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A B S T R A C T

Selective dissolution of one phase from as-cast two-phase alloy microstructures is explored as a route to nano
porous solids with high specific-surface-area (SSA) competitive with the values attainable by established deal
loying methods. The chosen alloy system, Ti-Sc, is studied over a composition range from Ti75Sc25 to Ti25Sc75 (at 
%). In as-cast alloys, the phase constitution is characterized, and the mechanism of microstructural development 
is elucidated. The Sc-rich phase can be selectively dissolved from the as-cast alloys, yielding nanoporous Ti 
samples. The SSA, wettability and optical reflectivity of the nanoporous samples are characterized. Selection of 
as-cast composition permits control of these properties. It is concluded that selective dissolution from two-phase 
microstructures is a viable route to useful nanoporous solids. Results from different casting conditions, and from 
subsequent solid-state heat treatment, indicate paths to optimization of the nanoporous morphology and to 
higher SSA.

1. Introduction

In recent decades, there has been growing interest in nanoporous 
materials, characterized by high specific-surface-area (SSA). Nano
porous metals (including Au, Pt, Pd, Cu, Ni, and Ti-based alloys) have 
many applications, including in light harvesting [1–3], 
surface-enhanced Raman spectroscopy (SERS) [4] important for mo
lecular detection, photo- and electrochemical catalysis and sensing [5, 
6], and energy conversion and storage [7–9] such as in batteries and 
fuel-cells.

Nanoporous metals have mostly been made by dealloying, i.e. se
lective dissolution of one or more alloying elements from a single-phase 
alloy. Using chemical or electrochemical dissolution, across a wide 
range of alloys, similar nanoporous microstructures are produced via the 
mechanisms elucidated by Erlebacher et al. [10]. While the electro
chemical method is the most widely studied, dealloying is also possible 

with other external media: liquid metal, solid metal, and vapor phase. 
The capabilities of these methods have been extensively reviewed [11, 
12]: control over alloy composition, dealloying route, and 
post-dealloying treatments enables tailored morphologies — from 
two-dimensional membranes and thin films to three-dimensional bulk 
monoliths. Furthermore, the ability to engineer hierarchical porosity, 
from micropores to macropores within a single structure, has unlocked 
new opportunities in electrocatalysis, sensing, energy storage, and 
biomedical implants, suggesting morphology-controlled dealloying as a 
scalable and increasingly indispensable fabrication strategy for 
next-generation functional materials [13].

It is intrinsic in all the dealloying methods that the development of 
the nanoporous microstructure is concurrent with the selective disso
lution. Despite the control now demonstrated over the scale and 
morphology of the nanoporosity, it is of interest to explore whether the 
degree or nature of such control could be extended by separating the 
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dissolution and the microstructure development.
The possibility of such a separation was demonstrated by some of the 

present authors for the alloy system Ti-Sc [14]. Cast alloys showed a 
fine-scale (sub-μm) two-phase microstructure, attributed to a solid-state 
decomposition after initial solidification. It was further shown that one 
of the phases could be selectively dissolved, the residual solid being 
nanoporous and Ti-rich. Building on these results, we take Ti-Sc as a 
model system for further study. There has been some direct interest in 
Ti-Sc composites [15], but our focus is on how selective phase dissolu
tion can be applied to obtain a nanoporous solid. Nanoporous titanium 
and titanium alloys have many potential uses, notably for biomedical 
applications [16].

Setting aside potential applications of a particular system, our main 
objectives in the present work are to: (i) understand better the solid-state 
transformation that gives such a usefully fine microstructure; (ii) explore 
the prospects for control of the alloy microstructure, and thereby 
tailoring of the extent and characteristic length-scale of the porosity that 
can be achieved. This exploration includes: characterizing a wider range 
of compositions than in [14]; and study of the effects of differing so
lidification conditions and of subsequent solid-state annealing. For the 
nanoporous samples resulting from selective dissolution, we charac
terize the associated properties: effective surface area, wettability, op
tical reflectivity.

