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An Investigation of Hydrogen Overvoltage on Alloys of the Zn-Sn, Sb-Bi,
$n-Fb, and Bl-Fb Systems

INTRODUCTION

Mien electrodes of a certain metal are placed in a solution of 
their ions and allowed to come into equilibrium, they will acquire a 
certain potential, which is a reversible potential. This is a re
versible potential since the application of an infinitesimally small 
external potential will cause a ohange in its value, without any loss 
of energy as heat* How, should an external emf be applied and a 
current be allowed to flow through the cell of which the electrode is 
a part, the electrode potential will no longer be its equilibrium 
value, but will instead include a polarisation potential, which is ir
reversible. The passage of the current is necessary for the polari
sation to be irreversible, for if the applied emf caused only a con
centration polarisation to be set up, the potential would be re
versible. For instance, with a copper electrode in equilibrium with a 
solution of oopper sulfate, the application of a positive external emf 
of small magnitude will cause some of the copper to go Into solution 
as positive ions opposing the external emf, and if these should remain 
at the electrode, they would set up a back emf equal to the applied 
emf, Polarisation would have occurred, but it would be a reversible 
phenomenon.

Actually, whenever an external emf, no matter how small, is 
applied to an electrolytic cell, a certain current will flow, although 
it may be quite small. This snail amount of current flowing at low 
externally-applied potentials is called a "residual current." A cer
tain portion of the ions formed at the eleatrodee under these lower



potentials will diffuse out into the electrolyte and away from the 
electrodes, a current will be set up, but since the rate of removal is 
slow, the current is necessarily small.

Now, if increasing potentials should be applied to an electro
lytic cell in increments, the current will momentarily rise as the back 
emf is built up and then fall to a low residual value with each incre
ment, until at a certain voltage value, the current will commence 
flowing at an appreciable rate. The minimum external emf necessary toi
cause this sudden increase in the rate of current flow is called the 
apparent decomposition potential. In a cell whose eventual oxidation 
or reduction products are gases, it will be marked by the evolution of 
gas bubbles. This apparent decomposition potential minus the irre
versible potential gives the true decomposition potential.

The potential of a given cell might be considered as being a com
bination of the potential at the anode and the potential at the cathode. 
Either of these potentials when considered alone is referred to as a 
"single electrode potential." This can be measured by using any of the 
standard reference electrodes. The electrode potential of the standard 
hydrogen electrode, with hydrogen gas at one atmosphere and hydrogen 
ions at unit activity, has arbitrarily been assigned a value of zero in 
establishing a scale for electrode potentials. The actual potential 
involved in hydrogen deposition, however, has a somewhat different 
value becaxise of reversible and irreversible polarization*

Glasstone and Hickling define hydrogen overvoltage as "the 
difference between the potential of an electrode at which is
being evolved by electrolysis at a definite current density and the 
reversible hydrogen potential in the same electrolyte." Dole^ defines 
overvoltage as "any potential in excess of the reversible potential of 
an electrode." Daniels^ defines it as "a special case of polarization



which depends on the evolution of gas* It is the difference between 
the decomposition voltage at which gas is evolved on an electrode and 
the voltage at whioh it is evolved under reversible conditions, as on 
a platinised platinum electrode.* It will be noted that nose of the 
above definitions make clear whether the reversible condition is to be 
taken at a zero current density or at the same current density at which 
the gas evolution is taking place* It seems to be a policy to circum
vent making this distinction* This is without a doubt due to the fact
that no definite means of measuring this reversible potential at
higher current densities is available* naturally, the value obtained 
with the platinised platinum electrode could be taken as being the 
value of the reversible potential at any eurrent density, but the value 
obtained by using this electrode, even at a zero eurrent density (about 
0*006 T), is not a truly reversible potential, nevertheless, the 
slight difference between the actual reversible potential and that ob
tained using this electrode is quite close, considering that accuracy 
beyond 0*01 V, even with the most precise instruments, is not obtain
able at present because of the numerous inherent variables involved, 
many of which may still be unknown*

There Is one value of overvoltage which is recognised by all, and
whioh can be stated with reasonable accuracy* This is the "minimum 
overvoltage,* which might be defined as the difference between the 
apparent decomposition potential and the true reversible value of the 
decomposition potential.

In this undertaking, the single electrode potentials obtained will 
be taken as the true overvoltage since the subtraction of the small 
potential, representing the reversible potential, would not sig
nificantly alter the results. This procedure is further Justified, in 
that even though true reversible potential would change appreciably



with current density (and it dees not), the same correction would have 
to be applied to all the values obtained at any one current density be
fore plotting a composition-overvo ltage diagram*

It is well to remember that although the measurement of hydrogen 
overvoltage is always made in eleetrolytlo processes in which hydrogen 
is evolved at the cathode, the overvoltage still exists if no hydrogen 
gas is evolved, providing only materials are present (in addition to 
hydrogen ions) to be reduced that are above hydrogen in the electro
motive series* it is this overvoltage that makes possible the re
duction of ions in electrolysis that are more electronegative than 
hydrogen ions*

There are two methods of measuring the hydrogen overvoltage, the 
direct and the commutator methods* Each of these has its advantages 
and disadvantages, and there has been much controversy on the subject 
of whioh is better* The direct method is the one to be employed in
this project, and is the better one to be used where low current den
sities are involved* A common source of error in this method is re
sistance offered in the salt bridge and contact point between the 
oathode and the standard oell (in this case the calomel cell) used to
measure the single electrode potential of the oathode* The IE drop at
the contact, and consequently the error, increases with increasing 
current density through the cell* At lower current densities, however, 
no appreciable error will result* Glasstone and Hickling1 recommend a 
maximum value of current density of 0*01 astp/sq cm be used with this 
method, to give an error from this source that is negligible*

In the commutator method, the eurrent through the oell is shut off 
suddenly and readings of the voltage are taken at intervals of about 
0*002 sec after the current is shut off. These values of voltage are 
plotted against time and the curve extrapolated to sero time to obtain
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the overvoltage* Values obtained by this method are in good agreement 
with those obtained using the direct method. Glasstone* obtained 
essentially the seme values by both methods using oommntator apparatus 
measuring values at time Intervals of 0*002 see* Ferguson end Chen6, 
without the extrapolation method, end using apparatus capable of 
measuring voltage 0*000% see after the eurrent is shut off, obtained 
overvoltage values consistently slightly below those obtained using the 
direct method. Besides requiring comparatively elaborate apparatus* 
the commutator method has the further disadvantage that an appreciable 
resistance is introduced at the brush oontaot in the commutator, de
creasing the measured electrode potentials with increased speed** 
Further* with certain cathode materials* the potential decreases very 
rapidly after the current is shut off, giving a steep voltage-time 
curve and making the extrapolation to sere time more difficult and un
certain. nevertheless * at higher current densities* the oosBnxtator 
method probably gives more accurate overvoltage values 'than the direct 
method, and for this reason is almost always used when such measure
ments are desired. The advantage of the commutator method is readily 
seen when it is realised that in most commercial electrolytic pro4 
cesses relatively higser values of current density are used. \

Besides the variables already mentioned* many other factors have 
varied effeots upon values of hydrogen overvoltage obtained. Dole 
gives a very comprehensive list of these factors, whioh ares
*1. Condition of electrode surface. Sis overvoltage is lower the

rougher the electrode surface.
2. Purity of electrode metal. An impurity existing even to the extent of a trace may considerably alter the overvoltage.
3. Length of electrolysis. Maximum hydrogen overvoltage on smooth

♦Dole* K« - "Experimental and Theoretical gleotroohesdstry"* 
McGraw-Hill Publishing Co.* Sew York* 1935* p* 484
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platinum is sometimes reached only after five hours of elec
trolysis •

4. Temperature change.
5. Presence of oolloids. The overvoltage is increased by the presence 

of colloids.
6. Effect of ultraviolet light. The electrodeposition of hydrogen and oxygen is accelerated by exposure of the electrodes to light 

of short wave length.
7. Superimposition of alternating current. The overvoltage is 

lowered.
8. Time. Overvoltage may increase or decrease with time.
9. Surface tension. So definite relation between surface tension and 

overvoltage oan be stated.
10* Pressure and pH."

