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INTRODUCTION

Most of the commonly used metals are thermodynamically unstable
in their service environments. The fact that properly selescted metals
show a good, serviceable corrosion resistance under various conditions
of exposure is due to a number of factors, which retard or completely
stiflle the corrosive attack, For proper selection of materials for
various service conditions, and for effective protection against
corrosion it is important to understand the mechanism that controls
the corrosion process.

Almost all corrosion at ordinary temperatures is cansed by the
action of electrolytic solutions, since even metals that are exposed
to the atmosphere will be covered with filus of moisture which have
gases and salts dissolved in them. The dissolution or corrosiont of
metals in electrolytic solutions is now commonly regarded as an electro-
chemical process (1), The emission of metal lons into solution is
considered to take place at anodie areas on the surface of the metal,
while an equivalent number of electrons from the metal combine with
ions or molecules in the solution at cathodic surface areas. In most
cases the cathodic process is either the discharge of hydrogen ions to

form gaseous hydrogen (hydrogen evolution type of corrosion), or the

lghen the rate of attack is low, as on magnesium in neutral
solutions where the metal is protected by a film of corrosion products,
the term corrosion is commonly used. When the rate of attack is high,
as on magnesium in hydrochloric acid, where the protective films break
down, the term-dissolution is preferred. The two terms do not denote
any differences in mechanism of attack, and are to some extent used as
synonyms.,
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reduction of dissolved oxygen to hydroxyl ions (oxygen absorption type
of corrosion).

Since the conductivity of metals is high, the rate of the overall
corrosion process depends on the rates of the anodic and the cathodic
processes, the rate of diffusion of reactants and reaction products to
and from the anodic and cathodic surface areas, and the conductivity
of the solution, Depending on the conditions, any one of these processes
may be the slowest one and thus determine the actual dissolution rate of
the metal, This complexity of the dissolution process has been overlooked
by many investigators who have attempted to describe the dissolution
process in terms of a chemical rate constant only.

The mechanism of attack depends on the composition and metallography
of the metal, the composition of the solution, and the conditionas at the
solution-metal interface. Of particular importance is the presence of
protective films on the surface of the metal. These films may be formed
prior to the exposure, they may be formed by precipitation of corrosion
products, or they may be formed by adsorption of constituents in the
solution., Such films are instrumental in affording protectien against
corrosion, but they also obscure the electrochemical processes on the
corroding surface., In solutions of acids and alkalies where the protective
films break down, the conditions are much simpler, and the mechanism of
attack can be evaluated more readily, Through dissolution studies in such
solutions information which may lead to a better understanding of the
corrosion behavior under actual service conditions where the protective
films are stable can be gained, Such an understanding is a substantial
ald in developing alloys with enhanced corrosion resistance and in devising

more effective methods for protection against corrosion.
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It is the Purvose of this investigation to study the dissolution
of magnesium in hydrochloric acid., The report on this study is preceded by
a review of availa®ble information on the corrosion of magnesium in aqueous
solutions. It is well known that the corrosion resistance of magnesium
is seriously impaired by small amounts of impurities. The mechanism where-
by these impurities act to lower the corrosion resistance is, however, not
clearly understood. The present study was undertaken with a view towards
obtaining information which might throw some light on these and related

oroblems.

IT, THE DISSQLUTION OF MAGNEZSIUM IN AQUEOUS SOLUTIQNS.

A, Introduction.

Then magnesium is immersed in agueous solutions, hydrogen is evolwved
in amounts correspgonding to the gquantity of mgtal dissolved. Oxygen does
not appear to play a major role, with a possible exception in strongly
alkaline solutions (2, 3). The corrosion process thus consists of the
cathodic evolution of hydrogen and the anodic dissolution of magnesium
until the pH at the metal-solution interface rises tc a point at which
Mg(OH)2 is precipitated (2).

The standard potential of magnesium has not been measured directly,
but calculations from thermal data give a value of =2.37 V (L) which
makes magnesium the most electronegative of the commonly used metals.,
Consequently, the corrosion resistance of magnesium and its alloys depends

on the formation of protective films in the media to which the alloys are
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exposed, The ability of these films to offer protection varies with the
medium, In acids, where the films are unstablea, repid attack takes
place. In alkalies stable hydroxide films are formed which offer good
protection,

In acids, as well as in alkalies, alloying elements and impurities
have little or no influence on the rate of attagk., This is in sharp
contrast to the conditions in neutral solutions where minute amounts of
certain detrimental impurities may increase the corrosion rate several
hundred times (3). The detrimental effect of impurities in neutral
solutions has been known for a long time, but a poor correlation between
the data of different investigators existed until the action and inter-
action of the metallic impurities and alloying elements normally present
in magnesium alloys was evaluated in an extensive series of careful
investigations carried out by Hanawalt and his co-workers (3, 5, 6)» The
mechanism whereby these impurities act to lower the corrosion resistance

is, howsver, not clearly understood.

Be _The Corrosion of Magnesium in Neutral Solutions,

In 1941, Hanawalt, Nelson and Peloubet (5) showed that "controlled
purity" alloys with the amounts of certain detrimental impurities below
their "tolerance limits"3 have a very good resistance to corrosion, even

under the drastic conditions of altermate immersion in a 3% NaCl solution.

2
Stable films are formed in hydrofluoric acid and in chromic acid (3).

3The Utolerance limit" is defined as the critical concentration of an
alloyed component of magnesium at which a discontinuity in the corrosion
rate occurs (3).
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The tolerance limit of iron in magnesium is 0.017%, for nickel less than
0.0005%"‘, and for copper close to 0.1%. With increasing amounts of these
impurities the corrosion rate stays constant (below 0.2 mg/sq.cm.day)
until the tolerance limit is reached, At this point a very sharp rise in
the corrosion rate is observed. More recent work shows that these same
impurities largely control the rate of attack in severe exposure, and to
a lesser extent in atmospheric exposure (3).

