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noparticles (NPs). Bottom up processing winsthistime.
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48109-2136, email: talsdad@umich.edu

Abstract

The bottom up approach describes the synthesis of bulk materials from the finest possible
length scalstq obtain the best global properties. This approach was adapted to the synthesis of
multi-phase ceramic composites produced from metal oxides produced byfdigdidlame
spray pyrolysis)(LFFSP). The effect of length scale of mixing was tested through tavo pr
cessing schemes, mixed single metae nawpowders (NPs) and nanocomposite NPs having
the desired composition within single particles. thar Al,O3-Y 2,03-ZrO, ternay system, co-
posites prepared from nanostructured nanoparticles sinter to finer grain sizes (<410 nm) at
equivalent.densities of 95 %TD than those prepared from mixed nanoparticlesprgpcébese
contrast with our previous studies in this area where aniXE processing gave the best or
equivalent results.
The ranocomposé NPs produced in this study exhibit novel nanostructwigs three phases
contained“within single particles < 26 nm average patrticle size (APS). This nanostructure may
directly explainthe enhanced sintering of the nanocomposite NPs and may provide an impetus

for future synthesis of similarly structured NPs.

I ntroduction

The bottom up concept of materials processing argues that mixing of individual components
at atomic_or moleculalevels offers the potentialto minimize diffusion distances during @r
cessing thashould minimizeprocessing times, temperatures dimdl grain sizes thereby apt
mizing final.glébal properties® This concept gave rise to intense research ingebl(cimie
douce) and.precursor processiftg However, the universality of this approach conflicts with
other processing mandat&®r exampletraditional praessing often requirdsal products that
exhibit closed porosity considered to be ca. 95 % of #teat densityand coincident high phase

purity.
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We recently explom using singlephase(or nanocompositejnixed-metal nanoparticles
(NPs) as starting points for bottom up processing of dense ceramic monoliths antrtaii 1
For comparative purposes we also used ball m{iB) mixtures ofNPs of the same global
composition.The scale of mixing is1early atomic in the first caseith typical diffusion lengths
of 5-30 nm..ln.theBM case, average diffion lengths arequal toagglomerate sizes 400-800
nm.

It was™anticipated thasinglephase systems would permit lower temperature progess
and/or provide superior densification rates and finer final grain sitegever we find that sh-
tering a-Al2,03/MAI ;04 (M = Mg, Co, N) composite8M mixturesof t-Al ;O3 NPs with spinel
MAI .04 NPsgavedense composites wittmicrostructures identicab those from single phase
(atomically=mixed)spinel NPs**° Furthermorereactive sintering oBM 3Y,03:5A1,03 NPs
produced higher densitieend finer grain sizesin YAG tubesthan obtained by single phase
Y 3Al 501, compositiorNPs 1

In a singlephase material, grain boundary migraticem be accommodated ljffusion
across thesgrain boundary or by a dislocation climb and glide mechanism fan¢pe/bound-
ries In a multkphase system in which a secondary phase exists as a discrete insoluble phase,
grain boundary migration can be suppressed through Zener pffittiteyvever, this treatment
does not.necessarily apply in the case that the secondary phase has a similar grain size to the
primary phase or in the case that there is solubility between the two plnafescase of acs
lute or impurity phase at a grain boundary, grain boundary migration can be suppressed through
the soluteqdrag, effect, in which grain boundary mobility is governed by diffusion of the solute
back to thesgrain boundarif. the boundary velocity is high enough, the grain boundary can
break away from the solute cloud, in which case boundary migration identibail tof the 91-
glephase caseln a multiphase materiabf dissimilar materials, quivolumetric fourphase
composites,would theoretically provide complete isolation in 3D space, i.e. a grainrobene
rial should.not.share a grain boundary with a grain of the same PHaghis case, grain boudn
aries cannetimigrate by diffusion of like atoms across grain boundan@i®ngerdiffusion ds-
tances can“beequired along grain boundaries which limits boundary moBiitphis provides
part of themotivation for the work described heséth the understanding that significant solubi

ity exists within the AdO3-Y 203-ZrO, system.
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Stating from YAG/a-Al,03 compositeNP systemswe produced composites with a third
phase, ¥Os; stabilized €ZrO,. Previously, LFFSP coreshell ZrG-Al ;03 powders were shown
to sinter to fully dense compositesld?® C with AGSs < 200 nri* The studies desibed here
sought to test(1) the pinning effect of a third phase on grain s{2¢the effect of a phase with a
lower sintering, temperature, a8) the effect of the sealled “bottomup” approach to congp
site processing. Here we refer to the compssitgerms of their vol% (and mol%) YSZ fraction.

