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Abstract  

 

Electrodeposition of metals from electrolyte under certain conditions results in dendritic patterns 

exhibiting fractal character. The underlying process responsible for development of dendritic treelike 

structures with complex branches is the Diffusion Limited Aggregation (DLA). In order to realize DLA like 

conditions the cell operating conditions play an important role. We studied the growth of electrodeposits 

from copper sulphate solution under different cell operating conditions and the effect of voltage, time and 

concentration on the nature of electrodeposit is studied using the concept of fractal dimension. Box counting 

technique is used for the estimation of fractal dimension of the electrodeposit, details are presented. Models 

based on diffusion-limited aggregation (DLA) have been extensively used to explore the mechanisms of 

dendritic particle aggregation phenomena. The box counting method confirms that the electrodeposited 

dendritic structures manifestly exhibit fractal character. It was found that with the increase of the voltage 

and copper ion concentration, the fractal copper size becomes larger and its morphology shifts towards a 

dendritic structure, with the fractal dimension fluctuating.   

The electrodeposition market is a specialized sector that involves the deposition of materials onto a 

substrate through electrochemical processes. As a fractal structure emerges – the repeating of a simple rule –

 it appears to share direct properties familiar to classical economics, including production, consumption, and 

equilibrium 

 

Key words: Electrodeposition, copper sulphate, fractal, fractal dimension, Diffusion Limited aggregation, 
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Introduction 

  

In electrodeposition an electrolyte is placed between two electrodes and certain emf (Electro Motive 

Force) is applied between the electrodes. In the presence of an emf between two electrodes the region 

between the two plates has an electric field. The electrostatic force due to the electric field on the charged 

ions makes them drift towards the respective electrodes which in turn result in deposition of ions at the 

electrodes. The positive ions are attracted towards the positive electrode and negative ions toward the 

positive electrode. The accumulation of positive ions at the negative electrode results in an 

electrodeposition. Under certain operating conditions electrodeposition gives rise to formation of dendritic 
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patterns with branching patterns. These dendritic electrodeposits in most of the cases exhibit scaling Fractal 

Characteristics. Objects having self-similarity and scale invariance are fractals. The peculiar dendritic 

patterns exhibiting fractal character develop because of a process called Diffusion Limited Aggregation 

(DLA). In the recent past, practical applications of the principle of Diffusion limited growth processes has 

increased the pace of research and development in this area. Concept of Fractal model is being used for the 

forecasting the trends of the random events like prices in the share market.  

Copper powder forms the most important part of powder metallurgy, in comparison to other metal 

powders. Among copper powders, dendritic ones prepared by electrolysis have a wide range of applications 

in different fields of industry due to their unique microscopic morphology, large relative specific surface 

area and better chemical properties. The generation of dendrites by electrolysis has gained attraction due to 

formal symmetry and substantive complexity. DLA problems like dendrites are tedious to study using 

conventional Euclidean geometry, and even numerical solutions cannot be obtained. Until 1977, when 

Mandelbrot investigated the geometry of nature and introduced the term fractal, fractal geometry has 

developed rapidly. The complexity of the growth of electrodeposited metal dendrites is due to the instability 

of the flow field morphology, providing new ideas for the study of metal dendrite factorisation.  

This paper we attempt by using electrolysis to prepare fractal products of copper deposition by 

controlling the applied voltage, time of deposition and copper ion concentration, and to investigate the 

morphology and fractal dimension relationship of electrodeposited copper dendrites. 

 

Economic aspects of fractal dimensions and electrodeposition 

Fractal geometry is found universally and is said to be one of the best descriptions of our reality – 

from clouds and trees to market price behaviour. As a fractal structure emerges – the repeating of a simple 

rule – it appears to share direct properties familiar to classical economics, including production, 

consumption, and equilibrium. The mathematical principles behind ‘the market’ – known as marginalism – 

is an aspect or manifestation of a fractal geometry or attractor. It was found the fractal attractor demonstrates 

properties and best models’ classical economic theory and from this, it was deduced the market is a fractal 

attractor phenomenon where all properties are inextricably linked.  

The electrodeposition market is influenced by various drivers that affect its growth and development. 

These drivers can vary based on industry trends, technological advancements, and economic factors. Here 

are some key market drivers for the electrodeposition market. Increasing Demand for Electronics, 

Automotive Industry Growth Aerospace and Defence Applications, Advancements in Technology, Growing 

Renewable Energy Sector, Demand for Improved Surface Properties, Cost-Effectiveness, Customization and 

Precision Coating etc. 

