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Abstract

A major challenge in the synthesis of high surface area metals via subtractive processes
such as dealloying is maintaining the mechanical integrity of the resulting porous materials. This
problem is especially apparent in liquid metal dealloying, in which high-temperature selective
dissolution in a molten metal bath leads to bicontinuous porosity formation. In liquid metal
dealloying of polycrystalline alloys, grain boundary separation leads to the detachment of
individual grains.In this work, we show that addition of small amounts of silicon to Nb-Ti or Ta-

Ti parent alloys leads to the generation of self-assembled arrays of intermetallic (niobium silicide
or tantalum silicide) plates that are structurally merged with the usual bicontinuous porosity seen
in dealloying. These silicide plates pass through grain boundaries and hold the niobium or
tantalum network intact without strongly affecting the microstructural evolution during
dealloying. Our approach yields a mechanically robust porous metal-intermetallic composite,
which can be further processed to form tertiary materials via re-impregnation by a new third
phase. The materials design strategy introduced here can be generalized to serve as a platform to

form dense multiphase nanocomposites.
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1. Introduction

Dealloying is commonly used to produce high-surfacea metals by selective removal
of one component from an alloy, creating a bicargims porous network of the remaining alloy
components [1,2]. The formation of porosity duridgalloying originates from a competition
between dissolution, which roughens interfaces, @aplllary forces driving surface diffusion,
which simultaneously smoothens them. When dissmiutiutpaces capillary smoothening, the
non-dissolving alloy components tend to clustettansurface via interface diffusion, exposing
pristine alloy to further dissolution. This mecksm evolves a network of pores and ligaments
growing from the surface into the bulk of a samplmst commonly, dealloying is driven by
electrochemical corrosion of the less noble compbfi®m an alloy in aqueous solution [3].
However, this process requires that atoms of the-dissolving component are sufficiently
mobile to diffuse along the surface to form a peratructure. Thus, metals with high melting
points or those that are easily oxidized are uguatiompatible with electrochemical dealloying.
A recent innovation that overcomes this limitatloas been to replace the aqueous solution with
a molten metal bath. In this technique — liquid ahetealloying (LMD) — an alloy is placed in
contact with a molten metal bath, usually at sigatitly elevated temperature, selected such that
one component dissolves readily while the otheraieminsoluble. First studied by Harrison and
Wagner, LMD increases the number of dealloyableemads to include many low cost and high
melting point elements [4]. For instance, nanopsrstainless steel, as well as Ti, C, and Si have
been recently produced by immersing precursor nméggllic compounds in a variety of metal
melts [5-9]; porous refractory metals like Ta andcé be prepared from solid solution alloys
with Ti by immersing in Cu melts, in which Ti didges readily but the refractory elements are

immiscible [10-12].



The product material from LMD is a fully dense camsjpe with the liquid phase having
solidified in the free space left by dissolutiorheTsolidified liquid phase can subsequently be
removed chemically, leaving an open porous netwsu&h as those commonly found after
electrochemical dealloying. When the parent al®yaisolid solution and no phase change is
expected during dealloying, it is intuitive from amergetic standpoint that surface diffusion
during dealloying takes place along the surfaces retain the original crystal structure instead
of nucleating new grains. As a result, each porgusn shares the same crystallographic
orientation as its parent grain [13—15]. Littlekisown about the details of structural evolution at
grain boundaries during liquid metal dealloying.vAriety of structural features have been
observed at grain boundaries, including both detédamd highly-connected grain boundaries;
which kind of boundary exists can be expected welsirong effects on structural integrity as
well as mechanical behavior [11]. When the graiorularies have detached, and the dealloying
solvent (i.e., Cu for Nb-Ti alloys) is chemicallgmoved to expose the porous material, the
material falls apart at grain boundaries and tisalting porous material is a powder made up of

individual porous grains, as shownkrigure 1.

In this work, we present a materials design stsateeg mitigate the effects of grain
boundary detachment during dealloying. Our synthésads to the first mechanically robust,
bulk porous refractory samples. We add a ternamgpmment to the parent alloy that reacts to
form a “scaffold network” during dealloying that Ide the porous polycrystalline network
together. When Nb-Ti or Ta-Ti with small amountsSifadded are dealloyed, the silicon reacts
to form NySis or TaSi; domains. We present details of the kinetics of LBINDb-Ti (Si) in Cu
and characterize the structure of both the fullgsgesilicide-reinforced three-phase composites

and the freestanding porous NbASB composites formed after dissolving the copper esalv



phase. We also address the thermodynamics of libeleiformation to show why Mo/Mgis

does not form, even though porous Mo forms analsigao Nb or Ta by LMD.