Several"groups have produced eutectic composites iAl H@&s-YAG-YSZ systent*?® Eu-
tectic compaosites are typically produced as prospectivetbigperature structural materials. A
few examples of powdgrrocessed AlO3-YAG-YSZ or AYZ composites have been reported.
Palmero et:at’synthesized AYZ composites from Y£and ZrCl decomposition on nanosized
transition AbOz'NPs of 90 ALO3- 5 YAG-5 vol% YSZ, 60 AbOs- 20 YAG-20 vol % YSZ, and
34 Al,03-33 YAG-33 vol % YSZ. In sintering 34:33:33 vol % slip cast composites, they memo
stratedAGS < 500 nm after 3 h at 150C at 98 % TD.

Oelgardt.et.af® synthesized AYZ composites at the same compositisireported here by
milling < 300"nm commerciallyavailable powders of AD3-Y,03-Al,03 (AYZ) and Al,O3-
YAG-YSZ (YAG-AZ) achieving95 % TD after sintering 1 h at 150G with AGSs of550 nm
for Al,03,"560nmfor YAG, and 460 nm for YSZ.

The YAG-AZ produced byOelgardt et al sintered to 98 % TD after lath1500 C with
AGSs of 64 nm for Al,O3, 78 nm for YAG, and 5@ nm for YSZ. Kim andKriven®! syntte-
sized 34:38:33.vol % AYZ composites froNPs produced by the steric entrapment method.
Samples sintered to full density after 3 h at 1560with AGSs > Jum.

In this study, the nanocomposiéP processing method represents bottom up processing,
where the length scale of mixing is within the average particle size, APS, or <.3%& iest,
the mixed(BM).NP approach gives a length scale of mixing within the volume of three adjacent
particles of'each separate material. However, perfect mixing is unlikely, and the length scale of
mixing is likely“on the order of agglomerate size, which can vary from 100-800 nm.

Liquid=feed flame spray pyrolysis (LFSP) isa combustion synthesis technique providing
high throughput (100 g/h) powder production ideal for processing sttidfesn LF-FSP,
metalloorganic precursors are dissolved in alcohol solutions. These smeaaiutions are
pumped througla nozzle, where they are aerosolizgth O, and ignited and combusted in a 1.5

m long quartze tube at temperatures of-2@00°C and quenched~t800 °C in < 100 msec
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thereafter. The powders are collected in electrogtaéicipitatorsTypical LFFFSP powers have
specific surface areas (SSAs) of B0 nf/g and corresponding primary particle sizes of-200
nm.13-19
As noted just above, the motivation for the current work is to extend our resultgotinge
sintering of .BM mixtures of NPs to three components and compare results thibtt@n up”
approach usingtomically mixed NPs of the same global compositibime longterm objective
of this and“previous studies is to detail the various aspects of NP sintering bekavionation
of length scale“of mixing to identify critical points in the process leading tmproved unde
standing @fprocess variablethat control densification, grain growth, pore evolution and to use
this knowledge,to advantage in the design of optimal sintering mefhioele are limitations to
this objective,snamely that particle size distributions, pore sizehlions, green density and
additional factors play a large role in sintering dense, homogeneous compacts.
Experimental

PrecursorsYttrium propionate, (CkCH,CO;)3Y, was used as a precursor to04.
Alumatranew[N(CHCH,0)3Al], was used a precursor to As. Yttrium propionate was pr
pared by the'dissolution of ){CO3); or Y,0O3 (PIDC, Ann Arbor, MI) in propionic acid (Acros
Organics;»Geel, Belgium). Approximately 200 g (0.885 mgDy) of starting material and 1 L
(23.3 moly=of propionic acid was placed into a 3 L round bottom flask with magnetic stinsing u
der dry N.