The platinised platinum electrode gives values of the decomposition 
potential near the true reversible potential because of the condition 
of its surface. By increasing the rouginess of the surface, the effec
tive surface area is increased, thus decreasing the current density and 
giving more surface for gas formation, and thereby decreasing the over
voltage. Often, if electrolysis is prolonged, the overvoltage at first 
increases and then drops off appreciably, this dropping-off being 
attributable to a roughening of the electrode surface during elec
trolysis.

The study of the effects of certain “impurities, ** namely as 
alloying agents, is the eventual goal of this project.

The overvoltage now is generally accepted as decreasing essen-
gtially lineally with the temperature. Le Baron and Choppin de

monstrated that the temperature coefficient of overvoltage change with 
temperature was nearly independent of current density and hydrogen ion 
concentration. They derived the expression for the change in over
voltage, V, with temperature, T, at the slowest stage when the elec
trode is at its reversible potentials
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dT <  T * f 4 °C Y,
In whioh C  is a constant for any one electrode potential, and If la 
the energy of activation. Integrating, we gets

V r CT - *<C *
in whioh V is a linear function of the temperature*

For most eathodic materials, the overvoltage is independent of 
the pH of most of the electrolytes —  at least in the range of pH 
values between 0 and 12*, but this is not always the case* Sulfuric 
acid solutions differ in that the pH does usually affect the over
voltage values, and the higher the current density the greater this 
effect* At lower current densities, however, the hydrogen overvoltage 
has an essentially constant value for sulfuric acid solutions between 
2*00B and 0.02H, External pressures, unless very radical, do not 
affect the hydrogen overvoltage,

Hhen the hydrogen overvoltage is determined by measuring the 
potential across the electrodes of an electrolytic cell Instead of the 
single electrode potential, it is necessary to remember that the 
nature of the electrolyte used may change the decomposition potential* 

For solutions of most of the common acids and bases, a nearly 
constant decomposition voltage of about l.T T is obtained, providing 
oxygen and hydrogen gee are the anode and oathode products respec
tively* Hth a hydrochloric acid solution, however, a much lower value 
of about 1*3 V is obtained because chlorine gas rather than oxygen is 
the anode product, providing the solution is not very dilute*
Solutions of neutral salts give a higher than normal value to the de
composition voltage because during the electrolysis of solutions, the

♦Glasstone and Hickling - TEleotrolytic Oxidation and Reduction",
D* YanBostrand Co, Inc*, Hew York, 1936, p* SO,



electrolyte near the anode becomes aoid and that near the cathode be
comes basic, causing the oxygen and hydrogen gas liberation to take 
place from acidic and basic solutions respectively, increasing the de
composition voltage.

Oxygen, when dissolved in the electrolyte, acts as a depolarizer, 
preventing the normal instantaneous rise in potential due to polarise-, 
tion, but the normal polarisation potential is reached after a fraction 
of a second, and with the direct method, this does not pose a serious 
problem*
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THEORIES OF OVERVOLTAGE

Various theories have been proposed as to the origin of over
voltage, but to date no satisfactory explanation has been advanoedi at 
least, there is not yet a universally aooepted explanation* Many of 
the theories have been disproved, at least in part, and many others yet

oremain to be proved or disproved* Dole lists several theories that 
have been advanced. These ares
"1. Overvoltage is due to potential drop across film of hydrogen at 

eleotrode*
2, Transfer resistanoe at eleotrode aeoounts for part of overvoltage,
5, Accumulation of some material suoh as atomic hydrogen, molecular 

hydrogen, negative hydrogen ions, hydrogen dipoles, etc,, produces a "back" emf or an emf whioh is opposed to the applied emf 
and thus increases the overvoltage*

4, Overvoltage is related to surface foroes and ease of formation of 
gas bubble at surfaoe of electrode,

6, Inability of the eleotrode to catalyse the reaction 2H in
creases overvoltage*

6, Uver voltage is due primarily to the speed of the reaetion 
2B* 4 2e“ —

7, Overvoltage is due to the formation of metallic hydrides on 
eleotrode surface*

8, Overvoltage is a necessary consequence of the nature of metals** 
Just what is meant by being a "consequence of the nature of metals"

is difficult to define, Naturally, the overvoltage on different metals 
varies with the type of metal itself, and, since the statement is so 
vague, no practical value can be attached to it* Besides the above- 
mentioned theories, a theory based on quantum mechanical treatment has 
found much favor*

The actual rate processes involved at the oathode during electro
lysis includes
1* the rate at which the hydrogen ions to be reduced are brought up 

to the cathode surface,
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2* the speed of the reaction 2H Hg *
3* the speed of the reaction H* 4 e~— * H,
4* the rate at whioh the hydrogen gas accumulates into bubbles large

enough to break away from the cathode surface and rise in the electrolyte,
6* the rate of removal of the gas bubbles from the oathode surface, and,
6* the speed of any intermediate reaction, the nature and mechanism ofwhich is as yet not understood*

Hone of these processes can account wholly for the overvoltage 
values actually obtained in practice, although may contribute
in part to the overvoltage* Process 1, involving the rate at whioh 
hydrogen ions are brought up to the cathode surface, has long been 
abandoned as being capable of producing the overvoltage phenomena that 
actually exist*

Should the reaction 2H+=iH2 be appreciably slower than the 
reaction H* 4 e*— ►H, then the net reaction would be thermodynamically 
irreversible, and a higher potential than the theoretically reversible 
value would be required to start gas evolution, giving an overvoltage* 
this explanation is plausible in that it offers some explanation of the 
variation observed with different materials used as cathodes* If the 
cathode surface catalyses the reaction, a low overvoltage material 
would inorease the speed of the reaction, whereas a high overvoltage 
material would decrease it* The more finely divided catalysts usually 
are better in speeding up reactions in that they afford more surface 
area, and therefore more oatalysing area* Using this reasoning, 
platinum blaok eleotrodes and other electrodes having a roughened sur
face, thereby exposing more surface area, should give lower overvoltage 
values, and they actually do* If the assumption is made that the 
reaction 2H?±H2 is slower, and thereby the overall rate controlling 
reaction, a mathematical relationship for the variation of overvoltage



XI

with our rent and temperature o&n be derived* Assuming that the partial 
pressure of the hydrogen atoms adsorbed on the metal surface determines 
the rate at whioh the hydrogen atoms combine, and that the Freundlleh
isotherm applies, the variation of overvoltage is represented by the
expression*

V - a * In (I - b)

in whioh a and n are constants,
b is a f&otor for the hydrogen atoms removed in other ways,
F is the value of a faraday,R is the universal gas constant, and,
V is the overvoltage at temperature T and current density I.

This expression agrees with some of the variation actually ob
served in the overvoltage, providing the bold assumption is made that 
the constant n has a value of four and is the same for any oathode 
material, but it fails to agree with many other observed overvoltage 
variations.

