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ABSTRACT

To date all refractory metals have been successfully

electroplated from fused salts to any desired thickness. 

Only titanium has so far resisted producing a flat, smooth

cathodic deposition, yielding instead a formation of den-

drites and whiskers. 

In this study the nature of the electrodeposition of

titanium is investigated. The effects of temperature, 

current density, current pulsations, periodic reversed

current, periodic reversed current with dead time, low

frequency vibrations, and ultrasonic vibrations on the

cathodic deposition of titanium are studied. 

A mechanism which explains the anomalous behavior of

titanium during electrodeposition is postulated. 
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INTRODUCTION

The cost of producing titanium by thermal reduction 
methods is affected by the cost of the reducing agents, Mg 
and Na.  Electrolytic processes could reduce this cost con- 
siderably.  So far the only notable advancement toward an 
economic replacement of the commonly used Kroll process has 
been made by Timet192 which in 1967 started the first commer- 
cial facility to produce titanium sponge electrolytically. 
There are, nevertheless, some industrial applications of 
electrolytic refining of titanium, particularly for low 
grade sponge, titanium melting wastes and titanium based 
alloy scrap. 

In present day practice, all refractory metals can be 
electroplated from fused salts to any desired thickness.  
In the case of titanium, however, deposits thicker than 0.1 
mm are impossible to obtain without the formation of 
dendrites and whiskers. For this reason the present indus-
trial practice in titanium production is complex, and con- 
sists of the following operations. 

A. Electro-winning of a sponge containing approxi- 
mately 50 percent salt. 

B. Grinding of the sponge. 
C. Leaching of the sponge with possible partial 

reoxidation (or vacuum distillation). 
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D. Electrode compacting by welding, with possible 
partial reoxidation. 

E. First arc vacuum melting. 
F. Second arc vacuum melting. 
The purpose of this study is, therefore, to understand 

why titanium has a tendency to deposit electrolytically in 
the form of dendrites, whiskers, and platelets and, further- 
more, to investigate the conditions for electrolytic refin- 
ing of titanium which will result in a compact titanium 
cathode, free of dendritic growth with little, if any, 
entrapped electrolyte.  Such a cathode would be ready for 
one stage arc vacuum melting to obtain titanium ingots with-
out further metallurgical processing. 

This is a comparative study between the characteristics 
of the deposits obtained in classic electrolytic refining, 
which shall be referred to as the CER deposit, and deposits 
obtained by the application of the following parameters: 
1) High Temperature. 
2) Low Current Density. 
3) Current Pulsations. 
4) Periodic Reversed Current. 
5) Periodic Reversed Current with Dead Time. 
6) Low Frequency Vibrations. 
7) Ultrasonic Vibrations. 
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MATERIALS, EQUIPMENT, AND EXPERIMENTAL PROCEDURES

The refining of titanium, to a high degree of purity, 
requires rigorous procedures for establishing and maintain- 
ing pure electrolytes. One of the essential steps is the 
elimination of any oxygen and nitrogen.  This is necessary 
for two reasons:  Firstly, titanium metal reacts rapidly 
with O2 and N2 forming, in the case of oxygen a solid 
solution of TiOx and, secondly, because the electrolyte 
itself will react with these gases according to:130

3TiCl2 + N2 → TiN2 + 2TiCl3 
 

Since it is not advisable190 to expose high purity deposits 
(high purity is defined as less than 75 Brinell Hardness 
Number) to air at temperatures higher than 100°C, the 
electrolytic cell was built as shown in figure l. The 
expanded upper section of the cell (cold chamber) permits 
the running of many different tests under comparable con- 
ditions; valve 5 preserves the purity of the atmosphere in 
contact with the surface of the bath while changing experi-
mental parameters, and it allows the cooling of the cathode 
while the bath is maintained molten at a constant tempera-
ture. In this investigation, helium gas has been used, 
rather than argon; this is because using helium at the same 
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Fig. 1 – Arrangement of the electrolytic cell and auxiliary 
equipment
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gas flow rate and temperature, a much smaller amount of salt 
volatized, and also because in the case of helium there is a 
lower heat convection loss. 

The most significant chemical property affecting the 
technical operation of refining titanium, is the fact that 
at 800°C TiCl2 and TiCl3 have free energies of formation, 
per chlorine atom, that are very nearly the same (see Fig. 
2). It has been experimentally found that the equilibrium 

   NaCl 
2TiCl3 + Ti ====== 3TiCl2

is very easily affected by contaminants in the titanium or 
by materials including gases, metals, elements, and compound 
contacting the bath. 

Reactions with oxide materials such as glass, silica, 
thoria, etc. proceed rapidly at high temperatures and pre- 
clude the use of these materials in the construction of 
refining cells. The reactions with silica may be assumed to 
be as follows: 

NaCl 
7TiCl2 + SiO2 ====== 2TiOCl + TiSi + 4TiCl3 
2TiOCl + Ti(anode) = 2TiO + TiCl2 

High density alumina can be used, but is not advisable 
because of the possibility of oxygen contamination. 

TiCl will also react with various metals, as indicated 
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by the reaction: 

Fig. 2 - The standard free energies of formation of 
titanium chlorides, the standard state being 
the pure condensed phases and gas at 1 atm 
pressure. (Sinha223)
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NaCl 
2TiCl2 + x(Cu,Al,Cr,Mn,etc.) ====== xMCl1/x + TiCl3 + Ti 

These metals may be present as impurities in the anode or in 
the materials of construction of the apparatus. TiCl2 also 
reacts with carbon: 

   NaCl 
3TiCl2 + xC =====> TiCx + 2TiCl3 
The mechanisms of the above reactions will be the 

subject of further investigations. 
The most suitable material for crucibles to hold 

titanium electrolytes was found to be iron (mild steel with 
low carbon content). It forms an intermetallic compound14l 

with titanium from the electrolyte, as shown by the reac- 
tion: 

   NaCl 
TiCl2 + xFe =====> Ti(Fe)x + TiCl3 

but between 750° and 850° this reaction proceeds slowly 
and results in stable intermetallic compounds.131 Molybdenum 
and tungsten are also excellent for crucible material; 
however, they are expensive. The iron crucible used in 
these investigations had the following dimensions: 10 cm 
internal diameter, 28 cm height, and 0.5 cm wall thickness. 

The outer lower shell (the hot chamber), valve 5, and 
the expanded upper section (the cold chamber), were made of 
stainless steel 321, tungsten-inert-gas welded. Nickel 
tubing was used for TiCl4 and the thermocouple protection. 
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The metal basket holding titanium chips for TiCl4 
reduction should be molybdenum because of formation of 
intermetallic compounds with other metals. During the TiCl4 
reduction process which produces the electrolyte, a titanium 
basket of the following dimensions has been found to be suit- 
able: internal diameter 6 cm, height 5 cm, holes 0.5 cm 
diameter. (Smaller holes proved to be easily clogged, thus 
not satisfactory for TiCl2 transfer to the bath.) The 
electrodes, thermocouples, and TiCl4 inlet nickel tube have 
packing glands with stainless steel 301 followers and 
Teflon insulating rings. 

Since the present investigation is restricted to 
titanium electrolytic refining, the bath does not change its 
valency. Therefore, there is no chlorine recovery problem, 
no anode effect, and no need for separating anolyte and 
catholyte. 

The system to be investigated was Na-Ti-Cl, and the 
electrolyte composition range was: 80-85 wt% NaCl, 20-15 
wt% TiClx. The reasons for limiting the investigation to 
chloride systems and particularly to sodium titanium chlor- 
ide are explained in the discussion section of this study. 

Kroll's phase diagram for the NaCl-TiCl2 and NaCl-TiCl3 
system is shown in Fig. 3. However, it would be more 
accurate to study this system as a true ternary diagram, 
since as can be seen from Fig. 4, the amount of titanium 
in the electrolyte at any composition, is greater than the 
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Fig. 3 – System NaCl-TiCl2 NaCl-TiCl3. (Kroll 141)

Fig. 4 - Probable configuration of the NaCl corner of 
the system NaCl-TiCl2-TiCl3; B:binary eutectic 
TiCl2-TiCl3; T ternary eutectic. (Davey 54)
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amount calculated as the average from the values of TiCl2 
and TiCl3 on the binary diagram. 

Dean et. al.,57 published a diagram for the ternary 
system having the components Na-Ti-Cl, that shows the single 
phase liquid, at 850°C, in which the homogeneous relation 
of a solution of sodium in fused sodium chloride and 
titanium chloride takes place. 

Fig. 5 - System Na-Cl-Ti at 850°C. (Dean et al. 57) 
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However, since the reducible species of titanium is 
Ti++, the highest possible proportion of TiCl2 has to be 
attained. This equilibrium has been experimentally found 
to be 93% TiCl2 and 7% TiCl3 at concentrations between 10 
and 30% TiClx at 800°C.130 

As can be seen from Fig. 3, the assumption of a 
binary system introduces a little error, since we are con- 
sidering the NaCl rich region with 93% TiCl2 of the TiClx. 

The furnace used in this study was a multiple unit, 
5500 Watt, with a maximum temperature of 1050°C; it was ver- 
tically set, had a diameter of 12.5 cm inside, and height 
of 60 cm. The temperature was controlled by a Barber- 
Colman controller joined with a Alumel-Chromel Thermocouple 
in a quartz tube protection, that activates a 110 volt 
Mercury Relay to drive a 230 volt mechanical contactor. 

Valve 4 is the fine control for the flowing rate of 
the cooling system from 0 to 2.5 l/min. Cold water enters 
the bottom of the cold chamber and goes out the top of it, 
re-enters the hot chamber and goes out from the inside ring 
of the hot chamber. 

Valves l, 2, 3, and 5 control the atmosphere of the 
cell.  Valve 1 is a Grinell Stainless Steel Teflon Diaphragm 
for helium inlet to the cold chamber.  Valve 2 is for the 
vacuum outlet to the ice trap, to molecular sieves for 
chlorine, and to the vacuum pump Duo Seal Welch. 
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Valve 3 is a Grove stainless steel high pressure valve 
for the inlet into the hot chamber of helium gas below the 
Vespel valve No. 5. Valve 5 is made of stainless steel 321, 
with Vespel gasket (DuPont High Temperature Plastic). 

Thermocouple vacuum gauge CVC on top plate measures 
the cell atmosphere pressure. 

The power supplies used in this investigation are a 
Udylite 50 Amp, 15 volt solid state rectifier, with a 
Unit-Process Assembly for periodically reversing the cur- 
rent, and an Electrolyzer 8 Amp, 12 volt, with a four cam 
Industrial Timer, for superimposing and reversing the cur- 
rent with dead time. 

