Growth of Fractal Deposits by Electrochemistry

JS ADVANCED MATERIALS LABORATORY

Experiment: Growth of Fractal Deposits by Electrochemistry

Summary: In this assignment you will measure the fractal dimension of electrochemically grown Zn deposits.

1. 
INTRODUCTION

A first introduction to the microscopic and macroscopic structures of materials is idealised - perfect crystals without defects, phonons in vibrating lattices that obey the harmonic approximation and so on.  This experiment is designed to help you appreciate some aspects of the irregularities in structures of materials.  The natural world is clearly not made up of the shapes of Euclidean geometry (triangles, squares, circles, etc.) but it is well approximated in many cases by a geometry which is appropriate for the irregular shapes of the real world called fractal geometry.  The word fractal was coined by Benoit Mandelbrot in 1975; the word has meaning when you realise that a fractal object has a fractional dimension (i.e. a non-integral dimension). A marked difference between Euclidean shapes and fractal shapes is that ‘perfect’ fractals have a structure which is said to be self-similar or independent of length scale whereas Euclidean shapes have a characteristic scale - their size.

2.
GROWTH MODES

In this experiment you will grow a deposit of zinc from a solution of zinc sulphate around a graphite electrode.  The shape of deposit that is formed depends on the cell voltage and electrolyte concentration.  The deposits are classified as needles, dendrites, dense radial structures or diffusion limited aggregates (DLA).  

2.a
DLA Deposits

Witten and Sander have proposed a model to describe the growth of zinc deposits with fractal geometry (read Sander's review article).  In the model the electric field in the fluid in a cell is assumed to be completely screened.  In such an approximation, ions undergo a random walk because they possess thermal energy and undergo collisions.  This random walk continues until they encounter particles, which have already become bound to the deposit.  Once the particles become part of the deposit they do not move.  For obvious reasons, the model is referred to as the diffusion limited aggregation (DLA) model and is most applicable for low voltages or low electrolyte concentration.  When a random walk particle approaches a DLA deposit, it is much more likely to strike a point near the outer regions of the deposit since there is a relatively small probability that a particle will diffuse down a narrow channel in the deposit without striking the deposit and sticking.  Growth is most rapid, therefore, at the outer limits of the deposit, and there is competition between growing tips - if several growing tips have a comparable radial extent they grow in competition until one or more "dies" or ceases growing.  Record your observations and observe the rapid tip splitting in the DLA phase.  Explain how this leads to the observed DLA structure. In your write-up, draw analogies between this kind of behaviour and other systems outside the realm of science, e.g. in business (airlines in competition, etc.), and explain why this kind of behaviour occurs.  DLA growth assumes that ions diffuse randomly in solution until they become part of the aggregate.  However, the assumptions inherent in DLA growth break down at higher ion concentration and at higher applied cell biases.  In your write-up, you should say why you think the DLA model assumptions are limited in their range of validity.

2.b
Dense Radial Deposits

The dense radial structure consists of many branches within a well-defined circular envelope.  It is formed under conditions of high voltage and low electrolyte concentration.  The structure of the dense radial structure is not as well understood as the DLA structure.  The mechanism for the stability of the circular envelope of this structure has been proposed to be due to the electrical resistance of the zinc deposit.
2.c
Dendritic and Needle Deposits
The dendritic structure is formed under conditions of intermediate voltage and electrolyte concentration.  The structure consists of microscopic planar crystallites of salt.  This structure exhibits the tip-splitting instability best.  In the extreme dendritic limit (high voltage and electrolyte concentration) needle crystals are formed.

These structure types, and the ion concentration and applied cell bias necessary for their formation, are shown in Figs. 1 and 2 in the paper by D. Grier et al., Phys. Rev. Lett. 56, 1264 (1986).  You will study all four growth patterns in the experiment.  You will also measure the fractal dimension of the deposits: a brief introduction to this topic is given below.

3.
FRACTAL DIMENSIONS

The property of self-similarity, as exemplified by a coastline or the Koch curve (see Fig. from the paper by Sander), is closely connected with its fractal dimension.  A fractal dimension usually determines how some property scales with a change in a characteristic length.  For example, the measured length of a coastline depends on the length of the ruler used to measure it.  If rulers of length 100km, 1 km and 10m are used then the measured length will be greatest for the shortest ruler and least for the longest ruler.  This is simply because the shorter the ruler the greater the number of fine features that will be included.  We make the assumption that the measured length of the coastline, L, depends on the length of the ruler, a, as
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The scaling exponent, D, is the fractal dimension.  The dimension D can be determined by plotting a graph of log L vs log a.  We expect to find that D lies between 1 and 2.