The processes Involving the growth and removal of gas bubbles are 
tied in directly with the theory of J. Tafel involving surface ten
sions* A layer of molecular hydrogen, according to the theory, covers 
the oathode surfaoe, and its tendency to cling to the surface de
creases with increasing eleotrolyte-eleotrode interfacial tension and 
increases with decreasing eleotrode-gas inter facial tension (for any 
one concentration of electrolyte, the gas-eleotrolyte interfacial ten
sion does not change) * The angle of contact between the gas bubbles 
and the oathode is a measure of these forces, the greater the angle the 
greater the force of the liquid compared to the oathode, and the 
greater the overvoltage* To substantiate this theory, it can be shown 
that the overvoltage varies gradually as a function of this angle*

Another theory of overvoltage involves Process 3, or the rate at 
which electrons are transferred from the oathode to the hydrogen ions*
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Aooording to this theory, & layer of hydrogen ions aligns itself 
along the oathode surface opposite the eleotrons at the surface 
forming a double layer, these noting as the two plates of a oondensor.
It further postulates that each lon-eleotron pair requires a certain 
energy of activation for the electron to pass across to and disoharge 
the hydrogen ion. Further, this energy is door eased with Increased 
potential on the condenser. The probability, then, that an electron 
will pass across the condensor can be expressed by

P -  * , - 0

where £ is the potential across the oondensor,
F and R are the values of one faraday and the gas constant respectively,
K and a are constants dependent on the cathode material, 
p is the probability of electron transfer at temperature T, and,
U is the energy of activation necessary for eleotron transfer for a given oathode material.
This theory of overvoltage can be used to explain many of the ob

served facts of overvoltage, including an account of the observed dis
charge rate of she electrode after shutting-off the polarising current.

According to the quantum mechanical explanation, eleotrons, in 
order to be transferred from the orbits of the atoms of the cathode
metal, must have an energy in their orbits greater than the energy of
the potential electronic orbits of the hydrogen ions into whioh they are 
to be transferred. For metals with filled eleotron orbits of less 
energy than the hydrogen eleotron orbits to be filled, the eleotron 
transfer will not normally ooour. It is therefore necessary to apply, 
in the form of a negative outside charge, sufficient potential to cause 
the outer electron levels of the metal to rise to a sufficiently high 
energy level to permit the electron transfer* By determining the dis
tribution of energy levels and by use of probability relationships, a 
mathematical relationship similar to that given in the paragraph on the



e lectr on-condensor theory may he derived. This theory has been sub
stantiated by many of the phenomena of overvoltage, observed and 
measured, and offers perhaps one of the best approaches to the subject 
offered to date.

Hone of the theories of overvoltage advanced thus far have proven 
entirely satisfactory. It is possible that eombinations of two or more 
process rates might actually be involved. Any one of the theories 
might account, in part, for the overvoltage values enooustered. Inter
mediate steps in an overall rate process, such as the formation of a 
metallic hydride at the electrode surface or the absorption of atomic 
hydrogen, might well account for all or a portion of overvoltage values 
obtained. There is obviously a need for further investigation before 
any of the present overvoltage theories oan be accepted or discarded, 
or before new or better theories oan be advanced.



EQUIPMENT AHD METHOD

The equipment used in this study, as well as the wiring diagram, 
are given in the accompanying photographs and Figure I respectively.

The eleotrode holder is made of three thicknesses of plexiglass 
cemented with Duco cement, and ordinary steel screws sunk into the 
outer thicknesses for supporting the electrodes. This allows for a 
uniform spacing of 3.5 cm face to face, and the vertical depth of the 
stands permits a more or less parallel alignment of the eleotrode 
faces, eliminating any possible vertioal increment of change in the 
current density over the oathode face*

The shape and condition of the eleotrode faoea are shown in 
Figure II. The constant exposed oathode surface area of 5 sq cm elimi
nates any difficulty that might arise from the use of variable surface 
area in calculating the current density. Methods of measuring and 
painting give a possible error in the surface area of about 0.1 sq cm, 
a 2% error. Exposed oathode surfaces were sanded and finished with a 
4/0 emery polishing paper, minimising errors from variation in the 
roughness of the surfaces. The unexposed portions of the oathode sur
faces were painted with Magic liquid porcelain glare*, whioh had been 
tested in 1.0IT HgSOq for durability and electrical resistance.

The electrodes were melted in a pot furnace and oast in a 
2.7 x 7.7-cm carbon-steel mold. A small opening, the size of the tip 
of the salt-bridge from the calomel oell, was cut through the porcelain 
glaze at a point in the lower edge of the cathodes so as to afford a 
complete, close contact between the metal and the tip of the bridge*

The electrolyte used was 0.1H H2SO4. Sulfuric acid was chosen as

*Magio Iron Cement Company, Cleveland, Ohio.
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Hiring Pia.gram and Equipment
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1. 5 Everready Ignitor 1*5 volt dry oells in series.
2* Single throw toggle switch*
5* Weston DC MUliammeter Model 45.4. Slide Wire Realstanoe, 46 ohm at 31 ma.
5. Slide Wire Resistance, 5.3 ohm at 2 ma.
6* Slide Wire Resistance, 120 ohm at 14 ma.
7* Bright platinum wire anode.
8. Cathode of oast metal.
9. Standard calomel oell.
10* Queens, Type K Potentiometer.
11. Leeds and Northrup Optical Galvanometer.
12. Standard Cell, B*1.Q174 volts.
13. Work Battery - 2 Bverre&dy Ignitor 1*5-volt dry oells in series*
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THE APPARATUS

THE ELECTRODES



the electrolyte for several reasons. In dilute solution, it is not 
oxidising as is nitric acid. It does not give a high concentration 
polarization as does a salt. With a sulfuric acid electrolyte, the 
anode product is oxygen and not some other gas as it is when using 
hydrochloric acid in any but dilute solution— the nature -of the anode 
product does have an effect on the overvoltage values obtained. The 
use of basic solutions is of no particular advantage, since most of 
the hydrogen overvoltage studies conducted thus far have been made with 
sulphate solutions, and more published data is available on the over
voltage in such solutions.

Using the arrangement shown in Figure I, the single electrode 
potential of the cathode is measured, and not the potential across the 
entire cell. This minimizes any-inadequacies or errors that might be 
involved in measuring variables that are associated with the anode.

The overvoltage is negative opposing the externally applied emf? 
the calomel electrode is positive with respect to the standard hydro
gen electrode by 0.2h6 V at 25>°C so that the effect is to increase 
the numerical value of the potential difference between the overvoltage 
and the calomel cell.

The overvoltage then is the difference between the measured poten
tial of the cell at any current density and 0.21*6 V. Since potentials 
are measured by numerical value with a potentiometer, for simplicity 
sake the potentials are read as positive and the value 0.21*6 subtracted 
from each reading, the overvoltage being reported as a positive value.

The recording of positive values is further justified since this 
is the sign they must have in comparing with the oxidation potentials 
on the electromotive chart.

The arrangement of the three slide wire resistances offers a means 
of fine adjustment of the current to the desired values, and yet
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affords a means of obtaining high current densities for saturating the 
electrodes-
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PROCEDURE AMD RESULTS

The various metals to be used were mixed in the proper proportions 
and melted in a pot furnace. A charcoal cover was used over each melt 
except in the case of the Zn-Sn system. Metallic powders were weighed 
up for casting the electrodes in this system having between $% and 90% 
Zn. These were melted without covers, cast, and analyzed to determine 
whether any appreciable amount of the Zn was apt to oxidize and thereby 
affect the composition of the alloys. The results of this analysis are 
given in Table X. The composition was changed only lx% on the 80$-Zn 
electrode, the most extreme case. Since all other alloys were cast 
from metals in a much coarser form than the powdered form, and since 
charcoal covers were used, it did not appear that the compositions 
would change appreciably from those as weighed up. No attempt was made 
to control the grain size, except to allow the mold to come to room 
temperature before each electrode was poured.