The electrodeposition market is a specialized sector that involves the deposition of materials onto a 

substrate through electrochemical processes. One of the primary market segments within this sector is 

categorized by type, encompassing various methodologies, including electroplating, electrodeposition of 

polymers, and electroforming. Electroplating is a widely utilized technique that involves the deposition of a 

metallic layer onto a substrate to enhance its appearance, corrosion resistance, and overall durability. This 
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process is prevalent in industries such as automotive, electronics, and jewellery, where aesthetic appeal and 

functional properties are paramount. The electrodeposition market is a critical segment within the broader 

coating and surface finishing industry, showcasing significant applications in automotive, electronics, 

aerospace, and consumer goods, among others. The primary segmentation of this market is categorized by 

material, reflecting the diversity of substrates and applications for electrodeposition processes. The first sub-

segment, metals, plays a pivotal role as it encompasses a wide range of applications from decorative finishes 

to functional coatings that enhance resistance to corrosion and wear. This sub-segment includes various 

metals such as nickel, copper, and gold, which are crucial for enhancing electrical conductivity and 

providing aesthetic value in electronic components and decorative items. The electrodeposition market, a 

pivotal segment within the broader electrochemical deposition industry, focuses on the application of 

electric current to deposit materials onto substrates, primarily for metal finishing, corrosion protection, and 

decorative purposes.  

Experimental 

The process of electrolysis in two-dimension is carried out using copper sulphate solution for the 

study of fractal geometry formed during the electro-deposition of copper. Add 25g of copper sulphate 

granules to 100 ml of water to get 1m copper sulphate solution. The mixture is not vigorously shaken 

because it may result in bond breakage. Using a heating furnace to heat the solution and stirring it with a 

glass rod, we can dissolve the solid copper granule present in the experimental solution. The freshly 

prepared solution is allowed to cool for the upcoming procedure. For the electrolysis process of copper 

sulphate solution in two-dimension, we need two glass slides, a DC source, copper stands pure copper wire, 

clip, camera, filler and an illuminating source. Proper hygienic have to be checked in the beginning of the 

experiment, since a single impurity may result in broken fractal structure. Then the two glass slides are 

cleaned with cotton and a cleansing solution. The cleaned glass slides are pressed against each other 

horizontally and copper sulphate solution is poured between the glass slides using filler.  

 The positive terminal of 12V DC source is connected to the negative of the ammeter using a pure 

copper wire. Cu wire drawn from the negative end of DC source and the positive end of ammeter are 

properly placed between two glass slides filled with CuSO4 solution and they are firmly clipped. It is 

illuminated with a proper illuminating source, so that no shadow falls on the background. Here copper strand 

which extend from positive terminal act as anode and that from negative terminal of battery act as cathode. 

If potential of few volts is applied between the electrodes, then after a few minutes, a deposit of copper starts 

to form around the cathode. After a few minutes the copper deposit will have extended into fractals. 

                 In solution, between the copper slides, the copper sulphate splits into copper Cu2+ and sulphate 

so4
2- ions which drift around in random manner. When voltage is applied, the copper ions that hit the 

cathode receive two electrons and deposited as copper. Copper ions that hit any Cu already formed are also 

deposited as copper, so that the Cu ions move in a sufficiently random manner. i.e., following Brownian 

path ions are more likely to hit the exposed end and undergo aggregation which results in the formation of 

fractal. Thus, the growth of copper deposition will be thin, branching rather than in a solid block around the 

cathode. On other hand the SO4
2- get attracted towards anode and at anode it gives up two electrons and 
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become SO4 radical, the attack copper anode to form copper sulphate which again react with water again to 

form Cu2+ and SO4
2- ions. 

Photographs of copper deposition are taken for 5, 10, 15, 20 and 25 minutes successively using a 

camera. Camera itself is chosen so that the fractal can be seen with great accuracy. Experiment is carried 

out for different voltages say 2V, 4V, 8V, and 12V. The whole process is repeated for solution of each 

0.01M, 0.02M, 0.03M, 0.04M, and 0.05M concentrations. During the above process the Cu ions aggregates 

at copper cathode to form the fractals. The photographs which are taken during the process are analysed. 

The photographs taken during the experiment are converted into 2-dimensional arrays using Python 

programming. This conversion involves translating the images into a numerical format where each pixel is 

represented by its intensity values. To determine the fractal dimension of the structures, we employ the box 

counting method. This method involves covering the fractal pattern with a grid of boxes of varying sizes. 

We count the number of boxes required to cover the fractal pattern completely for each box size.  By 

plotting the logarithm of the number of boxes needed against the logarithm of the inverse of the box size, 

we can analyse the scaling behaviour of the fractal. The slope of this plot corresponds to the fractal 

dimension. Thus, by fitting a line to the data, we can estimate the fractal dimension of the structures. This 

experiment provides insights into the fractal nature of copper electrodeposition. By varying experimental 

parameters such as voltage and concentration, and by analysing the resulting fractal patterns using the box 

counting method, we gain a deeper understanding of the factors influencing fractal growth. The ability to 

quantify fractal dimensions helps in comparing and contrasting different growth conditions and contributes 

to the broader study of fractal geometry in electrochemical processes.  