The length of the boundary of an irregular object is not the only property of a material that exhibits scaling.  In the experiment you will determine two different fractal dimensions for the zinc fractals.  These are the box counting dimension and the mass dimension. You will also use the ruler dimension to examine a classic fractal line, the Koch curve, and a coastline.
3.a
Box counting dimension

If a 1D object is divided into N identical pieces, each of these is scaled from the original by the ratio r = 1/N or
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Similarly, if a 2D object such as a rectangle can be divided into N identical pieces, each will be scaled by 
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For a 3D object such as a cube, 
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, and in general:
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where Dbox is the dimension of the object. This can be rearranged to give:
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where Dbox is the fractal dimension which has integral values for Euclidean shapes such as circles, squares, etc. and is non-integral for fractal structures. This fractal dimension is also called the grid dimension because the boxes usually form part of a grid. 
3.b
Mass dimension

The analysis process is similar to that described above and works well for centrally symmetric figures.  We define the mass (probability) 
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where Mi is the number of points in the i-th box and M is the total number of points in the set (i.e. the total number of points in the whole fractal). For a 1D line of uniform density the mass increases with respect to its length, r.  For a 2D circle, the mass is proportional to its area, πr2.  For a 3D sphere the mass increases with respect to its volume, 4/3πr3.  In general, the mass at a distance r from the centre is given by:
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Again, this can be rearranged to yield the fractal dimension:
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3.c 
Ruler dimension
This method applies to jagged self-similar lines like coastlines or the Koch curve. In this case N(r) is the number of steps taken by “walking” a ruler of length r along the line. The ruler dimension Dr is defined as:
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Obviously if r is chosen sufficiently small then Dr will be very close to 1. The Benoit software includes the remainder of the line not counted by an integral ruler length and so the values of N(r) will be non-integer.
4.
EXPERIMENTAL OBJECTIVES
The paper by Grier et. al. (Morphology and Microstructure in Electrochemical Deposition of Zinc) deals with the variation in fractal growth patterns as a function of electrolyte concentration and applied voltage. In this experiment you will aim to replicate this work and try to observe the growth modes described in section 2. Figure 1 below gives a phase diagram and suggested growth points. You will grow fractals at various points in this phase diagram, computing the fractal box dimension for each one.

[image: image11]

The Benoit software will measure Dbox by counting the number of boxes, N(r), of size r needed to cover the set of points that constitutes the fractal. The process is repeated for different values of r and the result given as a log-log plot. You should note that the box dimension result depends on the sizes of the boxes used. Too large or too small a box will yield meaningless values of N(r), think about this! 
Benoit counts size in terms of pixels. Your image will be saved as a bitmap with the fractals themselves around 1300 pixels in diameter. Benoit scales the box size, r, downwards from a value (in pixels) that you will select. It then scales the box size downwards by a fixed scaling factor that you will select. Benoit will automatically select a value for the initial box size that will give you a good estimate of the box dimension. You should measure the box dimension using extreme box sizes, say 1500 down to 50 pixels. You should measure intermediate values and plot a graph of the box dimension versus initial box size for each of the main fractal types. 

You will also measure the mass dimension for your fractals. This method counts radially outward from a centre spot. Again, the size of the counting area used affects the value of the fractal dimension obtained. In this case it is the radius of the largest circle. The position of the centre spot relative your fractal image is also very important. You should take five measurements with varying centre spot positions to gain an understanding of this.
Finally, you will analyse a Koch curve and an outline of the Irish coastline. You should explore the effect of the ruler dimension on the fractal dimension of the coastline image and plot a graph of ruler dimension versus ruler length.
5.
EXPERIMENT
5.a
Equipment:

(1)
0.01M, 0.05M, 0.1M, 0.5M and 1M solutions of ZnSO4 freshly made up in distilled water.

(2)
Electrochemical deposition apparatus consisting of a perspex plate and a circular zinc electrode.

(3)
Graphite electrode (pencil lead).

(4)
0-10V, 0-5A current and voltage limited power supply.

(5)
Leads with crocodile clips.

(6)
Digital multimeter.

(7)
Camera.

5.b
Procedure:

(1)
Use the sanding paper provided to remove the oxide layer from the zinc electrode.  Keep the electrode flat on the table while doing so, to prevent warping or buckling.

(2)
Add the electrolyte to the cell by filling the perspex until the zinc electrode is just covered.

(3)
Insert the graphite electrode and assemble the apparatus as shown in the diagram below.

