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The Use of Fractally-Designed Waveforms in Electroforming 

Jonathan S .  Bullock and Roger L. Lawson 
Lockheed Martin Energy Systems, Inc. 

John R. Kirkpatrick 
Lockheed Martin Energy Research, Inc. 

Oak Ridge, TN 3783 1 

I’ulsed electrodeposition ot€ers the potentlal for superior control of deposit properties because of the additional mtrol 
vanables available. However, the optunization of pulsed deposition pmcesses is a challenge because of the complexity 
created by these additional vanables. For example, the tendency of electroforms to acquire irregularities such as 
dendntic growths or other morphological instabilities, creates the need for methods to control these undesirable 
phenomena. One such method is periodic reverse pulses. The optimization of periodic reverse pmcesses is not simple, 
and can lead to local solutlons that do not optrmize all properties simultaneously. One method for global optimization 
ha t  might. for example, control surface irregularities on several size scales, uses a periodic reverse design based on a 
fractal tune senes. This incorporates deplatmg pulses of several lengths within one self-similar waveform. The 
properties of fractals p m t  the control of highly complex designs with a small number of input variables. The Creation 
of such waveforms. their properues, and their use in a lead-plating process are described. Speculation on the potential 
for further application of this method is offered. 
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Introduction 

Definition and Rationale 

The current state ofthe art in pulsed plating is well 
descnbed in the book d t e d  bv Puippe and Leaman'. 
l-*ractallvdesigned waveforms are a special class of 
pulsed. penodic reverse elcctror'ormmg waveforms. 
This wavetorm class is actuallv a superset ofthe usual 
i\pe of pulsed. p e n d c  reverse waveforms. as the 
usual h-pe exists as a subset of this fractal class. 

For this paper. riactal eleclrofomg waveforms are 
pulsed waveforms incorporatinp both catholc (plating) 
pulses with a p e n  dutv cycle, and also anodic 
&plating) pulses wth more than one tune scale. These 

dre aismbuted through the waveform such that they 
form a seif-simlar (1.e.. fractal) pattern in time.Using 
anodic pulses oi  several time scales might permit 
controllma miace uregdariues on several size scales. 
The structure of these time scales can be tadored to the 
.;pecific plallng system. A reference to the level of the 
fractal waveform descnbes the number of time scales 
on which anodic pulses appear. As will be explained in 
the Expenmental section. these waveforms are 
generated usmg methods that are straightforward, 
although thev are not commonlv used in platlng 
practice. 

Figure 1 shows m symbolic notauon the pattern of 
pulses and off-times that make up a 4-level fractal 
waveform. The P, element is the cathodic pulse. It is 
repeated n, tunes, and then the zeroth-level anodic 
pulse Pa, is applied. This comblned pulse train is 
repeated no tunes, then a first-level anodic pulse Pa, is 
applied and this combined pulse train is repeated n, 
~unes. and so on. The self-sirmlarity of these waveforms 
is m general related to the total quanuty of current 

passed; for example, the zeroth-level anodic pulse is 
intended to remove some fraction of the material 
deposited by the nc cathodic pulses, the 1st-level 
anodic pulse removes that same fraction of material 
deposited during the no combined pulse trains, and so 
on. Ifthe same fraction is removed at each of n levels, 
the net fraction F,, of coulombs for the whole 
waveform is obtained as: 

Figure 2 illustrates the ftrst two levels of a multilevel 
fractal waveform. Nine cathodic pulses are followed by 
one anodic pulse; this train repeats 9 times, then is 
followed by a longer anodic pulse. For a 3-level fiactal, 

this combined train would repeat n times and would be 
followed by an even longer pdse, and so on. 