A Craig Close Circuit Television apparatus with tape- 
recorder is used to record the progress of the electrolytic 
process. 

Ultrasonic Vibrations Procedure
Vibrations above 16 KHz are applied to the cathode 

with a molybdenum lead to carry the acoustical energy down 
to the titanium cathode immersed into the electrolyte. 

The equipment consists of a Gulton G-1OOA high fre- 
quency generator, with a DTS-1OO transducer working at the 
frequency range of 16-22 KHz, with an amplitude of 0.002 in. 
and capable of supplying 100 watts. 

A Tektronix 515 Oscilloscope is used for tuning up 
the cathode assembly, and for maintaining the same frequency 
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and amplitude of vibration throughout the period of the 
electrodeposition, the period in which the cathode is 
increasing in weight. 

Since commercially pure titanium, in the 800°C tem- 
perature range, has a very low tensile elastic modulus (less 
than 5,000 Kg/mm2), the cathode lead was made of molybdenum, 
which at 800°C has a Young's modulus of about 40,000 Kg/mm2 

and is able to carry down into the electrolytic cell most of 
the acoustical energy supplied by the transducer. 

Because of mechanical problems in threading molybdenum, 
a 2 cm long, 1.25 cm diameter, stainless steel bush was 
interposed to connect the molybdenum rod to the transducer 
horn. 

The cathode unit is, therefore, composed of: the 
transducer horn with 1.25 mm diameter stainless steel tip 
attached to the stainless steel bush; a molybdenum rod, 
6.25 mm diameter connected to the bush, and a titanium 
cathode, 6 cm long, 1.25 cm diameter rod, with highly pol- 
ished surface, screwed tight to the molybdenum rod. Such a 
cathode assembly has three mechanical junctions; that is, 
it has three wave reflecting surfaces that will send back a 
sizeable amount of acoustical energy supplied by the trans- 
ducer. 

Nevertheless, in tuning tests in water solutions, at 
25°C (the viscosity of the electrolyte at 800°C is approxi- 
mately 1.5 cp), this cathode produced a sound intensity, 
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measured at its tip, of about 90% the value of a solid 
molybdenum bar of equal dimensions. 

A critical parameter to be calculated was the overall 
length of the cathode assembly, that is, the length of the 
molybdenum lead, in such a way that the immersed part of 
the cathode would correspond to the nodal part of the wave, 
to avoid irregularities and traces produced by antinodes. 

For 25°C systems this critical length is easily cal- 
culated from available data using the following formulas:

Therefore, the lead length is the smallest multiple of the 
wave length that permits the installation of the trans- 
ducer outside the cell vessel. It must be outside because 
at temperatures above 100°C the magnetostrictive properties 
of barium titanate are impaired. 

For systems at 800°C, however, it is difficult to 
determine the wave length because of lack of data. There- 
fore, we had to proceed by trying several molybdenum leads 
differing by a fraction of the wave length unit. During 
these trials, several cathodes with a 0.625 cm diameter 
titanium rod lead, instead of the molybdenum rod, were 
tested and the results were satisfactory. This satisfactory 
performance was obtained due to the hot chamber cooling ring 

Wavespeed=Young'smodulusDensity
Wavelength= Wavespeed

Frequency
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which, being just above the electrolyte surface when the 
water flow rate was at 2.5 l/min, cooled most of the cathode 
lead environment down to about 400°C. The minimum length, 
that is, the length of the cathode assembly from the trans- 
ducer horn to the cathode tip was found to be 52 cm. 

Electrolyte Preparation
In the salts dehydration procedure the furnace is set 

at 200°C while the crucible is loaded with approximately 
1,500 g of salts. When the thermocouple vacuum gauge 
measures a cell's atmosphere pressure lower than 10-2 Torr, 
the temperature is increased by 50°C. The cell's atmosphere 
is flushed once every hour with helium. Typical dehydration 
schedule for analytical reagent grade NaCl is given in 
Table l. 

The dehydration can be further improved by flushing 
NaCl with SOCl2 that reacts with the eventually remaining 
moisture:149

SOCl2 + H2O --> 2HCl(g} + SO2(g) 
The gases can be easily removed by vacuum distillation. 

The melting point has to be approached slowly, to 
avoid boiling and evaporating the salt. Even just above 
the melting point, NaCl is very fluid and the difference in 
temperature (approximately 180°C) between the surface and 
the bottom of the electrolyte generates considerable con- 
vection stirring. 
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Table l. Dehydration Schedule for Analytical Reagent 
Grade NaCl. 

The electrolyte preparation has to be started just 
after the NaCl becomes molten. If it is left in the molten 
state, it will vaporize very quickly and condense in the 
colder sections of the vessel in large quantities. 

A positive pressure of about 1.2 Kg/cm2 is set above the 
bath surface, while the titanium basket, loaded with 
approximately 100 g of titanium chips of high purity 
(60 BHN), is lowered just above the electrolyte. By means 
of the nickel tube, TiCl4 is injected from an external 
Argon pressurized flask, into the titanium chips basket. The 
titanium subhalides drip into the electrolyte, and 
finally the basket is immersed and used to stir the bath. 
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The electrolyte is left for twenty-four hours (soak- 
ing period) at approximately 800°C with the titanium basket 
immersed, to reach the equilibrium: 

Ti + 2TiCl3 <=====> 3TiCl2
7% 93% 

This equilibrium is temperature dependent. Above 800°C, 
TiCl3 is favored and very thin platelets of titanium are 
found floating on the bath surface. 

At the same time, the intermetallic compound starts 
forming on the inner iron crucible surface: 

Fe + TiClx ====> FeyTiz + TiClw 

where: x = 2.07 w = 2.10 
also: 

Fe + TiCl2 ====> FeyTiz + TiCl3 

The thickness x of the diffusion layer at time t, is 
related according to Schlechten,234 with the absolute tem- 
perature T at which the diffusion occurs, by: 

log (x2/t) = a - b/T 

where a and b are constants, calculated from the experi- 
mental data, different from the diffusion coefficient 
appearing in Fick's diffusion law. 

The Gettering Electrolysis, a preelectrolysis proced- 
ure, is performed to purify the bath from Fe, Al, Sn, etc.,- 
and complex ions. For six hours, a current of 0.05 Amp/cm2 
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(anodic) is applied between the titanium chips basket 
(anode) and the iron crucible, at a bath temperature of 
800°C. This titanium plating of the inner surface of the 
crucible helps the formation of the intermetallic compound. 
The last step is for all particles floating on the bath 
surface to be removed with the basket. 

Electrolysis Under CER Conditions
Since this work is a comparative study of the proper- 

ties of deposits obtained in CER and with special parameter 
electrolysis, experiments were carried out to obtain a 
standard for CER deposits. 

The experimental conditions for CER are as follows: 
l) the electrolyte system is Na-Ti-Cl, 2) the maximum cell 
temperature is 850°C, 3) the starting cathodes are 0.62 cm 
and 1.25 cm diameter rods with highly polished surfaces, 
4) interelectrode distance is up to 3 cm (see figure 6), 
5) anode materials are commercially pure titanium strips and 
bars supplied by Titanium Metals Corp. (magnesium 
reduced) and by Reactive Metals Inc. (sodium reduced). The 
anode has a cylindrical shape of 6.5 cm inside diameter, 
5.0 cm height, 0.62 cm wall thickness; its lead has to be 
made of a 3.0 cm diameter titanium rod to resist the bath 
surface corrosion (not shown in figure 6). The anode 
irregular cylindrical shape is due to the low ductility of 
the impure titanium. 6) a 5 wt% HCl aqueous solution is 
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Fig. 6 - Electrodes arrangement; central cylindrical 
cathode surrounded by coaxial circular anode.

Fig. 7 - Electrolytic cell at the moment of the 
electrode immersion.
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used to leach the entrapped salt from the cathodic deposit, 
7) the power supplies deliver a total maximum current of 
50 Amp. The electrolytic cell in operating conditions is 
shown in figure 7.

Special Parameters Electrolytic Refining
To ensure a meaningful comparative study, a number of 

tests were conducted with two cathodes and two anodes 
immersed simultaneously in the same electrolyte. One of 
the cathodes would be operated as a CER cathode, while the 
other would involve a special parameter. 

However, in the experiments involving current density 
changes the best results (i.e., the sharpest differences 
from CER deposits) were obtained in the absence of the CER 
cathode. Clearly, the reason for this difference in 
deposit can be attributed to the interacting potential 
fields. 

An important stage of the procedure is the 15 minutes 
immersion of the cathode in the electrolyte, in the absence 
of an applied potential, to remove the thin film of titanium 
oxide always present on the surface of titanium metal. As 
suggested by Schlechten et al.,234 the titanium metallic 
surfaces are cleaned by the action of fused chlorides 
helped by the different expansion coefficient of TiOx that 
causes the surface oxides to break away in small particles  
from the solid titanium, and to be reduced by Ti lower 
valencies ions in the electrolyte. 
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EXPERIMENTAL RESULTS

Eight different sets of experiments were conducted 
during the progress of the investigation and their results 
will be presented sequentially. 

Classical Electrolytic Refining 
Fig. 8 shows a typical cathode obtained under what 

have been found to be the best conditions for producing the 
largest crystals by CER deposition. The crystals, as shown, 
are coarse up to 3 mm; microscopic observations and x-ray 
diffraction tests evidenced hexagonal close-packed structure. 

This type of deposit was obtained with temperature 
ranges, at l cm below the bath surface, from 730 to 780°C, 
and at l cm above the cell bottom, from 780 to 830°C. The 
applied current densities ranged from 0.10 to 0.5 amp/cm2, 
while the corresponding voltage readings varied from 0.10 to 
0.5. 

The initial cathodic immersed surface was highly 
polished and approximately 20 cm2 in area. 

The optimum electrolyte composition was: 80-85 wt% 
NaCl and 20-15 wt% (TiCl2 + TiCl3); its liquidus line 
temperature appeared to be about 700°C. The electrolyte was 
not stirred apart from natural and thermal convection. 
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Fig. 8 - Typical deposit obtained under classical 
electrolytic refining conditions.
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The salt dragout ratio, i.e. the weight of entrapped 
salt over the weight of deposited titanium, was generally 
less than 0.01. 

The current efficiencies on the Ti++ bases, calculated 
from the cathode's weight increase, were in the 60-80% 
range. The dendrites lost during harvesting and leaching 
are not accounted for. 

The leaching solution remained clear even after more 
than ten cathodes had been washed. A pink coloration (Ti+++ 

high concentration in solution) indicated that the value of 
some electrolysis parameter was upset; usually, under these 
conditions, a black-bluish precipitate appeared in the 
leaching vessel, evidencing that some sodium has been 
reduced and was dissolved in the electrolyte entrapped with- 
in the deposit. 
 
