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with pattern formation 

ABSTRACT 

The experience in the pattern formation during electrodeposition of alloys is summarized.  The 
possibility of formation of spatio-temporal structures due to the spontaneous co-deposition of 
different phases and their self-organization in ordered structures is demonstrated in some new not 
investigated in this aspect alloy systems, like Cu-Sb, Ag-Sn, Pd-In and Au-In. 
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1. INTRODUCTION 

E. Raub and A.Schall  [1] observed 1938 for 
the first time formation of spatio-temporal struc-
tures on the surface of the cathode during 
electrodeposition of Ag-In alloy. They reported 
about the observation of ”crystallization spirals” 
formed by indium-richer phases on the surface of 
the alloy coating. Later similar structures were 
observed during electrodeposition of many other 
alloy systems, at the beginning starting with some 
other silver alloys, like AgSb [2,3], AgBi [4], AgIn 
[5], AgCd [6], AgSn [7], deposited from alkaline 
cyanide electrolytes.  Later the phenomenon was 
discovered in some other alloy systems electro-
deposited from acid, non-cyanide electrolytes (InCo 
[8], CuSb [9], SbCo [10]). Different electrolytes for 
the deposition of the mentioned alloys were 
proposed, the electrode processes were 
investigated in the proposed electrolytes, the 
arising instabilities under potentiostatic or 
galvanostatic conditions were described, the 
composition, as well the phase composition and 
the structure of the deposits was determined 
depending on the electrolysis conditions and the 
pattern formation in the investigated systems was 
described. The  properties  of  the  obtained  alloy 
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coatings as well as the properties of cyclic 
modulated alloy coatings on their basis were 
thoroughly investigated. The main area of the 
gathered new knowledge during investigations of 
these systems could be summarized as follows: 

1. Instabilities appear in some electrodeposition 

systems leading to spontaneous oscillations of 

current (AgSb [11] ) or potential (AgCd [12], AgSn 

[13]) or both (AgCd [12]) depending on the 

deposition mode. Regions with negative resistance 

can be observed on the polarization curve (AgSb 

[14]).  

2. At high concentrations of the alloying 

element heterogeneous multiphase coatings are 

deposited. Depending on the concentration of the 

alloying element, they consist of the basic metal, 

solid solution of the alloying element in the basic 

metal, phases with different ratio of both elements 

and intermetallic compounds, and the pure alloying 

metal. At low current densities in galvanostatic 

deposition mode mainly the positive element is 

deposited and monophasic coatings are obtained. 

Increasing the current density in the regular 

systems according to Brenner [15] a solid solution 

is formed. After saturation of the lattice of the more 

positive element with atoms of the alloying metal 

(often after reaching the limited current density for 

the more positive element), the excess amount of 

the latter forms a new richer in this element phase 

and heterogeneous coatings are obtained. Mostly 

some similarity of the lattices of these different 

phases is observed enabling their easier transition 

in each other AgSb [16,17] AgCd [18].  

http://dx.doi.org/10.5937/ZasMat1404351O
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3. At certain conditions (non-agitated 
electrolytes) the heterogeneity in the coatings 
surface becomes ordered – self-organization 
phenomena are observed. The upward moving of 
the electrolyte due to the natural convection 
initiated by the Archimedes power after depletion of 
the heavy metal ions in the cathodic layer due to 
their deposition is one of the main factors 
contributing to the development of the patterned 
structures. It was shown, that the appearing 
electrochemical instability is flow induced (AgSb 
[19]). In other cases the instability is originated by 
the formation and destruction of passive films on 
the electrode (AgCd [12]). The hydrodynamic 
motion of the electrolyte is a necessary element for 
the motion and spreading of the structures on the 
electrode surface. It favors the preferential 
deposition of the more positive element. At very 
intensive motion of the electrolyte (strong agitation 
or plating in a jet-cell) the spatio-temporal 
structures are formed at correspondingly higher 
current densities, leading to a similar percentage 
and phase composition of the coatings (InCo [8]). 