Mechanically-robust freestanding porous refractorgterials provide opportunities for
creative post-processing. We demonstrate one sainique by filling the free space in our
porous Nb/NBSi; composite with borosilicate glass to make a mietalkmetallic-glass ternary
composite. Many composites with a variety of teynaxaterials can be formed in this manner,
and we expect this class of materials will find laggtion as capacitors, structural materials,
supports for catalysts, and templates for new @nmaterials via coatings or other post-

treatment.
2. Experimental

2.1 Alloy Preparation

All alloys used in this study were prepared by ictthn melting of pure metal pellets
purchased from Kurt J. Lesker in a 45kW Ambrell E&at ES induction system with a water-
cooled cold crucible purchased from Arcast, Incxf@@d,ME). All samples were melted several
times to guarantee total mixing, then heat tretdeaslithin 10% of their respective melting points
for 8 hours to ensure homogeneity. Both inducticgltimg and heat treatment were performed
under an atmosphere of flowing purified Ar. Afterat treatment, the ingots were sectioned and
polished. The presence of homogeneous single-@ilass was confirmed by scanning electron
microcopy (SEM) and X-ray diffraction (XRD). Thegaursor alloys used for dealloying in this
study were: NEpTizo, NbsoTige, NbgeTirSis, NbsoTiszSiz, MosgTizo, MO0OsoTigrSis, TauoTlso,s

Ta40Ti 57S i3.

2.2 Liquid Metal Dealloying
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LMD experiments were performed by melting copperainmachined boron nitride
ceramic crucible under a flowing argon atmosphesggian Ameritherm Easyheat 4.5kW
induction power supply. Forty grams of Cu was he:atiehigh power until fully molten, then the
heating power was reduced to allow the bath tolibgaie at 1100C for 5 minutes, with the
temperature monitored by optical pyrometry. Samplese cut from ingots of the alloys listed
above, spot welded to a Ta wire, and suspended &ananipulator arm. Once the molten Cu
was prepared, the sample was immersed in the lpdtiwiering the manipulator until the sample
was entirely submerged. After the requisite expental time samples were removed and cooled
by raising the manipulator. Note that the samp#ssns small relative to the copper melt and
did not affect the temperature of the melt duriegltbying, and the samples cooled rapidly upon

removal from the bath.
2.3 Dissolution of the Cu Phase

After LMD, the Cu phase solidifies in the poresnfiimg a dense composite. To excavate
a porous Nb or Ta structure, a redox etchant wapgped by dissolving 10g of CuyQR9%,
dihydrate salt, Sigma Aldrich) in 50 mL of 5M HGblation (ACS reagent grade, Fluka). The
samples were immersed in this solution overnighb@8rs) to completely dissolve Cu, then
rinsed in deionized water and sonicated for oneuteirto remove solidified residual Ti,

disconnected sections of the porous structurep#met debris on the surface.
2.4 Characterization and Materials

SEM observations were performed on a JEOL JSM-67A00IFF EDS and backscatter
detectors. X-ray diffractometry was carried out an Phillips PANalytical X'pert PRO

diffractometer using Cu k-radiation. Ti, Nb, Mo, and Ta were purchased agperation pellets



from Kurt J. Lesker. Ti purity was 99.995% (methésis, by weight) and Nb, Mo, and Ta purity
was 99.9%. Si purity was 99.9999% purchased frofa Aksar, and the Cu used for LMD was

grade 101 (>99.99% Cu) purchased as rods from MteEvi&arr.
3. Resultsand Discussion

3.1 Structural Evolution in dealloyed Nb-Ti and Ta-Ti alloys

The structural discontinuity at grain boundarieparous refractory metals is evidenced
by continuous planes of Cu that form at grain beuie$ during LMD Figure 1b), leaving no
connection between the networks of ligaments ina@eljt grains. In order to form a
mechanically stable polycrystalline structure, tatgralloys containing 3 at.% Si were dealloyed.
During dealloying, the Si reacts to forms plateletssilicide intermetallic that connect to the
refractory phase in adjacent grains and prevenntfrem disconnecting. Here, we focus on
dealloyed Nb-Ti alloys where the silicide #8» connects Nb ligaments, but dealloyed Ta-Ti
samples exhibit similar structural characteristiwgh porous Ta grains linked by 3%i; plates.
Mo-Ti samples were also dealloyed, and althoughy them a porous Mo structure, no

molybdenum silicide was observed to form.