We note that in producing porous metals, selective dissolution from a 
two-phase microstructure has been applied in several other alloys, for 
example for Zn-Sn-(Bi) [17,18] and Cu-Ag-Al [19] alloys for battery 
electrodes. In these cases, however, the two-phase microstructures were 
generated by eutectic solidification; such microstructures are inevitably 
coarser than those arising from solid-state decomposition.

2. Experimental methods

The alloys were produced by arc-melting together titanium (99.98% 
purity, Alfa Aesar) and scandium (99.9% purity, Sendai Wako Pure 
Chemicals Ltd). Before casting, the arc-melting chamber was evacuated 
to a base pressure of 5 × 10−6 mbar, then backfilled with argon to 500 
mbar in which pure titanium was melted as getter for residual oxygen. 
Arc-melted ‘bulk-cast’ ingots, ~12 mm in diameter, were formed on the 
water-cooled copper hearth; these were re-melted at least five times to 
ensure compositional uniformity. Portions of the bulk-cast ingots were 
melted and ‘suction-cast’ as rods, 5 mm long and 2 mm in diameter, in a 
copper mold.

As noted in §3.1, the samples consist of two phases, one Ti-rich, the 
other Sc-rich. Some of the samples were sealed in fused-silica tubes 
under vacuum and subjected to isochronal (4 h) anneals in a radiation 
furnace, then rapidly quenched by fracturing the tubes upon immersion 
in a water bath.

Slices ~1 mm thick were cut from the cast samples, mechanically 
ground, and mirror-polished using 0.25 μm diamond paste. The samples 
were then cleaned sequentially in acetone and ethanol in an ultrasonic 
bath, followed by immersion in 70% HNO3 for 20 h, at room tempera
ture, to ensure complete dissolution of the Sc-rich phase to the extent 
accessible by EDS and conventional XRD measurements [14]. The 
Ti-rich phase appears resistant to acid attack, while the Sc-rich phase 
dissolves. Following this selective dissolution, the nanoporous Ti sam
ples (porosity >50%) occasionally exhibited spontaneous ignition upon 
exposure to air. This is attributed to rapid exothermic oxidation of the 
high surface area structure. To mitigate this, samples were immediately 
transferred to five or more sequential deionized water baths (a few 
seconds each) and rinsed under running deionized water prior to drying. 
This promotes controlled formation of a passivating TiO₂ layer while 
dissipating heat, effectively suppressing ignition.

The phase constitution of the as-cast and chemically treated alloys 
was analyzed using X-ray diffraction (XRD) (PANalytical X’Pert PRO 
MPD, CuKα radiation, with a Si NIST standard to refine the instrument's 
resolution function). Rietveld analysis (TOPAS Academic V7 software 

[20]) quantified the volume fractions of the phases to an accuracy of 
±1–2%; the estimated standard deviation relates to the stability of the 
mathematical fitting [21]. The X-ray background was modeled using a 
seven-parameter Chebyshev function. The Bragg peaks were fitted by 
combining Lorentzian and Gaussian functions representing the contri
butions (presumed isotropic in each case) to peak width, respectively, 
from limited grain size and from inhomogeneous strain. An 8th-order 
spherical-harmonics model was used to describe the preferred orienta
tion of the two phases.

The compositions of the as-cast Ti-Sc alloys were determined using X- 
ray energy-dispersive spectroscopy at an acceleration voltage of 15 keV 
(Hitachi TM4000Plus, with Oxford Instruments EDS). The microstruc
ture of the NP-Ti samples was examined using extremely high-resolution 
scanning electron microscopy (XHR-SEM) (FEI Magellan 400 XHR SEM 
with field emission (FEG) source, operating at 3 keV with in-lens de
tectors), as well as a high-resolution (HR) FEG-SEM (Zeiss Ultra−55) 
operated at 10 keV. The latter, equipped with a Bruker AXS EDS system, 
also was used for chemical composition analysis of the NP-Ti samples. 
Micrographs of annealed samples were acquired in a HR FEG-SEM (JEOL 
JSM-7800F) operated at 15 keV.