Results and discussion 

The main concept behind fractal geometry is the fractal dimension. Fractal dimension is a dimension 

that can be a fraction. The fractal dimension was first coined by Haus Dorff in 1919, hence known as the 

Haus Dorff dimension. Later, Mandelbrot generalized the fractional dimension to form fractal geometry. 

Fractal dimension is a statistical measure of complexity of a geometric shape. In more general terms, the 

fractal dimension describes how the shape changes in detail as the measurement scale changes. Different 

morphology of copper electrodeposits can be described by fractal geometry.  

For irregular shapes with the electrodeposited copper fractals, the box counting dimension method is 

used to calculate the fractal dimension. This paper investigates the effect of different growth conditions on 

the growth morphology and fractal dimension of copper dendrites during electrodeposition. 
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The variation of fractal dimensions of as deposited copper dendrites at various time, voltage and copper ion 

concentrations are shown above. 

              

The photographs of fractals obtained for same concentration at different voltages at different times are 

shown below.  
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0.05, 12 V, 20 min                                                    0.05 M, 12 V, 25 min  

Effect of time on morphology and fractal dimensions 

In order to study the variation of fractal growth and fractal dimensions with time,  

photographs of fractals for a constant voltage, at different time are analysed for each concentration of the 

electrolyte. The dendrites grow more intensively over a short period of time. As the reaction time increases, 

some of the dendrites stop expanding, new dendritic branches appear on the tips of the dendrites, the number 

of branches increases and the fractal character becomes clearer. The fractal dimension of the dendrites 

gradually increases with increasing deposition time and then gradually stabilises. This means that after the 

initial growth and development of the copper fractal dendrites are complete.  
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Effect of voltage on morphology and fractal dimensions 

It is found that the morphology of electrodeposited copper fractals varies from denser, multi-

branched growth to open, thick and short branched growth as the applied voltage between the cathode and 

anode increases. This is mainly due to the increase in current density, a greater probability of binding of free 

copper ions to electrons, an increase in the rate of nucleation. In the range of our experimental 

measurements, the fractal dimension of the electrodeposited product morphology varies irregularly with the 

applied voltage. The fractal dimension of the deposited copper morphology does not show a clear and 

regular trend with the applied voltage.  

 

Effect of copper ion concentration on morphology and fractal dimensions 

The diffusion of copper ions is the controlling aspect of the electrolytic copper fractal deposition 

process. The effect of copper ion concentration on the electrodeposited copper fractal morphology was 

investigated. The morphology of the deposited copper products shows that as the concentration of copper 

ions in sulphate increases, the morphology of the deposited products varies from a dense type consisting of 

shorter and finer branches to an open type consisting of thicker branches, which are gradually thicker and 

looser. Fractal dimensionality of the deposited copper products increases with the rise of concentration of 

copper ions in the electrolyte when other electrolytic parameters are kept constant. The cluster fractal 

structure arises because the fast-growing parts of the sediment branches shield other parts, making it harder 

for particles to reach the shielded parts. Thus, creating more branches of the copper dendrites and forming a 

multi-branched fractal structure. Our analysis suggests that during the electrodeposition of copper fractals, 

the substances in the electrolyte solution follow Brownian motion. The increased concentration of copper 

ions increases the deposition of copper ions near the cathode. As the deposition rate of copper ions 

increases, the effect of inter-branch shielding decreases and the chance of particles reaching the interior of 

the cluster is increased, so that the fractal dimension of the deposited product becomes larger as the 

concentration of copper ions in copper sulphate increases; the branching of the deposited fractals also 

becomes more complex and coarser with the increase of copper ion concentration. 

 

Conclusion  

 It is showed that with the increase of voltage, time of deposition and copper ion concentration, the 

deposited copper size becomes larger. The fractal dimension showed irregular fluctuations. The sediment 

morphology showed high similarity to the DLA cluster with fractal characteristics. The box counting 

method confirms that the electrodeposited dendritic structures manifestly exhibit fractal character. It was 

found that with the increase of the voltage and copper ion concentration, the fractal copper size becomes 

larger and its morphology shifts towards a dendritic structure, with the fractal dimension fluctuating.   

Optimizing parameters improves process efficiency, reducing energy use and production costs. For 

instance, slurry electrolysis in e-waste recycling lowers copper recovery costs by controlling dendrite 

morphology. The electrodeposition market is a specialized sector that involves the deposition of materials 

onto a substrate through electrochemical processes. As a fractal structure emerges – the repeating of a 
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simple rule – it appears to share direct properties familiar to classical economics, including production, 

consumption, and equilibrium 
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