et al. The elasticitygéfl ,04-MnAl ;04
spinels by Brillouin scattering and an empirical approach for bulk modulus fiwediAm
Mineral 2015; 100: 644—-651.

42. Manassidis I, Gillan MJ. Structure and Energetics of Alumina Sur@aleslated from
First PrinciplesJ Am Ceram Sot994; 77: 335-338.

This article is protected by copyright. All rights reserved

95UB017 SUOWLILLIOD SAIE1D 3|l jdde auj) Aq pauBA0B 812 S3o1Ie YO ‘88N JO 3N 0} AR1q 1T 3UIIUQ AB]IA UO (SUONIPUOD-PUB-SLLLIBY WD A3 1M A0 )BUI|UO//SANY) SUONIPUOD PUE SULB | 8U) 885 *[7202/T0/S0] U0 Ae1qiauIIUO AB|IA ‘UOIULIOJU| IIULDSL PUY DIJNUBIS JO 30O AQ 17/€9T 908 [TTTT 0T/I0p/W00 A3 1M AReiq 1pUT U0 SDILLRISD//SANY WO papeojumoq ‘g ‘6T0Z ‘9T6ZTSST



43. Fritsch D, Ederer C. Epitaxial strain effects in the spinel ferrites £afand NiFeO4
from first principles. Epub ahead of print 2010. DOI: 10.1103/PhysRevB.82.104117.

44. Li Z, Fisher ES, Liu JZ, et al. Singteystal elastic constants of &d and Co-Fe spinels.
J Mater-Scil991; 26: 2621-2624.

Tables
Table 1: Atomic charges and Buckingham potential parametefs
Pairs A (eV) pii (A) Ci eV.A%  Bj (eV.AY Dj n

O™-~0™"¥2029.2204 0.343645  192.58 46.462  -0.32605  3.430
SP-0™%___13702.905 0.193817  54.681 28.942 -3.0250  3.949

B %02 14877.069  0.171281 28.5 18.980 -4.1189 3.960
AlMCQ20012201.417  0.195628  31.997 51.605 -10.073  3.193
Na’°®-0™'2.+"4383.7555 0.243838 30.70 48.251 -4.7037  2.898
Mg-%0'?  7063.4907 0.210901 19.210 54.028 -11.609  2.845
Nit%-O'#==12987.7832 0.203164  35.994 73.158 -14.550  3.024
Fe'®-0™ 11777.0703 0.207132  21.642 104.203  -32.110  2.670

Table 2 Caleulation of MgAID, spinel crystal structure and properties as compared to DFT and

experimental values

This work Literature
Potential e DET %223
VA) 529.7 528.6 544.5

This article is protected by copyright. All rights reserved

95UB017 SUOWLILLIOD SAIE1D 3|l jdde auj) Aq pauBA0B 812 S3o1Ie YO ‘88N JO 3N 0} AR1q 1T 3UIIUQ AB]IA UO (SUONIPUOD-PUB-SLLLIBY WD A3 1M A0 )BUI|UO//SANY) SUONIPUOD PUE SULB | 8U) 885 *[7202/T0/S0] U0 Ae1qiauIIUO AB|IA ‘UOIULIOJU| IIULDSL PUY DIJNUBIS JO 30O AQ 17/€9T 908 [TTTT 0T/I0p/W00 A3 1M AReiq 1pUT U0 SDILLRISD//SANY WO papeojumoq ‘g ‘6T0Z ‘9T6ZTSST



a (A) 8.09 8.08 8.16
c11 278.6 283.6 330.8
C12 172.7 156.9 166.2
C44 126.7 154.6 165.3
B.(GPa) 208.0 196 221.1
G(GPa) 97.2 108.1 124.9
E«(GPa) 164.4 274.6 315.5