Other metals, such as aluminum, zine, manganese, etc., have much
higher tolerance limits, and their effect in inereasing the corrosion
rate is small as compared with that of iron, nickel, and copper. More
important is their effect in shifting the tolerance limits of iron and
nickel, since these are the only impurities liable to cause trouble in
commercial alloys, Thus, aluminum and zine which are added to commercial
alloys for enhanced mechanical properties influence the tolerance limits
in such a way that zine has a beneficial effect while aluminum seriously
lowers the limits., The detrimental effect of aluminum is to some extent
counteracted by a small addition of manganese which ralises the tolerance
limits and also reduces the corrosion rate of impure alloys (5, 6).
Calcium is reported to have a similar effect (7).

While the initial corrosion rate of various magnesium alloys in 3%
NaCl solutions in all cases is high, it rapidly falls off to a low value
for controlled purity alloys, whereas impure alloys corrode at an in-
ereasing rate (8, 3).

Hanawalt showed that the tolerance limit of any given element was

not identical with its solid solubility in the alloy considered, and

hCobalt apparently has a similar tolerance limit.
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explained the mechanism of attack by assuming that the active element
was dispersed throughout the lattice in the form of minute particles,
each of which functions as the cathode in a local cell. The corrosive
attack is concentrated around the particle, and in due course sufficient
material is corroded away to leave the particle unsupported, whereupon
it falls away from the metal bulk., If the amount of the impurity is
below the tolerance limit, no new particles will be discovered before
the initiating particle is dislodged, and corrosion will eventually be
stifled. If, on the other hand, one or more particles are laid bare, an
accelerating type of attack occurs.

This theory is supported by microscopic evidence which shows that
while the tolerance limits of iron in pure magnesium and in magnesium
containing 8% aluminum are widely different (0.017% and 0,002%), yet
the mean distance of separation of the iron-bearing particles in the two
alloys is about the same at the tolerance limits.

Hanawalt (5) has also pointed out that there may exist a critical
anodic current density below which protective film formation takes place
but above which corrosion can continue, Thus, when the relative size
of the cathodic areas (which determines the current density) falls
below a certain limit, the cathodic areas will be made inactive by
encroachment of the anodic films, This explanation of the tolerance
limits is in accord with the observation that magnesium in neutral
solutions exhibits a negative "difference effect" (5, 9), i.e., the
corrosion due to local action increases when the specimen is made anodic

by coupling with a nobler metal. Kroenig and Uspenskaja (9) have ex-
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plained this phenomenon as a breakdown of the anodic film due to the
increased anodic current density with the result that additional cathodic
points are laid bare. This effect is exhibited by controlled purity as
well as by impure alloys.

It has been suggested that the mechanism whereby iron and nickel
accelerate the corrosion of magnesium and its alloys may depend on re-
deposition of the metal, either as metal or as hydroxide (10, 11).

The corrosion behavior of magnesium in neutral solutions is thus
largely determined by the amounts of certain low overvoltage impurities
in the metal, The phenomenon of tolerance limits has been explained by
the removal of the cathodic particles by undermining, and by anodic films
being able to cover the cathodic particles when their relative surface
areals reduced to a critical value., Hanawalt considers that both
mechanisms may be operative, but states that additional information is

required before a complete explanation can be given,

Ce The Dissolution of Magnesium in Acids.

In acids the protective films on magnesium are destroyed and rapid
attack ensues. Because of the strongly electronegative character of
magnesium the potential difference between metal and solution is
sufficiently high to overcome the overvoltage for hydrogen discharge on
magnesimm. For this reason hydrogen is freely liberated without the aid
of low overvoltage impurities. Accordingly, impurities have been found

to have little or no influence on the dissolution rate (12, 21)5.

5This is in contrast to the behavior of the more noble zinc which is
hardly attacked by acids unless low overvoltage impurities or cathodiec
depolarizgers are present.
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Kilpatrick and co-workers (13, 1lli) measured dissolution rates of
magnesium in dilute solutions of hydrochloric acid and various weak
organic acids. Based on BrBnsted's theory of generalized aclids, they
concluded that the rate controlling step was a slow, chemical reaction
between the metal and the acid. In particular, they claimed that the
metal can react with undisscciated acid molecules as well as with hydrogen
ions, In contrary to this belief, King and co-workers (15, 21) stated
that the dissolution rate is controlled by diffusion, and supported this
theory by a series of careful lnvestigations which gave results in con-
vineing agreement with the following criteria of diffusion controlled

reaction86:

a, Different solids dissolve at nearly the same rate
in the same reagent under the same conditioms.

b. The stirring rate has a very large influence on
the observed dissolution rates (this is not typical
of chemiecal processes).

¢. The dissolution rate is nearly inversely proportional
to the viscosity of the solution.

d. The rates observed with different acids follow, in
general, the diffusion coefficients of the acids rather
than their acid strengths.
e. The temperature coefficient is usually between 1.1 and
and 1.5 per 10° rise, while chemical reactions seldom have
temperature coefficients below 2.
The electrode potentia17 of magnesium becomes more anodic with increas-

ing acid concentration up to a maximum of -1.6 to -1.7 V on the hydrogen

6A discrepancy in the case of chloracetic acid, quoted against the
diffusion theory by James (22), was shown by Coates (23) to be due to side
reactions.