The reation was heated to 120° C for 10 h, distilling off water. Upon full dissolution of the
starting material into the propionic acid to produce a yellow liquid, the osagsts heated 145°
C and excessracid was distilled off. The reaction was cooled, anshyftropionate precipitated
from the supersaturated solution. The synthesis of alumatrane is well described elS&dihere
conium isobutyrate was used as a precursor te.ZZdconium isobutyrate was produced from
the reaction of isobutyric acid with zonium basic carbonate at 130° C. Dried zirconium basic
carbonate, Zr(OHJICOs » ZrO,, (200 g, 0.49 mol) was added to a 1 L round bottom flask with
600 mL (6.6:mol) and the reaction was heated to 140° C for 5 h until all of the zirconium basic
carbonate wadissolved. Isobutyric anhydride was added and the reaction was continued for 8 h
at 155° C until a dark brown solution was obtained. The obtained zirconium isobutyrate had a
TGA ceramic yield of 42.0%, which means the precursor likely had a formula of
[(Me;CHCO,)2(OH)Zr1O[Zr(OH)(0.CCHMe,)], with a theoretical ceramic yield of 42.4%.
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LF-FSPPrecursors were dissolved at the desired molar ratio in anhydrous ethanol d%< 3 w
ceramic loading. Precursor solutions were aerosolized witin e nozzle combusted at stian

ard LFFSP conditions.

Powder processingpproximately 20 g of powder was ball milled with 99.5%®@% media in
ethanol for.24 h with 2 wt% bicindHO,CCH,;N(CH,CH,0OH),]. Powders were then
ultrasonicated.for 20 minutes at 100W of power witilaracell VC-505 ultrasonic horn (Sonics

& Materials,"Newtown, CT). The powders were settled for 24 h, after which the remairsng su
pended powder was decanted. For mixtures of different powuplmnglers were first dispersed in
ethanol and settled for 24 h prior to milling to account for any differences imgeatilie. The
powders wereqdried, ground, and sieved through 79 um mesh. The powders were dispersed in
ethanol with 4wt% PEG 3400 as binder and ultrasonicated for 20 minute8VatdfQpower.

The powders wete dried, ground, and sieved through 30 pm mesh. The powders were pressed at

14 MPa and cold isostatically pressed at 200 MPa.

X-ray diffraction (XRD)Powder xray diffraction was performed on a Rigaku rotating anode
diffractometer«(Rigaku USA, The Woodlands, TX) at 40 kV and 100 mA. Typical continuous
scan ranges were from -10 ° 26 at 2°%min with a 0.02 interval. XRD patterns were analyzed

using JADE 2010. Rietveld refinements were conducted within JADE.
Scanning-eléctron microscopy (SEBEM was performed using a FEI Nova Nanolab dualbeam
SEM/FIB or FEI Quanta 200 SEM/FIB (FEI Corporation, Hillsboro, OR). Typical accelerating

voltages were 20 kV, depending on sample conditions. Powder samples (50 mg) were

ultrasonicatedn, 20 mL of ethanol and dropped onto SEM sample stubs. Pellets were mounted
on sample‘stubs with copper tape.

Transmission electron microscopy (TEMEM was performed using a JEOL 3011 HREM
(JEOL Ltd., Tokyo, Japan) at 300 kV. Powder (10 mg) was dispersed in 20 mL ethanol and
wicked through.a 400 mesh carbon coated copper grid.

Thermogravimetric analysis/differential thermal analysis (TGA/DT&A/DTA was performed
on a TA lastruments Q600 TGA/SDT (TA Instruments, New Castle, DE). Preclwesamic
yields were“determined by experimental runs at°®Cfmin to 1000°C. Thermal behavior ofes

ramic particles or pellets was characterized by sample runs<at/itin to 1400°C. All expel-

ments were performed with dry air flowing at 60 mL/min.
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Specific _surface ame (SSA) analyseswere run using a ASAP 2020 sorption analyzer

(Micromeritics, Norcross, GA). Samples were degassed for 8 h atGl0@der vacuum. An 11
point BET method analysis was conducted on 200 mg samples at relative pressure€ @50.05
Nitrogenwas used as the adsorbate gas and analysis was cahdudiguid nitrogen. APSs
were derived.from BET SSAs pEg. 1, where p is the particle density.

6
 (ssA)p (1)
Dilatometry Dilatometry was conducted with a Dilatronic Il single pushrod dilatem@ftheta

Industries PortsWashington, NYX. Linear displacement was observed by a linear variablediffe
ential transfermer (LVDT) and recorded by a custom LabView program. Constaimghese
experiments/were conducted from room temperature to ¥600ith a 10C/min ramp rate in
static air.