(4)
Turn on the multimeter and set it to read mA. You will notice the current value changing as the fractal grows. What do you observe? How can this be explained?
(5)
Switch on the power supply and adjust the cell voltage at the power supply. The cell voltage is a critical parameter in the growth of the fractal. Adjust this voltage before completing the electrolytic circuit.
(6)
When the deposit has grown far enough, record the deposit using the camera, as described in section 6. You should aim to have the fractal growing out close to the zinc anode but the idea is to have enough fractal material to get a high resolution image using the digital camera.
(7)
Using a clean graphite electrode each time, grow zinc deposits of the three types described in Section 2 by choosing appropriate cell voltages and electrolyte concentrations.  See the paper by Grier et al. for a ‘phase diagram’ of zinc deposit morphology and Figure 1 above. You should grow at least nine fractals in total, at the various points indicated, with more fractals in the rapid-growth dentritic region being a bonus. Start with the high voltage fractals first, as at low voltages the growth times are very long and may be up to 1hr at 1.0V.



6.
SCANNING AND EDITING THE FRACTAL IMAGE

(1) Turn on the lightbox; it takes time to warm up. Place the fractal on the lighbox directly under the camera lens.
(2)
Check with demonstrator to ensure the camera is set to macro mode and that the flash is turned off.

(3) Adjust the height of the camera using both the coarse and fine adjusters so that the fractal fits in the camera viewfinder. Make sure the camera is horizontal and locked firmly in place.
(4) Adjust the focus by rotating the focus ring. To capture an image, gently press the shutter button, try not to shake the camera too much to avoid blurring.
(5) Open Picture Project, you’ll find a shortcut on the desktop or under the “NIKON” group of programs in the Start menu. Press “Transfer”. Check the box for “Place in new collection” entering your name and date. Also check “Delete Original Files after Transfer”.
(6) Click on your image and edit it by setting to black and white and changing the brightness. You should aim to maximise the contrast of the image with the dark fractal standing out clearly against a plain white background.
(7) Export the image using the largest file size and highest resolution (save on D:\Data\”Name and date”)
The Benoit program requires the use of black and white bitmap images (.bmp extension). White points in the image are taken as data points so it is necessary to invert the captured image before it can be used with the software.

· Go to Windows Explorer and find your files. 

· Right click on the captured image and select OPEN WITH → PAINT

· In Microsoft Paint, delete any black spots or shadows at the corners of the image that are not part of the fractal (you are getting rid of any rubbish in the background of the image).
· Press “Ctrl” and “i” simultaneously or go to IMAGE → INVERT COLOURS

· Go to FILE → SAVE AS and save the image with the same file name as a monochrome bitmap.

7.
ANALYSING THE FRACTAL IMAGE
Start up the Benoit program. Select an option from the list of self-similar methods and press OK. When prompted, open your saved black and white bitmap or the pre-defined fractal images with a shortcut on the desktop. 
Analyse your images using the box and mass dimensions outlined in 3a and 3b. Apply the ruler dimension method described in 3c to the Irish coastline and Koch curve samples; these are found in the “Samples” folder on the main D:\ drive. 

When using the mass dimension tool you can place the centre spot by double-clicking the desired location (the coordinates displayed will change appropriately). The centre of the fractal is not necessarily the same as the centre hole position where the graphite cathode was placed.
The ruler dimension tool allows you to specify the longest and shortest ruler length as well as the coefficient of ruler size decrease (this is set at 1.3 by default).
For your report you can hit you can right click on the plot and choosing "save data" will generate a file with the data points saved in a tab separated value file. This can then be imported ito Excel or Origin. Alternatively, you could hit print screen to save the graphs (paste into Paint or Word and then crop), but the former method is to be preferred.  
To learn more about the software, read the online help and ask your demonstrator.
8.
WRITE UP

1) Use your judgement to allocate each fractal into one of the categories, DLA, DR, Dendritic/Needle. Do your fractals fit unambiguously into these categories? Use the images you have taken in the experiment as part of your write up. 

2) Show the variation of the box dimension with box size (illustrate with a plot of D​​box​ versus r and include a Benoit graph result using very large box sizes) for one fractal in each category. 
3) Briefly discuss the importance of correctly positioning the centre spot in the mass dimension analysis. Comment on the fractal dimension values obtained. Do the box and mass dimensions coincide? Can you explain what you observe?
4) Plot a phase diagram. Label each point with the allocated category and the box dimension. Do your results correlate with Grier’s phase diagram? How well do the fractal dimensions correlate with your allocated growth modes?
5) Comment on the effect of ruler size on the fractal dimension of the coastline image provided. Plot an appropriate graph of your results as for the box dimension analysis. Compare to the dimension of the Koch curve.
6) Calculate the fractal dimensions of the four deposits by averaging the results of suitable analysis methods (include error estimates).  Comment on their values.

7) List five other examples of self-similarity in nature and say why they are self-similar. [Hint: the head of a cauliflower shows self-similarity].
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Figure � SEQ Figure \* ARABIC �1�:  Fractal growth regimes, adapted from Grier et al
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