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Abstract The phase composition of electrochemically
obtained Ag-In alloy coatings electrodeposited at different
conditions was determined. With the increase in the current
density, both indium content and heterogeneity of the
deposited layers increase. The amount of the indium-richer
phase increase as well. Before the thermal treatment, the
phases Ag, Ag3In, and In4Ag9 are observed in coatings
with spatio-temporal structures. As a result of heating the
new phase Ag4In appears at temperatures above 500 °C and
indium is oxidized up to In2O3 from the oxygen in the
heating chamber. Up to 500 °C, the spatio-temporal
structures are still visible. Probably they consist of both
Ag-rich α-phase and one of the phases of the alloy system
with small indium content, such as Ag4In or Ag3In.
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Introduction

Silver-indium alloy coatings have been enjoying close
attention from today’s industry for both their enhanced
resistance to tarnishing in comparison to pure silver
deposits [1, 2] and their excellent antifriction properties
[3–5]. In a number of cases, they are obtained by vacuum
technologies based on consecutive layer-by-layer coating of

the separate metals and followed by a heat treatment [5].
The electrodeposition of the alloy is carried out mainly in
alkaline cyanide electrolytes [1, 2, 6–11]. Silver in the
cyanide complex is the more electropositive element in the
system and the electrodeposition of the alloy is of a regular
type according to A. Brenner [12]. Indium is present in the
electrolyte as a mixed complex with the cyanide ions and
the disintegration products of glucose, which is commonly
used in the silver-indium electrolytes [10]. The difficulties
arising from the instability of the alkaline electrolytes due
to the low solubility of indium hydroxide [1, 13] are
overcome by the electrolyte preparation procedure pro-
posed in previous works [10, 14]. The obtained electrolytes
are clear and stable and are able to be successfully used for
the electrodeposition of the silver-indium alloy as well.

Silver is mainly deposited from the alloy electrolytes at low
current densities. At higher current densities, silver deposits
under a diffusion controlled conditions and the co-deposition
of indium leads to formation of alloy coatings. With the
increase in the indium content in the alloy, the silver lattice
becomes gradually saturated with this element and a solid
solution of indium in silver is formed. When the content of
indium increases, the achieved excess leads to the formation
of a new indium-richer phase. In this case interesting
phenomena can be observed on the electrode surface, such
as ordered spatial distribution of the different phases, due to
the processes of self-organization and formation of spatio-
temporal structures [2, 10, 11]. These coatings are phase-
heterogeneous and consist of dark and light regions with
different indium content [11]. Previous X-ray investigations
show that in similar self-organized coatings the phases Ag,
Ag3In, In4Ag9, AgIn2 and In can be established [11].

The phase composition of the Ag-In alloy system has
been investigated by many authors [15–22]. The most cited
work in the literature is that of Campbell et al. [20]. The
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denotations of the phases in the present paper are given
according to the phase diagram in their work (Fig. 1) [20].

Hume -Rothery et al. [15] have determined the solubility
limit of indium in silver. According to their investigations, at
315 °C the solubility limit of indium in silver is 21.7 wt %,
but at room temperature it is 20.3 wt % [15]. According to
other authors, this solubility limit is 20.4 wt % In [17].
According to thermoelectric measurements [22] the solubil-
ity limit of indium in silver should be approximately 2.1 at.
%. These data sharply differ from the data of other
investigations [15–21] and need to be confirmed by other
methods of physico-chemical analysis. With the increase in
the content of indium, the lattice parameter of the cubic α-
phase (alpha) increase from 4.086 Å (at 0 wt % In) up to
4.149 Å (at 19.99 wt % In) [19].

The existence of the α′-phase (alpha_prime) is observed
at indium contents in the alloy in the interval between 19.5
and 26.3 wt % [20]. According to Campbell et al. [20], α′
(alpha_prime) is the ordered form of the α-phase (alpha)
where one indium atom occupies the corner position (0,0,0)
of the cubic cell and the three silver atoms - the face-
centred positions (0, 1/2,1/2) etc.