Figure 2 shows the general structure of the compositedtmgguirom LMD of NbzgTizo
and NBbgTig7Si; in Cu, illustrated through plan view micrographls samples near to their
geometric surfaces. The two dominant phases ageconinected networks of Nb (bright) and Cu
(dark). Contrast variation in the Cu phase is duerteven distribution of the dissolved Ti during
solidification of the liquid Cu after dealloyingn lthe Si-containing sample, the intermediate
contrast gray phase is b8i;, shown more clearly by EDS mapping kigure 2d. X-ray

diffractometry shows that the major phases presetiie dealloyed NaTizo sample all remain



unchanged with the addition of silicon to the paralhoy, but additional peaks appear that

correspond to niobium silicide.

Further structural information is available by exaimg the cross section of samples, the
plane of the image being perpendicular to the dgimy direction, as shown iRigure 3. A
gradient in feature size is visible. Ligaments nih& dealloying interface at the bottom of the
image are significantly finer (~100 nm) than thgedf the sample (~8m) that had dealloyed
earlier in the experiment. The plates of silici@enain visible, but from this direction they are
much longer than in the previous image. Basedhesd images, we conclude that the silicide
phase forms two-dimensional platelets which extémthest in the direction parallel to the
progress of dealloying and perpendicular to thgioal alloy surface. Importantly, individual
silicide platelets appear to cross both the CulMinghhases and bridge Cu-filled gaps that form
at grain boundaries in the original sample. We dbabserve the nucleation and growth of the
silicide crystals directly, but from the final sleapre can infer that they grow in the dealloying
direction - possiblyia diffusion-coupled growth - as additional Si disss from the dealloying

interface and diffuses away.

Because the average distance between the siligdéats is much larger than the length
scale of the individual ligaments and pores, theust be a significant barrier to the nucleation
of new silicide crystals that prevents a smalldéicide crystal from nucleating in each liquid
domain during dealloying. A reasonable growth magléhat both Si and Nb dissolves from the
parent alloy, and that they react and extend nesitizyde surface, i.e., existing crystals act as a
sink for dissolved silicide which prevent the locahcentration from rising to the level required
for the nucleation of new crystals. This hypothasisupported by the relatively even silicide

spacing in plan view. Unlike the co-forming pordib network structure, the silicides are not
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observed to coarsen significantly. In the platégralw in roughly the same direction, they rarely
intersect, so coarsening by surface diffusion fiscdit. Individual silicide crystals appear wider
near the original surface of the sample than tlala@gng interface, but this can be attributed to

the lateral growth rather than coarsening.

Silicide formation was only observed in parent wdlovith a surprisingly narrow range of
Si content. Alloys with more than 3 at. % Si did fmm a single solid solution phase even after
heat treatment; instead, they contained stableptates of TiSi;. The addition of less than 2 at.
% Si did not lead to the formation of silicide @lets upon dealloying. For this reason, the

remainder of our discussion focuses on samples3ith % Si.

In addition to the Si content, the Nb:Ti ratio stical to achieve a mechanically robust
porous network after dealloying. The connectivifytloe porous refractory/refractory silicide
networks was examined by selectively dissolving @ phase using a Cu redox etchant
consisting of concentrated CyChnd HCI. The resulting freestanding porous samples
demonstrate the overall connectivity of the Nb figeat structure, as well as grain boundary
failure (or lack thereof). In samples without silic NkyoTizo and NlgTiso, the individual grains
are fully porous and robust, but they become dei@dat grain boundaries and fall apart into a
coarse powder. NbTis7Si; showed particularly good mechanical integrity affessolution of
Cu. These samples have a dense network of Nb ligigsndie to the higher fraction of Nb
(Figure 4), and they retained their shape and dimensionsveere sufficiently strong to be
handled in the laboratory without special careraflissolution of Cu Figure 5). In contrast,
NbsoTig7Sis was found to fall apart into a fine dust after LMIDd dissolution of the copper
phase -not because of grain boundary failure bcdudmee the Nb ligament structure is no longer

fully connected. This observation demonstrates Miatmust form a continuous phase during
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LMD while also contributing to silicide growth. Dag niobium silicide growth, some Nb is
removed from the evolving porous network. Consiagthe silicide stoichiometry, ~5 at. % Nb
will be consumed from the initial alloy. So, if tiparent alloy Nb concentration is too low, the

porous network will begin to disconnect due tacgile growth and lose structural robustness.