The electrodes were polished, and a rectangular pattern, 5 sq cm 
in area, was placed on the polished surfaces. The outline of the 
pattern was then very accurately traced on the metal with a sharp thin 
pin. The electrodes were then painted very fastidiously around the 
marked area and elsewhere on the electrodes as indicated in Figure II.

Considerable preliminary study was made with the electrical cir
cuit to determine the nature of the phenomena to be encountered, and to 
determine the best course of procedure to be followed in taking the 
readings.

Often, it is desirable in making electrolytic measurements to 
saturate the electrodes before taking readings by allowing the passage 
of a relatively high current through the cell, thereby causing high gas 
evolution at the electrode face. It was first decided to study the
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M L B  I
Analysis of Samples in Zn-Sn System

Sn
ample

V̂eigjat
of

Sample
<s)

Weight 
of SmOg 4 Crucible

(g)

Weightof
Cruoible

<s)

Weightof
SnOp
(g)

tfeigjrt
ofSn
(g)

Perceni
3n

95$ 2.010S 12.3297 9.8714 2.4583 1.937 96.4$
90% 2.0028 12.4884 10.1555 2.3349 1.838 91.9$
80$ 2.0080 11.4209 9*3435 2.0774 1.637 81.4$
70$ 2.0036 11.8035 10.0183 1.7862 1.407 70.2$
60$ 2.0168 11.7415 10.1900 1.5515 1.222 60.7$
50% 6.0076 12.8414 9.6661 3.1763 2.500 50.0$
40% 5.0033 12.3656 9.6937 2.6699 2.100 41.7$
50$ 5.0074 11.9719 9.8333 2.1386 1.686 33.6$
20$ 5.7445 12.2022 10.4411 1.7611 1.389 24.2$
10$ 4.4764 10.4596 9.7981 0.6615 0.521 11.6$
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effects of saturation* Without saturating the electrodes prior to 
taking readings, the current, and consequently the voltage, could not 
be kept anywhere near constant. A U5>-sec saturation at 17 ma/sq cm 
(85 ma) prior to taking the readings was found to be desirable in 
keeping the current fairly constant as set by adjusting the resistances.

Taking the readings from the higher current densities down to the 
lower current densities, in order, was found to be more desirable than 
the reverse procedure, for at the lower current densities, if read 
first following the saturation, the current still had a tendency to 
fluctuate badly.

There was a pronounced tendency for the overvoltage to change with 
time. In some cases, this change was fairly rapid, and in others, it 
was very rapid. With all of the metals except the high Sn alloys, 
there was an increase in overvoltage with time, followed by a decrease.
With the high Sn alloys, there was a slow decrease in overvoltage at
first, followed by an increase. With the high Zn, Sb, and Bi alloys, 
the original increase in overvoltage with time was very rapid, and 
could be seen plainly on the galvanometer. The rate of change in over
voltage, however, did decrease with increasing length of saturation 
prior to taking the readings, and after a l|r-hr saturation at 85 ma, 
appeared much steadier. A very thin black coat or film was noticeable
on all of the electrodes after this long period of saturation, except
the high Sn electrodes. This film was wiped off on cotton and 
examined under the microscope at U5>0 X. It appeared as though it were 
very fine particles of metal torn from the face, but because of the 
thinness of the film and the extremely minute size of the particles, 
positive identification by microscope or chemical analysis could not be 
made. Removing the electrodes during the electrolysis and wiping did 
not change the values of overvoltage or the rate of overvoltage rise,



indicating that this phenomenon was associated with the electrode sur
face itself and not the electrolyte.

A Beilly layer was undoubtedly present on all of the polished 
surfaces, since no effort was made to remove it by etching prior to 
talking the initial readings because of the surface roughening effects 
that would have resulted. However, on all of the electrodes, except 
those of high Sn and high Pb, after the ij-hr saturation period, the 
grain structure was outlined quite well after removing the adhering 
film.

Three pure Zn electrodes were cast, and overvoltage readings taken 
on all three to compare the results. Zn was chosen for this comparison 
because of all the pure metals tested, it appeared to have the most 
radical overvoltage change with time. The overvoltage readings varied 
by as much as 0.07£ V, and it could not be ascertained whether these 
differences were due to inaccuracies in painting around the 5-sq cm 
exposed surface areas, to the varying grain size, or to a variation 
in the rates at which the readings were taken. There was a notice
able difference in the grain sizes among the three specimens, but the 
grains were all fairly large.

A solution of 0.1N NaOH was tested to determine the advisability 
of using such an electrolyte. This was found to attack porcelain 
glaze on the electrodes slowly, and hydrogen was absorbed through the 
glaze, forming as bubbles under the surface. The black film was like
wise evident, and so there appeared to be no advantage to using such 
an electrolyte.

Rather large, sudden jumps in potential were noted during the 
taking of a few of the readings. This was especially so in the case of 
the high Zn and Bi alloys. The increase was in some cases as much as 
0.3 V. RepoHshing and repainting of the electrodes was necessitated
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in such instances. Minor fluctuations of potential on the order of 
0.01 V were always present. These appeared to be in some way 
associated with the gas bubbles on the electrode surface.

All readings were taken as rapidly as possible to minimize the 
effects of the overvoltage changes with time. Uniform time-spacing of 
the readings was not possible with the equipment being used. The 
current desired was first set on the milliajameter by varying the slid© 
resistances, and held exactly at this position while the resistances 
in the potentiometer were set so as to give zero deflection on the 
galvanometer. The very nature of the operations— setting the current, 
holding it there, and then moving the three dials on the potentiometer 
to obtain a voltage reading— did not permit perfect timing. Neverthe
less, with care and practice, fairly uniformly-timed, rapid sets of 
readings were obtained.

The course finally decided upon, and the one followed in obtaining 
the readings was to take the electrodes, saturate for hS sec at 35 ma, 
and then read the potential at current densities of U, 3> 2, 1, 0.8,
0.6, 0.U, and 0.2 ma/sq cm. Next, the electrodes were placed in a 
beaker, saturated at 20 ma/sq cm for lj hr, and again placed in the 
battery jar vfhere they were saturated for US sec at 85 ma, and the 
readings were taken as before. Finally, the exposed electrode sur
faces were etched and again placed in the small cell, saturated for 
US sec at 85 ma, and the readings were taken. In etching the specimens, 
the etchant was applied with cotton to the exposed electrode surfaces 
until the grain outlines became apparent under a hand lens. The time 
of etching and the etchant were recorded in each case, and are given 
in Table II. Between etching and reading in the final step, the 
electrodes were kept under "fater to prevent exposure to air.