7According to the convention adopted by The Electrochemical Society
and National Bureau of Standards, a positlve potential refers to a noble
or cathodic potential, whereas a negative potential applies to an active

or gﬁiﬁz&#@ potential (29).
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scale (23, 24, 25). At higher concentrations it remains fairly constant
in the case of strong acids, while in weak acids the trend is reversed,
and the potential becomes more cathodic, Agitation of the solution shifts
the potential to a value corresponding to a higher acid concentration

(2L, 26, 27).

Gatty and Spooner (2) considered that the surface of the metal is
covered with a "hydride i‘ilm"8 and that this film is the site of hydrogen
discharge, while the emission of metel ions into solution takes place
through Ypores" in this film, "Under these conditions self-polarization
will be almost entirely anodic and the electrode potential determined
by the potential of the hydride film whieh, for given system conditions,
will be negative to the reversible hydrogen electrode in that solution
by an overvoltage corresponding to the cathodic current density", (Ref. 2,
pe U25). Coates (23) has pointed out that an overvoltage of 1.65 V,
corresponding to the measured potentials of magnesium in acid solutions,
is O.k V greater than has been observed for any other metal, This
discrepancy is removed, however, when concentration polarization, which
is a necessary consequence of the diffusion control theory, is taken into
account, Coates considered that the hydrogen ions in the immediate
vicinity & the surface of the metal will be depleted to the point where a
transitory formation of magnesium hydroxide may take place9. When the
corresponding concentration polarization is subtracted from the observed
potential of about 1.65 V, the hydrogen overpotential appears to be of the

order of 1 V, which is quite reasonable and comparable with that of other

Byore accurately interpreted as a layer of adsorbed hydrogen atoms (23).

PMg(CH), is precipitated at a pH of 10.5 (28).
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non-catalytically active metals,

Summarizing, the dissolution of magnesium in acids appears to be
a diffusion controlled reaction. The electrode potential is determined
by the potential of the cathodic areas, and is probably the sum of the
hydrogen overvoltage corresponding to the cathodic current density and
a concentration polarization term corresponding to the decrease in
hydrogen ion concentration in the vicinity of the surface of the metal.
No explanation has been given for the variations in electrode potential

with acid concentration,

D. The Corrosion of Magnesium in Alkaline Solutions.

Magnesium and its alloys exhibit good resistance to attack by
alkalies at normal temperatures. At temperatures above 60°C the

attack becomes appreciable (3).

III. DESCRIFTION OF EXPERTMENTAL WORK.

A. Introduction.

Previous investigators studying the dissolution of magnesium in
hydrochloric acid have concluded that the dissolution rate is controlled
by diffusion and that impurities have no appreciable influence on the
dissolution rate. Most of these investigators have regarded the
dissolution process as a chemical rate process without taking the
electrochemical aspect into consideration. For this reason data on
electrode potentials and external polarization are scarce and incon-

clusive, MNost of the earlier studies have been made in acids of low
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concentrations (below 0.1 N) and the observed rates have been reported

in terms of a rate constant k, computed by means of the equation

i log__g

=2,
A (1)
where V is the volume of acid, A the exposed surface area, t the time,
and c,, and ¢ the concentration before and after the run,

Equation 1 is derived by integration of the rate equation for a first

order chemical reaction

H=ko (2)
Where dn/dt is the dissolution rate in an acid of concentration c.
The rates computed by means of Eguation 1 thus represent mean dissolu-
tion rates for rather wide ranges of acld concentration.

In the present investigation the dissolution rate of high purity
magnesium in hydrochloric acid has been studied by measuring disselution
rates and electrode potentials as functions of the acid concentration,
the temperature, and the rate of agitation, By using a large volume
of acid the changes in concentration during each run were kept at a
mininmum, The effect of agitation was studied by using cylindrical
specimens which were rotated about their own axes at different speeds.
This arrangement ensures repreoducible rates of agitation, whereas the
use of stationary specimens and agitation of the solution is strongly
affected by minor changes in the geometry of the system, With the results
of these experiments as a bagis for comparison the effects of different
alloy compositions and different additions tc the acid solution have been

studied, Finally, the effect of external polarization on the dissolution
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rate has been measured.

B. Experimental Details.

l. Materials. The compositions of the magnesium alloys used in

this study, as debtermined by spectroscopic analysis, are given in
Table I. The beryllium-settled metal is commercial magnesium ('cell
magnesium®) which has been purified by beryllium settling, This alloy
has been used for most of the dissclution experiments and, unless
otherwise specified, the results given in subsequent sections, have
been obtained with specimens of this composition. The distilled
magnesium is of the highest purity currently available.

The test specimens were in the form of cylindrical bars of 11 mm
diameter which were machined from extruded bars. The bars were covered
with a plastic coatinglo, leaving 3 to 4 cm (corresponding to 10 to 15
sq.cm.) of the cylindrical surface exposed to the acid.

The specimens of the J=-1 alloy were heated at 410°C for 2 hours
and gquenched in water in order to put the aluminum and the zinc into
solid solution, The manganese remained as a separate phase, The other
alloys were used in the as~extruded condition, except for one batch of

specimens of the beryllium-settled magnesium which was heated at 61000

1ODEKADHESE, a laboratory cement made by Technical Specialties Co.,

Malden, Mass., under license from Decker Laboratories, Inc. This material
dries rapidly to form a tough, impermeable coating which is very resistant
to strong acids and alkalies. The coating adheres well without peeling at
edges, provided the magnesium bage is properly cleaned before application.

