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a b s t r a c t

De-alloying occurs when a less noble metal is selectively removed from an alloy either by chemical or
electrochemical means. Under appropriate experimental conditions and for suitable alloy composition,
the resulting material is constituted by crystalline ligaments rich in the noble element and pores. The
literature reports a substantial amount of information on de-alloying crystalline homogeneous solid
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solutions, mostly based on noble metals, whereas the process has been attempted in a limited number of
cases with amorphous alloys. The latter case is reviewed here and new results are given for an Au-based
metallic glass evidencing the role of the critical potential and surface roughness.

It can be also of interest to remove selectively from the alloy a single phase leaving a sieve-like matrix.
which might itself be porous. The size of the pores and of the remaining solid can be tailored by controlling
the grain size of the phases. Examples are given for this second process and experiments are reported on

ng of
orrosion successful selective etchi

. Introduction

Porous metals can be made by selective removal of a phase or an
lement from a bulk alloy by chemical or electrochemical means.
he topic has recently gained interest for tailoring nanoporous
etallic materials aiming at improved properties in various field

uch as catalysis, sensors, hydrogen storage, molecular sieves. The
ecent literature reports significant examples which can be classi-
ed according to the initial microstructure of the alloy.

De-alloying of an element from crystalline homogeneous solid
olutions, mostly based on noble metals, results in the formation of
network of pores and ligaments of the remaining noble element
oth experiments and models have been devised to elucidate the
tructure the material and the mechanism of the reactions; for a
eview see [1]. This process provides the finest pore size, in the
anometre range, as shown for Au–Ag [1], Au–Cu [1], Au–Sn [2],
u–Mn [3] alloys.

Dissolution of a phase in a two phase material gives porosity
f various sizes, starting typically from the micron range. Exam-
les include Ni-base superalloys [4,5], Cu–Zr [6], Ti–Al [7]. In these,
n equilibrium phase is etched away after suitable thermal or

echanical processing aimed at tailoring its size. Instead, the non-

quilibrium demixing of the melt before solidification has been
xploited to create phase dispersions in Cu–Co and Cu–Fe alloys
8,9] before etching. In some of these cases, the phase constitu-
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rapidly solidified Fe–C eutectics.
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tion of the material involves two solid solutions or a solution and
a compound: the phase containing the less noble component is
totally removed and the other phase originates a porous structure
because of removal of an element as in Au–Al, made of a Au rich
solid solution and an Al2Au phase. The material has then a bimodal
distribution of pore sizes [10].

De-alloying of homogeneous amorphous alloys as well as of
phase separated amorphous phases, has been attempted in a
number of cases with success [11–14]. Amorphous alloys contain
often several components, therefore all elements but one must be
removed at appropriate potential. Structural reconstruction then
occurs providing a crystalline phase in all cases known to date
very likely via its nucleation which can be favoured by the removal
of elements which brings composition outside the glass-forming
range.

The removal of a single phase from an alloy implies two steps:
the design and production of a suitable microstructure and the
careful use of etching methods, i.e. of Pourbaix diagrams for elec-
trochemical techniques [1,4–9]. For obtaining porous structures
by de-alloying of an element from a homogeneous solution, a
substantial difference in electrochemical potential between alloy
components is needed. It has then been shown that a critical poten-
tial exists for the morphology of corrosion as well as a “parting
limit”, i.e. a limiting content of the most noble element, usually less
than that of the less noble one. Finally, the mechanisms of crystal

reconstruction is based on surface and volume diffusion of the noble
species or even their re-deposition from the electrolyte [5,15–18].

In this work we describe two cases falling in the above cate-
gories. The removal of a phase from a two-phase Fe–C alloy having
a peculiar microstructure obtained by rapid solidification is first
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at 2 V. The ferrite lamellae only remained.
It is, therefore, concluded that porous patterns of different

size and shape can be obtained on account of the starting alloy
microstructure.
ig. 1. SEM image (secondary electrons) of a cross section of as-quenched 3.8 wt%
ribbon.

reated. Then, the electrochemical etching of an amorphous Au-
ased alloy is reported. Here, the role of the amorphous structure,
f eventual embedded surface crystals, of the surface roughness
ust be considered in addition to the conventional electrochemical

arameters [14].

. Experimental

Fe–C ingots containing 3.8 and 4.3 wt% C and a Au42Cu29Ti8Si21 alloy were syn-
hesized by arc melting elements of the following purity: 99.98% Fe, 99.999% C
electronic grade), 99.99% Au, 99.99% Cu, 99,9995% Si, 99.99% Ti, after evacuating
nd purging the furnace several times with high purity Ar and using lumps of Zr
nd Ti as getters. Parts of the crushed ingots were melt spun from a silica crucible
nto a hardened Cu wheel under high purity Ar, obtaining ribbons 2 mm wide and
5–30 �m thick.

For electrochemical de-alloying, samples have been used as working electrode
n a cell composed of a Standard Calomel reference electrode (SCE) and a Pt counter
lectrode in a Potentiostat/Galvanostat Model 7050, Amel Instruments.