No attempt was made to control the temperature of the electrolyte,
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TABLE II
Etchants and Etching Times

Electrode Etchant Etching Time (sec)

Pure Metals

Sb Sample Bitol 30
Bi Sample 6XF HBO* 35
Pb Sample SB HHQS 30Sn Sample Bitol 20
Zn Sample Bo. 1 Bitol 35Zn Sample No. 2 63S HBOg 15
Zn Sample No. 3 PeClg 80

Zn-Sn System

0*5% Zn - 99.5% Sn Bitol 701.0% Zn • 99.0% Sn Nitol 751.5% Zn - 98.5% Sn Bitol 18
2.0% Zn - 98*0% Sn Bitol 45
5.0% Zn - 95.0% Sn Bitol 45
10.0% Sn — 90.0% Sn Bitol .20
20.0% Zn • 80.0% Sn Bitol 1530.0% Zn - 70.0% Sn Nitol 20
40.0% Zn - 60.0% Sn Bitol 35
50.0% Zn - 50.0% Sn Bitol 15
SQ.0% Zn - 40.0% Sn Bitol 20
70.0% Zn - 30.0% Sn Bitol 2580.0% Zn - 20.0% Sn Bitol 2090.0% Zn rnm 10.0% Sn Bitol 2598.5% Zn -» 1.5% Sn Bitol 20
99.0% Zn — 1.0% Sn Bitol 20
99.5% Zn 0.6% Sn Bitol 1099.95%Zn - 0.05%Sn Bitol 30
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U B I M II (Continued)
Etchants and Etching Times

Electrode Etohant Etching

Sb-Bi System

20.0% Sb - 80*0% Bi Bitol 50
40.0% Sb - 60.0% Bi Nitol 1560.0% Sb - 40.096 Bi Nitol 35
80.0% Sb - 20.0% Bi Nitol 60

Sn-Fb System

0.5% Sn - 99*5% Fb 6N HBO3 10
1*0^ Sn - 99,0% Fb 65 HNO3 151.596 Sn - 98.596 Fb 69 HNO3 150
2.0% Sn - 98.0% Fb 6N HK03 702.5% Sn - 97.5% Fb 65 HN03 60
3.0% Sn - 97.0% Fb 61? HMO3 505.0% Sn - 95.0% Fb 6N HN03 4510.0% Sn - 90.0% Fb 69 HKO3 155
20.0% Sn - 80.0% Fb 65 HHO3 3040.0% Sn - 60.0% Fb 69 HNOg 40
60.0% Sn - 40.0% Fb 6N KNOg 15
80.0% Sn - 20.0% Fb 69 HHO3 7

Bi-Pb System

10.0% Bi - 90.0% Fb 6N KNO3 160
15.0% Bi - 85.0% Fb 65 HNCtz 16020.0% Bi - 80.0% Fb 6N HNO3 60
25.0% Bi - 75.0% Fb 65 HN0S 46
30.0% Bi - 70*0% Fb 6N HN03 100
40.0% Bi - 60.0% Fb 65 HNO. 120
60.0% Bi - 40.0% Fb 65 H503 45
80.0% Bi - 20.0% Fb 65 HSO3 75



for any error from this source would be negligible.
Concentration polarisation did not have any appreciable effect 

upon the potentials at the how ourrent densities used, for stirring 
did not change these potentials*

The calomel cell used was cheoked against another of the same 
type, and found to eheok within 0*001 V*

The overvoltages obtained for the pure metals were checked 
against those given by other authors* A comparison of the observed 
overvoltages with those given by two of these authors is made in 
Table 111* Neither of these men gives any information concerning the 
condition of the electrode surfaces he used, or of any initial 
saturation* Overvoltage values given by these authors were obtained 
using 25 H2SO4 as the eleotrolyte* Since the overvoltage does not 
change appreciably with concentration of the eleotrolyte in H2SO4 
solutions between 2*ON and 0*1X, comparisons using such values are 
justified*

Since no previously determined overvoltage values for the alloys 
used could be found, comparisons of these, readings could not be made* 

The actual readings of overvoltage are given in Tables IV, V, VI, 
VII, and VIII, and results are plotted on the accompanying graphs*
To prevent needless crowding on the overvoltage-oomposition graphs, 
only thosc values of overvoltage are plotted which were obtained at 
ourrent densities of 0*2, 0*6, 1*0, 2*0, 5*0, and 4*0 ma/sq cm*
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TABLE III
Comparison of Overvoltages Ovtained on Metals with Those 

Given by Other Investigators

(values given at current density of 1 ma/sq cm)

Metal
Overvoltage Obtained This Undertaking 

(volts)

Overvoltage (Glas stone and ffiLokling1) 
(volts)

Overvoltage(Mantel?)
(volts)

Bi 0.959 Hone Given 0.78
Fb 0.614 0.64 0.62
8b 0.716 None Given Hone Given
Sn 0.799 0.55 0.86
Zn 0.976 0.70 0.76
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TABLE IV
Pure Metal*

Current OvervoltageDensity  ;____ (volte)________
(ma/sq am) 45-800 saturation 1^-hr saturation

eSb Sample

4*0 0*980 0*916
3*0 0*928 0*874
2*0 0*856 0*825
1*0 0.756 0*755
0*8 0.729 0.736
0*6 0*681 0*7190*4 0*643 0*6910*2 0*562 0*638

Bi Sample

4.0 1*134 0*9593*0 1*101 0*8882*0 1*051 0*849
1.0 0*959 0*812
0*8 0*956 0*8050.6 0*906 0.800
0*4 0*839 0.797
0.2 0*673 0.793

Stehed

0*9540*907
0*848
0*7620*7460.724
0*694
0*641

1.087
1.0270.960
0.877
0*856
0*836
0*8020.740
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TABLE IV (Continued)
Pure Metals

Current Overvoltage
Density (volts)(ma/sq am) 45-seo saturation i§-Kr saturation

Pb Sample

4*0 0*706 0.992
3*0 0.650 0.9512.0 0.595 0.660
1.0 0.514 0.8180*8 0.494 0.810
0.6 0.476 0.8020.4 0.451 0.795
0.2 0.417 0.787

Sn Sample

4.0 0.961 0.9963.0 0.918 0.946
2*0 0.867 0.896
1.0 0.799 0.839
0.8 0.782 0.8280*6 0.764 0.814
0.4 0.741 0.808
0.2 0.706 0.801

TCSEeT

1.1501.110
1.062
0.988
0.964
0.928
0.855
0.728

1.036
0.994
0.940
0.8630.835
0.8140.787
0.742
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Current 
Density 

(ma/sq oxn)

4*0
3.02.0 
1.0 0.8 
0.6 
0.4 0.2

TABLE IV (Continued)
Pure Metals

45-sec saturation

Zn Sample No.

1.118
1.081
1.0380.9750.945
0.9130.869
0.782

Overvoltage
(volts)l§-tr saturation

1.094
1.0480.998
0.9240.908
0.890
0.874
0.853

Zn Sample No. 2

4.0 1.143 1.138
3.0 1.099 1.104
2.0 1.041 1.057
1.0 0.970 0.9930.8 0.953 0.9790.6 0.928 0.9520.4 0.889 0.8950.2 0.802 0.834

Zn Sample No. 3

4.0 1.068 1.072
3.0 1.027 1.024
2.0 0.969 0.990
1.0 0.905 0.920
0.8 0.885 0.9020.6 0.858 0.877
0.4 0.812 0.8410.2 0.765 0.802

WSESS

1.166
1.122
1.068
0.9830.962
0.9410.916
0.870

1.1741.127
1.0730.997
0.975
0.9530.9220.882

1.124
1.079
1.026
0.960
0.942
0.9200.885
0,845
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TABLE V
Zn-Sn System

Current Overvoltage
Density _____________ (volts)  (ma/sq oa) 45-seo saturation l§-kr saturation ’ ’ ' fitched

0.5% Zn - 99*6% Sn

4*0 0.844 1.095 1.0555.0 0.768 1.053 0.9903.0 0.677 0.989 0.942
1.0 0.582 0.894 0.867
0.8 0.554 0.862 0.8320.6 0.528 0.824 0.796
0.4 0.494 0.778 0.7600.2 0.446 0.705 0.705

1.0% Zn - 99.0% Sn

4.0 0.836 1.055 1.017
3.0 0.752 1.018 0.975
2.0 0.678 0.963 0.924
1.0 0.602 0.867 0.845
0.8 0.584 0.839 0.818
0.6 0.562 0.808 0.794
0.4 0.553 0.773 0.768
0.2 0.522 0.717 0.743