The coating shows no change in weight during dissolution tests and drying
operations, and does not have to be removed for weighing (30).
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for 15 hours and quenched in water. Aside from ensuring a homogeneous
solid solution, this treatment resulted in considerable grain growth,
to an average grain diameter of about 1 mm,

The concentration of hydrochloric acid was controlled by titration
with standard sodium hydroxide using phenolpthalein as an indicator.
The hydrochloric acid used was C.P. grade reagentll s with a content of
heavy metals (as Pb) of 0.00005%. The iron content was 0.00001%.

2. Experimental Arrangement, The specimens were rotated by a

synchronous motor with adjustable gesrs; an arrangement which ensures
constant and reproducible rates of agitation. By mounting the motor
with the specimen holder in a sliding fixture and suspending it by a
counterweight arrangement, the rotating specimen could easily be
immersed in or lifted out of the acid bath, The volume of acid used

in each run was four liters in order to minimize the changes in acid
concentration ag dissolution proceeds. This large volume of acid has
the additional advantage of reducing the unavoldable temperature increase
during runs at the higher acid concentrations, The beakers with the
acid were immersed in a thermo-regulated bath with provisions for heating
and cooling, A mercurial thermo-regulator in connection with a Fisher—
Serfass electronic relay maintained the temperature constant within

i 0.05°C,

Electrical contact to the specimen for potential measurements and
for external polarization was made by means of a mercury contact, The
electrode potentials were measured against a O.IN calomel cell using a
salt bridge of saturated potassium chloride in order to minimize the

liguid-junction potentiale The potential readings were made with a

11
Supplied by Je. T. Baker Chemical Co., Phillipsburg, New Jersey
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Leeds and Northrup type K potentiometer, using the higher range which
permitted reading of the potentials with an accuracy of 0.1 mV,

In the experiments with external polarization an EMF from a d.c.
generator was applied to the dissolving specimen, using a platinum
wire as an auxiliary electrode. The platinum wire was bent te form a
circle of 15 cm diameter and mounted inside the beaker with the
exposed surface areca of the specimen in its center. This arrangement
ensures a reasonably uniform current density on the exposed surface.
The current was adjusted by a variable resistance in series with the
current, and its magnitude was measured with a Weston multi-range
amperemeter.

3+ Experimental Procedure. Before being used in the dissolution

experiments the specimens were cleaned by immersion in 5% hydrochloric
acid and immediately flushed by a jet of distilled water from a wash-
bottle. They were then dried in an electric oven at 110°C and cooled

in a desiccator before weighing., This pre~treatment preduces perfectly
clean, mirror-bright surfaces, and when the specimens were immersed in
the acids there was no delay in the evolution of hydrogen. With specimens
that had been exposed to the atmosphere for any considerable length of
time the evolution of hydrogen was markedly delayed, particularly in the
weaker acids, and a non-uniform attack developed.

The time of immersion varied from 15 to 20 minutes at the lowest
acid coneentrations down to 1.5 or 1 minute at concentrations above 1N,
The short immersion times were used in order tc keep the changes in
acid concentration during the runs at a minimum. At the higher acid
concentrations the decrease in diameter as dissolution proceeds, as well

as the temperature increase of the solution, also becomes appreciable.
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At the end of a run the specimen was pulled from the solution and
immediately flushed with a jet of distilled water from the wash-bottle
while it still was rotating. Following drying and weighing the area of
exposed surface was carefully measured and, finally, the dissolution
rate in mg per sq. cm per min, was evaluated, GCorrections were made for
the decrease in diameter which decreases the area, and for the temperature
increase due to the heat of reaction which increases the rate of dissolu~
tion. These corrections become appreciable at the higher acid concentra-
tions. The acid concentration was recorded as the mean of the initial
and final concentrations. The decrease in acid concentration during the
runs was generally below L%.

The electrode potential measurements were partly made in combination
with the determinations of dissolution rates, and partly in separate runs.
In the latter case the specimens were immersed in the acid immediately
after cleaning in 5% hydrochloric acid and flushing with distilled
water.,

The experiments with external polarization were made in 0.O45N
acid, The duratior of the runs was decreased from 10 to 3 minutes as
the current density increased. In the experiments with anodic polariza=-
tion the dissolution rate due to local action was found by subtracting
the dissolution rate due to the external polarizing current (calculated
by means of Faraday's law) from the total dissolution rate which was given
by the observed weight loss.

An attempt to measure the variations in electrode potential with
the polarizing current was unsuccessful because the large potential drop
in the solution due to the ohmic resistance overshadowed any changes that

might occur in the electrcde potential.
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L. Iimits of Error. Due to the large number of veriables that

affect the dissolution rate (acid concentration, temperature, rate of
agitation, time of exposure, weighing, and measurement of the exposed
area) an estimation of the experimental accuracy from the accuracy of
the individual variables is hardly justified, However, from three

representative groups of datal2

the standard deviation from the mean
is found to be £ 2.7%, with a maximum deviation of ®LZ.

At rates of agitation below 947 r.p.m. the scatter in the observed
rates of dissolution is *10% due to anomalies in the dissolution process
within this range. With no agitation the reproducibility is normal.

The electrode potentials, which were measured to the nearest
millivolt, are generally reproducible within *10mV. At rates of
agitation below 947 r.pem, (including no agitation) the reproducibility
is poor in acids of concentrations less than 0.1 N, At higher rates of
agitation the reproducibility is normal.,

In the experiments with external polarization the scatter in the

data is somewhat higher than normal on account of the difficulties in

maintaining accurate control of the polarizing current.

C « Results.