The Fe–C alloys were etched in 14 M NaOH and 2 V, conditions suited to remove
he cementite phase. The critical potential for de-alloying Au42Cu29Ti8Si21 was
etermined by performing anodic polarization experiments as 1.75 V. Potentiostatic
nd galvanostatic methods were employed with an electrolyte made of a 0.1 M HNO3

queous solution; in the former, samples have been etched for 20 h at 1.80–1.90 V
versus SCE electrode), in the latter, samples have been etched at 15 mA for 6 h. Dur-
ng processing, the potential and current fluctuated around the average of tens of
V and units of mA, respectively.

Samples have been analysed before and after etching using X-ray diffraction
XRD) in Bragg-Brentano geometry with monochromatic Cu K alpha radiation,
canning electron microscopy (SEM), energy dispersive X-ray spectroscopy (EDS)
calibrated with a pure Co sample).

. Results and discussion

.1. Fe–C eutectics

Microstructural studies of binary cast irons produced with ele-
ents of high purity, have shown that the formation of the expected

onventional eutectics can be kinetically suppressed by solidifica-
ion at the rates achievable in the melt spinning process. A mixture
f metastable cementite, slightly off-stoichiometry, and supersat-
rated ferrite was solidified in eutectic form from the liquid at
.8 wt% C with the phase proportion of 61 vol% and 39 vol%, respec-
ively [19]. Phase diagram calculation confirmed the location of the

etastable eutectic. An image of a cross section of a ribbon of this
lloy is reported in Fig. 1 showing the uniform eutectic microstruc-
ure. Only in thicker ribbons a transition from the microstructure

f Fig. 1 to ledeburite was found.

Conditions for electrochemical etching were chosen to obtain
he highest current efficiency which corresponds to oxidising the
ron present in carbides to ferrate ions and carbon to carbonate ions
20]. This allows selective removal of cementite from the alloy. The
Fig. 2. SEM image (secondary electrons) of as-quenched 3.8 wt% C ribbon after elec-
trochemical etching to remove cementite.

Fe is dissolved under the same parameter settings, although defi-
nitely more slowly, being protected to some extent by a passivating
oxide film [20]. In order to remove only cementite, the etching
must, therefore, be terminated at a proper stage avoiding exten-
sive Fe corrosion. Fig. 2 shows the former air side of the ribbon
which displays now widespread porosity within a Fe network. The
size of the pores is on average of the order of two microns. They
clearly extend into the inner part of the ribbon. Complete etch-
ing was achieved after 70 min. XRD demonstrated the material is
constituted entirely by Fe.

The same electrochemical procedure was applied to slices of
various thickness of an arc melted Fe–4.3% C ingot which contained
fine alternate lamellae of ferrite and cementite after solidification
in the proportion expected from the phase diagram. The cementite
was removed and the material displayed pores one to two microns
wide and of various length extending up to tens of microns (Fig. 3).
The selective etching could be prolonged for various hours to obtain
thick porous iron. Fig. 4 shows a view in lateral perspective of a foil,
originally 80 �m thick, which appears fully etched after about 18 h
Fig. 3. SEM image (secondary electrons) of as-solidified 4.3 wt% C cast iron after
electrochemical etching to remove cementite.



S10 L. Battezzati, F. Scaglione / Journal of Alloys and Compounds 509S (2011) S8–S12

Fig. 4. SEM image (secondary electrons) of as-solidified 4.3 wt% C cast iron after prolonged electrochemical etching to remove cementite. Left: perspective view of a foil
originally 80 �m thick. Right: magnification of ferrite lamellae.
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areas are close in morphology to those just described, whereas
others contain gold of different shapes. This is more evident on
the wheel side as shown in Figs. 7–9. The surface displays cor-
rosion cracks and island of Au (Fig. 7). These are more clearly
seen in the magnified image of Fig. 8. Cracks can be associ-
ig. 5. SEM image of the air side of the Au42Cu29Ti8Si21 ribbon after dealloying with

.2. Au based amorphous alloy

The Au–Si system is the early prototype of a metal-
ic glass-former by rapid solidification [21]. More recently,
ulk metallic glasses have been obtained with atomic content
u49Ag5.5Pd2.3Cu26.9Si16.3 [22], a composition clearly related to the
u–Cu–Si ternary eutectic. It has also been shown that the addi-

ion of Ti, having a negative heat of mixing with Au, Cu and Si,
mproves the glass forming ability of the ternary system, although
he resulting alloy is not a bulk glass-former [23]. Among the com-
ositions now available, Au42Cu29Ti8Si21 is below, but close to the
arting limit of Au content for de-alloying. Melt spun ribbons dis-
lay diverse microstructures from the amorphous wheel side to
he air side where quenched-in crystals are found. These belong
o a metastable cubic phase, Cu15Si4 type which was identified in
RD patterns by comparison with other rapidly quenched ribbons
f Au37.5Cu37.5Si25 composition [23,24]. These crystals are quickly
emoved by electrochemical etching as shown by the disappear-
nce of their reflections from the diffraction pattern leaving an
ncipient porosity of micrometer size on the ribbon surface [14].