Similar structural evolution was observed when Nisweplaced with Ta in the precursor
alloy, with platelets of Ti5Si3 forming within th@rous network of Ta ligaments. The structural
features are comparable to the Nb-containing saneither as a dense composite or, after
etching, as a freestanding network of silicidedi@iced porous TaHigure 6). With both Ta- and
Nb-containing precursor alloys, EDS confirms thigsdlution of Cu is total, with no remaining
Cu peaks observed. Some residual Ti remains witienNb ligaments. In silicide containing
samples, an Si peak is apparent, but otherwise tiseno other elements present in significant

amounts.

3.2 Dealloying Kinetics in the presence of S

Here we show that addition of Si to Nb-Ti alloysdahe associated silicide formation
reaction do not significantly affect the dealloyirege. The focus on Nb-based precursor alloys in
this work extends the detailed kinetic study ofbesed LMD reported previously by the authors
[10]. In LMD, due to the much higher dissolutiorteraelative to liquid phase diffusion, the
dealloying reaction rapidly becomes diffusion liedit and the dealloying velocitylh/dt
gradually slows down. Consistent with the diffuslonitation, the depth increases hs- Y2 in

the case of porous Ta formed by LMD [1(®Higure 7 shows the dealloying depth as a function

of time for the same four parent alloys discussedipusly: two with 30 at. % Nb and two with



40 at. %, each with and without 3 at. % Si. Incalses, we observe that same diffusion limited

behavior and the expectért¥? dependence.

In the 40 at. % Nb samples we see no change idghkoying rate with the addition of
Si. However, for the 30 at. % Nb composition, tBahg progresses faster with Si present. The
different effects of silicide formation on the deglng rate can be related to the difference in the
connectivity of the porous refractory phase. Theinlg force for diffusion is approximately the
same with and without Si in the 30 at. % Nb alloyt there is a difference between the effective
path lengths for diffusion from the dealloying irieee to the liquid bath. Due to the formation
of silicides parallel to the dealloying directiaie associated disconnection of the porous Nb
network creates a shorter diffusion path than tleeerconnected Nb network without Si. In the
case of the 40 at. % Nb alloys, neither porous oitsvare disconnected and the dealloying rate

remains nearly identical with or without silicon.

While there are significant kinetic differencesdealloying rate between the alloys, all
compositions dealloy at a rate sufficient to rapithrm macroscopic LMD composites. The
slowest dealloying starting alloy, Df¥igo takes ~500 seconds to fully dealloy a 1 mm thick

sample (dealloying from one side), while the fastsb;oTis;Sis, takes ~250 seconds.
3.3 Thermodynamics of silicide formation during LMD

By examining the thermodynamics of silicide forroatiduring dealloying, we can apply
the observed formation of Nb silicide in order dentify other systems for which an analogous
reaction will occur; our observations also placewer bound on the high temperature heat
capacity of TiSis, which to our knowledge, has never been measuimedur system, Ti is the

dissolving component with almost 80% solubility molten Cu around the dealloying
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temperature (~1108C), while Nb has effectively no solubility. The drig force for dealloying
is the reduction in free energy when Ti is dissdlwe the liquid phase. The basic binary alloy
system in our discussion is complicated slightlythg addition of a third component to the
starting alloy. In principle, a third component caither partition into the solid or the liquid
phase during dealloying. The eutectic between @i @an combined with the small starting
concentration of Si suggests that Si should digsaleng with Ti. However, we observe silicide
formation in both Nb and Ta alloys. In contrast,ewtMo-Ti (Si) ternary alloys were dealloyed
(where Mo is the remaining component)sSi4 precipitates (shown ifrigure 8), which are
readily identified by EDS, formed instead of théraetory-silicide plates. In all three systems,
there is a thermodynamic competition between tlndy forces to form either the refractory
metal silicide or titanium silicide. The observeldape behavior dictates that theSii has a
stronger thermodynamic driving force to form thawsBi;, but less than Nsi; or TaSis. To

analyze this result, we compare the thermodynafoiche formation of Nb and Mo silicides.