Designs Used 

The cathodic pulses are typically short and of 
rectangular profile; for this study, durations of 1 ms 
were typically used. Anodic pulses for this study were 
typically ( to use a 4-level fiactal example): ZX, 20X, 
200X and 2000X the length of the cathodic pulse for 
the respective levels. This assumes a rectangular pulse 
shape, and the pulse duration of triangular and 
trapezoidal pulses would be correspondingly longer to 
keep the coulomb ratio to scale. Anodic pulse 
amplitudes were about the same as the cathodic pulses, 
give or take a factor of two. A typical cathodic pulse 
current density was about 1.05 A cm" . 

p P c + 0 f f )  " e  + p  a0 +off) " 0  + P  "1 +o f f ) ,  1 +P a2 + o f f )  " 2  +P a3 + o f f )  *ld 
I 
Figure 1 - Symbolic notation describing the structure of a 4-level fractal waveform which has arbi t rq  
amplitudes and arbitrary numbers of repeats at each level 
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Figure 2. Plot of surface current for fust two levels of a multilevei fiactal waveform. Cathodic (plating) pulses are 
below zero; anolc (deplatmg) pulses are above zero. 

The l;n, as defined was typically 0.40 for the overall 
waveform. This value was obtained for a 4-level fiactal 
by depiating at each level 20% of the material 
deposited at that level. The fiaction remaining then 
becomes (0.8)' = (0.8)' = 0.4 . To achieve the same 
F,,,, with fewer levels, the fiaction removed at each 
level IS adjusted For comparison. the F,,,, was held 
constant for many of the experiments. while adjusting 
the number of levels, relative cathodic and anodic pulse 
amplitudes, anodic pulse shape and duration, and 
repeat values and cathodic duty cycle values. 

The fractal strucm described can be considered a 
framework for generating anodic pulse duration choices 
of widely varying values. In the language of 
experimental design, this can be called an aggressive 
design strategy, which covers a large design space (2X 
to 2000X the cathodic pulse duration, for example). It 
is not necessary to use each of the levels defined by 

simple application of the fiactal model. For example, 
one could use durations of 2X and 200X but not 20X 
and 2000X, to generate a 2-level design. If the 
presence or absence of an anodic pulse with a given 
pulse duration can be represented by the binary 0 or 1, 
then if4 possible levels exist for a given design and 
each level can be either present or not present, there 
are 16 possibilities as shown in Figure 3. These 
possibilities range fiom no anodic pulses at [ oo00 1, 
to a simple periodic-reverse at [ 1 OOO 3 ,  to a full 4-level 
fiactal at [ 1 1 1 1 3. The 2-level fiactal mentioned earlier 
would have the binary representation [ 1010 3. This 
type of representation can be one of the variables used 
to create experimental designs for fiactal waveform 
experiments. Later in this paper, comparison of 
experimental results against this representation is 
shown. 
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Figure 3 -Binary representation ofthe possible distributions of anodic current within the structure of a 4-level fi-actal 
waveform 

Diffusion Considerafions 

.\s for anv platmg situatlon. there are current density 
lirmtatlons to the process that are affected by both the 
concentration and &ion coeificient of the depositmg 
species and the mass transfer conditions. For this study, 
we used a lead-platmg bath which is essentlally the 
same as descn 'd  by WiesneF A platlnp system 
smlar  to this bath was s t u d m i  extensively by Roha' . 
The relevant concentratlons and diffusion coefficients 
for h s  system were used to explore possible diffusion 
lirmtatlons to parameter values uwd ui this work. 
Rather than use only the tune-averaged current density 
10 calculate a p s s  situatlon. the actual fractal structure 
(such as m Figure 2) was used as input to a thermal/ 
mass transport code. The d t b i o n  calculatlons were 
done usmg HEATING'. a r i t e  difference d e  
intended for heat transfer calculations. I t  is untten ui 
FORTRAN and can be run on platforms as small as a 
386 PC' Although HEATING is mtended for thermal 
diffusion. a straqhtforward transformatlon of vanables 
allows i t  to be used for mass dilhion. 

The diffusion calculations were done m one dmension. 
Boundary conditions were defined at the outer edge of 
the diffusion layer and at the surface of the part. The 
concentratlon at the outer edge of the dif€usion layer 
was set to the value m the bulk liquid. In the 
transformed uts, the bulkvalue is 1300 ( h s  is 
somewhat arbitrary). At the solid surface, a time- 
dependent flux was applied that corresponded to the 
current spectfied for the platingldeplating pulse pattern. 
The initlal condition was that the lead ion concentration 
was equal to the bulk concentration throughout the 
calculational domam. The enclosed plots show results 
for two Merent cases. Both cases used ca thdc  pulses 
of amplitude 1.3 A cm-' and anodic pulses of amplitude 
2.0 A cm.2. For one case (Figure 4), the *ion layer 
was 0.0 12 cm thick and represented a boundary layer 
thickness calculated for a parucular rotating part. This 
case simulated a part that was rotating in the tank 
rapidly enough so that the solution could be considered 