4. Different forms of spatio-temporal organized 
structures are observed – spots, waves, targets 
and spirals. They differ in their size, periods (more 
than 10 times larger period in AgIn [20,21], than in 
the AgSb [2,22] spirals), spreading velocity (faster 
in AgSb [23], than in AgIn[21], AgCd [12], or AgBi 
[4] structures) and phase composition. The main 
difference between the different phases in each 
system allowing their recognition and observation 
is the difference in their optical properties (dark and 
light areas). 

5. The phase composition of the obtained 

structured coatings is mostly very complicated. The 

x-ray investigations show the presence of several 

phases in the coatings. Due to the great difference 

in the spreading velocity of the patterns and the 

increase in the thickness of the coating in the same 

time, the upward moving of dark and light waves on 

the electrode surface forms a multilayered coating 

with a very small thickness of the sublayer, which is 

smaller than the penetration depth of the electron 

beam in the electron microscope. That means that 

with the normal techniques the phase composition 

of the different areas of the observed spatio-

temporal structures cannot be established. A 

possibility for determination of the phase 

composition of the different elements of the 

structures offers the electrochemistry, and special 

the anodic linear sweep voltammetry (ALSV) in 

combination with X-ray and microscopic 

observations using the principle, that each phase in 

the coating has its own dissolution potential in an 

appropriate electrolyte. Using these methods it was 

possible to show, that the structures are formed by 

the phases Cd and Cd3Ag (AgCd [18]), Ag and 

Ag3In (AgIn [24]),  Co and Co3In (InCo [8]) etc. 

6. In many cases the spatio-temporal structures 
are formed on the basis of the richer in the more 
positive element phases of the alloy system (AgSb 
[16], AgIn [25], AgSn [7]), in other cases – on the 
basis of the richer in the more negative element 
phase components (AgCd [18], AgBi[4]), as well as 
in systems where the deposition potentials of both 
elements are very close to each other (InCo [8]). 

7. The heterogeneous micro- and nano-scale 
structured coatings have properties which 
combines the properties of the different phases 
presented in the coating. The electric parameter of 
the coatings are influenced (Ag Sb [26], AgIn [27], 
AgSn [13], AgBi [4], AgCd [27]), some new effects 
at low temperatures are registered (AgSb [28]), the 
hardness and the tribological properties (abrasion 
resistance, plug-in forces) of the alloys compared 
to the pure metals are changed (AgSb [26], AgIn 
[27] , AgSn [13], AgBi[4]), giant magnetoresistance 
(AgCo [29]) and magnetic micro patterning is 
observed (InCo [30]). The properties of the cyclic 
modulated alloy multilayers are investigated 
depending on the electrolysis conditions and the 
number and composition of the separate sublayers 
(AgSb [31], AgBi [32]), as well as the spontaneous 
formation of multilayers without application of 
pulsating current is observed (AgSn [13]). 

The experience and the knowledge about the 
appearance of the self-organization phenomena in 
a lot of previously investigated systems allow the 
assumption, that similar pattern formation could be 
registered also during electrodeposition of many 
other alloy systems.  

The aim of this paper is to introduce some new 
examples of electrodeposited alloy systems with 
pattern formation investigated recently. The 
investigations were performed as continuation of 
previous research on the electrodeposition of the 
alloys CuSb [9] and Ag-Sn[7], and as a new 
investigations on the deposition of indium alloys 
with the noble metals Pd and Au.  

2. EXPERIMENTAL 

The compositions of the electrolytes for the 

deposition of the alloy coatings are presented in 

Table1. Distilled water and pro analisi grade 

reagents were used for the preparation of the 

electrolytes. The CV experiments were performed 

in a 100 cm
3
 tri-electrode glass cell at room 

temperature. The working electrode (area 1 cm
2
) 

and the two counter electrodes were made from 

platinum. In the electrolyte for deposition of Au-In 

alloy the working electrode was gold. An Ag/AgCl 

reference electrode (ЕAg/AgCl= 0.197 V vs. NHE) 

was used.  
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Table 1 - Composition of the electrolytes 