High Temperature

The upper limit of the apparatus was 1050°C corres- 
ponding to 850°C at the electrolyte's surface (@ l50°C 
above the electrolyte's melting point). At that temperature 
there is a considerable evaporation of salts and the 
practical bath lite is much shortened. The deposit grows 
in form of very small crystals and mostly whiskers, as shown 
in Fig. 9, while the overall operating conditions, except 
for temperature, were exactly the same as for CER operations. 
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Fig. 9 - Deposit obtained at high temperature.



T 1342 25

The calculated current efficiency values are meaning- 
less (more than 100%) indicating that the leaching did not 
remove all the finely entrapped salt. 

Low Current Density
At limiting small current densities (less than 0.01 

amp/cm2) very small, thin deposits were produced, but signs 
of corrosion were noticed on the cathodes surface. 

At 0.05 amp/cm2, with all other variables the same as 
for the CER state, small crystals, dendrites and whiskers 
were still obtained. 

Current Pulsations
Fig. 10 shows a typical deposition with pulsating 

current, obtained under the same set of conditions as for 
CER depositions. (Cathodic deposition lasted for 1.5 sec, 
then neutral dead time for 4.5 sec,) Microscopic observa- 
tions showed hexagonal crystals, and x-ray evidenced 
hexagonal-close-packed structure. These analyses have been 
carried out on the central part of the cathode. 

The dendrites in evidence on the tip and bottom of 
the cathode are due to the edge effect and to imperfections 
on the polished surface; otherwise, the cathode surface is 
flat. A surface close up is shown in Fig. 11. 

The electrolyte surface temperature was 740°C, and 
the cathodic current density 0.1 amp/cm2. The voltage during 
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Fig. 10 - Deposit resulted with pulsating current.
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Fig. 11 - Surface close up of the deposit obtained with 
pulsating current.
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the pulses went up to 0.08. The immersed surface area was 
20 cm2. The deposit shown on Fig. 10-11 was obtained after 
a period of 180 min. of electrolysis. The calculated cur- 
rent efficiencies were above 85%. 

Periodic Reversed Current
Fig. 13 shows the type of deposit that is obtained 

with a direct cathodic deposition of 4.5 sec, and a reversed 
anodic stripping of 1.5. The operating conditions were: 
temperature between 775°C and 825°C at the bath surface and 
initial cathodic current density from 0.1 to 0.5 amp/cm2. 
There was no dead time between the cathodic deposition and 
the subsequent anodic stripping. 

The extreme whiskery character of the deposit and the 
very low dragout ratio are the most interesting differences 
from the CER cathode, deposited under comparable conditions 
shown in Fig. 14. The radius of the whiskers increased with 
increasing current density, that is the finest whiskers were 
obtained at 0.1 amp/cm2. 

The current efficiency was in the order of 35%, that 
is equivalent to a CER current efficiency for the deposi- 
tion time of 70%. But again the whiskers lost in the 
harvesting procedure and subsequent leaching are not 
accounted for. 
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Fig. 13 - Whiskers obtained with a periodically reversed 
current without dead time.
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Fig. 14 - CER deposit obtained under the same con-
ditions as for the periodic reversed one
shown on Fig. 13.
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Fig. 12 - Sequence of cathodic growth with a periodic 
reversed current. __indicates cathode growth; 
--indicates reversed polarity when the cathode 
operates as the anode. The system efficiency 
corresponds to 50% of CER. 

Periodic Reversed Current with Dead Time
Fig. 16 shows a typical deposit. 
A cathodic deposition of 3 sec followed by 1.2 sec of 

neutral dead time, then anodic stripping for 0.6 is followed 
by another neutral time of 1.2 sec before the next cathodic 
deposition. See Fig.15. The operating temperature range 
was between 750 and 800°C at the bath surface. The current 
density can vary from 0.1 and 0.5 amp/cm2. 

The crystal structure obtained looks like something 
in between the pulsation type of deposition and the periodic 
reversed current - isolated dendrites on a flat background. 
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Fig. 16 - Deposit obtained under periodically reversed 
current with dead time.
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As in all the previous sets of experiments, the start- 
ing cathode surface was highly polished. 

System efficiency was 66.6% and the current efficiency 
approximately 50%.

Fig. 15 - Voltage cycle for a periodic reversed cur- 
rent with dead time electrolysis.

 
Low Frequency Vibrations of the Cathode

Stirring movements applied to the cathode (axial 
rotation, horizontal translations) at various velocities 
(from O to 5,000 rpm) have always produced the type of 
deposit shown in Fig. 17, which is very similar to the ones 
obtained in CER. Vertical low frequency vibrations (less 
than 3,000 Hz) considerably damaged the deposit making the 
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Fig. 17 - Deposit obtained applying low frequency 
vibrations to the cathode.
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newly formed dendrites fall apart and drop to the crucible 
bottom; this drawback was confirmed by the unusually low 
current efficiency values. 

The overall operating conditions were exactly the same 
as for the CER set of experiments. 

Ultrasonic Vibrations of the Cathode
Fig. 18 shows the typical deposit obtained with l) a 

titanium cathode 1.25 cm diameter, 6 cm long; 2) a titanium 
lead 0.62 cm diameter, 47 cm long; 3) a starting frequency 
16.1 Khz, power 110 mA; 4) a final frequency 14.3 Khz,
power 90 mA; 5) an initial cathodic immersed surface of 
20 cm2; 6) an initial cathodic current density of 0.3amp/cm2; 
7) an electrolyte temperature of 830°C; and 8) an initial 
voltage of 0.4 and a final voltage of 0.5. We can see that 
most of the surface is flat, compactly plated and, as usual, 
the dendrites on the cathode tip are generated by the edge 
effect, since the rod tip was not hemispherical. 

It is of interest to note that the darker regions of the 
deposit roughly correspond to the antinodal region 
indicated by small bubbles adhering to the surface when the 
cathode was turned in water, and the clearer region cor- 
responds to the nodal regions where these bubbles were not 
adhering. 

Microscopic observations evidenced a cubic crystal- 
lization of the flat deposit, and x-ray indicated the 
existence of a mixed structure hexagonal close-packed, and 
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Fig. 18 - Typical deposit obtained under ultraso-
nic vibrations of the cathode.
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Fig. 19 - A surface close up of the deposit obtai-
ned under ultrasonic vibrations of the 
cathode shown in Fig. 18.
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body-centered cubic. See Fig. 19. Unusually high values of 
current efficiency were obtained; in some instances the cal- 
culated results were higher than the theoretical 100% based 
on Ti++. 

The CER cathode deposited simultaneously with the 
ultra-sonic cathode is shown on Fig. 20, and it has hexagonal 
close-packed crystallization. 

Fig. 21 shows a typical deposit obtained with an elec- 
trolyte temperature of 730°C and a 46 cm long molybdenum 
lead, while all other operational conditions were exactly 
the same as for the previous set of ultrasonic vibration 
electrodepositions. 

This cathode appears to be similar to the CER type, 
but the dendrites are more compact and very strongly 
attached to the substrata. It was impossible to remove them 
by hand. The current efficiency was always better than 90%. 
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Fig. 20 - CER deposit obtained simultaneously with
the ultrasonic vibrated cathode shown  in
Fig. 18.
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Fig. 21 - Deposit obtained under ultrasonic vibra-
tion and low temperature.
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DISCUSSION OF RESULTS

Phase Transformation of Titanium Deposit
The electrodes used in this investigation were made of 

commercially pure titanium. Pure titanium undergoes a phase 
transformation at 882.5 ± 0.5°C. Its low temperature struc- 
ture (α) is hexagonal close-packed, while the (β) high 
temperature phase has a body-centered cubic structure. 
Large uncertainty among the values published in the litera- 
ture relative to atomic radii and lattice parameters makes 
the calculation of the difference in volume between the two 
phases very difficult. 

To eliminate the effect of thermal contraction in the 
process of cooling when passing from the β to the α phase, 
the structure parameter values are extrapolated up to 882.5 
for the low temperature phase, and down to the same trans- 
formation temperature for the high temperature phase. Using 
these extrapolated values, the resulting difference in vol- 
ume is due only to the phase transformation. 
Based on the Berry and Raynor180 (1953) lattice param- 
eters a reduction in volume of about 2.5% is found for the 
isothermal transformation from β-Ti to α-Ti. On the other 
hand, if the Wasilewski data180 (1961) are used, a 0.7% 
decrease in volume is the result. 
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Spreadborough and Christian180 (1959) measured the 
lattice parameters by a diffractomer technique. No differ- 
ence in volume is obtained if these data are used, but the 
authors reported an interesting finding. The a and c 
parameters for α-Ti at 9°C, measured at the beginning of the 
series of the experiments, were 2.9494 and 4.680 A°, 
while the same parameters measured at the end of the high 
temperature β-Ti measurements, when the iodide Ti sample 
was taken again at 9°C, were 2.9504 and 4.694. It is under- 
stood that a tensile stress is present in the material at 
this point. 

DeBoer, MacQuillan and Wyatt165 have measure an increase 
in electrical resistivity of about 10% at the transformation 
temperature as a result of the allotropic change β to α. By 
definition, an increase in resistivity in metals is an indi- 
cation that the mean free path of electron movement is 
reduced; that is, the mobility of the electron is reduced. 
Therefore, it is understood that the α phase is a more dense 
structure than β. 

Hume-Rothery, Smallman and Haworth264 add to the com- 
plexity of this phase transformation phenomenon by reporting 
a measured diameter for hexagonal close-packed αTi at 25°C 
of 2.888 A°, and a diameter for body-centered cubic β at 
900°C of 2.858. This means a large increase in diameter 
for the β → α transformation if we base the difference on 
extrapolated data at 882.5°C. This difference is theoretic- 
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ally true, because with more adjacent atoms (12 in HCP) com- 
pared to 8 in BCC) there is more electronic repulsion from 
neighboring atoms. Consequently, the interatomic distances 
are increased. One more contribution to the overall dif- 
ference in atomic volume between α and β is given for 
identical spheres, between HCP (74.2%) and BCC (67.9%) by 
the difference in Packing Factor. 

Finally, Kessler and Seaglel28 obtained a graph relating 
the density of pure titanium to temperature, from which, 
at the β to α transformation temperature of 1620°F there is 
an increase in density of about 0.73%. The β-Ti at 1620°F 
has a density of 4.35 g/cm3, whereas the α-Ti at 1620°C has 
a density of 4.41 g/cm3. Consequently we have a net volume 
decrease of about 1.5% of the temperature of transformation. 
In conclusion we can safely assume that during the 
transformation upon cooling from the β titanium high tem- 
perature body-centered cubic structure to the a titanium 
low temperature hexagonal-close-packed structure, there is 
a definite reduction in volume, taking place at 882.5 ±0.5°C. 