Vickers microhardnes#licrohardness measurements were made using a ClardGDMT

equipped forVickers hardness measurements. All measurements were taken at a load of 500 g.
Values given are at least an average of ten separate indentation sites.
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Results and Discussion

The major objective of work reported here is to test the effect of lengih acatixing on
the production of finggrained composites from mixéP and nanocompositdP routes.Within
this objective, we are specifically interested in how the length scale of mixing in the inktal mi
ture affectssthe,sintering behavior and the final microstructure of the composite. A secdndary o
jective is tondetermine if a third phase leads tedaiction in grain size due to the aforementioned
pinning effect.In the following, we begin with characterization of thepueducedNPs, then
discuss thie sintering behavior and final microstructures along piteliminaryhardness mea
urements! Sinterm efforts targeted densities of 95 %TD, which represents a starting point for
HIPing studies.

Powder characterization

All NPs were produced under standardEEP conditionsTable1 lists the three compos
tions studiedsin:both vol% and mol% of the final composite phadlkesompositions will be e-
ported in bethel % andmol % YSZ Completecompositionsare presented ihablel.

Figured shows an SEM micrograph of 15 vol% (10 mol%) YSzesduced nanocoposite
NPs. The powders are typical of EFSP synthesis with no fraction of larger particlEsble 2
shows the"BET SSAs for each powder and a corresponding APS. BET SSAs arddyhiEal
FSP NPs, and the single metal oxide particles have similar AP&80( nm) as the

nanocomposite NPs.

Figure2 shows the XRD patterns for the-poduced nanocomposite NPs. Cubic yttriaistab
lized ZrO, is*the primary phase visible by XRD, along with hexagonal YsA#Dd &*- Al ,0s.
Hexagonal YAIQ is a common intermediagghase in the synthesis ¥AG>? and&*- Al ,03 is
the most.common phase in {FSP produced ADs; NPs!"? The phases indicated by XRD
match the“corresponding powder diffraction files for equilibrium crystal structlineselative-
ly strong reflections of the YSghaseare attributed to the high scattering intensity of Yi8Z
phase.

For the mixed nanoparticle case, Zi®a mixture of 48 wt % monoclinic ZeGand 52 wt %
tetragonal ZrQ@. Y,03 is a mix of 10 wt% monoclinic and 90 w¥ cubic phases. ADs is a
mixture of transition AJO; phases, at 57 wt %*- Al ,03, 30 wt %6-Al 03, and 15 wt % y-
Al ,0Os3.
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Figure3 shows a TEM of a nhanocomposite nanoparticle with inset-tipsaicrographs of
the three major crystalline regions withime particle. Fast Fourier transforms (FFTs) of each
crystalline region provide the lattice spacings given on the inset micrographs. The crysalline r
gion with a.spacing of 0.30 nm corresponds to the (1M3Z£ planar spacing, the region with a
spacing 0f,0.53 nm corresponds to the (002) hexagonal ¥ Apacing, and the region with a
spacing“of'0:23'nm corresponds to the (182Al,03. The lattice spacings in this figure match
with the phases observed by XRD. FFTs were used in lieu of selected areaneald@taction
(SAED) due to/the difficulty in producing usable SAED patterns from such sngadinse The
6*- Al ,03 insetregion does match with the (132) plane spacing by FFT, but it is difficet to r
solve.An additionalspot on the FFT gives@anarspacing of 0.38 nm, which corresponds to the
(021) 6*- Al ,0O3 planar spacingGiven these are the only three phases present by XRD, ieis lik
ly this regien=eorresponds to tlé&- Al ;O3 phase In addition, many other particles werb-o
served having=multiple csyalline regions corresponding to different phases, supporting a multi
phase, composite partialeorphology. Figurel shows another particle with two clear crystalline
regions.