The hardness of the as-cast and annealed samples was measured 
using a Vickers microhardness tester under loads from 200 g to 1 kg. For 
each sample, a minimum of 14 and a maximum of 30 indentations were 
performed, and the measured hardness showed no significant variation 
with applied load.

The specific-surface-area of NP-Ti samples, leached for one week to 
ensure full selective dissolution, was determined using the Brunauer- 
Emmett-Teller (BET) method. The required nitrogen adsorption iso
therms were obtained using a Micrometrics ASAP 2020 surface-area 
analyzer. The fitting range was selected according to standard BET 
criteria, ensuring linearity of the BET plot and physically meaningful 
values of the BET constant. Preliminary measurements of the contact 
angle of deionized water (droplets of ~6 μL) on the surface of NP-Ti 
were made using a custom-built setup analyzing photographs (ac
quired with a Nikon COOLPIX S51 within seconds to minutes) with 
ImageJ software. Measurements of this kind can provide valuable in
sights into surface properties [22].

Light reflection from the sample surfaces was characterized using 
specular and diffusive reflectometry (ThetaMetrisis FR-Basic system). 
An integrated-reflectance sphere and the spectral width of the UV-Vis 
light source allowed for precise measurement of the reflected light.

3. Results and discussion

3.1. Phase constitution

X-ray diffraction shows that the bulk-cast Ti-Sc alloys consist of two 
phases (Fig. 1). As expected from the equilibrium diagram [23] (Suppl. 
Mater. Fig. S1), these are the hexagonal-close-packed terminal solid 
solutions α-Ti(Sc) and α-Sc(Ti) Fig. S2). For each phase, its lattice pa
rameters are the same in all samples and are intermediate between those 
of the pure elements, indicating some solid solubility in both (Table S2). 
Figure S3 shows the lattice parameters interpreted according to Vegard’s 
law. On a linear interpolation between the lattice parameters of the el
ements, the terminal solid solutions are estimated to have the compo
sitions (at%) Ti91Sc9 and Ti8Sc92. After selective dissolution, the samples 
contain only the α-Ti(Sc) phase (Fig. S4), and EDS analysis of this gives 
the composition as ~8 at% Sc, in reasonable agreement with the esti
mate from Vegard’s law.

The volume fractions of the two phases in each cast alloy can be 
estimated from the phase compositions already determined, by applying 
the lever rule for each sample composition to obtain the atomic fraction 
of each phase, and then compensating for the different volumes per atom 
(§S4). These estimated volume fractions (Fig. 2) are reasonably 
confirmed by Rietveld refinement of the X-ray pattern. This refinement, 
however, takes the two phases to be elemental (i.e. pure α-Ti and pure 
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α-Sc); this approximation likely accounts for the discrepancies in values 
of volume fraction and overall sample composition (Fig. 2). Overall, the 
samples of different composition can be consistently interpreted as 
mixtures of different proportions of α-Ti(Sc) and α-Sc(Ti) that have the 
same well-defined compositions independent of overall sample 
composition.

3.2. Mechanism of microstructure formation

Scanning-electron micrographs of the as-cast two-phase solids are 
shown in Fig. S5. Immersion of these solids in a solution of 70% HNO3 
yields nanoporous Ti-rich samples, which have microstructures (Fig. 3) 
that correspond closely with the microstructures before immersion: the 
α-Sc(Ti) phase has selectively dissolved, while the α-Ti(Sc) phase ap
pears unaffected. All the microstructures in Fig. 3 and Fig. S5 show clear 