At indium contents between 25 and 100 wt %, the
system is discussed in detail again in the work of Campbell
et al. [20]. In this concentration interval the authors
describe the presence of several phases as follows:

– β-phase: High temperature phase with a body-centred
cubic lattice (phase transformation temperature be-
tween 660–695 °C) [19].

– γ-phase: Hexagonal phase (Ag3In) with the range of
homogeneity between 29 wt % and 29.7 wt % In at
room temperature.

– ɛ-phase: Cubic phase, which corresponds to In4Ag9
(Ag2In). The range of its homogeneity is between
32.8 wt % and 36.82 wt % In;

– 8-phase: Body-centred tetragonal phase, which exists
together with the ɛ-phase from 36.8 wt % up to 67 wt
% In, as well as with pure indium in the case of more
than 67 wt % indium in the alloy. The phase
corresponds to the AgIn2 compound.

Silver is practically not soluble in indium.
In our previous investigations we established that the

heterogeneous electrochemically obtained silver-indium
alloy coatings consist of different phases, such as Ag,
Ag3In, In4Ag9, and AgIn2 [11]. It has been established
that in all investigated coatings with spatio-temporal
structures on the cathode surface, the phases Ag, Ag3In
and In4Ag9 are observed. However, it is not possible to
decode which of these phases exists in the dark areas of
the coatings.

Other investigations on the phase composition of
electrochemically deposited Ag-In alloy coatings are not
known.

The aim of this study is to determine the phase
composition of electrochemically obtained Ag-In alloy
coatings electrodeposited at different conditions and to
connect it with the observed changes in the spatio-temporal
structures on the electrode surface.

Fig. 1 Phase diagram of Ag-In
system below 400 °C according
Campbell et al. [20]
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Materials and methods

The composition of the electrolyte for deposition of alloy
coatings is given in Table 1.

The electrolytes were prepared using chemicals of pro
analisi purity and distilled water by the following proce-
dure: The necessary quantities of D(+)-Glucose were added
to the water solution of indium chloride. The electrolyte
was pre-electrolyzed for a short time while recording a
cyclic voltammetric curve, or during galvanostatic deposi-
tion within 2–3 min with a current density of about 0.2–
0.5 A.dm−2 in order to achieve some disintegration of the
glucose [10] and after that the total amount of KCN
according to the molar proportion of KCN to indium of 5:1
was added in one step to the electrolyte under stirring. After
dissolution the silver salt was added.

The alloy coatings with thickness between 1 to 10 μm
were deposited in the cell for cyclic voltammetric experi-
ments under galvanostatic conditions. Copper and stainless
steel cathodes with an area of 2×1 cm were used. The
preliminary preparation of the copper cathodes includes a
standard procedure of electrochemical degreasing followed
by pickling in a 20% solution of sulphuric acid. In order to
avoid the contact deposition of silver, the cathode was
immersed into the electrolyte under current.

Two platinum counter electrodes (about 4 cm2 each)
were used. As a reference electrode an Ag|AgCl electrode
(ÅÀg|AgCl=0.198 V vs. SHE) was used. The reference
electrode was placed in a separate cell filled with 3 M KCl
solution (Merck), connected to the electrolyte cell by a
Haber-Luggin capillary through an electrolyte bridge con-
taining also 3.M KCl solution. The experiments were
carried out at room temperature by means of a computer-
ized PAR 263A potentiostat/galvanostat using the software
Soft Corr II.

The In percentage in the coatings depending on the
electrodeposition conditions was determined by X-ray
fluorescence analysis (Fischerscope X-RAY HDAL). The
thickness and the percentage of the coatings were measured
in 9 pointes - at 3 points in one row at the top, middle and
low parts of the electrode.

By means of differential scanning calorimetry the
temperatures of the probable phase transformations in Ag-

In foils detached from the stainless steel substrates were
established. The results were used to fix the temperature
steps during the followed in situ X-ray investigations.