Therefore, if the operational temperature range 
includes the transformation temperature, a tensile (or com- 
pressive) stress is introduced into the electrode surface 
due to the phase transformation. 

The nature of the electrodeposition is dependent, pri- 
marily upon the nature and the conditions of the electrode 
surface, and the structure of the few layers of electrolyte 
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next to the electrode surface. Since the complexity of this 
electrolyte structure is a function of ionic composition, 
the understanding of multicomponent fused salt mixtures is 
still very limited. To avoid this complexity this investi- 
gation involved the simplest Na-Cl-Ti system. 

Consideration of Electrical Multilayer in Molten Salts
The Na-Ti-Cl electrolyte used in this series of experi- 

ments is an asymmetrical mixture, with two cations of dif- 
ferent charge structure, but with a single anion. 

In a previous work85, we have determined the partial 
molar quantities for each component, with the pure fused 
salt as the standard state at the temperature. The activity 
coefficients have been calculated using the Temkin defini- 
tion of activity and ideal solution, based on the concept of 
complete ionization of molten salts. Temkin's model can be 
summarized as follows:266 a) The entropy of mixing is entirely 
configurational, that is, the entropy increases with 
decreasing atomic order; b) There are two sets of positions 
in the molten salts, one for cations and the other for the 
anions; c) The cations and anions are randomly distributed 
aver the cation and anion positions, respectively, regard- 
less of the magnitude of the charge, i.e., no polarization 
energy. 
However, Temkin's model oversimplifies the actual 
structure of a fused salt mixture, and the results of the 
calculations give little indication on the nature of the 
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liquid. 
Therefore, to reach more meaningful values, a more 

realistic model should be used to deduce the structure of 
the liquid, assuming certain ionic interactions. However, 
even for a binary system, a large amount of experimental 
information is required to specify the thermodynamic proper- 
ties. Moreover, all parameters representing the free energy 
as a function of temperature may vary with composition. 
These calculations of distributions are difficult to treat 
mathematically. 

Furthermore, not much help can be obtained by conceiv- 
ing a model on the basis of similarities with aqueous elec- 
trolytic systems. Fused salt mixtures have higher diffusion 
and chemical reaction velocities, high ionic strength, high 
values of minimum capacitance, and the temperature is of 
greater importance. 

On these bases, it is unlikely that the Diffuse Double 
Layer model would represent the electrode process phenomenon 
in fused salt melts. 

Graves and Inman93 recently proposed the idea that 
strong correlation between anions and cations in the melt 
produce an ordering of several layers of melt at the metal 
electrode/melt interphase, under the influence of the 
electric field. The excess charge on the melt side of the 
electrical double layer is located several ionic layers 
deep, the layers being alternately positively and negatively 
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charged. 
The same authors investigated the Capacitance/Potential 

curves for molten chloride electrolytes, and discovered, in 
agreement with the Frumkin243 research group, that these 
curves have a parabolic shape, with a minimum capacitance at 
the potential of the corresponding electrocapillarity maximum 
(ψ = 0 in Fig. 22). That is, the capacitance increases with 
potential(measured relative to the potential of zero charge). 

Fig. 22 - Capacitance/Potential curves of a lead elec- 
trode in an equimolar LiCl-KCl melt at : 
(l) 450°, (2) 600°, (3) 700°, (4) 800°C. 
Loci of the reversible potentials values 
at different temperatures are indicated by 
curves A and B. 
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It is significant not only that the minimum capacitance 
increases with temperature, but also that the capacitance 
changes more rapidly with potential at high temperatures than 
at low. 

This phenomenon will be clearly understood when we 
apply the concept of Excess Energy of Electrode Processes 
(developed in the Appendix), to the Capacitance/Potential 
curves, as shown using the Inman Graves data (figure 22). 
In order for them to overcome the activation energy barrier 
the ions must be supplied with a constant amount of energy. 
Consequently, if these ions are at a certain energy level,  
the amount of energy that must be supplied from external 
sources is the difference between the activation energy and 
the actual energy of the ions. 

Curves A and B in figure 22, which are obtained by 
connecting the points of reversible potential at different 
temperatures, show that at low temperatures (low energy 
content) a larger potential is required to make up for the 
extra energy needed. At high temperature (high energy 
content) less potential is required to reach the activation 
energy level. 
Bakum and Ukshe93 proposed a similar multilayer model, 
considering the charged layers as the plate of an infinite 
series of parallel plate capacitors. In determining the 
integral capacitance, these authors have defined the Excess 
Charge Factor as determined by the relative number of 
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positions available in the first layer of ions (pre-electrode 
layer) for the accomodation of the Excess Charge at a given 
temperature. There will be a close packed structure, but 
unequal number of anions and cations. Their experimental 
results suggest that only three layers of melts at the 
metal/melt interphase are ordered. 

Sotnikov and Esin93 introduced the important concept of 
Charged Vacancies: for a given charge density on the elec- 
trode metal, there is an equal and opposite charge density on 
the melt, produced by anion or cation vacancies. If in the 
short ranged liquid structure of the ionic atmosphere, the 
central ion is missing, the net charge of the vacancy 
is the opposite of the one of the atoms that should be in 
that place. 

At this point it is clear why this investigation was 
restricted to the simplest possible system such as Na-Ti-Cl. 
 
The Mechanism of Electrodeposition of Titanium

The Excess Energy Theory has been developed to prove 
that the newly reduced atoms must have an energy level 
equivalent to a virtual temperature of several hundred 
degrees centigrade higher than the electrolytic cell system. 

These new titanium atom grouplets will crystallize to 
form a high temperature lattice structure that in the case 
of β titanium is body-centered cubic. This β  crystalliza- 
tion process is facilitated by the low thermal conductivity 
coefficient of titanium that will allow time for local 
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temperature buildup. 
It has been shown in the previous sections that the 

allotropic titanium transformation produces an isothermal 
reduction in volume. From the data published in the litera- 
ture it is found that pure titanium, at its transformation 
temperature, has a low tensile elastic modulus (less than 
5,000 Kg/mm2) , and a low thermal conductivity; approximately 
0.1215 W/cm°C, extrapolated from Silverman222 data). 

Since the electrode metal lattice is at the lowest 
energy level of the system, as the layer of body-centered 
cubic grows in thickness with time, the first titanium atoms 
crystallized in the lattice begin to transfer their 
extra energy to the titanium electrode metal substrate, 
resulting in a lowering of their temperature. 

At the moment in which the temperature of the new 
titanium atoms layer decreases below the transformation 
temperature, its lattice structure becomes hexagonal-closed- 
packed α titanium. Since α titanium has a much denser 
structure than β-Ti, the phase transformation will create 
a tensile stress within the newly deposited titanium atom 
layers. The magnitude of this tensile stress will be 
increased by the thermal contraction due to the decrease in 
temperature and it will have a random orientation. 

At this point, due to its low tensile elastic modulus 
the new titanium deposit will crack, producing a surface 
rouglrness with protrusions and cracks. These provide points 
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of high current density to nucleate dendrites and whiskers. 
Furthermore, the electrolyte will fill the cracks, although 
the throwing power is not large enough to carry Ti++ ions 
into the crevices. Meanwhile the Tio activity in the 
crevices is very large compared to Na+ activity, thus the 
reaction: 

Ti + 2NaCl =====> TiCl2 + 2Na 
can actually occur to make deeper crevices, and produce 
sodium atoms that will chemically reduce Ti++ in solution, 
away from the cathode. 

The Thermodynamic Cycle for the proposed mechanism 
is: 

Cathodic Reduction
(NaCl-Ti++) + M  →  (NaCl-Ti++) + M2e-  →  NaCl...Ti++...M2e-

↑ ↓
NaCl...Ti++...M    NaCl...Ti+...Me-

↑ ↓
NaCl...Ti++...M + e-    NaCl...Ti...M

↑ ↓
NaCl...Ti+...M + e-  ←  NaCl + Ti+Me-   ← NaCl + TiM

Anodic Dissolution
where M is the metal electrode. 

Since, according to Bockris31 the activation energy 
required to simultaneously transfer two electrons is much 
greater than that needed for one electron, the transfer of 
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two charges in one step is improbable. However, some 
evidence to the contrary may soon be available.149 

In the light of the previous discussion it is now 
possible to explain the nature of the titanium deposit 
under the various conditions investigated. 

Electrolysis Under CER Conditions
The effects of current density, Ti++ concentration, 

and temperature of the electrolyte, on the characteristics 
of the deposit in CER are summarized in Fig. 23. 

Fig. 23 - Relationship between the conditions of elec- 
trodeposition and the type of deposit. 
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For example, it can be seen from Fig. 23 that at a current 
density of 0.3 amp/cm2, dendrites will be formed when the 
Ti++ concentration exceeds 8 wt%. Below that concentration 
a powder deposit will result. 

The Emf dependence on temperature and concentration is 
the reason for the different types of deposition of titanium 
in our particular system. 

Fig. 24 - Variation of the decomposition potential 
with temperature and titanium divalent 
ions concentration. 
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As shown in Fig. 24, above 850°C, with a Ti++ concentration 
of 10 wt%, the decomposition potential of sodium chloride 
becomes lower than the titanium dichloride, therefore sodium 
metal starts to deposit on the cathode instead of titanium. 
The same phenomenon occurs at about 750°C when the Ti++ 

concentration approaches l wt%. 
Furthermore, the variation in temperature of the 

electrolyte will displace the ideal equilibrium (Ti++-Ti+++) 
towards the trichloride direction, therefore reducing the 
Ti++ concentration. Also the sodium metal boiling point 
(890°C) must be taken into consideration. 

It is assumed that the sodium line remains constant, 
within the variation range of the titanium concentration, 
because of the variation from ideality of both NaCl and 
TiCl2 activity lines. However, considerable disagreement 
is found in the literature regarding the activity coef- 
ficient values of the two chlorides. 

It can be readily seen from Fig. 25 that when varying 
the sodium chloride concentration between 80 and 100%, its 
activity does not vary significantly, therefore its decom- 
position potential does not vary greatly; however, when 
varying the titanium chloride concentration between 0 and 
20%, its activity changes significantly, with a consequent 
change in the decomposition potential. 
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Fig. 25 - Assumed activity curves for NaCl and TiCl2. 

The decomposition potential versus temperature curves in 
Fig.24 have been qualitatively determined by the author 
following the general concept established by Grjotheim et 
al.267 The metallic sodium having been reduced, will go back 
into the electrolyte to chemically reduce titanium dichlor- 
ide away from the cathode surface, producing metallic 
titanium fog "pyrosol" of high viscosity that, with the help 
of some small whiskers (that are always formed) will build 
up a very brittle deposit that resembles cotton flock. 