alignment, characteristic of cooperative growth of two phases, of the 
kind familiar from eutectic and eutectoid transformations. In such cases, 
when the two phases are present in roughly equal proportions, a 
lamellar microstructure is expected. When one phase has a small volume 
fraction relative to the other, it appears as aligned parallel rods in a 
matrix of the other phase. For Ti50Sc50 and Ti65Sc35 (in which the two 
phases have similar volume fractions), the morphology revealed by the 
dissolution of α-Sc(Ti) is lamellar as expected. For Ti75Sc25, the Sc-rich 
phase (now etched away to leave voids) is in the form of rods of 
roughly circular cross-section and moderately uniformly spaced 
(Fig. 3f). In Fig. 3k, the rods are sliced at an angle such that the cross- 
section is elliptical. For Ti25Sc75, the rod-like nature of the Ti-rich 
phase is evident. For Ti35Sc65, the microstructure is a hybrid between 
lamellar and rod-like.

Just below the solidus on the Sc-Ti equilibrium diagram (Fig. S1), the 
body-centered cubic β-phase Sc-Ti solid solution spans the entire 
composition range. As already identified [14], this phase can exhibit 
spinodal decomposition, and it was suggested that this process could be 
responsible for the separation into the Ti-rich and Sc-rich phases found 
in as-cast Ti-Sc alloys. Spinodal decomposition is, however, not associ
ated with aligned microstructures of the kind seen in Fig. 3. Roughly 
20 K below the possible onset of spinodal decomposition (at around 
37 at% Sc) on cooling β-(Sc-Ti), the solid solution undergoes a mono
tectoid decomposition with the appearance of a new phase: hexagonal 
close-packed (hcp) near-elemental α-Sc(Ti). This decomposition, and the 
subsequent widening of the (α+β) two-phase field upon cooling, are the 
origin of the division into two near-elemental solid solutions. From the 
alloy microstructures, we identify something not dictated by the equi
librium diagram: the mechanism of the appearance of α-Sc(Ti) must be 
cellular (discontinuous) precipitation.

The mechanism of cellular precipitation was comprehensively 
explored by Turnbull et al. [24–26] for the precipitation of tin from 
Pb-Sn solid solutions: cells nucleate on grain boundaries, and within 
these cells, the precipitating Sn-phase typically grows as lamellae 
interleaved with the Sn-depleted Pb-Sn matrix.

In the present case, within the β-(Sc-Ti) solid solution, cells are 
formed in which the new phase, hcp α-Sc(Ti), grows cooperatively with 
β-Ti(Sc) depleted in scandium. The β-Ti(Sc) phase subsequently trans
forms to hcp α-Ti(Sc), such that the final microstructure is essentially 
interleaved α-Sc and α-Ti. The phase compositions in bulk-cast samples 
(Fig. S3) are each consistent with a two-phase equilibrium in the range 
910–935 ◦C just above the temperature of the β-Ti → α-Ti polymorphic 
transition. These compositions presumably indicate the lowest temper
ature at which compositional equilibrium in the phase field α-Sc(Ti) + β- 
Ti(Sc), could be maintained upon cooling.

3.3. Porosity and specific surface area

Samples subjected to selective dissolution (for 20 h), showed nano
porous surface layers extending (in the two cases examined) to a depth 
of ≥ 100 μm below the original surface (Fig. S6). This depth exceeds the 
penetration depth of the X-rays over the relevant Bragg-angle range, and 
the X-ray diffractograms show reflections exclusively from α-Ti(Sc) 
(Fig. S4), confirming the complete removal of the α-Sc(Ti) phase from 
the porous region.

The volume fraction of porosity can be estimated from SEM micro
graphs (Fig. 3f–j), with values in reasonable agreement with the volume 
fraction of α-Sc(Ti) in the corresponding bulk-cast alloys (Fig. 2). This 
consistency supports the interpretation that selective dissolution is 
effectively complete, with negligible dissolution of the Ti-rich phase and 
minimal structural collapse or distortion during the process. For the 
application of nanoporous samples, it is of course beneficial if they are 
mechanically robust. Handling of the samples in the present work 
showed this to be so, except for NP-Ti25.

