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Liquid-metal dealloying generates porous metals or interpenetrating-phase composites. Particularly attractive 
is the use of the alloy’s innate melt for activating dealloying throughout the bulk, even in extended sample 
geometries, during reverse peritectic melting. We explore if interpenetrating-phase microstructures may be 
observed more generally during partial melting of solid solutions with an extended temperature interval of solid-

melt coexistence. Incomplete wetting of grain boundaries by the melt is then a prerequisite for a bicontinuous 
structure. For a Cu-In alloy, we show that special grain boundaries remain non-wetted and provide a load-

bearing backbone in the partially molten alloy, and that the bicontinuous structure is preserved during quenching 
to room temperature. Samples with a contiguous porosity can be obtained by leaching the solidified melt. As 
extended melting intervals are ubiquitous in binary alloys, our observations provide for the innate-melt-enabled 
preparation of monolithic interpenetrating-phase composites or porous metals in an extended set of alloy systems.
Bicontinuous metal composites with two interpenetrating phases are 
of interest because of their attractive mechanical and physical proper-

ties [1–4] and since they may serve as precursors for porous metals 
[5–7]. This kind of composite can be obtained by spinodal decom-

position [8], co-sputtering [9], selective etching and electrochemical 
refilling [10] or liquid metal dealloying [2,11,12]. Recently, reverse 
peritectic melting [13] has been found to afford through-bulk dealloy-

ing – as the intermetallic TiAg undergoes the reverse peritectic reaction, 
the innate melt corrodes the solid, forming a bicontinuous structure 
[14].

Obtaining a bicontinuous structure through reverse peritectic melt-

ing is attractive, since it requires merely a simple heat treatment and 
since the process – acting throughout the bulk – offers scalability to 
large samples. However, the approach has so far only been demon-

strated for TiAg, suggesting that alloy systems with suitable peritectics 
may be rare. This raises the intriguing question of whether a bicontin-

uous structure can be obtained, alternatively, through partial melting 
between solidus and liquidus of solid solutions with an extended melt-

ing interval, which are ubiquitous in binary alloy systems. That might 
greatly enhance the applicability of innate-melt dealloying.

Solid-melt dual-phase states have been intensely studied in the field 
of semisolid casting [15–17]. Castability there requires not too high 
viscosity and, in the consequence, a disconnected solid phase. By con-

trast, achieving bicontinuous structures that can bear load calls for a
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percolating solid backbone. That condition must prevail in the partially 
molten state, where the microstructure is formed. It is not immediately 
obvious that the condition can be met, since grain boundaries are fre-

quently observed to undergo pre-melting [18–20]. In other words, the 
melt tends to wet the grain boundaries, reducing the contiguity of the 
solid phase. A bicontinuous partly molten microstructure presupposes 
an alloy system with “incomplete” grain boundary wetting, that is, a 
system in which certain boundaries or boundary types remain at least 
partly dry during solid-melt coexistence.

Dry boundaries are distinguished by a nonzero contact angle at 
the crystal-crystal-melt triple line. Alloy systems that exhibit this phe-

nomenon have been identified, and transition temperatures between 
complete and incomplete grain boundary wetting are known for vari-

ous alloy systems, including Al-Mg [21], Cu-Ag [22], Al-Ga [23], Mo-Ni 
[24], Cu-Bi [25] and Cu-In [26–28].

Here, we explore whether bicontinuous metal alloys can be pro-

duced through partial melting. Among the above-mentioned alloy sys-

tems with incomplete grain boundary wetting, we choose Cu-In, since 
that system features a particularly wide interval between the start and 
finish temperatures of grain boundary wetting [27,28].

Our study focused on Cu93In7 (at.%). To prepare that alloy, Cu 
(>99.995%) pieces and In (>99.999%) granules were repeatedly melted 
together in an arc melter under Ar. The ingot was sealed in an evacu-

ated quartz tube and homogenized at 630 ◦C for 7 days. For quenching, 
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Fig. 1. Overview of the phase structure. (a), Cu-In phase diagram (after [29]). (b), backscattered electron (BSE) micrograph of Cu93 In7 after homogenization; uniform 
contrast suggests single-phase alloy. (c), BSE image after partial melting for 4 min at 843 ◦C; two phases are clearly distinguished. (d) X-ray powder diffractogramms 
of scattering intensity (linear) versus scattering angle 2𝜃 for Cu93In7 as homogenized (black line) and after partial melting (red line; displaced for clearer view). 
(e), enlarged view of diffraction near the (111) peaks. After partial melting, traces of 𝛽 − Cu4In may be distinguished besides predominant Cu solid solution. The 
splitting of the (111) reflection after partial melting is from the K𝛼1∕2

wavelength doublet. Reference lines from [30]. (For interpretation of the colors in the figure(s), 

the reader is referred to the web version of this article.)

the tube was dropped into room-temperature water and immediately 
broken with a hammer. Partial melting used a 5 mm diameter ceramic 
crucible in a furnace at air. Samples were exposed to 843 ◦C for vari-

ous periods of time and quenched in water, with a transfer time < 2 
seconds. Some samples in that condition where processed further by 
electrochemical dealloying in 0.5 M H2SO4 solution at -0.26 V against 
a Ag/AgCl reference electrode.