well stirred; thus, the ion concentration at the outer 
edge of the diffusion layer was constant. For the other 
case (Figure 51, the diffusion layer was thick enough so 
that the effect of the surface flux was not detectable at 
the diffusion boundary. This simulated a very large 
tank of stagnant solution. Note that the thickness of the 
diffusion layer is the momentum boundary-layer 
thickness multiplied by a function ofthe Schmidt 
number. 

The plots show the concentration of the lead ion at the 
surface. For the case with infmite boundary layer 
thickness, the ion concentration becomes negative 
during some portions of the waveform. That is not 
physically plausible. Rather, the result shows that, for 
the assumed diffusion constant., bulk ion concentration, 
and pulse amplitude, diffusion fiom an infinite 
reservoir at an infinite distance is not a strong enough 
mechanism to provide the needed amounts of ions. For 
the case with a 0.0 12-cm boundary-layer thickness, the 
surface concenuation remains positive. 

The result indicates that diffusion from a well-stirred 
reservoir across a boundary layer of that thickness is a 
strong enough mechanism to provide the needed 
amounts of ions. Note that while the analysis was done 
to show the effect of mass transfer changes, changing 
the balance of cathodic to anodic current pulse 
amplitude would also lead to mass transfer problems 
which can likewise be modeled by simply changing the 
values input to HEATING. 

The general problem of understanding the mass 
transfer characteristics during electroforming is very 
important to controlling the process. For objects that 
are very complex, with little symmetry, only a full 
numerical analysis will be useful. However, for rotating 
axisymmetric mandrels, Kirkpatrick has developed 
treatments' that can estimate diffusion boundary layer 
thicknesses as a function of position on the mandrel, 
which can be used in numerical or analytical 
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Figure 4 Plot of surface concentration for restart 5 (6th cycle of pulses). Case uses diffusion layer thickness 
0 01 2 cm (well-stmed). 
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Figure 5. Plot of surface concentration for restart 5 (6th cycle of pulses). Case uses "large" boundary-layer 
thickness (stagnant). 
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calculations oi c m t  density distribution. Numerical 
calculations can be based on finite difference. finite 
clLment, or boundaq element- methods. 

Experimental 

:ippararus and Hardware 

i . ' ipe h iliustrates h e  physical setup and platmg 
\raveiom pcneratlon system. 'me plaung cell used a 
.;tamless steel mandrel and a lead-sheet consumable 
.mode. 'Ihe mandrel was a hemisphere ofradius 0.5 
cm. protrudmp tiom a polvtetrailuoroethvlene (PTFE) 
alindcr. and was rotatcd by a st~qper motor under the 

Figure 6 - Descnptlon 0 1  the system used in 
electroforrtung tests using fractal waveforms and the 
lead fluoborate bath with consumable lead anode. 

wntol of the system computer through an RS-232 port. 
Rotatlon speed was typically 200 rpm; however, it was 
possible to vary this speed during the expenment. For 
catam expenments with multisecond longest-anodic 
pulses, rotatlon was stopped to achieve stagnant 
conditions h c k i n g  electropolishing. 

The mandrel shaft was d a t e d  f?om the stepper 
motor, and current was bussed to the rotating shaft 

through two opposed carbon brushes. The surface of 
the mandrel was a machined surface of finish about 
40ph rms, except for certain cases where a mandrel 
polished using 0.05 pm diamond abrasive was used. 
The device supplying the controlled-current waveform 
to the plating cell was a 10-A potentistatlgalvanostat, 
with 20-V compliance voltage, operated in the 
gaivanostatic mode. This essentially acts as a 
programmable controlled-current power supply. 