The specific surface area (SSA) of fully treated NP-Ti samples 
(immersed in acid for one week to ensure complete dissolution) was 

Fig. 1. X-ray diffractograms (CuKα) for bulk-cast samples of compositions (at 
%) from Ti25Sc75 to Ti75Sc25. The peaks are indexed separately for the Ti-rich 
and Sc-rich terminal solid solutions.

Fig. 2. The volume fraction of the α-Sc(Ti) terminal solid solution in bulk-cast 
alloys estimated, as a function of overall Sc content in the alloy, by applying the 
lever rule to the phase compositions (Table S3). The volume-fraction values are 
supported by semi-quantitative Rietveld analysis of the XRD data (Fig. 1 and 
Table S1); the estimated standard deviations in these Rietveld-derived values 
are shown as vertical error bars.
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determined using nitrogen adsorption and the BET method (Fig. S7). The 
measured SSA values (10–80 m2 g–1, Fig. 4a) span, and in some cases 
exceed, the typical range reported for nanoporous metals produced by 

conventional dealloying routes. Nanoporous Ag (5 m² g⁻¹) [7] and Au 
(3–10 m² g⁻¹) [27] have relatively low SSAs, consistent with the high 
atomic weights of these elements. Higher values are attained with 
lighter elements: Cu (10.8–12.3 m² g⁻¹) [28], Cu & Ti doped Cu (42 m² 
g⁻¹) [29], Nb (3.4–5.5 m² g⁻¹) [30,31], and α-Ti (34.4 m² g⁻¹) [32]. 
Foams of β-Ti15Mo made by spark plasma sintering reach SSA up to 
29.0 m² g⁻¹ [33].

Still higher SSA values can be attained when nanoporosity develops 
on a finer scale. The exceptionally high SSA of dealloyed Ti-V-Nb-Mo-Ta 
(55.7 m² g⁻¹) [34], for instance, is associated with ligaments of only 
10 nm in diameter, roughly an order of magnitude finer than usual in 
dealloyed samples, a refinement attributed to slow microstructural 
coarsening in the high-entropy alloy.

The SSA can also be expressed per unit volume; values derived from 
BET measurements are compared in Fig. 4b with those estimated from 
the observed microstructures (Suppl. Mater. §S6, Table S5). While a 
clear correlation is observed, the BET-derived SSA values are system
atically higher by a factor of 2–6.

This discrepancy likely arises from several factors. First, 
microstructure-based estimates are limited by resolution and may not 
capture nanoscale roughness or sub-ligament porosity, both of which 
contribute significantly to the accessible surface area. Secondly, the 
complex, tortuous morphology of the nanoporous network may include 
features such as necking, surface irregularities, or partially enclosed 
porosity that are not fully accounted for in simplified geometric models. 
Finally, the assumptions underlying the BET method—particularly the 
formation of uniform multilayer adsorption on idealized surfaces—may 
not be strictly valid for such heterogeneous metallic nanostructures.

Taken together, these considerations suggest that the true surface 
area lies between the geometric estimates and the BET-derived values, 
with the latter likely capturing additional contributions from fine-scale 
surface features. Despite these uncertainties, the consistent trends 
observed across compositions indicate that both approaches reliably 
reflect the influence of microstructural refinement on SSA.

3.4. Wettability and contact angle

Water droplets were released onto the surfaces of bulk-cast Ti-Sc 
samples, and of the NP-Ti samples obtained from them by selective 
dissolution, with the preliminary results shown in Fig. 5. For bulk-cast 
samples, the contact angle θ (approx. 75◦) shows little, if any, varia
tion with alloy composition, and indicates a mildly hydrophilic 

Fig. 3. SEM images of the nanoporous Ti produced by selective dissolution of the α-Sc(Ti) phase from the Ti-Sc alloys (Ti content given in at%). (a–e) low, (f–j) 
intermediate, and (k–o) high magnification.