Components 
Concentration,  g dm

-3
 

Cu-Sb Ag-Sn Pd-In Au-In 

Sb as K(SbO)C4H4O6.1/2 H2O 27    

Cu as CuSO4.5H2O 2.4    

Methanesulfonic acid, ml dm
-3

 20    

D(-)-C4H6O6 96    

Au as KAu(CN)2    1 

In as InCl3/Alfa Aesar/   9 6 

(NH4)2SO4/Merck/   10 40 

Glycine    40 

Pd as Palluna 460 /Umicore/*, (ml dm
-3

)   3  

C6H5Na3O7.5H2O/Merck/   10  

NH4Cl/Merck/   10  

Sn as Sn2P2O7  /Umicore/  30   

Ag as KAg(CN)2/Umicore/  16   

C4H4O6KNa*4H2O  60   

K4P2O7/Umicore/  280   

KSCN/Merck/  60   

pH 1.1 8.0 9.3 3.5 

 

The experiments were performed by means of 
a computerized potentiostat/galvanostat Princeton 
Applied Research Model 273 using the software 
PowerSuite. 

The alloy coatings with thickness between 3 

and 25m were deposited onto brass substrates 
with an area of 2 x 1 cm in the glass cell. The 
preliminary preparation of the cathodes includes a 
standard procedure of electrochemical degreasing 
followed by pickling in a 20% solution of sulphuric 
acid. Two Pt (Ti) counter electrodes (about 4 cm

2
 

each) were used.  

The percentage of the alloys (as well as their 
thickness) in the coatings depending on the elec-
trolysis conditions, was determined by X-ray flu-
orescence analysis (Fischerscope X-RAY XDAL) in 
3 points (in the bottom, middle and top of the sam-
ple, respectively). The distribution of the alloying 
elements on the surface of the coatings was exa-
mined by energy dispersive X-ray analysis (EDX). 

The surface morphology of the coatings was 
investigated by scanning electron microscopy 
(SEM) – JEOL JSM 6390. The phase composition 
was characterized by X-ray diffraction (XRD) using 
a PANalytical Empyrean device equipped with a 
multichannel detector (Pixel 3D) using Cu-Kɑ (45 

kV, 40 mA) irradiation in the 2Ɵ range 20–115∘, 

with a scan step of 0.01∘ for 20 s. 

3. RESULTS 

3.1. Electrodeposition of Cu-Sb alloys 

The high corrosion resistance, high metallic 
lustre and wide range of applications of Sb and its 
alloys make their electrodeposition of practical 
importance [33]. For example the addition of Sb to 
Cu improves the physico-mechanical properties of 
Cu coatings, as well as their corrosion resistance 
[34]. Up to 5% Sb in the coatings give them 
decorative appearance [35]. In the literature the 
data about Cu-Sb electrodeposition are scarce. 
Pyrophosphate [35], ammoniacal [36], cyanide [37], 
tartrate-cyanide [34,37,38], carbonate-tartrate 
containing HC1 [39], sulfate-tartrate [40] and 
polyphosphate [41] baths were proposed for Cu-Sb 
deposition. Cu-Sb alloys with low antimony content 
are deposited from most of these electrolytes. 
Some of the electrolytes suffer from shortcomings 
such as frequent corrections of Sb concentration, 
toxicity etc. Recently, some investigations on the 
deposition of the alloy from methanesulphonate-
tartrate baths were reported [9]. It was shown that 
from this type of electrolyte compact coatings with 
up to 50 wt. % antimony can be obtained and the 
co-deposition of high antimony contents results in 
the formation of heterogeneous multiphase 
coatings. Based on the same type of electrolyte the 
goal of the present investigation was, by changing 
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drastically the metal content in the electrolyte to 
find out the conditions of electrolysis where the 
self-organization of the different phases is 
expressed in the form of higher-ordered structures 
- waves, spirals and targets.  The task was to 
establish the electrolysis conditions for the 
preparation of structured and unstressed purple-
pink coatings on the alloy Cu-Sb, including their 
phase characterization.  