In turn, the galvanostat was programmed using an 
analog signal from an arbitrary-fiction generator. The 
generator used for these experiments had an 8K 
memory; i.e., up to 8192 discrete steps could be used to 
define the waveform, which was adequate to store 4- 
level fractal waveforms, although they were a tight fit. 
Other similar generators are now available that have 
32K or even 64K memories, which would simpllfy 
waveform storage, increase available resolution, and 
permit more than one waveform to be kept in memory 
at one time. The clock speed of the generator sets the 
time per step; for most of these designs, it was set to 
1 ms, equal to the length of time for the plating pulse. 
Alternate clock speeds were progmnmed to apply the 
initial DC stnke, which was 32 mA cm-' for 5 min. As 
soon as the stnke was completed, the generator began 
to apply the fractal waveform, repeating the waveform 
as many times as desired for the particular experiment. 

/ 

In turn, the generator was given instructions, through 
the IEEE-488 interface, from a personal computer. A 
program was created for the PC that generated a string 
of commands and values that when downloaded to the 
generator would store the desired waveforms in 
memory. Initially, this program relied on manual 
operations of duplication and copying to create the 
command and value string, in the m w e r  of a primitive 
spreadsheet. A later version permitted the input of a 
limited set of fiactal parameters, allowing the program 
to apply recursive operations to generate the complete 
command and value string. 

The plating bath (after Weisner) was about 0.5 M in 
lead fluoborate, with additions of boric acid, coumarin 
and d u m  lignosulfonate. This bath is designed for 
DC operation, but no prior experience of its use in 
pulsed plating was known. 
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fiperimenral Procedure 
Surface Morphologies and Microsmctures Obtained 

Waveforms oithe design requued were generated on 
the PC: separate waveforms were created for the mitial 
smke. the mam waveform, and any multisecond anodic 
sections. Thcse waveform files were referenced m an 
cxpenment file, which instructed the computer to 
Ciownload them to the a rb i t rq  fimcbon generator and 
to tell the generator whch waveforms to use and in 
what order. 

h e  mandrel (either the machmed or the polished one) 
ivas  cleaned with detergent and water and alcohol 
nnsed. then installed in the PTFE insulator. Packing 
and a PTFE wmher were used inside the msulator to 
\tal agunst solutlon infiltrahon and to keep the 
mandrel shait centered. The mandrel shaft was 
llssembled with a dust sheld. a carbon-brush block, an 
insulator and a stepper motor, and secured wth the 
mandrel centered in the platlng cell. 

A porlion oi  lead-plating bath was added to the cell to 
immerse the mandrel about 3 to 4 cm below the 
surt’ace. AI1 experiments, were performed at rwm 
temperature. whch was a relatively steady 25 C. The 
computer was instructed to begm the expenment. and 
an mitial stnke under rotation wa5 applied. der which 
platlng was continued for bpically 5 to 6 hours 

When plallng was terrmnated, the mandrel was 
disassembled from the system. nnsed clean, and dried. 
I’hotographc r m d s  were made using a camera 
accessory for a stereo nucroscope. Because the plate 
typically extended past the hamsphere equator onto the 
plane adjacent to the insulator body, this part of the 
plate was trimmed off with a sharp knife (the mandrel 
surface had not been prepared such as to cause 
metallurgcal bondmg of the plate) and saved. The body 
ofthe electroformed henushell was separated tiom the 
mandrel usmg thermal shock; three cycles of dipping 
into liquid nitrogen followed by dipping into water 
were used, which almost invanably allowed pulling the 
electroform free w~th minimal force. The hemishell and 
the trimmings were cleaned. dried and weighed to a 
precision of 10 pg. The deposit was then subnutted for 
testmg such as scanning electron microscopy (SEM), 
sectioning for microstructural analysis, or other 
methods as appropriate. 

Figures 7 through 20 show various electroform 
morphologies (and in some cases, associated 
microstructures) obtained using a variety of waveform 
designs. Table 1 summarizes morphology resuits for all 
binary representations and cathodic pulse amplitudes 
tested. 

Figure 7 shows for comparison a plate made using DC 
at -0.0396 A cm”. Quite level, it is, however, not shiny 
and is nodular on a micro scale. Figures 8 and 9 show 
results of designs with only plating pulses, with P, 
values of -0.96 A cm-’ and equivalent CD of 4.0282 A 
cm-2 in one case, and -1.05 and -0.0396 in the other. 
Increasing the pulse amplitude and mean CD changes a 
low nodular structure to one with extended nodules and 
dendrites. 