Fig. 4. Specific surface area (SSA) for the NP-Ti samples prepared from bulk- 
cast Ti-Sc alloys: (a) SSA per gram from BET measurements; (b) SSA per unit 
volume, from BET measurements and estimated from the microstructures of 
the samples.
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interaction. For alloys with Sc contents up to and including 50 at%, the 
NP-Ti samples show virtually the same contact angle. This implies that 
for the porosities in these samples (at most 58%), the perimeter of the 
water spherical cap can trace a path on the alloy surface that is largely 
untroubled by the pores.

The NP-Ti35 sample shows a dramatically reduced contact angle of 
10◦. This accentuation of the hydrophilicity (θ < 90◦) on the smooth 
surface is characteristic of the Wenzel regime of wetting [35]. In this 
case, the water droplet was fully absorbed into the nanoporous solid 
within 5–10 s; in contrast, there were no visually detectable changes in 
the other NP-Ti samples during image acquisition (seconds-to-minutes 
timescale). In the Wenzel regime, the degree of roughness is charac
terized by the ratio R of the real over the projected surface area of the 
sample. The relationship between the contact angle θ on a smooth sur
face and the observed angle θobs on a rough surface is: 

cosθobs = Rcosθ                                                                             (1)

With θ = 75◦ and θobs = 10◦, we obtain R ≈ 3.8, which can quantify the 
extent of water penetration into the porosity of the NP-Ti35 sample. If we 
assume penetration to a uniform depth, and take the SSA (m–1) values 
from Fig. 4b, then R = 3.8 would correspond to a depth in the range from 
39 nm (using SSA from BET) to 124 nm (using SSA from 
microstructure).

In contrast, the NP-Ti25 sample has a hydrophobic surface, with θobs 
≈ 124◦. This is characteristic of the Cassie-Baxter regime [36], in which 
the water droplet sits on top of the solid asperities, with the porosity 
filled with air. The relationship between contact angles is now: 

cosθobs = fs(1 + cosθ) – 1                                                               (2)

where fs is the fraction of the projected surface area occupied by the 
solid. For a random section through a microstructure, fs is simply the 
volume fraction of solid. For the Ti25Sc75 alloy, that is 0.155. Thus from 
Eq. (2) we predict θobs = 144◦, broadly consistent with the actual 
observed angle. This sample is close to superhydrophobicity (θobs ≥

150◦), and suggests that with some optimization that state might be 
attainable.

The change in wetting regime (hydrophilic–hydrophobic) is likely 
linked to the morphology of the solid ligaments. For NP-Ti25, the rod- 
like (hairy) morphology favors the Cassie-Baxter regime. For NP-Ti35, 
the hybrid morphology, in particular the residual lamellar nature, may 
favor the Wenzel regime.

3.5. Optical reflectivity

Both the total and diffuse reflectivities of the NP-Ti samples were 
measured. These were compared to those of polished and rough tita
nium, and matt-black paint. Fig. 6a–c show that the total reflectivity of 
polished titanium and as-cast Ti-Sc alloys is similar, and that the diffuse 
contribution to this is very low (below 5% on the normalized scale). 
Induced roughness on the titanium sample does not significantly change 
the total reflectivity but does drastically increase the diffuse scattering, 
to the extent that it becomes the dominant contribution to the total 
(Fig. 6d). For a flat surface covered with matt-black paint, the incident 
light is absorbed such that both total and diffuse reflectivity are minimal 
(Fig. 6e).

The NP-Ti samples all show low total and diffuse reflectivities, 
comparable to those of matt-black paint (Fig. 6f–j). The ratio of diffuse 
to total reflectivity is highest for matt-black paint. For decreased Ti 
content and therefore increased porosity, the (diffuse/total) reflectivity 
ratio of the NP-Ti samples is increased until, for NP-Ti35 and NP-Ti25, it is 
essentially as high as that for the paint (Fig. 6k). Despite being metallic, 
the NP-Ti samples reflect and scatter incident light in such a way that 
they appear black (Fig. 6l).