The X-ray patterns were measured in the 2θ range of
20 °–140 ° with the D8 Discover diffractometer (Bruker
axs) in the Bragg-Brentano diffraction geometry. We used
Cu-Kα radiation. The in situ measurements were performed
at atmospheric conditions and at different temperatures (35,
150, 170 °C and in the range between 200 and 750 °C - in
steps of 50 °C) within a heating chamber (DHS 900 Anton
Paar). At each temperature one pattern was recorded 10 min
and a second one 5 hr after reaching this temperature.

The elemental composition on the coating surface was
measured by EDAX and the surface morphology was
studied by SEM and optical microscopy.

Results and discussion

The surface characteristics of the galvanostatically depos-
ited silver-indium alloy coatings onto copper substrates
(electrolyte shown in Table 1) changes depending on the
current density. The surface morphology was studied by
optical microscopy, the indium content was established by
X-ray fluorescence analysis, and the phase composition was
determined by X-ray diffraction. Figure 2 shows a optical
microscope image of the surface of a coating deposited at
0.1 A dm−2. The coating is matt, homogeneous with the
characteristic of silver’s dull-white colour. The X-ray fluores-
cence analysis shows insignificant quantities of indium in the
coatings (0.08 wt %). The X-ray pattern of this coating is
presented on Fig. 3, curve A. Besides the strong silver
reflections showing a preferred <111>-orientation, two other
reflections of smaller intensity at 2Θ=36.5 ° and 2Θ=36.7
are registered. These reflections can be attributed neither to

Table 1 Composition of the electrolyte for deposition

Electrolyte composition Concentration

g dm−3 mol dm−3

In as InCl3 /Alfa Aesar/ 22.4 0.2
Ag as KAg(CN)2 /Degussa/ 8 0.08
D(+)-Glucose / Fluka/ 20 0.1
KCN /Merck/ 65 1

Fig. 2 Optical microscope image of the upper part of a coating
deposited at 0.1 A dm-2 (electrode width – 1 cm, average In content
less than 1 wt %)
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the known silver-indium phases nor to the copper substrate.
Their identification requires additional research.

The alloy coating deposited at 0.3 A dm−2 contains
0.14 wt % In. The microscopic studies show the same
surface morphology of the coatings as in Fig. 2. The X-ray
pattern (Fig. 3, curve B) is the same as that of the coating,
deposited at 0.1 A dm−2. Besides the reflections of silver
with the preferred <111>-orientation, the reflections at the
angles 2Θ=36.5° and 2Θ=36.7° are noted as well.

When increasing the current density up to 0.5 A dm−2

the coatings become heterogeneous (Fig. 4). The average
contents of indium in the coating, measured by the X-ray
fluorescence analysis, is 22.4 wt %. In this case the lowest
measured percentage of indium could be found at the
bottom part of the electrode reaching 1.1 wt % of indium,
and the highest - in the upper part of the electrode reaching
44.4 wt %.

Besides the reflections of silver, very small reflections of
the Ag3In phase, as well as the reflections of the In4Ag9 and
AgIn2 phases can be found in the X-ray pattern of this
coating (Fig. 3, curve C). A preferred orientation of the
crystallites is not observed even for the silver.

The deposited coating at 0.7 A dm−2 is also heteroge-
neous, but more densely covered with dark areas. The

average contents of indium in the coating is 26.4 wt %,
with the lowest value of 11 wt % and the highest of
55 wt %. The phases In4Ag9 and AgIn2 can be found in the
X-ray pattern (Fig. 3, curve D) in addition to the silver
phase (α-phase). Small reflections of the Ag3In phase could
also be registered. A preferred orientation of the crystallites
in the coatings can not be registered at all.