High current density values, since they raise the 
temperature of the electrical multilayer, produce essentially 



T 1342 55

the same effect as the high temperature (the high tempera- 
ture effect being the formation of pseudomorphous macro- 
structure, multiformed, and combined cubic and hexagonal 
crystals). 

Large depositions on base metal substrates are very 
similar to those on titanium, confirming that the influence 
of the substrate metal acts up to approximately 100 μm of 
thickness, within which the larger thermal conductivity 
coefficient of the base metal will not allow surface tem- 
perature build-up to start the mechanism of dendrite 
nucleation. 

Several investigators report that titanium can be 
electroplated on titanium substrate in the form of a flat 
deposit, only up to a maximum thickness of 1.5 μm, whereas 
the smooth deposit may reach 125 μm on base metal sub- 
strates. . 

In the present investigation it would have been more 
adequate to use cathodic rods with a diameter larger than 
2.5 cm, to minimize the effect of low electrical and heat 
coefficient values for titanium on electrodeposition; and 
also to have more meaningful comparison from initial and 
final current densities. But a maximum of 2.5 cm was one 
of the limits of the experimental apparatus. 

Lowering the current density, while leaving all other 
variables constant, results in small crystals, dendrites 
and whiskers. These results are in agreement with the 
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postulated mechanism. A lower current density corresponds to 
a low rate of transport of ions through the electrical 
multilayer. Thus, although it diminishes the rate of new 
atom formation, it does not prevent the build up of local- 
ized very high temperatures. These, in turn, result in the 
various types of deposit indicated. A limiting small cur- 
rent density grows a flat deposit, but will make the process 
impractical; and further, the corrosion on titanium on the 
cathode by the sodium chloride attack: 

Ti + 2NaCl ====> TiCl2 + 2Na 
further diminishes the actual deposit size. 

The values of current efficiency reported in the 
experimental results section of this work have low limits 
of accuracy due to the errors introduced. These are due to:

- loss of deposit in form of dendrites, whiskers, 
during the harvesting and leaching operations. 

- amount of entrapped salt remaining in the deposit 
after leaching. 

- large starting cathode/deposit weight ratio. 
- possibility of having some Ti+ in solution. 
- uncertainties of measuring procedures and equip- 

ment. 

Current Pulsations
A pulsating current generates a repeated transient 

effect on the electrical multilayer, similar to that occur- 
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ring at the starting instant of CER at high current density. 
In Fig. 26 the solid curves represent the Ti++ and Cl- con- 
centrations at the instant of the starting of the elec- 
trolysis, while the dotted ones the steady state concentra- 
tion profile of those concentrations. 

Fig. 26 - Approximate concentration profiles developed 
at the electrode surface by rapid charge in- 
jection, qualitatively determined by the au- 
thor following Anson's work260. 

At the starting instant the deposition occurs as if there 
was a much higher Ti++ concentration in the electrolyte. 
After the very short initial period of time, however, the 
deposition continues only as a quantity of new Ti++ is sup-. 
plied by diffusion and cation mobility (in the order of 10-3 
cm sec/volt cm). 
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If, after the pulse, whose length should be of the 
order of magnitude of one second or less, the current is 
interrupted for a period of three or four times the length 
of the pulse, then the Ti++ concentration next to the 
cathode will be restored to its previous value, ready for 
the next pulse. But, it is significant that there is no 
surface temperature build-up because of the time allowed for 
complete dissipation of the Ti new atoms' extra energy. 
Therefore the cathodic deposit will directly crystallize 
in hexagonal close-packed structure. This is the kind of 
deposit showed in Figs. 10-11. This is a confirmation of 
the validity of the proposed mechanism of Ti electrodeposi- 
tion. This is also in agreement with the fact that 
titanium deposits smoothly on titanium substrate in subse- 
quent layers of thickness up to 1.5 μm every time a cathode 
is reused after the dendrites produced in the previous runs 
have been scraped off. 

Periodic Reversed Current 
Experimental work carried out by Westinghouse251 and by

Nippon Mining173 with periodic reversed current in copper 
electrodeposition has indicated that the surface of the 
electrodeposited metal has been smoother than the original 
base metal surface, due to the point effect during the 
anodic portion of the period.

What we can see on Fig. 13 is certainly not a flat 
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deposit. This is another confirmation of the uniqueness of 
the titanium electrode process. The salt dragout ratio was 
very low, contrary to what is expected. The fact that the 
diameter of the whiskers increased with increasing current 
density is in agreement with the concept of Corona Dis- 
charge, assuming that the tip of the whiskers has a para- 
bolic shape. 

From the above considerations, it follows that periodic 
reversing of the current helped to avoid the filling of the 
crevices on the deposit surface, but did not change the 
usual form of deposition of titanium; actually it worsened 
the characteristics of the deposit if we compare it with 
the CER cathode produced under comparable conditions (Fig. 
14). 

All this is in agreement with the postulated mechanism, 
because both deposition and dissolution (ionization) are 
processes involving activation energy. But what is very 
interesting is the extreme whiskery character of the periodic 
reversed current deposit. The explanation of this phenomenon 
will help us to complete the proposed mechanism for titanium 
electrodeposition. 

From the thermodynamic point of view, according to 
Kushner144, if there is an extra amount of heat (thermal 
energy) at the cathode, there should be a corresponding loss 
of heat at the anode, characterized by local cooling of a 
few atom layers at the surface. This would indicate that 
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when carrying out an electrolytic process near the melting 
point of the electrolyte, some solidification at the anode 
should take place. To show this, an attempt has been made 
to carry out some experiments at temperatures very near the 
melting point of the bath. These, however, were not 
successful because of the large difference in immersed area 
between the anode and the cathode, and a variety of other 
problems. 

The cooling effect, referred to above, is shown by 
the extremely fine whiskery deposit of Fig. 13. The local 
refrigeration actually occurs during the anodic portion of 
the period. Since the anodic stripping follows immediately 
(no dead time), the cathodic temperature builds up, the 
sudden cooling of the last high temperature layer (body 
centered cubic) creates very high tensile stress which will 
tend to break up the very small grouplets of atoms. 

Fig. 27 illustrates the anodic phenomenon of the 
decrease in surface energy level (loss of heat). The curve 
of the change in energy has been drawn on the same basis 
as for the Excess Energy Theory (see Appendix). 

Rice202 postulated the existence of a second diffuse 
double layer in the metallic phase characterized by a 
gradient in electron concentrations. 

The surface refrigeration effect can be further 
explained by the change in energy density during the trans- 
formation of a titanium atom into a titanium ion. 
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Nomenclature to Figure 27

E* = Activation energy level 
EIII = Ground state energy level of the anode surface 
EII = Ground state energy level of the ions in the elec- 

trolyte at large distance from the electrodes 
EI = Ground state energy level of the cathode surface, 

electrons in the Fermi level of the metal 
E0 = Ground state energy level of the transient entity 
ψ+ = Galvani potential at the anode interphase, plus the

Overpotential, as a function of the distance 
from the electrode 

ψ- = Galvani potential at the cathode interphase, plus 
the Overpotential, as a function of the distance 
from the electrode 

R = Reversible potential curve as a function of the 
distance from the electrode 

Act. = Activation energy curve as a function of the distance 
from the electrode surface 

Dis. = Dissolution energy curve as a function of the 
distance from the anode surface 
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The various valences of Ti entities have the follow- 
ing radii (at room temperature): 

Ti0 1.47 A°
Ti+ 0.96 
Ti++ 0.94 
Ti+++ 0.76 
Ti++++ 0.63 

It can be seen that the titanium ions 
have a much smaller radius than atomic titanium; this is due 
to the fact that when one electron is removed, since the 
positive charge of the nucleus is constant, the other 21 
electrons are pulled to orbit closer to the nucleus. 

Now, when one electron is removed from the titanium 
atom on the surface of the anode, but the remaining elec- 
trons have not yet had time to rearrange themselves in 
orbits closer to the nucleus, the entity is no longer an 
atom, but is not yet an ion in its equilibrium electronic 
state. This transient entity has an energy density lower 
than both atom and ion, that is, a smaller number of 
charges per unit volume. The energy level of the above 
defined entity (shown in Fig. 27) is the lowest energy level 
of the system E0. 

At this point the physical meaning of the familiar 
shape of the activation energy curve clears, particularly 
the fact that the anodic portion of the curve curls back up 
into the electrode body after having passed its minimum at 
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the electrode surface. 
The application of periodic reversed current with dead 

time (shown in Fig. 16) resulted in a deposit of intermedi- 
ate characteristics between the one obtained with current 
pulse and that with periodic reversal without dead time. 

In this case, the benefits of current pulse (high Ti++ 

concentration and time to dissipate the excess energy) have 
been added to those of reversing the current (corona dis- 
charge and point effect). 

Low Frequency Vibrations of the Cathode
The purpose of stirring the solution of an electro- 

lytic cell is to minimize the concentration polarization at 
the electrodes. 

In the electrolyte used in this investigation a strong 
convection current was always present, streaming upward from 
the center bottom and downward along the cell's sides. This 
agitation, as has been stated, was generated by the large 
difference in temperature between the crucible bottom and 
the surface of the bath in contact with the helium atmosphere 
(a gradient of approximately 180°C when the furnace is at 
l000°C) . 

Therefore, various types of motion applied to the 
cathode (axial rotation, horizontal translation and vibra- 
tion with respect to the bath surface) will not affect the 
deposition conditions, that is the electrical multilayer. 
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This is confirmed by the type of deposits obtained under low 
frequency conditions, Fig. 17, which was very nearly similar 
to the ones obtained under CER conditions. 

Meanwhile, vertical low frequency vibrations (less 
than 3000 Hz) will considerably damage the deposit making 
the newly formed dendrites fall apart and drop at the 
crucible's bottom. This damage is also indicated by the low 
current efficiency value as calculated by the cathode's 
weight increase. 

Ultrasonic Vibrations to the Cathode
The kinetics of electrode processes are largely deter- 

mined by the concentration, activation and resistance polar- 
izations. Ultrasonic vibrations affect these three polariza- 
tions differently. Strong ultrasonic fields can change the 
state of the ionic atmospheres and can excite the electrons 
in the shell of the reacting particles. Thus it should 
result in higher electrical conductivity of the electrolyte 
and a lower decomposition potential. 