ith prolonged etching at different potential above the critical one,
RD patterns show that gold rich crystals were obtained on both
ides of the ribbon surfaces. Their lattice constant corresponds to
hat of pure gold within the data scatter [14]. SEM images of the
ir-side of the ribbon, show, in addition to the microporosity due
o the removal of the crystalline phase, a finer porosity found in

etween particles of pure Au connected to each other (Fig. 5). Sim-

lar microstructure is found on the wheel-side where the general
orphology of gold appears related to the pre-existing roughness

f the ribbon surface with longitudinal hillocks and isolated chan-
els (Fig. 6). The porosity extends to a layer about 5 �m thick on
otentiostatic method at 1.90 V (left). Higher magnification image on the right.

both surfaces. Galvanostatic experiments provided similar mor-
phology of gold [14].

Crystals and porosity displayed different morphology as a func-
tion of applied potential. With potential just above the critical value
(e.g. 1.80 V), the appearance of the surfaces is more patchy. Some
Fig. 6. SEM image of the on the wheel-side of the Au42Cu29Ti8Si21 ribbon after
dealloying with the potentiostatic method at 1.90 V. Porous gold with longitudinal
hillocks and isolated channels.
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Fig. 7. SEM image of the on the wheel-side of the Au42Cu29Ti8Si21 ribbon after
dealloying with the potentiostatic method at 1.80 V. Corrosion cracks and Au islands.
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ig. 8. Magnification of part of Fig. 7 showing corrosion cracks and locally re-
eposited Au.
ted to stress corrosion and to the misfit and volume reduction
etween the de-alloyed layers and the underlying alloy. Au par-
icles appear deposited on top of the islands. A closer inspection
f some of them reveals that they are layered instead of porous

Fig. 9. Magnification of part of Fig. 7 showing re-deposited Au in layer form.
and Compounds 509S (2011) S8–S12 S11

(Fig. 9). This is clearly indicative of a different growth mechanism
with respect to the previous ones (Figs. 5 and 6). The mechanism
of formation of Au crystals must involve a first stage, common
to all cases shown here, in which nucleation of crystals occurs
very likely heterogeneously on emerging asperities, contrary to
de-alloying of crystalline alloys which are composed already of
a single face-centered cubic phase. Then, the microstructure of
Figs. 5 and 6 made of three dimensional aggregates of gold parti-
cles implies surface diffusion of gold when the less noble elements
are dissolved. Volume diffusion of Au to the surface could also
be invoked, but it is less likely to be effective: in fact, it should
cause the formation of crystallization products of the alloy of which
no evidence was ever encountered. Instead, the morphology of
Figs. 7–9 is compatible with local passivation due to noble element
layers and elemental re-deposition from the electrolyte possibly
because of fluctuations of the potential around the critical value
[25].

Microanalysis has been performed on both sides of uniform
areas of the de-alloyed ribbons showing surface enrichment in
gold and depletion in copper while the titanium and silicon per-
centage was on average decreased less. This results are not in
contradiction with the XRD results that shows reflections of pure
gold after de-alloying: microanalysis data give an average com-
position between the de-alloyed layer, made of pure gold, and
the layers below that have not been etched yet. Elemental maps
and fine spot EDS analyses showed enrichment of Si and Ti in
the pores accompanied by higher Oxygen signal. A current den-
sity of the order of tens of mA/cm2 was recorded in different
experiments. It then decreased progressively at all potentials as
a function of time becoming almost halved after about 50 min
remaining then substantially constant during the etching time
(20 h). This passivating effect is likely due to both surface gold
enrichment and progressive coverage and to enrichment in Si and
Ti possibly as oxides in the pores. As expected from the respec-
tive Pourbaix diagrams, Si and Ti de-alloy first, however, after
pores formation their removal is less effective due to a passiva-
tion effect. The de-alloyed thickness is, nevertheless, substantial
and the remaining ribbon help in further manipulation of the mate-
rial.

Having verified the feasibility of de-alloying of amorphous
metallic phases, the mechanism at atomic level is not disclosed,
however, and would need detailed examination of the early stages
of the process.

4. Conclusions

The present work shows that porous patterns of different
size and shape can be obtained on account of the starting alloy
microstructure in Fe–C eutectics providing a cheap mean to obtain
materials for catalysis and sieving.

De-alloying of a partially crystalline/amorphous alloy has been
performed obtaining porosity of different size. Porous gold net-
works have been obtained from crystalline alloys in many instances
[1–3] containing often finer pores, i.e. in the tens of nanome-
tre range, than those shown in Figs. 5–9. The larger Au crystals
obtained here can be related to the alloy composition close to the
parting limit for de-alloying although necessary for glass forma-
tion. The role of the initial amorphous structure does not appear
decisive. On removing the less noble components, nucleation of
gold crystals must be very quick, being facilitated by local het-

erogeneity and the apparent fast surface diffusion. Using glassy
alloys, de-alloying could, however, be interesting to obtain a start-
ing single phase in cases when no crystalline homogeneous phase
can be obtained and to promote patterns by controlled crystallisa-
tion.
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