At further increase in the current density up to 0.9 A dm−2

(average content of indium in the coating of 34.8 wt %,
with the lowest value of 22 wt % and the highest of 53.8 wt
%) and up to 1.1 A dm−2 (average content of indium in the
coating of 44.3 wt %, with the lowest value of 42 wt % and
the highest of 54.6 wt %), the coatings are still compact.
However, they become even more heterogeneous (Fig. 5).
The X-ray pattern of the coating deposited at 0.9 A dm−2

(Fig. 3, curve E) shows that the volume fraction of the

Fig. 4 Optical microscope image in the middle part of the surface of a
coating; c.d. −0.5 Adm-2; average In content 22.4 wt %; electrode
width – 1 cm

Fig. 5 Optical microscope image in the lower part of the surface of a
coating; c.d − 0.9 A dm-2; average In content 34 8 wt %; electrode
width – 1 cm

Fig. 3 Cut out of the X-ray patterns (in the 2Θ-region between 35°
and 50°) of the coatings deposited at different current densities.
a −0.1 A dm-2; b −0.3 A dm-2; c −0.5 A dm-2; d −0.7 A dm-2;
e −0.9 A dm-2; f −1.1 A dm-2
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silver phase continues to decrease and that of AgIn2 phase
increases compared to the In4Ag9 part.

Curve F (Fig. 3) shows the X-ray pattern of the coating
deposited at 1.1 A dm−2. Comparing this with the previous
one (0.9 A dm−2, Fig. 3 curve E), it can be seen that the
volume fraction of the silver phase decreases again
noticeably, but the volume fraction of the AgIn2 phase
increases significantly. Moreover, reflections of the copper
substrate are registered, due to the diminishing of the
thickness of the coating following the enforced co-
deposition of indium [10, 11, 14].

The experimental results obtained during the investiga-
tion of the silver-indium alloy coatings depending on
cathodic density allow us to draw the following conclusion:
an X-ray diffraction analysis shows that the phases Ag3In,
In4Ag9, and AgIn2 appear when the content of indium in
the alloy is more than 22.4 wt%. As it could be expected,
with the increase in the indium percentage in the alloy the
amount of the indium-richer phase AgIn2 increases.

Figure 6 summarizes the results about the established
phase composition of the deposited coatings in dependence
on the cathodic current density and the measured contents
of both metals in the alloy. It is clear that due to the strong
heterogeneity of the coatings most phases are registered
together in one much broader concentration interval than
this would correspond to a metallurgical obtained alloy
with the same average content of indium. This is due to the
fact that on one and the same electrode areas both of low
and of high indium contents could be registered. An
important conclusion of this study is that the phase Ag3In

appears, in spite of the small reflexes in the diffrac-
togramms, in all samples, where spiral and other ordered
structures are observed (Fig. 4).

In many cases, such spatio-temporal structures are
observed on the electrode surface [2, 11]. An attempt was
made to solve the problem with the composition of the
various dark and light areas by X-ray studies at high
temperatures.

An Ag-In alloy coating, shown in Fig. 7, was deposited
from the electrolyte (Table 1) onto a stainless steel
substrate, and after detachment of the coating from the
substrate the foil was subjected to DSC analysis. The
results show that changes of the phase composition of
the coating could be expected at temperatures about 168,
681 and 691 °C. This allows the determination of an
appropriate sequence of temperature steps during the in situ
X-ray measurements in the heating chamber.

Another coating, deposited onto a similar substrate under
the same conditions (Fig. 8) was also investigated in the
heating chamber by X-ray diffraction by stepwise increase
in temperature.

Figure 9 shows all X-ray patterns of this temperature
series. The comparison of measurements at the same
temperature (after 10 min and after 5 hr) does not show
significant differences. Characteristic positions of the peaks
are marked with corresponding symbols. The reflexes due
to the material of the heating chamber are marked as “H”.

The established phases on the different stages of the heat
treatment are shown in Table 2.