The inspection of the microstructure focused on the sample centers. 
All micrographs in this work are from cross-sectional surfaces, obtained 
by sectioning the sample after its final metallurgical or corrosion treat-

ment. The sample segments were cold-embedded in epoxy, then ground 
with abrasive paper to 4000 grit and polished with colloidal silica sus-

pension. Scanning electron microscopy (SEM) used a Zeiss Supra VP55. 
Samples for electron backscatter diffraction (EBSD) in the scanning elec-

tron microscope underwent the same grinding/polishing process as the 
SEM samples, followed by Ar ion milling for stress relief at the surface. 
The EBSD results were analyzed by the Channel 5 (HKL Technology, 
Co.) software. Coincidence Site Lattice (CSL) boundaries were distin-

guished automatically using the Brandon criterion [31].

Phase identification used X-ray powder diffraction in focusing 
Bragg-Brentano geometry, with Ni-filtered Cu K𝛼 radiation. Samples 
for the diffraction experiment were ground with sand paper (1000 grit) 
and the so-prepared cross-sections examined.

We studied the alloy Cu93In7. The alloy phase diagram in Fig. 1(a) 
illustrates a single-phase state in a temperature interval centered around 
∼700 ◦C and an extended interval of solid-liquid coexistence at higher 
temperature.

Fig. 1(b) characterizes the microstructure after homogenization. The 
uniform gray shade suggests a single phase. Black spots represent cast-

ing pores formed upon solidification. The homogenized alloy’s x-ray 
powder diffractogramm in Fig. 1(d) confirms the single-phase, face-

centered cubic (fcc) structure, with no indication of intermetallic sec-

ond phases. The Bragg reflection positions indicate a lattice parameter 
slightly in excess of that of Cu, consistent with the large atomic radius 
of the dissolved In.

The backscattered electron (BSE) image in Fig. 1(c) shows the mi-

crostructure after partial melting at 843 ◦C and quenching. The solid so-

lution grains and the intergranular phase formed by the solidified alloy 
melt are clearly distinguished. The diffractogramm in red in Fig. 1(d) 
represents the sample in that state; apart from the dominant fcc reflec-
2

tions, the diffractogramm shows the signature of 𝛽-Cu4In. Precipitation 
of that phase during quenching is consistent with the phase diagram. 
We conclude that at least part of the intergranular phase is 𝛽-Cu4In.

In Fig. 1(d) and in the enlarged view around the fcc (111) Bragg 
reflection, Fig. 1(e), a shift of the fcc reflections to higher diffraction 
angles after partial melting testifies to the reduced In content (reduced 
lattice parameter) in the solid during solid-liquid coexistence.

In the 2D cross-sectional image of Fig. 1(c), each of the two phases – 
Cu rich solid solution and solidified melt – appears contiguous. Whether 
or not each phase is indeed contiguous in 3D may be determined based 
on a dealloying experiment, in which one of the phases is attacked by 
corrosion and converted into a porous structure. Electrochemical deal-

loying in 0.5 M H2SO4 proved efficient in dealloying selectively the 
solidified melt. Fig. 2 shows the microstructure in near-surface and cen-

tral regions of the sample. The Cu-rich phase remains unetched, while 
the solidified melt has been corroded, forming a Cu-rich nanoscale net-

work structure that resembles the typical dealloyed structure found in 
other alloy systems [32–34]. Obviously, In is selectively removed by 
our protocol.

As we find the entire intergranular phase to be corroded, we con-

clude that this phase was contiguous. Furthermore, the macroscopic 
sample remains coherent and load-bearing, evidence that the granu-

lar phase is also contiguous. In other words, the dealloying experiment 
confirms the suggestion of the SEM image, the partially molten mi-

crostructure is bicontinuous.

For microstructure observation in the central area of a bulk porous 
metal sample, the typical method is to cleave the sample with a scalpel 
[35]. It is noteworthy that in this study cleaving the sample after cor-

rosion retains its structural integrity, in spite of an appreciable cutting 
force. This emphasizes the excellent connectivity of the granular, Cu 
solid solution phase.

For verifying the uniformity of the dealloyed structure throughout 
the sample cross-section, a sample was vacuum-embedded with epoxy 
and then ground and polished to reveal the central area. Indeed, the 
SEM observation in that state, Fig. 2(c,d) confirms the uniformity. This 
testifies to accessibility of the entire intergranular phase to corrosion 
and, hence, to its contiguity throughout the sample.