The overall effect of applying ultrasonic vibrations 
to electrolytic processes is the very high deposition rate. 
The accelerating effect of ultrasonic vibrations on the 
deposition rate is partially due to the improved mixing 
that enhances the uniformity of composition of the electro- 
lyte and the diffusion at the electrode-electrolyte bound- 
ary. 
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When the ultrasonics are applied to the cathode, a 
desirable side effect will occur. Since a part of the 
vibrational energy applied is transformed into heat energy, 
the viscosity of the electrolyte next to the cathode will 
be lower, enhancing the escaping of the entrapped salt, 
making the multiple layer thinner, and helping the Cl- sub- 
stitution. 

Russian workers136 have experimented with frequencies 
within the range of 20 KHz to 3 MHz on electrode processes 
in aqueous electrolytes. No references are available to 
date, to our knowledge, on ultrasonic vibrations applied to 
fused salt systems. 

Different frequencies and amplitudes within the opera- 
tional range of the transducer have been tested, in an 
attempt to find the right values to settle titanium deposit 
homogeneously on the cathode surface, taking into account 
cavitational resonance phenomena. 

Our results show that the variation of the frequency 
from 16 to 22 KHz does not affect the character of the 
deposit; that is, the results of application of ultrasonic 
vibrations is constant within the range. 

What really affected the type of deposit, under the 
same conditions of ultrasonic vibrations, was the tempera-
ture. A fundamental difference between the cathode 
obtained at 830°C (Fig. 18) and that obtained at 730°C 
(Fig. 21) is observable. The fact that one has a titanium 
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cathode lead while the other has a molybdenum lead has been 
experimentally proved to have negligible effect on the 
deposit. 

As has been pointed out earlier, the specific effect 
of ultrasonics on the system under investigation, besides 
all the beneficial effects for electrolytic processes as 
described for aqueous systems, is that a part of the acous- 
tical energy applied to the titanium cathode is transformed 
into heat energy, on the electrode surface, primarily 
because of friction within the titanium cathodic rod, due 
to the stretching and compressing motion (because of the 
low Young's modulus value at 830°C) and friction between 
the fused salt layer close to the cathode surface and the 
titanium cathode surface. 

The deposit of the cathode shown on Fig. 19 was found 
to have a cubic macrostructure, therefore, it can safely be 
assumed that the cathode surface temperature, during the 
electrodeposition, was higher than the transformation 
temperature of titanium. It follows that the portion of 
acoustical energy transformed into heat was large enough 
to create a cathodic surface temperature increase of more 
than 50°C, which was needed to exceed the transformation 
temperature of 882.5°C. 

On the contrary, the deposit shown on Fig. 21, 
obtained at 730°C, proves that the application of ultrasonic 
vibration to the cathode under these conditions did not 
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alter the usual aspect of the titanium crystallization, 
since it is very similar to the CER one. The only differ- 
ence was in the compactness and strength of attachment of 
the dendrites. Moreover, the crystal structure was hexagonal 
close-packed, typical of low temperature structure. 

Consistent with what has been said above, we can 
assume that the portion of acoustical energy transformed 
into heat was not large enough to increase, and maintain the 
cathode surface temperature by at least l70°C required to 
exceed the transformation temperature. Therefore, in 
accordance with the proposed mechanism, the newly reduced 
titanium atoms crystallizing in body centered cubic struc- 
ture, remained ordered in this type of lattice, when the 
temperature of the cathode surface is kept above the trans- 
formation temperature, producing a flat compact deposit 
(as shown on Fig. 19). There is no tensile stress genera- 
tion and thus no dendrite nucleation. 

On the other hand, when the cathode surface tempera- 
ture cannot be kept above the transformation temperature, 
the newly reduced titanium atoms in the body centered struc- 
ture in approaching the temperature of the cathode surface, 
transform their structure, thereby creating the effects 
leading to the formation of dendrites as usually occurs in 
CER. 

An additional conclusion that can be reached from the 
above results is that oxide films present at the starting 
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surface of the electrodes are not a cause of spot nucleation 
of dendrites. Dendritic deposits were obtained in spite of 
the fact that the chemical corrosion by fused chlorides as 
well as the high viscosity of the electrolyte at low tempera- 
tures would remove any trace of oxide films from the cathode 
surface. On the other hand, flat deposits were obtained at 
high temperatures, at which the cleaning effect of ultra- 
sonic vibrations was less pronounced due to the lower 
viscosity. 
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COMMENTS AND FURTHER WORK

The author's intention, in carrying out this investi- 
gation, was to gain an understanding of the complexity of 
electrochemistry of reactive metals. Titanium proved to be 
an excellent test ground with its multivalency, its posi- 
tion in the chloride electromotive series, the properties 
of its chlorides, and its solid phase transformation. As 
Kroll said,"when the many difficulties of titanium electroly- 
sis will be overcome, there will be an open road for the 
electrolytic production and refining of a dozen plurivalent 
metals, which can be deposited from fused salts in a solid 
state." 

Some of the difficulties in this study were due to 
the lack of data regarding physicochemical properties of 
titanium. Therefore, considerable research is needed in 
the following areas: 

- Ti-Na-Cl phase diagram, Ti activity coefficients 
and quantitative emf values. 

- reaction of TiCl2 with impurities. 
- multilayer capacitance for NaCl-TiCl2 system. 
- quantum mechanical determination of energy values 
of the various steps in the thermodynamic cycle of 
titanium electrodeposition. 
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- refinability parameters for various titanium   
alloying metals. 

- effects of ultrasonic vibrations on the current 
efficiency of electrodeposition. 

- effects of combined ultrasonic vibrations with 
high current density pulses on the electrodeposition 
of titanium.
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THE ANODIC OXIDATION OF TITANIUM
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INTRODUCTION

The literature regarding the anodization of titanium 
metal in aqueous electrolytes is quite extensive, but 
the authors appear to be divided into two groups, as far 
as the interpretation of the nature of the titanium surface 
layer is concerned. 

One group supports the belief that the cause of the 
change in color of the anodically treated Ti surface is 
due merely to an optical phenomenon produced by the 
rearranging in orientation of the metal atoms of the 
surface in presence of an electric field. 

The other group, mainly Russian researchers,268 are 
suggesting the idea that the colored surface layer is a 
titanium oxide; however, they do not bring a forward con- 
vincing explanation for this. 

To gain a better understanding of the electrode 
reactions, the Hydrogen Overpotential theories will be 
briefly reviewed, and a physical concept for the Activa- 
tion Energy Barrier will be proposed. 
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HYDROGEN OVERVOLTAGE

Experimental Procedure 
The electrolyte was a 2N H2S04 solution in triple 

distilled water, 500 ml total volume. The Pb anode had 
40 cm2 of immersed area facing the cathode (the anode back 
was masked). The materials used as cathodes were: Cu, 
Al, Fe, Pb, and PbO2 and masked to obtain 10 cm2 of total 
immersed area facing the anode. The interelectrode dis- 
tance was 25 mm. The electrolyte temperature was kept 
constant at 27 ± 0.5°C. 

A one hour preelectrolysis was performed before each 
experiment, in order to allow the formation of a thick film 
of lead oxide on the Pb anode surface. The cathode metal 
surface roughnesses were equivalent to a cold-worked 1/16 in. 
sheet. 

A periodically reversed electrolysis was performed on 
each of the cathodes in order to activate their surfaces and 
eliminate some impurities from the surfaces. Then, varying 
the current density from 0.002 to 0.1 Amp/cm2, the respec- 
tive values of cell voltages were recorded. This was 
repeated five times for each of the different cathodes. 
The above procedure has been repeated, varying the tempera- 
ture, with an aluminum cathode. The results are summarized 
in figures 1A - 6A. 
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Fig. 1A - Effect of the cathode materials and of current 
density on hydrogen overpotential; where 
Pb ○ , Al □ , Fe ∆ , Cu ●
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Fig. 2A - Effect of temperature changes with Al cathode; 
where ○(55-40), ∆(40-20), □(20-5), ●(5-0.5)°C 
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indicate four temperature ranges.

Fig. 3A - Effect of temperature change from 100 to 10°C 
with Al cathode. The numbers are temperatures 
in degree centigrade.
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Fig. 4A - Elimination of the current density change 
effect from the data of Fig. 2A and 3A. 
The curve represents the relationship between 
overpotential and temperature at a constant 
current density (0.05 amp cm-2)
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Fig. 5A - Effect of oxide on cathode's surface (PbO2). 
The numbers indicate the time sequence of the 
readings as the oxide reduction proceeds.
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Fig. 6A - Average of literature values of hydrogen 
overvoltage.
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Discussion
l) Effect of Cathode Materials and Current Density on

Hydrogen Overpotential
Maximum attention has been paid to keep all conditions con- 
stant during the period of the experiments, except for the 
nature of the cathode and the current density. Therefore, 
we can be sufficiently certain that voltage variations at a 
given current density are entirely due to Hydrogen Over- 
potential on different metals. To analyze the experimental 
results, since the HOP is a dynamic phenomenon, we have to 
choose a suitable current density to allow the electrolysis 
to occur at a "practical" rate. 

If a current density of 0.05 Amp/cm2 is chosen, fig. 1A 
shows that, under the conditions studied, the maximum over- 
potential can be obtained on a lead cathode. The aluminum 
cathode readings follows at about 0.2 Volt less than Pb. 
Copper and iron are almost on the same path at approximately 
0.2 Volt less than Al. 

Comparing these results to those collected by 
Mantell162 from various literature sources (figure 6A good 
agreement is obtained. Hence, it is seen that the Hydrogen 
Overpotential is a function of the cathode material and of 
current density. 

2) Effect of Temperature on Hydrogen Overpotential
The results shown on Fig. 2A-3A have been obtained using the 
aluminum cathode, under the same overall conditions, 
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only varying the temperature. Aluminum was chosen because 
of its mechanical properties, its surface reproducibility 
and because it is representative of the reactive metals. 
Fig. 2A represents the low temperature range: 0.5-55.0°C. 
Fig. 3A represents the high temperature range: 25.0-96.0°C. 

The tendency of HOP to decrease with increasing 
temperature is clearly evident if the effect of current 
density change is eliminated from the experimental data. 
This is shown on fig. 4A in which choosing a constant current 
density of 0.05 Amp/cm2 the temperature dependence of HOP 
can be fully appreciated. This is another very important 
fact that will be used in the development of the mechanism 
that follows. 