1. Dissolution Rates., Preliminary experiments have shown that

the dissolution rate of magnesium in hydrochloric acid is constant with

12Using the values of the rate constant k for 136L, 2880, and
6400 r.p.m. from Table IT for the lower concentration range where k is
constant. The values for k for the two lowest acid concentrations at
1364 r.p.m. were omitted since the total weight losses in these two
determinations were only 8.5 and 13.5 mg respectively.
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time, unless changes in acid concentration, temperature, and area of
the exposed surface become significant., Additions of magnesium
chloride do not affect the dissolution rate appreciably.

Table II and Fig. 1 show the dissolution rates of high purity
(beryllium-settled) magnesium in hydrochloric acid of concentrations
ranging from 0.001 to 1,5 N at 25°C. The measurements have been made
at rates of agitation ranging from O to 6400 revolutions per minute
(r.p.m.), corresponding to a peripheral speed of 0 to 22100 cm. per
minute. At the lower acid concentrations the dissolution rates appear
to be directly proportional to the acid concentration, corresponding to
a slope of 1 of the dissolution rate -~ concentrstion curves on logarith-
mic coordinates (Fig. 1l). With no agitation the increase is more rapid,
or rather, the dissolution rate decreases more rapidly with decreasing
acid concentration. Coates (23) attributed this to the formation of
obstructive films, as indicated by the dull and slightly pitted appearance
of the specimens that had been exposed to the most dilute acidse.

At the higher acid concentraticns the slopes become steeper. The
concentrations at which the breaks in the curves occur increase with
increasing rates of agitation, whereas the break becomes less sharp as
the rate of agitation increases, As a result the curves converge; i.e.,
the effect of agitation on the dissclution rate decreases with increasing
acid concentration. Thus, in l.h N acid a stirring rate of 2880 r.p.m., has
practically no effect on the dissolution rate.

The first runs at 380 r.p.m. gave dissolution rates that were about
15% lower than those of later runs. The reproducibility of the early runs

was considerably less than for the later runs. The reason for this in-
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consistency seems to be an instability in the dissolution process in
this range of stirring rates,

Table II also gives values of the rate constant k, as defined by
Equation 1 (p. 11)13. In Fig. 2 the rate constants for various rates
of agitation are plotted against the corresponding dissolution rates.

In Table III and Fig. LI are given the dissolution rates obtained
with specimens of beryllium-settled magnesium which had been heated at
610°C and quenched in water (broken lines). Fig. L shows that while
this heat treatment has no effect on the dissolution rate at the lower
acid concentrations, there is an appreciable decrease in dissolution
rate at the highest concentrations.

The effect of agitation on the dissolution rate is given in
Tables IV and V, and in Fig. 5, for rates of agitation up to 8030 r.p.mn.,
corresponding to a peripheral speed of 27800 cm./min. The rate constants
apply to the lower range of acid concentrations where the dissolution
rate is proportional to the concentration. The slope of 0.71 for the
straight line in Fig, 5 shows that the rate constant increases with
the rate of agitation to a power of 0.7l for speeds of rotation above
about 1000 r.p.m.

2, Effect of Temperature. 1In Table VI and Fig. 6 is shown the

effect of temperature on the dissolution rate at 947 r.p.m. A temperature

. 0 . . .
increase of 10 C appears to increase the dissolution rate

35me values of k are calculated by means of Equation 2 (p. 11) in

the form 4 20,0822 (diss. rate in mg./sq.cm.min.)

(acid conc. in mols/liter)
The factor 0.0822 is introduced for conversion to the proper units (cm./min.).
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about 25% for concentrations up to 0.5N. In Table VII are given the
mean values of the rate constants for acid concentrations below 0.8N,
From these data the temperature coefficient per 10°C rise (Eéé) is
calculated to be 1,24, In Fig. 7 log k is plotted against tﬁg re-
eiprocal of the absolute temperature, wsing data from Table VII. From
the slope of the resulting straight line, the activation energy of the
dissolution process is found by means of Arrhenius! equation to be
1100 cal/mol.

3. Heating Effects During Dissolution. During the runs at the

higher acid concentrations there is an appreciable increass in temperature
on account of the large heat of dissolution, Since this heat is evolved
at the metal-solutien interface, the temperature of the dissolving
specimen will be higher than that of the solution. In order to measure
the temperature difference between specimen and solution, a thermometer
wag placed ingide the dissolving specimen through a hole drilled in from
the top, in such a way that the thermometer bulb was inside the exposed
surface area, The temperature difference was measured at no agitation
and with the specimen placed on the edge of the vortex formed in rapidly
stirred solutionslh. In 0,1 acid this intensity of stirring gave
dissolution rates about L times as high as in unstirred solutions, e.g.
about the same as if the specimen were rotated at a rate of 1000 r.p.m.
The results of these measurements are given in Table VIIIL and Fig, 8.
The agitation is seen to reduce the temperature difference between the
specimen and the solution., Thus the larger evolution of heat on account
of the higher dissolution rate is more than offset by the more rapid heat

transfer,

lhThe specimen with the thermometer inside could not be rotated with
the available equipment.
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. Electrode Potentials, Fige. 1l shows the electrode potentials

of beryllium~-settled magnesium in hydrochloric acid at different rates

of agitation. The potentials are plotted against the corresponding

rates of dissolution rather than against the acid concentration., By

this method of plotting the potentials for rates of agitation above

1000 r.p.m. appear to fall on the seme line, within the limits of
reproducibility. At the higher acid concentrations the potentials

rapldly reach steady values which do not change appreciably with time.

bt the lower dissolution rates a longer time is needed, with the potentials
drifting in a cathodic direction until steady values are reached,