Inside the Cu solid solution grains after partial melting, BSE micro-

graphs – such as Fig. 2(d) – exhibit small regions of bright contrast (see 
arrows). That contrast implies enhanced In content, suggesting regions 
of solidified melt. Such regions could form either by nucleation of the 

melt inside a grain – with, for instance, a lattice dislocation or a void as 
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Fig. 2. Scanning electron micrographs of Cu93In7 after partial melting for 4 min and subsequent dealloying. (a,b): secondary electron image near the macroscopic 
sample surface. Intergranular phase has been converted into a nanoscale porous network structure. (c,d): back-scattered electron micrographs near the sample centre. 
Network structure can also be found here. Regions of redeposited Cu phase and of resolidified entrapped melt are designated by arrows.

Fig. 3. Electron backscatter diffraction characterization of Cu93In7 after homogenization. (a) Inverse pole figure image; color indicates orientation of surface normal 
in stereographic standard triangle, see legend at right. (b) Boundary character map showing random high-angle grain boundaries, Σ3 coincidence site lattice 

boundaries and Σ9 boundaries.

the nucleation site – or by entrapment of melt during coarsening. En-

trapment events in bicontinuous microstructures are well known from 
coarsening of dealloyed porous metals, where they convert part of the 
contiguous pore space into isolated voids [36,37].

Figs. 2 (a) and (b) show gaps between the Cu-rich solid solution 
grains and the dealloyed porous regions. Quite similar features are rou-

tinely observed at the interface between dealloyed nanoporous gold and 
massive gold substrates [38]. They can be explained by transport of the 
constituent of the pore network (Au, in those studies) towards regions 
of reduced mean curvature at the substrate. The mean curvature of the 
pore surfaces gives rise to a Gibbs-Thompson excess in chemical po-

tential. Curvature gradients near the substrate prompt a divergence in 
the diffusive flux; this results in the depletion of the near-interface net-

work region in Au and eventually in the formation of a gap [38]. This 
mechanism would seem to be transferable to Cu diffusion in the present 
situation, with the granular phase assuming the role of the substrate.

In the BSE image of Fig. 2(d), laterally confined regions of a darker 
contrast are apparent at the surface of the granular phase after deal-

loying. As the darker contrast is associated with higher content in Cu, 
those regions might represent pure Cu that was redeposited during deal-

loying. The redeposition, which was also observed in earlier dealloying 
studies [39,40], may again be understood as the consequence of ex-

cess chemical potential of Cu in the nanoporous structure. According to 
this hypothesis, the Cu redeposits preferentially in concave regions of 
3

the solid-solution grain surface. The high magnification SEM image in 
Fig S1 of the Supporting Information illustrates wavy surface segments, 
including concave regions, after partial melting and prior to dealloying.

We have performed EBSD for mapping grain boundary characters in 
the as-homogenized and in the quenched-after-partial-melting states. 
Fig. 3(a) shows the EBSD image of the grain structure in the as-

homogenized alloy, with randomly oriented and curved or serrated lines 
suggesting high angle grain boundaries and straight, parallel lines sug-

gesting twins. Fig. 3(b) displays the grain boundary characters. High-

angle boundaries (misorientation > 15 degree) are the predominant 
boundary type. They include (in red) a large proportion of Σ3 Coin-

cidence Site Lattice (CSL) boundaries – that is, twin boundaries – and 
(in blue) occasional Σ9 boundaries which are geometrically related to 
Σ3 boundaries [41]. The remaining grain boundaries (in yellow) are 
categorized as random high-angle grain boundaries.

Next, let us inspect EBSD data for the alloy after partial melting 
(here for 4 min) and re-solidification, Fig. 4. The grain boundary char-

acter map, Fig. 4(b), reveals random high angle grain boundaries as 
well as Σ3, Σ9, Σ11 and Σ27. As the image gives no evidence for 
molten regions at those grain boundaries, it confirms that boundaries 
from that set of characters can remain dry at the temperature of our an-

neal. Specifically, non-wetted high-angle grain boundaries were found 
to prevail even after extended anneals in the partially molten state, see 
the EBSD image after 1 h of annealing, Fig S2 in the Supporting Infor-

mation.