With the increase in temperature, the number of
available phases in the coatings decreases. At 150 °C, the
phase In4Ag9 disappears and the appearance of a new phase
Ag4In is registered. This phase appears in the indium
concentration range between the α-phase and the Ag3In

Fig. 7 Optical microscope image of a coatings surface before its
detachment from the stainless steel substrate for DSC-measurement;
c.d. − 0.15 A dm-2; electrode width – 1 cm; average In content −
12.8 wt %

Fig. 6 Phase composition of the alloy coatings depending on the
cathodic current density. Vertical lines - existence limits of the
different phases after Campbel et al. [20]; horizontal bars - intervals
of In percentage on different surface positions at the corresponding
c.d.; • - average In percentage of the whole sample
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phase. This probably results (as described by Straumanis et
al. [21]) from the increase in the lattice parameter of the α-
phase and the increase in the solubility of indium with the
increase in temperature above 65 °C. At the average indium

concentration of 12.8 wt % (the minimal, and the maximal
values are 5.4 wt % and 20.2 wt %, respectively) the
metallurgical alloy with the same content would be
homogeneous. At higher temperatures, the hexagonal Ag3In
(250 °C) and the cubic Ag4In (500 °C) phases disappear
one after another. They are replaced by the cubic oxide
phase of indium In2O3, i.e. with the increase of the
temperature some separation of the alloy components can
be reached.

The reflections position shift towards smaller 2Θ-angles
during the increase in the temperature. This is due to the
lattice expansion and the resulting increase in the lattice
parameter. At temperatures above 500 °C the width of the
lines profiles of the separate reflections in the patterns
decreases. This suggests a significant enlargement of the

Fig. 9 X-ray patterns of the coating from Fig. 7 at different
temperatures; 2Θ=20 up to 140 °

Fig. 10 Optical microscope image of a the coatings foil with periodic
spatio-temporal structures after heating up to 500 °C and following
cooling down to 35 °C; average In content 11 wt %, sample width-3 mm

Fig. 8 Optical microscope image of a coatings surface before its
detachment from the stainless steel substrate for X-ray measurement in
the heating camera

Table 2 Established phases on the different stages of the heat
treatment

Stages of heat treatment Established phases

35 °C (before heating) Ag, cubic
Ag3In, hexagonal
In4Ag9, cubic

150 °C (after 5 h) Ag, cubic
Ag4In, cubic, formation
Ag3In, hexagonal
(In4Ag9, cubic, disappearance)

250 °C ( after 5 h) Ag, cubic
Ag4In, cubic
(Ag3In, hexagonal, disappearance)

500 °C ( after 5 h) Ag, cubic
(Ag4In, cubic, disappearance)
In2O3, cubic, formation

35 °C (after heating) Ag, cubic
In2O3, cubic
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crystallite size at temperatures higher than 500 °C. At
similar temperatures In2O3 phase is formed and its volume
fraction increases with increasing heating time.

Figure 10 shows that the spatio-temporal structures on
the surface of the silver-indium foil can be seen well after a
thermal treatment up to 500 °C. This means that they
consist of phases able to remain stable at this temperature.
The question remains whether the structures shown in
Fig. 10 after the cooling down of the sample are the
remains of some richer indium alloy phases such as Ag3In
or Ag4In, respectively or one of them has appeared again at
room temperature.

Conclusions

With the increase in the current density, both indium content
and heterogeneity of the deposited layers increase. The
amount of the indium-richer phase increase as well. The
comparison of the results with the phase diagram according
to Campbel et al. [20] shows the presence of all pertaining
to the indium concentration range phases in the coating.

Before the thermal treatment, the phases Ag, Ag3In, and
In4Ag9 are observed in coatings with spatio-temporal
structures. As a result of heating the new phase Ag4In
appears and at temperatures above 500 °C indium is
oxidized up to In2O3 from the oxygen in the heating
chamber.

Up to 500 °C, the spatio-temporal structures are still
visible. Probably they consist of both Ag-rich α-phase and
one of the next phases of the alloy system (according to the
phase diagram) with small indium content, such as Ag4In or
Ag3In.
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