With no agitation, and at 947 r.p.m., the potential curves show a
rather surprising discontinuity. At dissclution rates below 0.1 mg./sq.
cm,min. the potentials drift slowly in a cathedic direction. At some-—
what higher dissolution rates this trend is reversed after a few
minutes, and the potentials gradually become more anodic until steady
states are approached,

The effect of temperature on the electrode potentials at 947 r.p.m.
is shown in Fig. 12, These measurements are to some extent rendered
undertain by the above-mentioned anomalies in the potential curve at
9L7 repem. Eowever, at the lower rates of dissolution a temperature
increase of 10°C appears to shift the potential about 0.05 V in a
cathodic direction. At the higher dissolution rates, where the potentials
level off to a constant value, the temperature has no appreciable in-
fluence on the potentials,

5. Effect of Alloy Composition., In Tables X and XI, and in Figs.

9 and 13, are given the dissclution rates and electrode potentials of

different alloys in hydrochloric acid at 1364 r.p.m. Cell magnesium
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(with iron in excess of the tolerance limit) appears to have dissolution
rates similar to those of the purer beryllium-settled metal (Fig. 9).

A few tests with distilled magnesium also gave similar dissolution
rates.

Fig. 13 shows that the solution heat treatment of the beryllium-
settled magnesium shifts the potential at the lower dissolution rates
to more anodic valuese The greater amount of impurities in cell magnesium
appears to retard the approach of the potential towards a steady value as
the dissolution rate increases.,

The dissolution rates of the J~1 alloy (containing 6.2% Al and
0.27% Mn) correspond to those of pure magnesium at the highest acid
concentrations (Fig. 9). At acid concentrations around 0.3N a curious
bump appears in the rate curve, Specimens that have been immersed in
acids within this concentration range exhibit a considerable roughening
of the surface. Microscopic examination (Fig. 18) reveals that channels
have been etched in the surface along stringers of manganese inclu-
sionsls + At lower acid concentrations this surface roughness does not
appear, but a black coating which uniformly covers the surface is formed,
This effect of manganese on the dissolution rates is accompanied by a
marked effect on the electrode potentials, as shown by Fig. 13.

6. Effects of Additions to the Solution. Table IX and Fig. 10

show the dissolution rates of magnesium in solutions of hydrochloric

acid which contain 0.5 mols per liter of aluminum chloride. At the

15 The manganese inclusions were lined up as stringers in the extrusion
operation used in producing the bafs from which the specimens were machined.
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lower acid concentrations a white film of aluminum hydroxide was formed
on the specimens, This precipitate interfered with the weighing, and
reliable dissolution rates could not be obtained., At the higher acid
concentrations the precipitate did not form. Fig. 10 shows that the
break in the dissolution rate~concentration curve for pure acid does
not appear for solutions containing aluminum chloride, In acids con-
taining aluminum chloride the hydrogen bubbles were small even at the
highest acid concentrations, whereas in pure acids very large bubbles
were formed in the strongest acidse The effect of aluminum chloride

on the bubble size in 1.5N acid at 1364 r.p.m. is shown in Fig. 20.
From Fig. 1l it appears that the addition of aluminum chloride to the
acid shifts the electrode potential about 0.08 V in an anodic direction
over the whole range of dissolution rates.

When salts of iron, copper, or manganese are added to the weaker
acids, a dark precipitate is formed on the surface of the dissolving
specimens, This precipitate does not form at the higher acid concen=-
trations. Fige. 1l shows the effect on the potential of increasing
additions of ferric chloride. At the lower acid concentrations where
the precipitate forms, a marked change in the potential to more cathodic
values is observed. At the lowest acid concentrations the precipitate
exhibits the brown color typical of ferric hydroxide, With increasing
acld concentration the color changes to blackes At the higher concentra-
tions where the precipitate does not form, the addition of ferric chloride
has no effect on the electrode potential,

In Fig. 15 are shown the effects of additions of manganous chloride,

ferric chloride, and cupric chloride in changing the electrode potentials
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of magnesium in 0,1 N hydrochloric acid at 1364 r.p.m. to more cathodic
values., The magnitude of the effect increases markedly in the succession
Mnclz, FeCl., CuGlz. The amounts of precipitate formed on the specimens
increases in the same succession, Thus, practically no precipitate was

formed in an acid with 0,001 M MnCl,, whereas a corresponding amount of

2’
CuCl2 formed a heavy precipitate which continually flaked off. The forma-
tion of these precipitates makes it difficult to obtain reliable weight
loss determinations. However, the precipitates do not seem to have any
significant influence on the dissolution rates.

X-ray diffraction patterns of the precipitates formed in 0,1 N acids
containing cupric chloride and ferric chloride respectively showed that
they consist of metallic copper or iron which have been plated out by

cementation,

T« Effect of External Polarization. The effect of external polariza=

tion on the dissolution rate of magnesium in 0,045 N hydrochloric acid at
136L r.p.m, is shown in Tables XII and XIII, and in Fig. 16. When the
specimen is made anodic, the observed dissolution rate is the sum of the
dissolution rate due to the external current and the dissolution rate due

to local action. In Fig., 16 the dissolution rate due to the anodic current
is indicated by a broken line., The dissolution rate in anodic polarization
is seen to approach this line as the current density is increased, indicating
that the dissolution rate due to local action is reduced, The effect of
anodic polarization in reducing the dissolution rate of a metal was first

described by Thiel (31, 32), who introduced the term "difference effect®
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for the phenomenonlé. The effect of cathodic polarization in reducing

the dissolution rate (cf. Fig. 16) is called "cathodic protection" (33).