1.5% Zn - 98.5% Sn

4.0 0.894 1.062 1.017
3.0 0.823 1.020 0.969
2.0 0.766 0.978 0.912
1.0 0.697 0.904 0.833
0.8 0.667 0.878 0.8120.6 0.642 0.848 0.790
0.4 0.620 0.807 0.768
0.2 0.603 0.742 0.743
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TABLE V (Continued)
Zn-Sn System

Current OverdoXt&geDensity (to Its)
(ma/sq cm) 45-aeo saturation lj^hr saturation Etched

2.0# Zn - 98.0# Sn

4.0 0.847 1.050 0.996
3.0 0.781 1.017 0.957
2.0 0.710 0.974 0.910
1.0 0.630 0.900 0.8270.8 0.602 0.875 0.803
0.6 0.578 0.840 0.778
0.4 0.552 0.801 0.753
0.2 0.524 0.743 0.724

5.0# Zn - 95.0# Sn

4.0
3.0
2.0 
1.0 
0.8 
0.6 
0.4 
0.2

0.994
0.9340.855
0.778
0.761
0.744
0.727
0.707

0.999
0.951
0.889
0.8100.791
0.776
0.757
0.735

1.0050.9670.921
0.858
0.842
0.826
0.814
0.802

10.0# 2n - 90.0# Sn

4.0 0.975 0.993 0.956
3.0 0.920 0.941 0.913
2.0 0.868 0.890 0.867
1.0 0.809 0.823 0.811
0.8 0.803 0.802 0.7960.6 0.796 0.780 0.779
0.4 0.789 0.769 0.763
0.2 0.778 0.726 0.744
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T43LS Y (Continued) 
Zn-Sn System

Current Overvoltage
Density (volts)______________ ______(ma/sq cm) 45-see saturation l̂ *-hr saturation StoKed

20.0$ Zn - 80.0$ Sn

4.0 0.993 0.942 1.0193.0 0.949  ̂ 0.896 0.9702.0 0.908 0.847 0.920
1.0 0.850 0.800 0.865
0.8 0.842 0.789 0.8490.6 0.836 0.777 0.837
0.4 0.829 0.768 0.8260.2 0.817 0.757 0.814

30*0$ Zn - 70.0$ Sn

4.0 1.002 0.923 1.006
3.0 0.930 0.883 0.962
2.0 0.878 0.826 0.914
1.0 0.830 0.761 0.8600.8 0.827 0.746 0.847
0.6 0.821 0.732 0.833
0.4 0.813 0.716 0.822
0.2 0.802 0.710 0.811

40.0$ Zn - 60.0$ Sn

4.0 0.908 0.841 0.914
3.0 0.885 0.807 0.886
2.0 0.854 0.778 0.867
1.0 0.827 0.751 0.827
0.8 0.824 0.744 0.823
0.6 0.820 0.736 0.8180.4 0.816 0.728 0.811
0.2 0.812 0.720 0.804
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TABLE V (Continued)
Zn-Sn System

Current Overvoltage
Density (volts)

(ma/sq can) 46-sec saturation l§-hr saturation Ktciied

50.0?5 Zn - 50.0^ Sn

4.0 0.917 0.881 0.976
5.0 0*889 0*855 0.9362.0 0.858 0.827 0.896
1.0 0.850 0.807 0.853
0.8 0.827 0.780 0.843
0.6 0.822 0.774 0.831
0.4 0.818 0.768 0.822
0.2 0.812 0.762 0.814

60.05& Zn - 40.056 Sn

4.0 0.921 0.888 1.0023.0 0.886 0.877 0.9642.0 0.857 0.849 0.9221.0 0.828 0.827 0.8730.8 0.824 0.823 0.861
0.6 0.819 0.818 0.849
0.4 0.814 0.815 0.8370.2 0.809 0.810 0.825

70.0J6 Zn - 30.0& Sn

4.0 0.909 0.952 1.0313.0 0.883 0.923 0.990
2.0 0.851 0.884 0.949
1.0 0.819 0.849 0.897
0.8 0.815 0.841 0.884
0.6 0.811 0.834 0.869
0.4 0.806 0.827 0.862
0.2 0.800 0.819 0.835
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TABLE V (Continued)
Zn-Sn System

Current Overvoltage
Density   (volts)

(ma/sq cm) 46-aeo saturation lj-hr saturation Etched

80,0% Zn - 20.0% Sn

4*0 1*138 1*046 1*0633*0 1*064 1.013 1.018
2.0 1.027 0.956 0*9761.0 0.966 0.869 0.918
0.8 0.933 0.858 0*902
0.6 0*902 0.849 0*8800.4 0*866 0*840 0.862
0.2 0.784 0.833 0.846

90*0% Zn - 10.0% Sn

4.0 1.085 1.064 1.065
3.0 1.056 1.033 1.014
2.0 1.026 1.013 0.9721.0 0.977 0.912 0.917
0.8 0.963 0.877 0.905
0.6 0.923 0.865 0.8880.4 0.877 0.864 0.871
0.2 0.838 0.842 0.862

98.5% Zn - 1.6% Sn

4.0 1.047 0.984 1.024
3.0 0.972 0.948 0.985
2.0 0.895 0.903 0.9421.0 0.827 0.854 0.886
0.8 0.820 0.845 0.872
0.6 0.814 0.838 0.857
0.4 0.808 0.832 0.842
0.2 0.802 0.825 0.825
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TABLE V (Continued)
Zn~Sn System

Current Overvoltage
Density     (volts) __(ma/sq oa) 45-sec saturation Ij-hr saturation Etched

99.0% Zn — 1.0% 3n

4.0 0*956 1.047 1.0233.0 0.908 0.996 0.S80
2.0 0.867 0.938 0;93S1.0 0.828 0.872 0.871
0.8 0.821 0.856 0.858
0.6 0.814 0.860 0.841
0.4 0.808 0.839 0.826
0.2 0.802 0.832 0.808

99*5% Zn * 0.5% Sn

4.0 1.065 1*021 1.018
3.0 1.020 0.952 0.976
2.0 0.964 0.917 0.929
1.0 0.866 0.865 0.868
0.8 0.822 0.845 0.844
0.6 0.788 0.837 0.830
0.4 0.783 0.830 0.819
0.2 0.778 0.822 0.807

99.95% Zn - 0.05% Sn

4.0 0.904 1.009 0.989
3.0 0.868 0.971 0.957
2.0 0.830 0.921 0.921
1.0 0.799 0.868 0.868
0.8 0.796 0.848 0.856
0.6 0.794 0.841 0.845
0.4 0.792 0.834 0.832
0.2 0.789 0.827 0.817
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TABLE VI
Sb-Bi System

Current Overvoltage
Density   (volts)

(ma/sq cm) 46-sec saturation I|phr satur at Ion ' '.JStohed

20*0^ Sb - 80. Bi

4.0 1.105 1.000 1.024
5.0 1.064 0.968 0.981
2.0 1.001 0.927 0.937
1.0 0.935 0.869 0.871

, 0.8 0.915 0.857 0.852
0.6 0.894 0.842 0.8510.4 0.871 0.816 0.7970.2 0.824 0.766 0.727

40. C$ Sb - 60.0^ Bi

4.0
3.0
2.0 
1.0 
0.8 
0.6 
0.4 
0.2

1.0941.044
0.994
0.908
0.900
0.878
0.848
0.794

0.901
0.8630.823
0.771
0.766
0.741
0.7140.671

1.068
1.009
0.946
0.8690.847
0.8200.788
0.726

60.05* Sb - 40.05* Bi

4.0 1.034 0.885 0.978
3.0 0.978 0.854 0.934
2.0 0.914 0.813 0.883
1.0 0.868 0.760 0.8270.8 0.838 0.737 0.804
0.6 0.813 0.719 0.776
0.4 0.771 0.694 0.732
0.2 0.713 0.643 0.672
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TABUS VI (Continued)
Sb-Bi System