3.6. Refinement of microstructure

As noted in §3.3, finer-scale microstructure leads to higher SSA. For 
the lamellar microstructures, the scale is characterized by the spacing λ 
(i.e. the perpendicular distance between the center-planes of neigh
boring lamellae of the same phase). This is taken to be the minimum 
observed spacing for each sample (values in Table S4). The value of λ 
depends on the cooling rate during the cellular precipitation. The effects 
of increased cooling rate are examined for Ti50Sc50 (at%), for which the 
precipitation occurs at least 250 K below the solidus temperature 
(Fig. S1). The possibility of achieving finer microstructure was demon
strated in earlier work [14]: λ was 51 nm in a bulk-cast sample, but as 
short as 23 nm when the sample was melt-spun. In melt-spinning the 
cooling rate is high (105–106 K s–1) at the point of solidification, but is 
lower at the precipitation temperature. In the present work, a 
suction-cast rod of 2 mm diameter shows λ ≈ 22 nm (Fig. 7), similar to 
the melt-spun sample. Such a halving of λ, compared to bulk-cast sam
ples, should double the SSA.

We also explore whether solid-state quenching can reach cooling 
rates high enough to give usefully fine microstructures and high SSA. For 
bulk-cast Ti50Sc50 samples, Fig. 8 shows the effects of 4 h anneals fol
lowed by water-quenching. After annealing at 750 ◦C in the two-phase 
field α-Sc(Ti)–α-Ti(Sc), there is some coarsening (Fig. 8d–f); after 
annealing at 950 ◦C in the two-phase field α-Sc(Ti)–β-Ti(Sc), there is 
marked coarsening (Fig. 8g–i). In contrast, after annealing at 1150 ◦C in 
the single-phase field β-(Sc-Ti), there is microstructural refinement 
(Fig. 8j–l): the interlamellar spacing λ = 59 nm in the as-cast sample is 
reduced to 41 nm by annealing and quenching. This reduction in λ can 
be explained only if the annealing at 1150 ◦C is a solution-treatment that 
recovers the single-phase solid solution β-(Sc-Ti) that then undergoes 
renewed cellular precipitation upon subsequent quenching.

Annealing and water-quenching of suction-cast Ti50Sc50 gives similar 
effects (Fig. S9). The lamellar spacing λ after annealing at 1150 ◦C is 
again shorter than after 750 ◦C or 950 ◦C. In this case, however, it is not 
shorter than in the as-cast sample; the λ of 22 nm in the as-cast sample is 
increased to 130 nm by the annealing and quenching.

Interphase interfaces in the two-phase samples in the present work 
must impede plastic deformation. For higher interfacial area per unit 
volume (most easily quantified for lamellar microstructures through its 
inverse proportionality to λ), we expect (before any selective dissolu
tion) samples of finer microstructure to have higher hardness. As 
explored in Section S8, hardness measurements are convenient in 
monitoring the effects of heat treatments on microstructure (and 
therefore on SSA and related properties of the NP-Ti obtained by 

Fig. 5. The images show water droplets on NP-Ti prepared from the bulk-cast 
samples by selective dissolution. Droplets were also characterized on the cor
responding as-cast Ti-Sc samples. Contact-angle values are compared for the as- 
cast samples (black solid circles) and the NP-Ti (red open circles).
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selective dissolution).
The microstructural scale, and therefore SSA, of nanoporous samples 

obtained by selective dissolution can, usefully, be influenced by both 
casting conditions and subsequent heat treatment. Of all the Ti50Sc50 
samples studied, the suction-cast 2-mm-diameter rod has the finest 
lamellar microstructure (λ = 22 nm). However, bulk-cast samples can 
reach broadly similar λ by annealing at 1150 ◦C and water-quenching. 

The possibilities of solid-state thermal processing to achieve yet finer 
microstructure and higher SSA remain to be explored.