Table 3 Caleulation of NiF®, spinel crystal structure and properties as compared to DFT and

experimental values

This work Literature
Potential EXpP4 DET®
vid) 585.1 609.8 600.2
a(d) 8.3 8.5 8.43
Cu 249.2 273.1 252.2
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Co 148.5 160.7 139.5
Cas 106.0 82.3 93.2
B (GPa) 182.1 198.2 177.1
G (GPa) 735 70.6 73.8
E.(GPa) 138.2 189.4 194.4

Table 4. Composition of International Simplified Glass (IS8I(%0) (density2.49g/cm3

SiOz B,O; Na,O Al 203 CaO ZrO,

Mol% 60.1 16.0 12.7 3.8 5.7 1.7

Table 5. Percentage of Al species of pure ISG, MGA110)/ISG, MgAbLO,4(111)/ISG,
NiFe,04(110)/1ISG, and NiFgD4(111)/ISG interface models.

3-CN Al 4CN Al 5-CN Al
ISG 0.37% 99.63%
MgAI304(110)/1SG 0.7% 96.7% 2.6%
MgAI304(111)/ISG 0.4% 98.9% 0.7%
NiFe,04(110)/1SG 0.73% 97.07% 2.20%
NiFe;04(111)/1SG 99.27% 0.73%
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Table 6. Percentage of B species of pure ISG, MOAI110)/ISG, MgAbO4(111)/ISG,
NiFe,04(110)/1ISG, and NiFgD4(111)/ISG interface models.

3-CNB 4-CN B

ISG 45.83% 54.17%
MgAI ,04(110)/1SG 51.13% 48.87%
MgAI ,04(111)/1SG 53.91% 46.09%
NiFe,04(110)/1SG 52.43% 47.57%
NiFe;0,4(111)/1SG 56.00% 44.00%

Figure captions

Figure 1.Schematic structure of spinéBzO4 structuresa andb, ascleaved (100) and (110)
models:c, original and redefined (111) modAIBZO4 surface. Yellow and blue: metal ions; Red:

oxygen ions

Figure 2. sehematic structure of initial generated MQGAIl(llO)/GIass interface model

Figure 3. Schematic showing how systems were quenched to produce interfaces.
Figure 4=Simulated total correlation distribution function for the ISG
Figure 5. Bendg@angle distributions of the ISG

Figure 6. Schematic structure af MgAIO terminated and), AIO-terminated MgA}O,

(110)/1SG. The color of atoms are consistent with the z-density profiles
Figure 7. z-densityatomic density profiles of MgAD4(110)/ISG

Figure 8. Higher resolution z-density profiles of O, Al, and Mg atamMgAl,0,4(110)/1ISG

interface.
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Figure 9. Schematic structure of Ahnd Oterminated MgA}O4(111)/ISG. The color of atoms

are consistent with thedensity profiles

Figure 10. z-densityatomic density profiles of MgAD4(111)/ISG

Figure 11. Higherresolution z-density profiles of atoms in Mg&l4(111)/ISG interface.
Figure 12."z-densityatomic density profiles in NiR©4(110)/ISG interface.

Figure 13."Higher resolution density profiles of atoms in Ni©4(110)/ISG interface.
Figure 14. z=densityatomic density profiles in NiR©,4(111)/ISG interface.

Figure 15."Higher resolution density profiles of atoms in NiF©,4(111)/ISG interface.

Figure 16. Total correlation function and coordination number of a, B-O pair, and O, gdir
for MgAIl ,07(110)/ISG

Figure 17. Tetal'correlation function and coordination number of a, B-O pair, and O, gdir
for MgAI,04(111)/ISG

Figure 18. Total,correlation function and coordination number of a, B-O pair, and O, gdir
for NiFez204(110)/ISG

Figure 19xTotal correlation function and coordination number of a, B-O pair, and O, gdir
for NiFe,O4(211)/1ISG

Figure 20. Schematic structures of Mgnd Alterminated (111)/ISG glass interfadéne color

of atoms are consistent with tha&lensity profiles
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