3) Effect of Oxide Layer on Cathode Surface
This experiment has been performed in a cell in which both 
the anode and the cathode were initially of Pb electrolytic- 
ally coated with a film of lead oxide. All other conditions 
were the same as in the previous experiments. The readings 
shown in fig.5A have been taken at almost constant intervals 
of about 30 sec. At the end of the work period the surface 
of the cathode has been found to be of clean Pb while the 
anode was still coated with lead oxide. These readings are 
in sequence with increasing voltage, starting from the 
initial of 2.2 Volt (lead oxide on cathode) to the final of 
2.9 Volt (clean Pb cathode), with a current density of 
0.062 Amp/cm2. Hence, there is a difference of 0.7 Volt to 
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be accounted for. This effect can be explained as follows: 
a) Lead oxide reduction: ε° nε° 
a.r. 2H20 → O2 + 4H+ + 4e- -1.229  -4.92 
c.r. Pb02 + 4H+ + 2e- → Pb++ + 2H20 +1.46 +2.92 
c.r. Pb++ + 2e- → Pb -1.263 -2.526 
___________________________________________________________________________     _____________                 ____________

Cell Pb02 → O2 + Pb -1.131  Volt -4.526 

The corresponding calorimetric data (National Bureau 
of Standards, Selected Values of Chemical Thermodynamic 
Properties) for the reaction are: 

Pb02(s) = Pb(s) + O2(g) ΔG°298 = 52,340 cal 
since ΔG°298 = -nFε° 

o=
52.340cal

2equiv.23,060cal/equiv.volt=−1.131Volt

which confirms that the above reaction truly represents the 
electrolytic reduction of lead oxide, previously obtained 
by electrolytic oxidation of Pb metal. If we compare this 
to the electrolysis of water: 
a.r. H2O   →   1/2O2 + 2H+ + 2e- = 1.229 Volt 
c.r. 2H+ + 2e-   →   H2 = 0.0 
a) first difference (-1.229) - (1.131) = 0.098 Volt appears. 
b) At the beginning almost no evolution of hydrogen has been 
observed, because H+ was reducing the lead oxide. This is 
the main reason for the difference of 0.7 Volt, because as 
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shown on fig. 1A the HOP on Pb is very high. Then gradually, 
the voltage readings increase proportionally to the decrease 
of the amount of lead oxide left on the cathode surface, and 
the hydrogen starts a visible evolution; thus the HOP has 
an increasing contribution to the total voltage. 

At the end of the experiment, after 4 minutes of elec- 
trolysis, the last reading shows a voltage close to that of 
the cell with Pb cathode in fig.1A (approximately 3 volts 
at 0.062 Amp/cm2) proving that the cathode surface is of 
almost pure Pb, but there is still some oxide left. 
c) There is also an effect that, on the contrary, tends to 
lower the voltage as far as the reaction proceeds: it is 
inherent to the semiconducting properties of the oxide film; 
that is, the resistance through the film is progressively 
reduced with the reduction of its thickness. 
 
Considerations of Electrode Processes

In spite of the wealth of information available, it is 
still impossible to arrive at a clear definition of HOV. A 
multitude of approaches have been suggested. According to 
Bockris27, "The physical meaning of the hydrogen overpoten- 
tial observed at a given current density is that, when 
multiplied by αF, it is the amount by which the free energy 
of activation of the reaction at the reversible potential 
has to be decreased to make the overall reaction occur at 
the given rate." 
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Conway51 defines the hydrogen overpotential as the extra 
potential beyond the reversible value required to drive the 
electrode process at the net rate "i" faster than the for- 
ward direction of the process at the reversible potential. 
Potter189 points out that, "It is this remarkable sensitiv- 
ity of hydrogen overpotential to electrode poisoning which 
explains the diversity of published values for hydrogen 
overpotential. Moreover, two misconceptions have added to 
the confusion. 

First, it has been insufficiently realized that HOP 
varies considerably with current density and second, HOP 
has sometimes been wrongly identified with the excess 
potential over the reversible value at which bubbles of gas 
begin to be observed." Latimer148 on the contrary says that, 
"In the electrolytic reduction of hydrogen at the cathode, 
it is possible to measure the excess voltage, over the 
reversible potential, which is required to liberate hydrogen. 
This excess voltage is termed overvoltage. The net effect 
of the overvoltage phenomenon is to cause the hydrogen ion 
to act as though it were a much less powerful oxidizing 
agent and hydrogen gas as though it were a much less power- 
ful reducing agent, than the reversible potential would 
indicate.” Schuldiner and Carl Wagner210 postulate, “The 
overall mechanism of HOV on platinum cathode would therefore 
be two parallel reactions; a) a catalytic controlled reac- 
tion (double-layer concept), and b) a slow discharge reac- 
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tion, both of which take place at all current densities. 
If we conclude that virtual maximum rate of discharge of 
proton from water molecules < virtual maximum rate of com- 
bination of hydrogen atoms < virtual maximum rate of dis- 
charge of protons from hydronium ions ...." 

This scientific understanding of the HOP can be best 
summarized with a statement by Bockris28 who said, "... a 
much described process for which little mechanism evalua- 
tion has been attempted." The main reason for these dif- 
ficulties in visualizing electrolytic phenomena is due to 
the failure of classic thermodynamics in explaining such 
concepts as the Activation Energy barrier, Electric Double 
Layer, Neutralization conditions. This is because thermo- 
dynamics give valuable information only for the initial and 
final state of the process, being unable to account for the 
actual path followed by the entities undergoing the process. 

We find, in the literature, abuses of Tafel equation 
concept and misuses of the double layer model to try to 
present an explanation of electrode processes. But every- 
thing fails against such difficulties as: 

- reproducibility of solid electrode surfaces (*) 
- purity of the electrolyte (**) 

                                  * The degree of roughness is inversely proportional to the HOP; little can be done to achieve the same degree of roughness on different electrode materials. ** All author's have been careful in achieving the cleanest possible system with all kinds of pretreatments and pre- electrolysis; nevertheless the presence of impurities on the electrode surface, that increase significantly the HOP, cannot be avoided even using analytical grade reagents. 
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- true electrode area determination (***) 
The concept of sorption (ad and ab) have added to the 

confusion giving rise to definition of such flimsy entities 
as adion, adatom, embryos, etc., that can eventually be 
transferred through a relatively long path on the electrode 
surface. (In this case, how can the growth of a whisker be 
possible?) 

Recent literature, however, has taken a more scien- 
tific approach, adopting concepts of Quantum Mechanics, that 
proved to be very effective in accounting for the unsolved 
problems of high complexity mentioned above. Following the 
pioneering work of Gurney103, Caspari247, Erdey-Gruz68, 
Volmer247, Brandes34, Butler41, Horiuti29, Polanyi, a few 
of the researchers in the field such as Gerischer80, 
Bocris29, Mattews164, and Guidelli102, have proposed very 
interesting mechanisms giving precise physical meanings and 
evaluations to the concept of Activation Energy, Charge 
Transfer, Double Layer, and Overpotential. Matthews' Ph.D. 
Thesis164 (1965) is a representative work of the present 
level of understanding and will be briefly discussed. 

He begins by saying, "In the theory of metal deposition 
the tendency has been a preoccupation with the relative move- 
ments of the ions and its hydration sheaths, neglecting the 
part played by the electron and omitting to consider the 
                                   
*** The most used method, is the Grahame's double-layer 
capacitance measurement. 
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charge on the activate state. On the other end, in the 
realm of redox reactions one finds a preoccupation with the 
electron, with ion movement playing a secondary and some- 
times negligible role." 

The different possible ways of Neutralizing an Ion 
are: 

l) Classical Electron Transfer, over an Energy Barrier, 
to a Proton in its ground state; but it has been shown that 
it occurs with a very high energy of activation. 

2) The electron has a finite probability of being 
transferred by quantum mechanical tunnelling, from the metal 
to the Proton, providing there is an empty electron level 
of suitable energy to accept the electron. The Standard 
Heat of reaction ΔH° for electron transfer becomes the 
Effective Standard Activation Energy by quantum mechanical 
tunnelling. 

3) Activation of H+--OH2 Bond. To activate in the 
sense of adding energy Δε which results in stretching the 
H+--OH2 bond. This requires a comparatively lower amount of 
energy. 

In Fig. 7A we superimposed the two Matthews' curves 
(figures 3 and 4 respectively for electron transfer and pro- 
ton transfer) to be able to visualize the net effect of the 
two simultaneous transfer processes. Bearing in mind the 
Frumkin Double-layer correction, that takes into account 
both the driving force due to H+ and the driving force due 
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Fig. 7A - Combined Proton and Electron transfer. 

Nomenclature
E* = ground state energy level of activated species for 

electron transfer. 
EII= ground state energy level of final state, electron on 

energy level of ion. 
EI = ground state energy level of initial state, electron on 

Fermi level of Metal. 
1 = change in potential energy as the electron moves away 

from the metal phase electrode surface. 
2 = potential energy change by stretching H+--OH2 bond. 
3 = potential energy of interaction between H2O and H°. 
4 = change in potential energy as the electron approaches a 

ion.
Δψ = reversible standard potential. 
Δε = extra energy added to H+--OH2 stretching. 
η = hydrogen overpotential.
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to the electron, and if we weigh them with the respective 
charge/mass ratios, it is easy to realize that the maximum 
of the Activation Energy curve gives the value of the 
distance from the electrode at which the ion neutralization 
actually occurs. 

The Rate of Proton Discharge depends on: 
a) Electron distribution in the metal; i.e., the 

number of electrons with energy between E and E+ΔE which 
strike a unit area of the surface in unit time from within 
the metal. 

b) Electron Tunnelling Probability, at energy level 
EI. Matthews calculated, using the w.k.b. approximation 
(Moelyn Hughes), a value of 0.011. 

c) Distribution of protons with energy E correspond- 
ing to the energy level EII in the H3O+ ion. For each 
vibra-rotational state there will be a corresponding neu- 
tralized state E (M..H..H2O) where the energy depends on ε. 

Matthews' Thermodynamic Cycle is: 
(H3O+)dl + Me-   →    Discharge →  (M..H..H2O)dl 
     ↑    ↓ Repulsive forces 
M- + H+ (g) + H2O + aq.   M...H + (H2O)aq 
     ↑    ↓ Attractive forces 
M + H+ (g) + e- + H2O + aq.     ←  M + H(g) + H2O + aq 

   Ionization 
assuming that there is no specific adsorption of the H3O+ ion 
and that there is no diffuse double layer. 
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At this point the literature gives almost no informa- 
tion regarding the additional data needed to draw the 
Activation curve. In particular, such information as what 
is the height of the Activation Energy Barrier, that is, 
what is the value of the energy level that the ion has to 
reach, before undergoing to Neutralization. Therefore, how 
much energy, ∆E, has to be supplied? 

The aim of this study is precisely to find an answer to 
that question, or at least to propose a mechanism that 
explains and visualizes the physical meaning of the above 
process. 