FFTs give.a lattice spacing for the left region of 0.53 nm, consistent with thgdmexa
YAIO 3 (002) spacing, and secondary FFT points in the same orientation at 0.26 nm correspond
to the (004) spacing. In the other crystalline region, FFTs give a lattice spacing of 0.3thnm, c
sistent withithe=¢rSZ (111) planeFigure5 provides four more particles with similar morploel
gy. TheseTEMSs provide a stronget ofexample of nanocomposite nanoparticles, which is a
novel finding for single step gadiase particle generation

This navel result has implications beyond the compositeegsieg presented he®ynthesis
of targeted twephase or Janus particles has been extensively investigated for applications such
as seHassembly and combinations of materials with different optical or magnepenies on
the nanoseal®® These results suggest flame spray pyrolysis may be a way to synthesize some

of these.multiphase structures without extensive processing usually required.

Dilatometry
Figure6 shows the dilatometry traces for both nanocomposite NP and mixed NP processing a

proachesThe plateaus seen in the dilatometry tranay correspond to phase transformations. It
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is difficult to separate out individual phase transformations, as hexagonak Yy©ally trars-
forms into both YAP and YAM, as does®; + Al,05. PerovskiteYAIO 5 (Vi = 37.2 cni/mol)
reacts withu-Al ;03 (Vi = 25.6 cm®/mol) to form YAG (Vi, = 130.5 cnmol) with the reaction
6YAIO 3 +_2Al,03 — 2Y3Al501, with a 10% increasein molar volume, which would not be
seen as dilatometric shrinkagdéis typically occurs in theemperature range of 10A®50° C*°
However, hexagonafAlO 5 (V, = 37.2 cn/mol) reacts with AlOs to form YAG with a 7%
reduction if™melar volumen the temperature range 90@50° C*’ In addition, the transfe
mation of thetransition AD3 phase to a-Al,03 also occurdbetweenl0001150° C with a 10%
reduction in malar volum& The first trend seen is increasing YSZ content is associated with
higher densication up to 1500° C. For the nanocomposite NP samples, lil@eaification goes
from 9 to 27% orincreasing the YSZ volume fraction from 15 to 32 %. In the mIXPdsam-
ples, linear densification goes from 9 to 15% as YSZ volume fraction insifeasel5 to 32%.
The second_trend is that, nanocomposite processing provides higher densification up to
1500° C than the mixeNP approach for a given compositiamcontrast to ouprevious studies

in this ared®**

Final microstructure

Figure7shows polished SEM micrographs for all the composites, with AGSs nadafaur
each phase tabulatedTiable3. Sintering schedules targeted densities of 95 %TD, and all AGSs
were taken at samples of similar relative density9®30TD. Phases can be delated by Z
contrast, with"¥.SZ appearing white, YAG appearing gray, and a-Al,O3; appearing black. As
dilatometryshews densification up to 150CC increases as Zgontent increases. As the ZrO
content increases, lower sintering temperatures were redoineghch at least 95% TBs re-
flected in finer grain sizes.

In relative proportion, YSZ generally has the finest grain sizes, followed by YAG and then
Al>,03. At 32.val % (23 mol %) YSZ, thAGSsfor all three phasesreunder 410 nm. Although
the nanocompsite NP approach leads to finer grain sizes than the miNBaase, the effect is
lessened as'Zr{rontentincreasesThe finest grain sizes here, 410+210 nmat®0 nmlower
thanthe finest grain sizes reported in the literature achieved by pressureless sintering. Oelgardt et
al.* produced 23/26/53 vol % composites &5 % TD after sintering 1 h at 1500 with AGSs
of 550 nm for AbO3, 560 nm for YAG, and 460 nm for YS$Zlightly higher than the grain sizes
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reported here. Kim and Krivéhproduced (33/33/33 vol%) composites with grain siz&spim
after 1 h of sintering at 1550-1750.

Vickers microhardness

Vickers microhardness rasurements were taken on samples of each composition and tab
lated inTable4. They do notvary much with composition with all samples within a 0.6 GPa
range. Inthe accompanying a-Al,O3/YAG composite paper, we saw significant shift hard-
ness with“comgsition, attributed too-alumina dominating the observed hardness values. Here
we do not'see the same effect, although the change in vo}@s Atross the three compositions
is A12 vol %, wheret wasA37 vol %for a-Al,03/YAG.

Oelgardt etyal obtain hardnesses ranging frori4&Pa, for the same compositi(#8 vol
% YSZ compositg slightly above the hardness measured here at equivalent grain sizes obtained
by pressureless sinterifHardness is likely dominated by theAl ,O3 volume fraction, which
agrees with_the hardnesses here that are well above those of YSZ (12.3 GP& ¢13rA
GPa)'’

Note that'the hardness values for both approaches to the same materials are very similar and
in part reflect'the fact that the Vickarscrohardness measurements have indents that are 10 pm
or greater-and as such, the data average hardness for a large number of grains. Giveri-the statist
cal devijation in AGSs, the similarities seen are not unexpected, and again are in keeping with
previots studies.