Figure 1 Oa, 1 Ob and 1 Oc shows macro, micro cross 
section, and surface SEM views, respectively, of a case 
with intmttent  deplating pulses [ 0001 1, Pc= -1.05 
A cm.2, the anodic pulses having an amplitude of 1.28 
A cm” and a trapezoidal shape. The macro view shows 
that both rings and spirals are produced under these 
conditions. The 400X micro section was taken at the 
edge next to the mandrel, and shows the strike and the 
transition to a banded structure with a number of bands 
equal to the number of repetitions of the waveform 
(170). The 2000X SEM surface view shows that, for 
this case, where all the deplating cwent  is put into 
long pulses at long intervals, a porous surface is 
obtained that also has octahedrally-shaped adherent 
particles. * 

Figure 1 1 a and 1 1 b shows the macro view and a 
2000X SEM view, respectively, of a case with 
Pc = - 1.05 A cui’ and periodic deplating pulses 
[ 1000 ] of 1.28 A cm” , with equivalent CD of 
-0.0334 A cm.’. The SEM view reveals a reasonable 
quality plate over most of the surface, but the macro 
view shows the presence of “hydra”-shaped dendrites 
(dendrites extending fiom the end of nodules). When 
anodic pulse amplitude is boosted to 2.26 A cm-’ as in 
Figure 12, this irregularity disappears, and a smooth, 
good-looking plate resuits. 
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When the pulse structure is changed to [ 1 100 1, as for 
Figure 13, with Pc = - 1 05 A cm I, anodic pulses of 
1 28 A cm" and equivalent CD = -0.035 I A cm-'. 
hvdra dendntes are obtained. Figure 14a and 14b 
shows what happens when the pulse structure is 
changed to [ IO 10 1 with the same pulse amplitudes 
(but CD = -0.04 1 1 A cm-:I. Only low nodules are seen, 
but the surface has an etched texture and a small 
number of octahedral pmcles  adhere to the surface. 

Changmg the pulse structure further to [ 1 1 IO ] gives 
the results shown m Figures I Sa. 15b and 16. Figure 
1Sa and 1Sb shows the result of usmg Pc= - 1  05 A 
cm ' and a n d c  pulse amplitudes of 1 .OS A cm.', with 
equivalent CD = -0 0402 A cm '. Figure 1 Sa pves the 
macro view. and I5b pves an SEM image at 300X. 
Manv platelets and small octadedra are o b m e d .  The 
conditions for the sample of Figure I6 change m that 
anodic pulse amplitudes of 1.28 A cm" are used and an 
eqmvalent CD = 4 0394 A cm" results. This surface is 
smoother than that of Figure 14. but low nodules are 
prolific. 

Specimens created with the full &level [ 1 1 1 1 1 fractal 
are shown m Figures 17 through I9 for a consistent 
Pc= - I  05 A an'. but a vaxyng anodic pulse 
amplitude (and shape). For Figure 17. tnanplar anodic 
pulses of amplitude 0.96 A cm ' were used. and an 
eqmvalent CD of -0 0354 A cm resulted. For Figure 
18. the a n d c  pulses were changed to 1.28 A cm" with 
a rectangular shape and an equivalent CD of -0.0284 A 
cm '. For figure 19. this changes to I 92 A cm': and 
CD = -0 0264 A cm.'. The smoothness of the surface 
unproves through this progression. The F,, changes 
through h i s  progression from 0.4085 to 0.3223 to 
0.3006. 

Figure 20a-f focuses on the same conditions as those 
for the specunen of Figure 18, except that trapezoidal 
anod~c pulses are used. Figures 20a and 20b show the 
surface macro and the cross-section views, 
respecuvely, of the plated body. Figures 20c and 20d 
show the polished and etched microstructure. 
respectively, with preparation and lighting conditions 
changed for 20d so that the fine layered structure can 
be seen. Approximately the same number of layers 
appear in the micrograph as the number of repetitions 
of the waveform during the plating operation. Figure 
20e and 20f shows the SEh4 view of the outer surface 
at 400X and 2000X, respectively, revealing an 
interesting etched pattern. 