Copper is in the proposed electrolyte the more 
positive element compared with antimony. In order 
to apply current densities in a large interval 
enabling the continuous increase in the amount of 

co-deposited antimony, the concentrations of 
copper in the electrolyte was increased about twice 
and the concentration of antimony – reduced about 
8 times, compared with our previous studies.  The 
result of this optimization is presented on Figure 1, 
showing the antimony percent in the coating 
depending on the current density. Coatings with up 
to 80 % antimony can be obtained from this 
electrolyte. At low current densities the coatings 
are pink, copper-like and at the 0.3-0.4 А dm

-2
 

some optical heterogeneity like a darker spots and 
dots appear onto the cathode surface. 
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Figure 1 - Antimony content in the alloy coatings depending on the current density 
 

After 0.5 А dm
-2

 the coatings are lilac and at the 
highest current densities (after 1.3 A dm

-2
) they are 

shiny and stressed, with a lot of cracks. The 
deposition rate increases with increasing the 
current density up to 0.7 μm min

-1
, which is a 

relative high deposition rate at similar electrolysis 
conditions compared to the other alloy systems 
[17]. 

Figure 2 presents the x-ray diffractogram of a 
coating deposited at 0.4 A dm

-2
, where the reflexes 

of the substrate (Cu2.6Zn1.4), of pure antimony as 
well as the phases Cu2Sb1 and Cu11Sb3 are 
registered. The phase heterogeneity of the 
coatings is visible also in on their surface. Most 
probably, the structures are formed by the phases 
Cu2Sb and Cu11Sb3, but the exact evidence should 
be based on combined x-ray, microscopic and 
electrochemical (ALSV) measurements. 

Figure 3 shows the space distribution of the 
different phases on surface of the coating, which 
diffractogram is shown on Figure 2. The initial 
stages of the formation of ordered structures is 
obvious. The future optimization of the system 

should result in strongly ordered periodic structures 
with periods corresponding to the deposition 
conditions. 
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Figure 2 - X-Ray diffractogram of the sample, 
deposited at 0.4 A.dm

-2
; about 40 wt. % Sb; 

thickness of the coating 24 µm. 
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Figure 3 - Spatio-temporal structures on the 
surface of the Cu-Sb coating with a diffractogram 

presented in Figure 2. 

3.2. Electrodeposition of Ag-Sn alloys 

A detailed literature survey on the 
electrodeposition of Ag-Sn alloys is presented 
elsewhere [7]. Silver-tin alloy is a very important 
material for solders, especially after the strict 
regulations of EU on the use of lead. Despite the 
intensive efforts of the scientific community stable 
electrolytes for deposition of this alloy are still not 
formulated .The main  reason is the oxidation of the 

two valent tin ions  to a tetravalent valent ones, 
wherein the silver ion is reduced immediately in the 
solution One of the few electrolyte options for the 
deposition of silver-tin alloys is the cyanide-
pyrophosphate electrolyte [7]. 

Our previous results demonstrated the 
possibility to observe spatio-temporal structures on 
the surface of the alloy deposit [7], as well as the 
possibility to obtain periodical multilayered alloy 
coatings without applying pulse plating methods 
[13]. The very well formed multilayers appeared as 
a result of the electrochemical instabilities 
connected with the electrodeposition of tin. 
Nevertheless spiral or target structures on the 
surface of the Ag-Sn coatings were still not 
observed.  

In the present study the electrolyte composition 
was the same concerning the concentrations of 
silver and the complex forming agent KSCN like in 
our previous studies [7]. Tin was introduced as 
pyrophosphate salt and instead of Na2EDTA 
Seignette salt was used. The complex-forming 
agent for tin potassium pyrophosphate was 
introduced in twice higher amount compared to the 
previous investigations. A stable electrolyte was 
formed allowing the deposition of alloys with a tin 
content up to about 75 wt. % (Figure 4).  
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Figure 4 - Tin content of the Ag-Sn alloy deposits depending on the current density. 

 

At low current densities the coatings are bright, 
silver-like. With the increasing of the current 
density the coatings become visibly hetero-
geneous. In the upper part of the electrode the 
coatings are richer in tin, and in the bottom - of 

silver. The high tin percentage results again in the 
deposition of heterogeneous multiphase coatings 
formed by different phases of the alloy. The x-ray 
spectra of the samples show the presence of 
several phases in the deposit, but similarly to the 
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previous studies using other electrolyte formulation, 
the phases forming the coating at higher tin 
contents are mainly Ag3Sn and pure Sn (Figure 5). 