In Fig, 17 the effect of external polarization in reducing the
dissolution rate due to local actlen is shown as a function of the current
density., The difference effect as well as cathodic protection are seen to
increase linearly with the current density up to a current density of
about 0,07 amp./sq.cm. In anodic polarization a dark precipitate appeared
on the specimens at this current density. This precipitate interfered
with the welghing, and reproducible values of the dissolution rate could
not be obtained at current densities above 0.l amp./sq.cm. The curve for
cathodic protection (Fig. 17) also shows a break at a current density of
about 0,07 amp./sq.cm. Specimens that have been subjected to a higher
current density exhibit a dull, slightly pitted appearance, apparently
on account of the formation of a surface film,

The broken line through the origin in Fig, 17 indicates what the
change in dissolution rate would be if it were equivalent to the polarizing
current density. A comparison of the slope of this line with the slopes
of the curves for the difference effect and cathodic protectlon show that
for current densities below about 0,07 amp./sq.cm. the difference effect
is equivalent to about 2/3 of the anodic current density while cathodic
protection is equivalent to about 1/3 of the cathodic current density.

8. Microscopic Examination of the Etched Surfaces. Microscopic

examination revealed the presence of dark spots on the surface of the

specimens of the beryllium-settled magnesium which had been dissolving

1éyhen the dissolution rate due to local action is increased as a
result of anodic polarigzation, as in the case of magnesium in neutral
solutions (cf. p. 6), the difference effect is said to be negative.
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in the weaker acids. As shown by Figs. 21 to 24, these spots decrease in
number and size as the acid concentration (or rather the dissolution rate)
inereases, until in 0.2 N acid there are only few left, The solution heat~
treated specimens exhibited a considerably smaller number of such spots,
as shown by comparison of Fig. 22 with Fig. 25. These spots appear to
be protrusions on the surface rather than pitse

At the higher acid concentrations the attack became non-uniform,
apparently because the rate of attack depends on the orientation of the
grains, This effect was very pronounced in the acids containing aluminum
chloride, as shown by Fig, 26, Figs. 27 and 28 show the appearance of
distilled magnesium after immersion in acids of two different concentra-
tionse In Fig. 29 is shown the precipitates formed by increasing additions
of ferric chloride to the acid.

Fig. 30 shows the precipitate which is formed at an anodic current
density of about 0,07 amp./sqe.cm. in 0,045 N acid. As the precipitate is

formed, the attack is seen to become non-uniform.

IV, DISCUSSION OF THE RESULTS.

A. Dissolution Rates,

l, General Theory. The classical theory for the dissolution of

solids in liquids was developed by Noyes and Whitney (3L), Nernst (35),
and Brunner (36)., They postulated that in such cases the rate of the
chemical reaction at the surface of the solid is very high compared to
the rate of diffusion of reactant to the surface through the reaction

products as they diffuse away.
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This theory is not as generally applicable to heterogeneous reactions
as was supposed by the originators. There are cases where the rate of the
surface reaction itself is lower than that of the diffusion process, and
thus determines the reaction rate (activation centrolled reactions), Also,
the rates of the diffusion process and the surface reaction may be comparable
in magnitude, and the observed rate will depend on both (37). Thus, when
metals dissolve, the dissolution process consists of several steps, each
of which may be the rate determining one.

Nernst (35) postulated that when a solid is in conbtact with a moving
liquid, a stationary layer of liquid will be present on the surface of
the metal, and that transport of reactant through this "diffusion layer®
can take place by diffusion only. The reaction rate g% is then given by

Pick's law,

&lg

= %& (co - C), (3)

where D is the diffusion coefficient, A the surface area, (¢, - ¢) the
concentration difference between the solution in the bulk and the solution
at the surface of the solid, and & the thickness of the diffusion layer,
The thickness § will depend on the velocity of liquid past the surface of
the solid, i,e., on the rate of agitation., Equation 3 is analogous to the

equation for the rate of a first order chemical reaction

%% = kA(cy = ¢) (W
where k is the rate constant. When ¢ is very small compared to ¢,, as when

magnesium dissolves in hydrochloric acid, Equation L becomes identical with

Equation 2, dn

E-—- ke (2)

where %% is the dissolution rate per unit area. Combination of Equations
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3 and L gives

k=212 (%)
i.e., the rate constant is inversely groportional to the thickness of the
diffusion layer,

Numerous investigators have reported evidence in favor of this
theoryl7. The rate constant has been found to vary with the rate of
agitation according to a power function

k = const. U® (6)
where U is the rate of agitation, and n a constant with values ranging
from 0.5 to 1, according to the type of apparatus and stirring used.

Attempts to evaluate the effect of agitatioh on the thickness of the
diffusion layer by hydrodynamical methods have been made by Eucken (38),
Levich (39, 4O), and Agar (41)., They have shown that the essential
feature of the Nernst theory is correct, namely that there exists a very
steep concentration gradient across a thin layer of solution contingent
to the surface of the solid. This layer is, however, not immobile, as
postulated by Nernst; it is rather in a laminar state of flow, i.e., the
velocity component normal to the surface is zero, while the tangential
component increases from zero with the distance from the surface according
to a parabolic relation, At low liquid velocitlies, and in the absence of
conditions that may cause turbulence, the state of flow will be laminar

throughout the liquid, This condition is hardly ever realized in the

case of diffusion controlled reactions, since convection currents due to

17Reviews of the voluminous literature on the subject are given by
Taylor (42) and Levich (39).
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gradients in temperature and gravity will always be present. Wagner (43, L)
found a correlstion between the dissolution rate of sodium chleride in
water and the convection currents set up by the concentrated solution near
the surface of the salt crystals. If gas bubbles are evolved during the
reaction, they will be particularly effective in setting up convection
currents.