All of the preceding figures are of specimens produced 
using machined mandrels, but certain runs in this 
experimental progam were done with polished 
mandrels. The presence of "rings" on the specimens 
was always associated with machined mandrels and 
their inevitable machining grooves; when polished 
mandrels were used, no rings were observed Indeed, 
when the conditions of Figure 19 were duplicated using 
a polished mandrel, the results were very similar, 
except that very little splotchiness was seen. 

Use of Fraclal Wavefonns as Analpica1 Probes 

To obtain information about the status of electrodes and 
the characteristics of electrode reactions, one common 
practice is to measure electrode impedance vs the 
frequency of a signal applied to the electrode. Such 
information is measured fiom the millihertz to the 
megaheriz range. To obtain this information for the 
low-frequency part of the spectrum (lower than 10 Hz), 
common practice is to create a.signal which is a 
composite of about 20 low-frequency signals, apply 
this composite to the electrode, and analyze the 
response using a mathematical transfornation such as 
the fast Fourier transform (FFT). Both sinusoidal and 
square-wave composite signals have been used for this 
purpose. 'Figure 2 1 shows such a composite signal 
waveform using square waves. 

Fractal waveforms such as that shown in Figure 22 are 
basically daerent fiom these composite waveforms in 
that they are not composed of combinations of 
sinusoids or otherpericdic forms that are symmetrical 
about an axis. However, they do have periodicity and 
si@cant, complex information content, and thus may 
be useful as probes of electrode reactions. How to 
approach the analysis of fractal waveform signals is an 
open question. The FFT has been described in many 
places and will not be repeated here, but the results of 
applying the FFT to both the square wave composite 
and the fiactal waveform example are shown in Figures 
23 and 24. Because of a difference in overall 
amplitude of the two waveforms, a comparable 
difkence exists in the magnitude value results fiom 
the two cases. A comparison of the magnitude 
components shows a considerable amount of energy 
across the spectrum for both waveforms, although the 
low-frequency end for the square-wave composite 
seems richer. 
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Figure 12 - Macro View of Lead Electroform 
Made using pulsed Current ~~~i~ [ 1000 1 
with P,= - 1 .OS, PA= 2.26, and CD = 
- 0.0395 A cnf2 (Code 092591) 

Figure l l a  - Macro View of Lead Electroform 
Made Using Pulsed Current Design [ 1000 ] 
with Pc= - 1 .OS, PA= 1.28, and CD = 
- 0.0334 A cm-l (Code 12209 1) 

Figure 1 Ib - SEM V I C w  (2ooox) of Surface of 
Lead Electroform of Fig. I 1 a 
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Figure 13 - Macro View of Lead Electroform 
Made Using Pulsed Current Design [ 1 100 ] 

- 0.0351 A cm-2 (Code 030592) 
with P,= - 1 .OS, PA= 1.28, and CD = 

K 

Figure 14, - Macro VIL'\V of I m d  13lcctroform 
Made Using Pulsed Current Design [ 10 10 ] 

- 0.04 1 1 A cm.' (Code 03 1892) 

Figure l-lb - SI34 View (IOOOX) of Surfacr: 
of Lead Electroform of Fig. 14a 

with Pc= - 1 .OS, PA= 1.28, and CD = 

i 

I 
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Figure 15a -Macro View of Lead Electroform 
Made Using Pulsed Current Design [ 1 1 10 ] 
with P,= - 1.05, PA= 1.05, and CD = 
- 0.0402 A cm" (Code 05 1892) 

Figure 15b - SEM View (300x1 ofSurfnce of 
Lead Electroform of Fig. 15a 

Figure 16 - Macro View of I-cod ElcctrofoIm 
Made Using Pulsed Current Design [ 1 1 10 ] 
with P,= - 1 .OS, PA= 1.28, and CD = 
- 0.0394 A cm-' (Code 030992) 
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Figure 20a - Macro View of Lead Elcctrofom 
Made Using Pulsed Current Design [ 1 1 1 1 ] 

- 0.0324 A cm" (Code 12 189 I )  

Figure 2Ob - Macro Vicw (7X BF) of Cross- 
Section of Lead Electroform of Fig. 20a 

Figure 20c - Micro View (1 50X PL) of Cross- 
Section of Lead Electroform of Fig. 20s 