We guantitatively estimate the driving force forrf@tion of Nb, Ti, and Mo silicides as
the Gibbs free energy of solidification from the limat the experimental conditions. Both
observed silicides form deep within the pores dudealloying, where there is significant Ti in
the Cu liquid, along with smaller amounts of disgay Si and some Nb or Mo. Assuming the
liquid phase is approximately ideal, and that thkdsphase entropy is negligible, we calculate
the entropy changeAS during solidification for each of these siliciddy selecting a
representative composition for the liquid displabgdsilicide formation. Because the liquid has
the same composition regardless of which silicmtent, the entropy difference is the same for

each silicide:

AS= R(XCU In X, + Xq In Xy + Xg In Xg + Xy, In be) (1)
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where X,, is the atomic fraction of thigl silicide species, an® is the gas constant. The

silicide formation happens within the pores whére liquid contains significant Ti, as well as
dissolving Si and a small amount of soluble Nb.place an upper bound on the entropy change
during silicide formation, maximum concentrationirestes are used. The liquid composition is

set so thatX;; = X, =0.48 and X4 = X,,, =0.02, for which we findAS=7.16 J/mol K. The

enthalpy of solidification is calculated at the timgj point, where solidification is reversible, and

we again assume that the liquid is approximatedglid

AH (T,)) =T, R(Xg In Xg + X, In X,) )

where T is the melting point of the intermetallic in quest and X,, is the atomic
fraction of speciesM in the solidifying intermetallic. Using Eq. (2)dtsolidification enthalpies

of the three silicides were calculated and aredistith their melting points ifable 1.

To estimate the enthalpy change at the dealloyemgperature, the difference in heat
capacity between the solid and liquid phase isgnatted with respect to temperature from the

melting point to the temperature of interest, irs tbase the LMD temperaturg, of 1100°C,

according to the expression

Ty

AH (rd) =AH (I-m) + _[ (Cp,solid - Cp,liquid ) dT =AH (Tm) - Cp,solid (Tm _Td ) + 6p,liquid (Tm _Td)

3)

m

The average constant pressure heat capacity istaﬂari_bpy,iquid for the melt of the

component elements of the intermetallic aBgl,,,, for the solid intermetallic silicide. Here, the

liquid phase heat capacities can be found by auegaeir constituent elements, treating the
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solutions as ideal; all heat capacities are ~2@#bUK. Thus the heat capacities of the liquid
phases are known (s@eable 1) [16]; however, the heat capacities of the sailiitides at
elevated temperature are not. This provides aorbypity to use our experimental observations
to determine ranges for the average heat capatidaah intermetallic between the dealloying
temperature and its respective melting point atovd: TisSis and NBSis must both have
negative Gibbs free energy of solidification, besmuthey are both observed to form
spontaneously, and the formation energy of theiamksilicide must be more negative for it to
be preferred. On the other hand, the Gibbs freeggnef solidification for M@Si; must be
greater than that of §3iz because it is not observed, and there is no regeine that it be
negative. To satisfy the first condition, the agerdneat capacity of the sHi; must be greater
than 291 J/(mol K) to form. No direct measurementhis temperature range was found in the
literature, but the value here compares favorabti Wata gathered at lower temperatures [17].

At high temperatures, the heat capacity of solddagproximated by the Einstein heat capacity
C- =3nR, or 200 J/(mol K) for the intermetallics here. T¢rculated value is expected to be

slightly higher than the Einstein value becauselettronic additions to the purely lattice-based

Einstein model.