Upon reaching up to about 42-50 wt. % tin 
ordered spatio-temporal structures on the surface 
of the electrode - spirals with more than 10 runs 
could be seen even with naked eyes (Figure 6). 
Similar structures were not observed during ele-
ctrodeposition in cyanide-pyrophosphate electroly-
tes [7], as well as in any other electrolyte for 
deposition of the alloy. In these electrolytes the 
observed spatio-temporal structures are only in the 
form of waves. 

 

Figure 5 - X-ray diffractogram of an alloy coating; 
56 wt. % Sn (0.3 A dm

-2
), 9 µm. 

 

Figure 6 - Spiral pattern in electrodeposited Ag-Sn 
alloy coating. Width of the image – 1 mm 
X-ray diffractogram is shown in Figure 5. 

3.3. Electrodeposition of Pd-In alloys 

The main reason to alloy palladium with indium 
is two-fold: once, to decrease internal stress of 
electrodeposited pure palladium coatings and 
second, to obtain colored coatings (according to 

metallurgical phase diagram some Pd-In phases 
are colored - from yellow, to violet) [42].  

The possibility to deposit palladium-indium 
alloys from ammoniacal-EDTA baths under direct 
and pulse currents was described in detail by the 
group of Russian scientists [43-45]. The 
investigations on the internal stress of the indium-
palladium coatings, obtained from these 
electrolytes show, that coatings with a low content 
of indium (about 1.8 wt. %) are cracked. In the 
alloys with indium content more than 13 wt. % the 
internal stress is much lower and the coatings are 
not cracked. It is supposed that the decrease of the 
internal stress in the alloys with 20 wt. % of indium 
is due to the simultaneous action of two opposite 
effects: A decrease of the hydrogenation of the 
alloy and an increase of the number of defects in 
the crystallites during the formation of the saturated 
solid solution. The phase composition of the 
electrodeposited palladium-indium alloy is 
compared with the metallurgical ones in the paper 
of Reshetnikova et al. [46]. It proves that the 
chemical compound PdIn with a homogeneity 
region between 45 and 70 wt. % of indium (which is 
wider than the metallurgical one) has a pink-lilac 
colour. Interesting properties of the intermetallic 
compound like increased hardness and low friction 
coefficient are reported [47].  

Electrochemical investigations on the 
deposition of the alloy are performed in non-
cyanide citrate electrolytes in our previous studies 
[48]. The deposition of alloy coatings with up to 20 
wt. % indium is possible from this electrolyte 
(Figure 7). This offers the possibility to obtain 
multiphase coatings with an optical heterogeneity 
of the surface, which at certain conditions could 
organize themselves in periodical spatio-temporal 
structures onto the electrodeposited surface of the 
alloy due to the presence of intermetallic 
compounds indicated in the phase diagram of the 
alloy. Recently, it was established, that during 
electrodeposition of other indium alloys (cobalt-
indium and silver-indium ones) the phenomena of 
self-organisation were observed [8,49].  

The coatings deposited in the interval of current 

densities between 0.1-0.3 A dm
-2

 are palladium-like 

and at higher current densities they become darker 

and powdery. Higher contents of indium in the 

coatings could not be reached, i.e deposits with 

pink-lilac colour, which should be obtained at 

higher indium percentages, could not be deposited. 

The cathodic current efficiency was about 90 %. 

At the average content of 11-17 wt. % of indium 
spatio-temporal structures in form of waves, targets 
and spirals with a period of 50-200 μm were 
observed onto the electrode surface. Some 3D-like 
surface morphology formed by polycrystalline alloy 
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aggregates is visible. The rough structures shown 
in the upper part of Figure 8 consist of finer 
structured patterns well expressed also in the lower 
part of the image in form of waves targets and 

spirals. The self-organisation phenomena are 
observed in different scales on the same electrode 
for the first time in this system, similar to many 
other cases of electrodeposited alloy coatings.. 
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Figure 7 - Indium content in the noble metal alloys Pd-In and Au-In 

 

 

Figure 8 - Spatio-temporal structures on the 

surface of a Pd-In alloy coating 18 wt. % In; 0.1 

A.dm
-2

, 1.4 µm. Width of the electrode – 1 cm. 