With Pc= - 1.05, PA= 1.28, and CD = 
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Table 1 - Comparison of Surface Morphologies against Binary Representation 
and Cathodic Current Density 

z I 1 
For P, = 1.02 or 1.05 For P, = 1.20 A cm-’ i Waveform I For P, = 0.90 or 0.96 

I Binary I , A cm.’ A c d  
I 
; Representation I 

i I IC  
I I 1 vcrv smooth (+,-o 044 A cm 2 1 Level @- 0.062 A cm-’ 

I 

: j - 280 small nodules - 280 long nodules, dendrite 1 --------------- 1 IJOOO I 
I 1 

I I Smooth. no nngs, fine spuals 
I I sponge-like surface 

Smooth. both rings and spirals; 

I * I 

No spirals or rings, but - 80 
hydra dendrites for 
PA= 1.28 A cm’2 

[ I l l O ]  Faint spirals, - 1 80 low 
nodules for PA= 1.28 A cm”; 
rings w/ many small nodules 

for PA = 1.05 A cm-’ 

[ 1 1 1 1  I 
~~ 

Rings, few small nodules, no 
spirals, no dendrites; to very 
smooth w/ nngs dep. on PA. 

Rings, moderate nodules, slight 
spirals; to very smooth but 
splotchy appearance 
dependent. on PA-; 
microetched surface 

* NOTE: for polished mandrels, no rings, but spirals become obvious. 
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Rings, many small nodules, 
no spirals’ 



It may be that, because of the nature of the fractal 
waveform, transformations other than the FFT are 
more appropnate. One stnctly digital transformation is 
the Walsh Tr&bm8. A precedent extsts for using 
'Nalsh functions and transforms to analyze electrolytic 
-+ems. A recent p a d  dcscnbes the use of "random" 
pulses appiied to a corroding system m a Walsh- 
function pattern. the resulting. voltammetric data being 
aalvzed by a Walsh transform to reveal panems 
indicative ofvanous corrosion states. Figures 25 and 
26 show the result of applylng. the Walsh transform to 
the composite square wave and the fractal waveform, 
respcctivelv Th~s transform mums only a maptude 
VT a parameter called "sequencv". which is an analog to 
licqucncv fhe two patterns are nch in low-sequency 
content. but the fractal case shows a groupmg that 
might rclate to the fractal lcvcls 

:It this point. there is no clear indication of how h s  
analysis might be used: however. it appears that some 
such method mght be identified to take advantage of 
*e properties of the fractal wavcform for analytical 
purposcs . .  

h e  current efficiency (CEI for dcposition is defined as 
the number of coulombs cquivalcnt to the weighed 
amount of matenal deposited (assurmng the entue 
dcposi[ to be 100% lead and the valence of lead to be 
21 diwdcd by the net number of cathodic coulombs (C, 
- C, ) applied to the platmg wll (as detemuned 
numencally from the waveform definition). If one 
assumes simple. 100% efficient electrode reactions, 
this number should have bcen 1 .OOO in each case. The 
value obtamed actually vaned from 0.795 to 1.339 
with a mean of 0.978. Apparent differences existed 
between expenments using different anodic pulse 
shapes (tnanplar vs rectangular vs trapeziodal); 
however, that vanable is confounded with time m the 
overall expenmental program, so no clear relationship 
can be v d i e d .  

Discussion 

Possible causes of variation in CE may include the 
following: numencal errors 111 determining the actual 
number of net cathodic coulombs passed; cathodic side 
reactions, mcluding reduction of additives and 
discharge of hydrogen ion; anodic side reactions, 
including evolution of oxygen gas and conversion of 

lead to PbO, or other species ; and drift in equipment 
calibration. Because of the discovery of octahedral and 
platelet-shaped phases on the deposit surface, the 
exiqence of anodic side reactions seems likely. It 
should be noted that this is a problem which is 
particularly signficant for lead. (Actually, the 
observations reported here may have some relevance to 
the use of pulsed chargenlreconditioners for lead 
storage batteries.) All of the non-experimental-error 
possibilities might be af€ected by the pulse shapes used. 