Niobium and molybdenum are very similar with regpectheir thermal properties, with
similar melting points and solid heat capacitieBeding by less than ten percent [16]. We
hypothesize that the structurally identical silesdof the two metals also share similar thermal
properties. If we assume that §8iy and M@Si; have the same average heat capacity, we can
calculate a range for this single value that matkes Nb silicide thermodynamically more

favorable than Ti silicide while leaving the Moisitle less stable, using thes$i; heat capacity

listed above. The range of values ﬁgm”d for both NBSi; and M@Siz is between 218 J/(mol
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K) and 242 J/(mol K), slightly higher than the 200nol K) lattice heat capacity estimate. These
values are 20% lower than the heat capacity ofitita silicide. However, this discrepancy is
expected because a similar difference is obserwetheé pure metals [16]. This heat capacity
range implies that there are no thermodynamic wffees between the formation of JSk vs.
MosSis; the higher solidification enthalpy brought abbytits higher melting point is sufficient
difference in driving force to explain the observiedhavior. Following this reasoning, the
observed formation of silicide formation during LMD the TaSi; (Tm = 2550 °C) system is
expected, but V&i; (T = 2320 °C), GSiz (T, = 1666 °C), or ¥Siz (Tm= 1987 °C) would not

be expected to form when dealloying in molten coppe

Many materials other than silicides would be oErest as components in a three phase
dealloyed composite. One way to make such matesdtsreplace silicon with another reacting
element or combination of elements, but as thisyaisashows, the window for forming a useful
composite can be quite small. Ceramic materialduticg borides and carbides could be
produced by this method in some systems if theye hafficient solubility in the solid. Other
ceramics such as oxides and nitrides are less sibleedecause oxygen and nitrogen are not
easily dispersed in most alloys. A similar reactoould occur if the extra component was added
to the liquid bath initially instead of dissolved ihe solid; in this case, diffusion would favor
forming the intermetallic near the original surfadféhe sample rather than dispersing it through
the porous network, which would not mechanicallpmrt the individual grains in the same

way.
3.4 LMD-based Composites

Dense composites of Cu and Nb are interestingeir thwn right, especially as a model

system for mechanical testing of interface-domitdiadgstems analogous to Nb-Cu multilayer
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materials [18—22]. However, for many other applmad, e.g. catalysis or energy storage, it is of
interest to work with a freestanding structure ofqus Nb or to re-fill the volume occupied by
solidified Cu with a different material [23,24]. 8muse we can make a freestanding,
mechanically robust porous ingot by dissolvinglieid phase from the Si-containing dealloyed
sample, additional post-processing steps becomdabla to engineer a final composite,
especially as the porous samples are robust teregty high temperatures. This point is
highlighted by heat-treating samples of porous Nl3S% in an Ar atmosphere. Samples showed
no visible coarsening after heating for 8 houra Z80°C. Above 1800 °C, the porous structure
and feature size remains, and looks quite simildhé parent material, but elemental Si begins to
evaporate from the niobium silicide, leaving behtheé Nb which re-integrates into rounded
ligaments. Micrographs of sample materials arevshim Figure 9. Only after heat treatment at
temperatures above 1900°C (a homologous temperat.&9 for Nb) did we observe collapse

of the porous structure, owing to local meltingnfreesidual Ti in the ligaments.

The excellent thermal and chemical stability andromneter-scale pore size allow these
porous Nb samples to be filled with many matergatsply by immersing them in a melt. Any
metal that does not interact with Nb is an obvioasdidate, because this allows the production
of metal-metal composites which cannot be formeeody from LMD due to the phase behavior
of the constituents. Another class of materialsintérest are glasses. Borosilicate glass in
particular has a softening point around 800°C, thatviscosity is too high for it to flow into
small pores until much higher temperatures. At 2@)0mmersing a piece of porous Nb in a
melt of borosilicate glass for 2 hours yielded #yfudense Nb-NBESis-borosilicate ternary
composite shown ifrigure 10, with the porous structure fully infiltrated witllass throughout

the sample. Previous studies have addressed nudyahgr composites formed by filling the
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pores in dealloyed metals such as nanoporous @8ld The compatability of porous Nb with
such high processing temperatures enhances thetyari secondary composites to include

ceramics, and low melting metals in addition tesgkss like that demonstrated here.
4. Conclusions

Porous metals fabricated by dealloying are stiltha early stages of development. In
order to realize the full potential of these matksti challenges associated with grain detachment
must be addressed to engineer functional fully permetals with a uniformly defined length
scale. By reinforcing the mechanical stability afrgus structures with refractory silicides
formed simultaneously during dealloying, fully pasobulk samples of Nb were fabricated with
sufficient mechanical integrity to be handled faspprocessing after full dissolution of the Cu
phase. The silicide-containing composites studiec were fabricated in a single step from a
homogeneous alloy precursor, and the addition&id® phase did not inhibit the formation of

porosity during dealloying.