Proposed Method for Calculating the Level of the Activation 
Energy Barrier 

From Fig.4A it can be seen that the cell voltage 
decreases with increasing temperature and that the rela- 
tionship is not linear (using only values at temperature 
above 32°C to avoid the influence of the water's peculiar 
liquid structure at low temperature). BHy the curve fitting 
method it is found that the expression representing the 
cell voltage versus temperature relationship, is a Hyperbole 
of the form 
y=33/31.6x2−31.62

Using the above equation for the hyperbole, the voltage will 
reach a value of zero at 4,500°C, where: 

y = (Voltage + Temperature)/ 2  
x = (Voltage - Temperature)/ 2  
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Analyzing more carefully the various contributions to 
the total voltage we can see that all its components 
decrease with increasing temperature: Standard emf, IR 
drop of the electrolyte, Overvoltage. 

Now, when a decomposition reaction starts to occur 
with zero applied potential, we say that the reaction does 
not need any activation energy, i.e., it is spontaneous at 
that temperature. Therefore, when ε°=0, ΔG°=0, because 
-ΔG°=nFε°. If one extrapolates the 2H2 + O2 = 2H2O line on 
the Ellingham diagram for the Standard Free Energy of forma- 
tion of oxides to ΔG°=0, a temperature of 4,200°C will be 
obtained. 

Checking the calorimetric data against the electro- 
chemical data if we use for the reaction of water decompo- 
sition ε° = -1.229, for H+, n = 4, at 25°C: 

ΔG°298 = -4.92 x 23.060 = -113.5 kcal/mole O2 
The corresponding Ellingham value for ΔG°298 = -110.0 kcal/ 
mole O2. If we use the electrochemical value, the water 
decomposition line is shifted by approximately 3.5 kcal in 
the negative direction, and the temperature for ΔG°=0 is 
4,400°C. 

Conclusions
The Activation Energy Barrier is a High Temperature 

Energy Level (in the case of Hydrogen equivalent to 4,400°C) 
which must be attained by the ionic species involved in 
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order to force an electron from, or into, an established 
electronic configuration, so that it can form an atom, at 
that temperature level. 

Since the electrode surface remains at a low (ambient) 
temperature the heat of the neutral species will be dis- 
sipated through the metal as soon as it reaches its surface. 
Should the thermal conductivity of the surface be low, 
instantaneous high surface temperatures will result. 

This concept will now be used to explain the forma- 
tion of a titanium oxide at 25°C
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ANODIC OXIDATION OF TITANIUM

Experimental Procedure 
The electrolyte was a 2N H2SO4 solution in triple dis- 

tilled water. Anolyte volume of 1,300 ml, was separated 
from the 1,300 ml volume Catholyte, by a liquid junction of 
approximately l cm2 cross section. The Pb cathode was a 
flat strip, of about 300 cm2 of immersed area, 4 cm wide. 
The Ti anode was a cylindrical bar, commercially pure, with 
a diameter of 2.85 cm, and approximately 300 cm2 of immersed 
area. The electrolyte temperature was kept constant: 26 
± 0.5°C. 

The Anodization of Titanium was performed at a poten- 
tial of 15 Volts, with a current density of 0.003-0.00003 
Amp/cm2. The total current through the liquid junction was 
1.0 - 0.01 Amp. The liquid junction was used to slow the 
rate of anodization of titanium in order to distinguish the 
various stages of anodization. A cooling coil around the 
liquid junction, protected the electrolyte from temperature 
changes. Periodically the Ti anode was extracted from the 
electrolyte, washed with methyl alcohol, and a color picture 
of it was taken. At the same time a sample of the anolyte 
was analyzed. X-ray, Electron diffraction, microprobe 
analysis and polaroid glasses observations were performed on 
the anodized titanium surfaces. 
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At the end of each anodization the Ti bar was cathod- 
ically treated reversing the polarity of the cell, to 
produce a new fresh Ti surface. 

Results 
The color photographs are representative of the 

experimental results of this series of experiments. 
Figure 8 A taken after 5 minutes at 13 Volts and 0.3 Amp 

  9 A 60 14    0.16 
 10 A 180 14.5    0.12 
 11 A 600 14.5    0.10 
 12 A 1,000 15.0    0.07 
 13 A 3,000 15.0    0.05 

Fig. 14 A shows the Anolyte color after approximately 1,000 
minutes from the beginning of the experiment (yellow). 
Fig. 15 A shows the fresh surface of the Ti bar after being 
cathodically treated for a period of 1,000 min. during which 
the voltage was constantly at 15, while the current 
increased with time up to 0.50 Amp at the end of the period. 
Considerable evolution of hydrogen was noted in the titanium 
section of the cell, while the yellow colored electrolyte 
moved on the lead section (anolyte at this stage). Oxygen 
evolution on Ti surface during anodization was in the form 
of a single layer of approximately l mm diameter bubbles 
moving upward at a velocity of 0.2 cm/sec. Fig.16A shows on 
the left-hand side the electron microprobe counts of 
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Fig. 8A – After 5 minutes at 13 volt and 0.3 amp.

Fig. 9A – After 60 minutes at 14 volt and 0.16 amp.
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Fig. 10A – After 180 minutes at 14.5 volt and 0.12 amp.

Fig. 11A – After 600 minutes at 14.5 volt and 0.10 amp.
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Fig. 12A – After 1,000 minutes at 15 volt and 0.07 amp.

Fig. 13A – After 3,000 minutes at 15 volt and 0.05 amp.
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Fig. 14A – On the left is the yellow colored anolyte.

Fig. 15A – Cathodically reduced surface.



T 1342 120



T 1342 121

surface intensities for fresh Ti from Fig. 15A. On the 
right-hand side are shown the count intensities for the 
anode of Fig. 11A. The depth of penetration of 99% of the 
electrons was (6.5 µm/density of the material) approxi- 
mately 1.44 µm (14,000 °A). 

For the purpose of comparison thermal oxidation of 
titanium was carried out. A section of the commercially 
pure Ti bar used for the anodization experiments has been 
heated in an oxygen atmosphere. The color of the surface 
of the bar changed with increasing temperature. The sequence 
of the colors, and the colors themselves, were exactly the 
same as for anodization with increasing time. 

Discussion 
The information given by this series of experiments 

strongly support the titanium oxide view. The reasons are: 
1) The titanium thermal oxidation showed the same 

surface colors and in the identical sequence with respect to 
the energy build-up process (temperature and current, 
respectively).  

2) The substance giving the yellow color at the Ti 
anolyte after approximately 1,000 min. of electrolysis, was 
found to be titanium peroxide hydrated (TiO3·xH2O). 

3) The electron microprobe counted considerably less 
titanium atoms on the anodically treated surfaces. Since 
the instrument used was not sensitive to oxygen there is no 
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true proof for saying that the remaining atoms were oxygen, 
but considering the actual conditions of the experiments, 
we can assume that only oxygen may combine with the metal 
of the electrode. Furthermore, we cannot determine the 
stoichiometry of the oxide by looking at Fig. 16A because 
the microprobe counts all titanium atoms down to a depth of 
about 14,000 A°, therefore it averages the amount of Ti of 
the different layers; however, we can be sure that the 
electrode beam reached well inside the pure titanium metal 
substrate (thus increasing the apparent amount of Ti) 
because of the insulating properties of the titanium oxides, 
i.e., we can be sure that the oxide layer thickness is less 
than 1.4 µm. 

Thus, sufficient evidence has been provided to prove 
the presence of an oxide layer on the surface of titanium 
anodes in aqueous acid solution electrolytes. 

Barksdale15 gives the following minimum temperatures 
for the formation of the various titanium oxides in the pre- 
sence of oxygen: TiO Gold color 150°C 

Ti2O3 Violet " 250 " 
Ti3O5 Blue   " 350 " 
TiO2 White  " 500 " 

The question ought to be asked, therefore, how can high 
temperature compounds, such as various titanium oxides, be 
formed at 25°C? To answer this question the Excess Energy 
theory will be proposed. Fig. 17A illustrates grafically the 
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Nomenclature for Figure 17A 
 
EII= ground state energy level of the ions in the 

electrolyte at large distance from the electrodes. 
EI = ground state energy level of the cathode surface, 

electrons in the Fermi level of the metal. 
EIII= ground state energy level of the anode surface. 
Ψ+ = Galvani potential at the anode interphase, plus the 

oxygen overpotential, as a function of the distance 
from the anode. 

Ψ- = Galvani potential at the cathode interphase, plus 
the hydrogen overpotential as a function of the 
distance from the cathode. 

E* = Activation energy level. 
AH = activation energy curve for the proton as a function 

of the distance from the cathode. 
AO = activation energy curve for the oxygen ion as a 

function of the distance from the anode. 
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Fig. 17A– Energy changes for the entities taking part 
in an electrolytic process.
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changes in energy levels of the entities taking part in 
an electrolytic process. 

Let us consider first the hydrogen reduction at the 
cathode surface. The proton in the electrolyte, by means 
of the mechanism discussed earlier, will have its energy 
increased (up to the equivalent of 4,400°C) to the acti- 
vation energy level (curve AH) assuming that the contri- 
bution of electron or proton tunnelling are small. At this 
point we have no more information except for the fact that 
the hydrogen atom formed is able to reduce the titanium oxide 
surface layer. 

At the anode side, it was shown that the oxygen atom 
formed is able to oxidize titanium metal. 

Since the system was kept constantly at room tempe- 
rature this phenomenon can be explained in the following 
manner: 
- the ion is activated up to an energy level at which an 
electron can escape from the solid state electrons valence 
cloud on the cathode metal surface and be attracted to or- 
bit at the valence level around the ion forming a neutral 
atom (or viceversa). At this moment the newly formed atom 
is still at the activation energy level. However, when the 
atom reaches the electrode surface it is at the lowest ener- 
gy level of the system. Thus, an amount of energy equal to 
the difference between the activation energy and the electro- 
de surface energy levels must be dissipated during the atom's 



T 1342 126

advance from its initial to its final position on the 
surface, and then through the surface of the electrode. 
With electrodes having a low thermal conductivity, the 
dissipation of this Excess Energy will be slow, resulting 
in a build up of surface energy. When this surface energy 
has reached a value equivalent to the thermal energy re- 
quired for the oxidation of the metal, anodic oxidation 
will take place. 

For this reason it is possible to obtain titanium 
oxides in an electrolitic cell at 25°C. 
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CONCLUSIONS

l. The Excess Energy theory proves that newly neutra- 
lized atoms must have an energy level equivalent to a 
virtual temperature of several hundred degrees centigra- 
de higher than the electrolytic cell system. 
2. If the conductivity of the electrode metal is low, 
the dissipation of the Excess Energy will be slow and 
high virtual surface temperatures will be developed. At 
these temperatures anodic oxidation will take place. 