The results shown the ALOs3-Y 203-ZrO, systemnanocomposit&Ps sinter to higher dae
sities at lowertemperaturgsving finer grain sizeshan mixed\Ps at equivalent densities or 95
%TD, in contrastwith our previous studies. In this case, the bottom up approach was the optimal
compositeprocessing strategy. In the mixBidP approach, initial phase separation obtained from
ball milling gives a minimum separation distance of ~ 40 nm. The maximum péae@tson is
likely on the.scale of the agglomerate size, which could be80@nm. In the nanocomposite
NP processing@approach, the maximum phase separation distance is less ARBdhd0 nm.

These results imply phase separation on the nanoscale during sintering does have a signif
cant effect onsthe final microstructure of the composite, despite significant microstructise coar
ening. From a different perspective, we can calculate the approximate nunifesradeded to
represent the final volume of the three phases in ¢hsalcomposite using th&SsandAPSs

for the nanocompositdP 32 vol % YSZ composition. Assuming that grains are tetradecahedral,
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the volume of a tetradecahedron is given by Equatiavh2reD, the average grain size, is ftela
ed to the tetradecahedrotige length|, by the relationship = 31.%°
vV =8V21 (2)

Assuming spherical particles, we find an approximate volume coarsening r&800@&f This
means for.the,finest grain sizes obtained here, three adjacent grains of separate phases started
from an average.of 8000 nanostructufdédls This numbeillustrates the novelty of the diffe
ence observed between the two processing approaches. The finest grain sizes-fir,@4AG
YSZ in the composites also start with powders < 100 nm, giving a similameotwarsening
ratio from'the green body.

Although the intermediate sintering mechanisms are unclear, it is clear that the addition of
ZrO, is important in reducing the grain size, as the grain sizes (410 nm) hene@rdess than
the > 1 um AGSs obtained for a-Al ,03/YAG composite For the nanocompositeP case, the
initial finer_length scale of mixing magilow YSZ coalescence which promotes sintering in the
12004300%,C.range leading to higher final densities after the second significarfica¢iosi
regime of @35@A1500° C. Alternatively, the pinning effect of the third phase on the finest length
scale, i.e. withithe sameé\NP, may become an important factor

It is Impertant to notehizt there are many factors affectisgtering that are uncontrolled in
this study~Particle size distribution, degree of agglomeration, and pore siZeutmtrin the
green compacidditionally, solidstate reactions within the /Ds-Y 203-ZrO, may enhance or
be detrimental to overall densificatiddowever, the results here show that for particles that are
relatively similar in morphology and particle size, the setiate reactionthat occur during s
tering do effect global densification.

Conclusions

The bottomiup approach postulates that best global properties are obtained from synthesis
processes‘thatistart at the finest possible size. This approaahjisithe length scalef mixing,
was tested™here through two processing schemes, mixed single-omé&lNPs, and
nanocompositedNPs have the desired composition within single particles. We find that in the
Al,03-Y ,03-ZrO, ternary system, composites prepared from nanostruatareaparticles sinter
to finer grain sizes at equivalent densities of 95 %TD than those prepared itedhmanopart

cle processing.
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These contrastvith all our previous studies in this areere mixed\P processing gave the
bestor equivalentesults.As a whole, our studies suggest the preferred processing routé-s hig
ly dependent upon system specific variables, such as phase transformations awd dibkef$i
cients within specific phases.

The final.microstructures for both processing schemes stoosiwelldispersed composite
phasesThe addition of a Zr@ phasepermitspressurelessintering to dense composites it
extremelyfine (410 nm) AGSs through Zr®Qintering or by pinning grain boundary movement
of the other'phases.

Onemajor findingis clear evidence observed by TEM of nanostructured nanopartieies co
taining thesmetastable YAKand6*-Al,O3; phases along with-€SZ. These are the first LF
FSP ternary phase particles directly observed to have such structure. NanostiiPturtbds
representa promising avenue for FSP studies, as int@article interfaces may give rise to

novel properties.
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