 

The light and dark areas of the spatio-temporal 

structures should consist of different phases of the 

alloy system, which have different optical 

properties. The x-ray investigations show, that the 

different zones are formed by the phases Pd and 

Pd0.85In0.15 (Figure 9). In this case the determination 

of the phase composition of the different zones of 

the structures was possible without applying 

electrochemical methods (ALSV). 
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Figure 9 - X-ray diffractogram of the coating 
presented in Figure 8 

3.4. Electrodeposition of Au-In alloy coatings 

According to the phase diagram, the gold-
indium alloy system has a couple of intermetallic, 
differently coloured phases, in particular a blue 
AuIn2 and a white AuIn phase which makes the 
alloy rather interesting for jewellers and is known 
as blue gold [50].  

The electrodeposition of Au-In alloys is 
performed from different types of electrolytes – 
alkaline with selenium and tellurium as brighteners 
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[51] and acid cyanide containing baths [52]. The 
electrodeposition of the alloy from alkaline 
electrolytes is limited to some extend due to the 
complexity during the preparation of the alloy 
electrolytes: one of the most used salts of gold is 
cyanide, and cyanide ions lead to precipitation of 
indium ions. The difficulties were overcome in the 
silver-indium electrolytes by the development of a 
procedure for preparation of a clear indium cyanide 
electrolyte [53]. 

 

Figure 10 - Appearance of ordered structures on 
the surface of an Au-In coating; Width of the image 

– 0.5 cm; 0.4 A dm
2
; 74.1 wt; % In; 1.2 µm. 

In this work an attempt has been made to apply 
an acid glycine containing electrolyte for deposition 
of the gold-indium system (see Table 1). There is 
no information in the literature about the complex 
forming effect of glycine onto the indium or gold 
ions. But the glycine is a suitable complex forming 
agent for some metals such as Ag, Pd, Cu and 
other metals. From this electrolyte coatings with a 
stable indium content about 70-75 wt. % can be 
deposited in a wide range of current densities (0.2-
0.8 A dm

-2
) (Figure 7). The coatings are greyish-

white and their surface is heterogeneous (Figure 5 
a, b). This heterogeneity, as well the formation of 
ordered structures on the surface of the coating is 
well visible also in the microscope (Figure 10). 

The optical heterogeneity is originated by the 
simultaneous co-deposition of different phases of 
the alloy system. The x-ray diffractogram of the 
coating in which some ordered patterns can be 
observed shows the presence of the cubical phase 
AuIn2 besides the tetragonal phase of In (pdf 
98005-3091) (Figure 11). It is evident that only 
these phases are present in the coating and they 
form the dark and light zones of the observed 
patterns. The system is simple and additional 
determination of the phase composition of the 
structure by using electrochemical methods is not 
necessary. 
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Figure 11 - X-ray diffractogram of the Au-In alloy coating shown in Figure 10. 

 

Recently, a conclusion was made that similar 

structures in other alloys could be obtained when 

simultaneous deposition of two phases with a 

similar crystal lattices takes place. However, this is 

not the case in here - In has a tetragonal lattice and 

AuIn2 has a cubic once, so that the similarity is not 

only the reason for the structure formation. The 

glycine electrolyte seems to be appropriate for the 

future investigation in order to obtain better defined 

spatio-temporal structures onto the cathodic 

surface. 
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IZVOD 

NOVI PRIMERI ELEKTROHEMIJSKI ISTALOŽENIH SISTEMA SA 
FORMIRANJEM ŠARA (UREĐENIH STRUKTURA) 

U ovom radu je dat pregled svih sistema elektrohemijski istaloženih legura kod kojih dolazi do 
formiranja šara (samo-organizovanih uređenih struktura). Mogućnost formiranja ovih struktura 
usled spontanog ko-taloženja različitih faza i njihovog samo-organizovanja u uređene strukture 
demonstrirano je za neke nove sisteme, kao što su legure Cu-Sb, Ag-Sn, Pb-In i Au-In. 

Ključne reči: Elektrohemijsko taloženje legura, formiranje uređenih struktura, SEM, XRD, ALSV. 
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