Current Overvoltage
Density   (volts)(ma/sq om) 45-sec saturation Xj-br saturation Stolied

80.0% Sb - 20.0% Bi

4.0 0.857 0.833 0.S64
3.0 0.912 0.787 0.9232.0 0.820 0.730 0.868
1.0 0.722 0.659 0.785
0.8 0.696 0.641 0.770
0.6 0.662 0.618 0.744
0.4 0.632 0.592 0.706
0.2 0.577 0.554 0.648
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TABLE VII
Sn-Pb System

Current Overvoltage
Density    ̂  (volts)

(ma/sq am) 45-seo saturation lj-hr saturation

0.5% Sn - 99,5% fb

4.0 1.022 1.039
5.0 0.964 1.004
2.0 0.867 0.9531.0 0.773 0.882
0.8 0.734 0.864
0.6 0.682 0.833
0.4 0.617 0.797
0.2 0.495 0.729

1.0% Sn - 99.0% Fb

4.0 0.982 1.040
3.0 0.916 0.994
2.0 0.826 0.9371.0 0.687 0.857
0.8 0.651 0.837
0.6 0.600 0.8070.4 0.546 0.772
0.2 0.464 0.710

1.5% Sn - 98.5% Fb

4.0 0.857 0.986
3.0 0.774 0.926
2.0 ' 0.686 0.876
1.0 0.566 0.781
0.8 0.661 0.758
0.6 0.544 0.716
0.4 0.502 0.6520.2 0.429 0.536

glZ-TVA' Jd bOu0u

1.1661.120
1.064
0.969
0.9430.907
0.832
0.701

1.188
1.134
1.0831.009
0.9870.9610.911
0.786

1.1871.138
1.080
0.996
0.971
0.9360.8680.741
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TABUS VII (Continued)
Sn-Pb System

Current Overvoltage
Density (volts)(ma/sq cm) 46- seo saturation I§-Kr saturation

2.0# an - 98.0# Fb

4.0 0.875 1.017
3.0 0.800 0.976
2.0 0.696 0.905
1.0 0.560 0.799
0.8 0.558 0.765
0.6 0.615 0.718
0.4 0.482 0.643
0.2 0.454 0.524

2.5^ Sn - 97.5# Fb

4.0 0.824 1.051
3.0 0.752 0.976
2.0 0.670 0.903
1.0 0.559 < 0.795
0.8 0.544 0.756
0.6 0.528 0.703
0.4 0.496 0.625
0.2 0.429 0.614

5.0# Sn - 97.0# Fb

4.0 0.774 1.052
3.0 0.712 0.987
2.0 0.648 0.929
1.0 0.561 0.645
0.8 0.550 0.824
0.6 0.534 0.791
0.4 0.498 0.750
0.2 0.448 0.671

1.198
1.148
1.082
0.992
0.959
0.922
0.859
0.696

1.123
1.082-
1.029
0.958
0.9360.922
0.869
0.795

1.187
1.145
1.085
1*002
0.973
0.958
0.889
0.798
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TABUS VII (Continued)
Sn-Pb System

Current Overvoltage
i/eq cm) 48-see saturation ij-hr saturation Htcfiee

5.0# Sn - 95.0# Pb

4.0 0.784 1.084 1.156
S.O 0.742 1.021 1.1142.0 0.679 0.947 1.073
1.0 0.598 0.848 1.006
0.8 0.680 0.819 0.991
0.6 0.555 0.780 0.961
0.4 0.618 0.726 0.9260.2 0.452 0.606 0.884

10.0# Sn - 90.0# Pb

4.0 0.904 1.048 1.1213.0 0.845 0.996 1.0662.0 0.767 0.931 1.006
1.0 0.629 0.854 0.9340.8 0.600 0.804 0.9150.6 0.568 0.767 0.8930.4 0.528 0.716 0.861
0.2 0.446 0.580 0.809

20.0% Sn - 80.0# Pb

4.0 0.794 1.032 1.1853.0 0.792 0.998 1.144
2.0 0.783 0.950 1.090
1.0 0.713 0.875 1.011
0.8 0.704 0.852 0.987
0.6 0.679 0.826 0.960
0.4 0.660 0.786 , 0.924
0.2 0.584 0.706 0.884
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TABLE VII (Continued)
Sn-Pb System

Current Overvoltage
Density (volte)(ma/aq am) 45-sec saturation Ij-hr saturation ttohed

40.0% Sn - 60.0% Fb

4.0 0.808 1.052 1.150
3.0 0.763 0.997 1.100
2.0 0.701 0.952 1.043
1.0 0.628 0.879 0.960
0.8 0.623 0.656 0.939
0.6 0.600 0.832 0.912
0.4 0.577 0.799 0.876
0.2 0.514 0.734 0.805

60.0% Sn - 40.0% Fb

4.0 0.904 1.062 1.1603.0 0.829 1.014 1.104
2.0 0.730 0.978 1.0461.0 0.615 0.900 0.972
0.8 0.591 0.878 0.9620.6 0.569 0.862 0*929
0.4 0.540 0.817 0.896
0.2 0.481 0.756 0.847

80.0% Sn - 20.0% Fb

4.0 0.986 1.122 1.0943.0 0.926 1.045 1.070
2.0 0.875 1.010 1.007
1.0 0.781 0.929 0.922
0.8 0.758 0.903 0.8960.6 0.716 0.878 0.8670.4 0.652 0.847 0.829
0.2 0.535 0.792 0.794
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TABUS mtn
Bi-Pb System

Current Overvoltage
Density (volts)

(ma/aq cm) 46-sec saturation 1^-hr saturation Stoh'ed

10.C$ Bi - 90,0% Pb

4.0 0.740 1.126 1.1393.0 0.686 1.073 1.087
2.0 0.619 1.019 1.060
1.0 0.521 0.903 0.992
0.8 0.504 0.860 0.972
0.6 0.481 0.808 0.9490.4 0.458 0.727 0.916
0.2 0.424 0.608 0.844

16.<$ Bi - 85.0^ Pb

4.0 0.769 1.098 1.2633.0 0.715 1.067 1.203
2.0 0.651 1.000 1.128
1.0 0.557 0.894 1.0430.8 0.536 0.854 1.018
0.6 0.511 0.804 0.994
0.4 0.475 0.732 0.957
0.2 0.441 0.610 0.856

20.0^ Bi - 80.0$ Pb

4.0 0.740 1.159 1.220
3.0 0.696 1.122 1.1762.0 0.629 1,061 1.125
1.0 0.544 0.951 1.045
0.8 0.627 0.916 1.014
0.6 0.502 0.866 0.976
0.4 0.471 0.789 0.878
0.2 0.424 0.650 0.646
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TABLE VIII (Continued)
Bi-Pb System

Current Overvoltage
Density (volts)(ma/sq cm) 45-sec saturation lj-hr saturation Etched

25*0% Bi - 75.0% Pb

4.0 0.774 1.124 1.2323.0 0.729 1.089 1.181
2.0 0.662 1.023 1.119
1.0 0.563 0.905 1.138
0.8 0.539 0.852 1.014
0.6 0.509 0.766 0.987
0.4 0.477 0.666 0.9390.2 0.434 0.542 0.829

30.0% Bi - 70.0% Pb

4.0 0.810 1.201 1.127
3.0 0.740 1.151 1.083
2.0 0.672 1.084 1.030
1.0 0.582 0.994 0.964
0.8 0.566 0.966 0.945
0.6 0.533 0.930 0.924
0.4 0.497 0.860 0.891
0.2 0.437 0.714 0.843