Straumal et al. [26,28] have shown that the wetting transition tem-
perature, above which the contact angle vanishes (complete wetting), 
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Fig. 4. Electron backscatter diffraction maps of Cu93In7 alloy after partial melting for 4 min. (a) Inverse pole figure image; color indicates orientation of surface 
normal in stereographic standard triangle, see legend at bottom. (b) Boundary information, showing retention of random high-angle grain boundaries as well as 
various types of CSL boundaries after partial melting.
is closely related to the specific grain boundary energy, 𝛾 . As compared 
to random high-angle grain boundaries, CSL boundaries, especially the 
low-𝛾 boundary Σ3, require a higher temperature to be completely 
wetted [42]. The temperature range between the start and finish of 
complete wetting in the set of all boundaries in Cu-In is from 715 ◦C
to 986 ◦C [27]. Those findings suggest that some boundaries will re-

main incompletely wetted in the partial melting state at 843 ◦C. It is not 
readily obvious what fraction of incompletely wetted grain boundaries 
is required for retaining a contiguous solid phase. Yet, the mechanical 
robustness of the dealloyed sample indicates that enough incompletely 
wetted grain boundaries were left after partial melting.

Besides the grain boundary character, the grain microstructure in 
Fig. 4 is also remarkable. Clusters of granular features exhibit a com-

mon grain orientation, penetrated by multiple solidified melt channels. 
The clusters (grains) have similar size as the grains in the master alloy 
(several hundred micrometers), Fig. 3, whereas the individual granular 
regions are substantially smaller (around 30 μm after partial melting for 
4 min). This provides an incentive for inspecting the evolution of the 
microstructure as the time at two-phase coexistence is varied.

Fig. 5 displays the microstructure evolution after partial melting 
for different times, from 1 min to 1 h before and after dealloying. As 
the most obvious observation, the microstructural length-scale is seen 
to increase significantly with time. That is readily understandable as 
curvature-driven coarsening, mediated by fast diffusion through the 
melt.

More intriguing is the observation that, for the shortest time (1 
min) at solid-liquid coexistence, the characteristic feature size is ac-

tually smaller than the grain size of the original homogenized alloy (see 
Fig. 3). That observation can be traced to the mechanism by which the 
microstructure equilibrates in the dual-phase state. The fastest trans-

port mechanism is not solid-state diffusion of the excess indium from 
4

the solid solution in the grain interior to the initial, molten film at 
the nearest grain boundary. Instead, wetted grain boundaries can mi-

grate and sweep the grain interior, leaving equilibrated solid solution 
behind. This discontinuous reaction by interface migration [43] is an es-

tablished analogon to diffusion-induced grain boundary migration [44].

Liquid film migration and the discontinuous precipitation of the 
equilibrated phase have seen dedicated studies for Cu-In [45,46]. The 
process can refine the microstructure, since the free energy gain associ-

ated with the reaction can overcompensate the energy expenditure from 
increasing the area of the liquid film’s interfaces. As the solidification 
behind the migrating interface redeposits matter on the crystal lattice of 
existing grains, the discontinuous precipitation by liquid film migration 
is consistent with our observation of clusters containing several crystal-

lographically aligned crystals that are separated by (solidified) liquid 
films. The absence of Kirkendall voids in the granular phase of Fig. 5(a) 
is consistent with a negligible contribution of solid-state diffusion.

All samples of Fig. 5 exhibit voids in the intergranular phase. We 
tentatively attribute those voids to volume shrinkage during solidifica-

tion.

Fig. 5(e-h) present the microstructure of samples with different par-

tial melting time, after dealloying. The intergranular phase appears 
completely dealloyed in each sample. This indicates that the liquid 
phase is already interconnected after partial melting for only 1 min, and 
that it remained interconnected during a prolonged hold at the partial 
melting temperature.

The alloy Cu93In7 is studied in this research to show that a bicon-

tinuous microstructure can be obtained by partial melting in the solid-

liquid coexistence region. Unwetted boundaries in Cu solution phase 
provide the connectivity of the solid phase at high temperature. The 
obtained structure is the result of the liquid film migration as well as 
the subsequent coarsening. The bicontinuous microstructure achieved 
at elevated temperatures can be preserved through rapid quenching in 

water. For the Cu93In7 alloy, both the Cu solid solution and the 𝛽-Cu4In 
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Fig. 5. Scanning electron micrographs (BSE) exploring the microstructure after partial melting at 843 ◦C for (a) 1 min; (b) 4 min; (c) 15 min; (d) 1 h before dealloying. 
An obvious increase in the size of both phases with prolonged melting time can be observed. Microstructure of dealloyed Cu93In7 alloy (BSE images) with different 
partial melting time: (e) 1 min; (f) 4 min; (g) 15 min; (h) 1 h. Note that the nanoscale net work structure was found in the central area of all samples. This shows 
that solidified melt phase remained continuous after prolonged partial melting time.
phase remain interconnected after the partial melting process from 1 
min to 1 h. This method introduces a novel and easy approach to fab-

ricate bulk bicontinuous metal composites or porous metals, with the 
potential of becoming a universal synthesizing method for many differ-

ent alloy systems.
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