3.7. Discussion

The present results show that cellular precipitation in the solid state 
is a route to fine two-phase microstructures that by selective dissolution 

Fig. 6. Normalized total and diffuse reflectivities of: (a) polished bulk Ti; (b,c) bulk-cast Ti-rich and Sc-rich Ti-Sc alloys in the present work; (d) mechanically 
roughened bulk Ti; (e) matt-black paint; and (f–j) the NP-Ti alloys in the present work. Data over the full spectral range are given in Fig. S8. (k) Ratio of the diffuse to 
total reflectivity of NP-Ti samples compared to that of matt-black paint. (l) Photographs: top row: Ti (left) and bulk-cast Ti-Sc alloys (Sc at% increasing from left to 
right); bottom row: matt-black painted sample (left) and NP-Ti samples (porosity increasing from left to right).

Fig. 7. Comparison of (a) bulk-cast and (b) suction-cast Ti50Sc50 showing the finer lamellar microstructure in the latter case. The bulk-cast sample is more deeply 
etched than the suction-cast rod.
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of one of the phases can yield nanoporous metals. The specific surface 
areas thus obtained compare favorably with those obtained by the usual 
dealloying routes. By varying the volume fractions of the two phases, 
some control of the microstructure (lamellar or rod-like) is possible.

Scandium is an expensive element. The extent to which this would 
impede applications has been briefly discussed [15]. In any case, for 
selective dissolution from Ti-Sc alloys to be a practicable route to NP-Ti 
samples, efficient recovery of the scandium from the acid mixture would 
be necessary. The Ti-Sc system can be considered as a ‘proof of concept’ 
for a cellular-precipitation route to nanoporous solids. Cellular precip
itation has been studied in Pb-Sn [24–26], Ag-Cu, Cu-Ag and Cu-Cd 
[37], Cu-In [38] and Zn-Ag [39], and may occur in many other cases. At 
least, it can be added to eutectoid decomposition as a solid-state trans
formation that can yield fine-scale two phase microstructures that may 
be useful for the production of nanoporous metals by selective phase 
dissolution. Thereby, it must widen the range of alloy compositions that 
can be obtained in nanoporous form. As noted in §1, the separation of 
microstructural development and dissolution can increase the degree of 
control over that achievable in dealloying. That control may be exer
cised through both the casting conditions and subsequent solid-state 
heat treatment.

For the particular case of nanoporous titanium, the combination of 
high specific surface area, tunable wettability, and low optical reflec
tivity may be attractive for several functional applications. Possible 
areas of interest include: light-management surfaces, photothermal 
systems, catalytic supports, and biomedical implants, where the open 
porous architecture and chemical stability of titanium may be advan
tageous. In addition, the black appearance arising from strong light 
scattering rather than pigment absorption may be relevant for optical 
and thermal-management applications. These aspects warrant further 
investigation.

4. Conclusions

A series of alloys from Ti75Sc25 to Ti25Sc75 (at%) has been studied. 

The as-cast alloys consist of two near-elemental phases; α-Ti(Sc) and 
α-Sc(Ti). The phase morphologies vary systematically with composition: 
lamellar in the middle of the composition range and rod-like at the ex
tremes. The key mechanism of the microstructural development is 
identified as cellular precipitation. By selective dissolution in acid, the 
α-Sc(Ti) phase can be completely removed, yielding nanoporous tita
nium (NP-Ti) samples. The specific surface area (SSA) of these samples, 
measured by the BET method, is in the range 10–80 m2 g–1, competitive 
with values attainable by dealloying methods. These SSA values are 
2–6 times those directly expected from the observed microstructures. 
NP-Ti25 is strongly hydrophobic; the next most porous sample, NP-Ti35, 
is strongly hydrophilic. This contrast in wettability can be understood 
from the microstructures and standard wetting models (Wenzel and 
Cassie-Baxter). The most porous samples, despite being entirely 
metallic, are matt-black. Cellular precipitation, followed by selective 
dissolution of one phase, is a useful addition to the range of techniques 
for producing nanoporous metals. There is much scope for process 
optimization (in solidification and subsequent heat-treatment) to con
trol the morphology of the porosity and to increase the SSA.
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