40.0% Bi - 60.0% Pb

4.0 0.755 1.153 1.146
3.0 0.706 1.113 1.1152.0 0.651 1.070 1.058
1.0 0.564 0.998 0.978
0.8 0.545 0.980 0.9580.6 0.517 0.955 0.933
0.4 0.485 0.915 0.898
0.2 0.439 0.837 0.847
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TABLE VIII (Continued)
Bi-Fb System

Current Overvoltage
Density  (volts)_________(ma/sq cm) 46-seo saturation lj-hr saturation Etched

60.0$ Bi - 40.0$ Pb

4*0 0.804 1.147 1.2203.0 0.757 1.107 1.167
2.0 0.686 1.054 1.107
1.0 0.584 0.983 1.035
0.8 0,661 0.969 1.0140.6 0.634 0.947 0.994
0.4 0.499 0.914 0.963
0.2 0.452 0.868 0.908

80.095 Bi - 20.0$ Pb

4.0 0.907 1.026 1.228
3.0 0.853 0.988 1.1632.0 0.783 0.951 1.094
1.0 0.690 0.899 0.989
0.8 0.666 0.884 0.968
0.6 0.641 0.868 0.936
0.4 0.602 0.845 0.908
0.2 0.538 0.806 0.862
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conclusions

No definite or positive conclusions can be made from the results 
obtained, other than the fact that some unknown and uncontrolled 
variables yet remain. The overvoltage is continually changing, the 
rate of change being greater the smoother the electrode surface. Ex
tended saturation with current, as well as etching, decreases the rate 
of overvoltage change, but both give a surface roughening which de
creases the overvoltage. Surface roughening can in fact change the 
direction of curvature of a composition-overvoltage line. This sur
face roughening does not, however, represent an altogether objectional 
feature, for in actual industrial electrolytic processes, the cathode 
surfaces are not polished, but are rather rough. The roughening does 
tend to give results quite different from those obtained on the highly 
polished surfaces used in purely theoretical work, but who can say 
that the overvoltage values obtained on polished surfaces are of more 
value than those obtained on roughened surfaces f Naturally, from the 
standpoint of an industrial electrolytic process, the best surface on 
which to make overvoltage measurements would be an electrolytically 
deposited surface.

As stated before, the rate of overvoltage change decreases with 
increased saturation time and with increased etching time. In general, 
the more reducing the metal and the thinner the Beilby layer, the 
greater will be the rate of overvoltage change on a polished surface. 
This seems to suggest that the more rapid the change from an amorphous 
material to a crystalline structure with depth from the exposed surface, 
and the faster this amorphous layer is removed, the higher will be the 
rate of change in overvoltage. However, this rate of change will be 
continually decreased by surface roughening which tends to cause a



drop in overvoltage*
In a single eutectic-type alloy system, the overvoltage- 

composition curve appears to exhibit a minimum and to rise on either 
side of this minimum. The composition at which this minimum occurs, 
in a given alloy system, changes somewhat with the current density 
since the current density-overvoltage curves for alloys of nearly the 
same composition do not exhibit the same slope when plotted on the 
same set of coordinates, and do, in fact, cross each other.

The slope of the current density-overvoltage curves is dependent 
upon time to a great extent, especially on the more highly polished 
surfaces. In the case of metals on which the overvoltage is rising 
with time, should successive readings be taken of overvoltage at de
creasing current density, a longer period between readings would allow 
more time for the overvoltage to rise between these readings, and 
thereby give a steeper curve. With extremely short periods of time 
between readings, the slope would be decreased.

This slope would also vary with the metal or alloy used. A metal 
on which the overvoltage rose rapidly would give a steeper current 
density-overvoltage curve than one on which the overvoltage rose 
slowly, all other factors being equal. This suggests that perhaps 
different minimum initial saturation periods would be required for 
each different metal and alloy— and, in fact, such a difference does 
exist. Since an accurate determination of the minimum initial satu
ration period for each metal and alloy would require a detailed time- 
overvoltage study, the next best course of procedure appears to be the 
use of a uniform initial saturation time.

For any one set of readings made on a given electrode, the sur
face has evidently been saturated more nearly U5> sec before the 
first reading taken after saturation than before any of the subsequent



readings* A certain amount of saturation undoubtedly takes place in 
the time interval between readings because of the relatively small 
current flowing during this interval.

At either side of the composition-overvoltage curves for the 
simple eutectic-type alloy systems, apparently some pronounced changes 
take place near the region of solid solubility of one constituent in 
the other, especially on the unroughened surfaces# Sometimes, there 
is a sharp rise from the overvoltage on the pure metal, and sometimes 
a drop. Determining the exact nature of these changes is a problem 
which would be a worthwhile undertaking, but one which would require 
very exacting equipment and good control of the many variables. It is 
quite possible that there is a connection between the extent of solid 
solubility and these overvoltage changes#

It appeared that there was smoothing-out of the coraposition- 
overvoltage curves with increased saturation time and with etching. 
Selective removal of one of the components from the exposed electrode 
surface might possibly account for this. The overvoltage then would 
be more nearly that of the component less readily removed.

On alloys of the continuous-series, solid-solution type, the over
voltage apparently decreases from that of the higher overvoltage com
ponent with increasing percentage of the second component— slowly at 
first, then more rapidly, then again slowly— until the overvoltage of 
the second component is reached#

No definite conclusions can be drawn from the results obtained 
from the study of the overvoltage values on alloys of the Pb-3i system, 
which exhibits an intensetallic compound# Apparently, the introduction 
of an internetallic compound does not cause any radical change in over
voltage#

Saturating the electrodes with current (arid thereby scrubbing
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with hydrogen) for any appreciable length of time seemingly dislodges 
small particles of raetal from the exposed cathode face, and these 
cover the face as a film* The rate of formation of this film on 
alloys is dependent upon the kinds of metal and upon their propor
tions* There is no positive explanation for this behavior, but it is 
possible that atomic hydrogen absorbed at the surface could have, in 
forming molecular hydrogen, dislodged small particles of metal from 
the surface*

In spite of the variables involved, it should be quite possible 
to conduct further overvoltage studies with ever-improving results. 
Drawing upon the knowledge gained from previous overvoltage studies, 
the methods will continually improve, and more variables will be 
eliminated with each successive study* Prom the results of this pres
ent undertaking, several changes are suggested. It appears that one 
of the most important factors to be controlled is the time lapse be
tween readings. A recording millivoltmeter would be ideal for this 
purpose. Use of such an instrument 'would permit the operator to de
vote more of his time to the regulation and control of the current flow 
and permit faster readings, allowing for a considerable lessening in 
the initial saturation time. The error due to timing would be com
pletely eliminated. Actually, any means of rapidly and simultaneously 
reading current and potential could be used. Once a current density- 
overvoltage curve had been plotted, values could be taken from this 
curve as desired for the composition-overvoltage curves.

After casting the alloys, it would perhaps be advantageous to 
roll and anneal each electrode before polishing, as this would permit 
equilibrium conditions of grain size and composition to be approached, 
minimizing errors from this source. Such conditions are not those en
countered in practice, however, for the overvoltages important in



industrial electrolytic processes are those attained on the surfaces 
of electro lytically-deposited metal.

Finally, the difficulty involved in painting the electrode faces 
so as to leave only 5 sq ca exposed could he eliminated to a very 
great extent by the use of a knife-edged, rectangular form which could 
be pressed to the polished electrode face and stenciled* The use of 
such a form would practically eliminate this important source of error.

With the elimination of the more important variables, no doubt 
new and significant variables will arise. These in turn can be 
eliminated as best possible* Meanwhile, the accuracy will be con
tinually improving, and with this improvement will come an increasing 
number of applications*
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