The choice of plating bath for this study was influenced 
by having the lead bath available as a well 
characterized system (albeit for DC plating), as well as 
the known high exchange current for lead deposition. 
High exchange currents are generally associated with 
tendancies to generate dendritcs and other 
morphological instabilities. Thus, the lead bath is a 
sensitive test vehicle for methods to control plating 
irregularities. However, the presence of additives, 
especially of lignosulfonate, which has a very large 
molecular weight and thus likely d i k s  significantly 
slower than lead, probably tends to confuse 
interpretation of results. Thus, an argument would 
seem to exist for using simpler baths with minimal 
additives, to determine more clearly the effects of 
waveform design choices. 

The use of the binary representation [ XXXX ] as a 
parameter for experimental design for fractal 
waveforms seems warranted. One could relate the 
value of this binary number to the complexity of the 
waveform. Another controlling factor might be the 
length of time used in the longest anodic pulse, with 
waveform complexity as a modifying factor. Other 
variables would be cathodic pulse amplitude and pulse 
width, cathodic pulse duty cycle, anodic pulse 
amplitude and pulse width, off-time before and after 
applying the anodic pulse, and the overall F,,,, and its 
value for each level. 

' 

Clearly, polished mandrels provide a better initial 
surface on which to begin plating. No nuclei exist to 
encourage the growth of irregularities. Even if 
conditions of plating were such as to encourage nodular 
grow-th, these ndules were finer and more uniform 
when polished mandrels were used. Use of polished 
mandrels might change the nodular pattern, fiom rings 
and no spirals, to spirals and no rings. Machining 
grooves on a rotating mandrel can possibly change 
slightly the hydrodynamic conditions and interfkre with 
the development of resonant structures such as those 
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I'igure 21 - Waveform Composcd of a Composite of Square Waves (16384 points) as Input to Analysis 
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TIME (SEC) 

Figure 22 - Fractal Waveform Used as input to Analysis 
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I-*igure 23 - Result of FFT Analysis of Square Wave Composite 
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Figure 24 - Result of FFT Analysis of Fractal Waveform 
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I:igure 25 - Result of Walsh Transform halysis of Square Wave Composite 
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Figure 26 - Result of Walsh Transform Analysis of Fractal Waveform 
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leading to spud deposition patterns. 

Speculations could be offered about the effect of using 
current waveforms based on fiactal tune senes. For 
example. it is possible that. with appropriate choice of 
parameters, the resonant hydrcdyarmc structures that 
~ E C W  in platmg systems (such as spirals) mght be 
damped" bv applying fractal-time-senes boundary 
conditions. Also. if there is a structural signature from 
the fractal waveform rcmruning 111 the electroformed 
Jcposit. these deposits mqht have unusual absorption 
behavior for speclfic wavelengths of electromagnetic 
Farfiation 

Summnv 

lhis studv dcmonsuated that bv chanpg  the way that 
anodic rdcplatlng) current is distnbuted through a 
pulsed wavetorm, especiallv using a fractal design 
paradip, convol over the morpholog of plated 
matenal can be increased.Thcse results were 
cncouragmg cnough to prompt the filing of a patent 
applicatlon with the U.  S .  Patent and Trademark 
Office. on the use of fiactallv-structured control 
vanables A U S palent" was granted on this process 
in Janum oi  this vear. The means of c q i n g  out 
investigations on this tcchnolow are relatively simple 
and available to most organtzations workmg m the 
pulsed-platmg field. There is no bar to research 
actlvlties in b s  area, with respect to commercial 
applications. licensing arrangements may be pursued 
with the iepal SUI€ of Lochced Martin Energy 
Systems. Inc. 

Power Supp1.v Survqv 

A set of specifications for a power supply that would be 
able to produce the kind of waveforms needed for 
industnal/commercial application of the iiactal 
waveform technology (+/- 1000A, 1 00V at an adequate 
duty cycle, wth adequate rise time and capability to 
accept programming of the type needed) was circulated 
to 26 power supply vendors listed in a register of 
compmes. We requested uiformatlon iiom each about 
whether they could supply such a system; we received 
three aifumatlve responses. 'This survey was completed 
in 1992. and it is possible that additional capability 
might be available now. 

Conclusion 

The fiactal-design paradigm should be pursued as a 
way of optimizing microstructure and surface 
morphology of electroformed material. 
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