In general, silicide-containing porous Nb is a ptgpe for a new dealloyed material,
with multiple phases with properties that can beetuquasi-independently, in principle allowing
the design of robust, multifunctional porous matsrti The formation of multiple phases in a
single processing step is a powerful tool for cosi@ofabrication. The combination of physical
robustness and thermal stability in this porous iNbparticular makes it an interesting
intermediate for the fabrication of further compesiby filling the pores with an additional

material of interest, especially when high-tempa&eprocessing is required.
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Figure 1: (a) Backscatter SEM micrograph of a p&d cross section of porous Nb
fabricated by liquid metal dealloyed of adyhizoingot. The dashed yellow lines highlight areas
where grain boundaries have separated, leavindpeken volume filled by the darker solidified
copper phase. (b) Upon dissolution of the Cu phtse,grains of a polycrystalline ingot fall
apart, as shown in the photograph.
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Figure 2: (a) Backscattered SEM image of a cros8eseof porous Nb (lighter phase)
with solidified Cu from the LMD bath filling the meaining volume formed by dealloying
NbgoTizo in molten Cu. (b) When a small amount of Si isetido the starting alloy to make
NbgoTig;Sis, an additional niobium silicide phase, 488 is formed during dealloying
(intermediate contrast phase). (c) X-ray diffractbony shows additional peaks associated with
the silicide phase (in blue) while retaining aletmajor peaks associated with phases in the
original composite. (d) The high aspect ratio & #ilicide phase is highlighted by EDS mapping
of the same sample as (b).
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Figure 3: SEM microgaph of dealloyed {ybis;Sis from a cross section taken such that
the dealloying direction is downwards in the imagkee bottom of the image is parent alloy that

has not yet been dealloyed. ThesSb silicide plates extend vertically in the same agsthe

dealloying.
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Figure 4: SEM cross section of porous Nb prepareh NbyoTis7Sis. The structure has a
much denser network of Nb-rich ligaments than tles< section ifrigure 3.
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Figure 5: SEM micrograph of porous Nb resultingriraMD of Nb,oTis;Sis and etching
in aqueous solution to remove Cu phase, showingptated NSi; plates. Optical micrograph
of full porous samples (inset).
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Figure 6: (a) Cross-sectional SEM micrograph oflldgad Ta,Tis7Si; with large plates
of TaSi; extending through the structure. (b) SEM micrograpthe same sample after the Cu
phase has been etched away, revealing the struotutee porous Ta network with plates of

T&;S i3.
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Figure 7: Dealloying depth as a function of timearious compositions of parent alloy:
(a) NsoTi7o (green, circles) and N§Tis7Sis (green, squares); (b) Mieo (orange, circles) and
Nb4oTis7Siz (orange, squares). The error bars for the dept@msuorements lie within the markers
on the plot.
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Figure 8: SEM micrograph of dealloyed Bjdis;Sis showing the formation of titanium
silicide TisSis precipitates (darkest phase) formed during LM@sthare randomly distributed in
the Cu phase of the composite
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Figure 9: SEM image of the surface of silicide-@ning porous Nb after heat treatment
at 1850°C where the Si has evaporated leaving mefallic Nb with uniform rounded features,
but without significant coarsening of the featumes
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Figure 10: Optical micrograph of a polished crosstisn of Nb/NBSis/borosilicate
ternary composite formed by immersing porous Nimoiten borosilicate glass (b).
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Nb58|3 Ti5Si3 MO5Si3
T, (o
" (°C) 2799 2400 2453
AH (T2) (earmol) -123 -106 -108
Cor (3/mol K) 268 278 271
Cos (3/mol K) 218 291 218

Table 1: Reference and estimated thermodynamictijearfor silicides of Nb, Ti, and
Mo. Melting temperatureT , and liquid phase heat capaci(E/p’L from reference [16]. The

enthalpy of solidification at the melting poinAli (Tm)) is calculated assuming ideal mixing in
the liquid phase, with compositions of dissolvedaes as discussed in the text, and the average

solid phase heat capacitng(S) Is the calculated minimum via Egs. (2) and (3).
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