As the liquid velocity increases, the flow in the main stream becomes
turbulent, while a layer of liquid in contact with the surface remains in
an essentially laminar condition (Prandtl's boundary layer). Turbulence
sets in when the Reynold's number reaches a critical value, Reynold's
number (Re) is a dimensionless quantity defined as

= UL
e T& (N

where 1 is a linear dimension characteristic of the surface, h the
viscosity, and Q the density of the liquid, The critical Reynold's
number at which turbulence appears depends on the geometry of the flow
system, For flow in straight channels values of about 2000 are found.

At very high Reynold's numbers, of the order;m/los, the flow within
the boundary layer becomes turbulent, and laminar motion is restricted
to a "viscous (laminar) sub-layer" in contact with the surface (39)., With
perturbed flow and rough surfaces the transition from laminar to viscous
flow in the boundary layer may take place at Reynold's numbers considerably
lower than 105.

Inside the boundary layer there is a small amount of turbulence which
increases with the distance from the surface of the solide At a certain
distance, which corresponds to the thickness of the Nernst diffusion

layer, the transport of reagent by diffusion and by convection are equal



page -29~

in magnitude., Inside the diffusion layer the reagent is transported
essentially by diffusion along a very steep concentration gradient;
outside it diffusion is negligible in comparison with convection, and

the concentration is essentially constant.
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Change in concentration with
distance from the surface (Levich (39)).

Levich (39) has pointed out that the diffusion layer is several
times thinner than the laminar boundary layer due tc the smallness of
the diffusion coefficient in aqueous solutions, The thermal boundary
layer, however, is about equal in thickness to the laminar boundary
layer., For this reason, the use of anaiogies between the related

processes of diffusion and heat transfer is somewhat restricted,
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Levich (39) has calculated the thickness of the diffusion layer for
a flat plate in a moving liguid and for a rotating disc in a stagnant
liquid for laminar boundary layer conditions, He found in both cases
that the thickness of the diffusion layer was inversely proportional to
the square root of Reynold's number (i.e., the exponent n in Equation 6
was equal to 0.5), in good agreement with experiment, For the case of a
rotating cylinder, the difficulties in solving the equations of flow
appear almost insurmountable, No solutions have been found for turbulent
conditions in the boundary layer, Levich considers, however, that values
of the exponent n in the range of 0,5 to 1, are to be expected.

Due to a certain amcunt of drag within the turbulent region of flow,
the velocity of liquid past the surface of the solid will be less at the
outside of the boundary layer than it is in the main stream., In the case
of a rotating cylinder, this means that the difference in velocity between
the surface of the cylinder and the turbulent region of flow is less than
the peripheral velocity of the cylinder. The magnitude of this difference
in velocity (often referred to as "swirl") depends on the geometry of the
system. By introducing baffles it can be reduced practically to zero.
Although no studies have been made on the effect of baffling on the
exponent n in Equation 6, other work on agitation suggests that n increases
with the degree of baffling until it is unity at fully baffled conditionsle.
Thus, it seems possible that the exponent n in Equation 6 is a measure of

the degree of “swirl", and that the difference in velocity (U') between

18Dr. D, F. Mack, Lehigh University, Department of Chemistry, (private

communication).
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the surface of the solid and the solution at the outside of the boundary
layer is given by the relation .

Ut ~ const, U% (8)
where U is the rate of agitation,

2, The Dissolution Rate of Magnesium in Hydrochloric Acid. The

results of the dissolution rate measurements are in general agreement with
data reported in the literature and with the theory of diffusion controlled
dissolution reactiocns. Thus, the determined activation energy of L4100
cal/mol agrees with the value of 4110 cal/mol determined by Coates (23).
For the lower acid concentrations the dissolution rate increases with the
rate of agitation to a power of 0.7l. King and Braverman (15) reported
that the dissolution rate increases linearly with the rate of agitation
for peripheral speeds above 5000 cm./min, When their data are plotted on
logarithmic coordinates, however, a stralght line with a slope of about
0,77 is obtained, These values are in agreement with previous determina-
tions of the effect of agitation on the rate of diffusion controlled re-~
actions, which have given values of the exponent ranging from 0,5 to 1
depending on the experimental arrangement (39).

Alloying elements and impurities in the metal, as well as additions
of metal salts to the solution, seem to affect the dissolution rate only
insofar as they interfere with the rate of acid transfer to the metal by
diffusion and convection. Thus, the bump in the dissolution rate - concen-—
tration curve for the J-1 alloy (Fig. 9) at acid concentrations around
0.3 N is explained by the accompanying roughening of the surface of the

specimen (of, Fig, 18). Increasing surface roughness is known to increase
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the turbulence within the laminar boundary layer, with a consequent
increase in the rate of acid tramsfer by convection,

The effect on the dissolution rate of the precipitates of iron,
copper, and manganese which are formed in the more dilute acids could
not be determined accurately because of their interference with the
weight loss determinations, However, heavy precipitates of iron seemed
to increase the dissolution rate slightly, probably on account of an
increase in the surface roughness. Since aluminum hydroxide is pre-~
cipitated at a pH of about L.1 (28) it was expected that additions of
gluminum ions to the acid might lead to the precipitation of aluminum
hydroxide within the diffusion layer. Such a precipitation was found to
take place in the more dilute acids (below 0.1 N) containing 0.5 mol/liter
of aluminum chloride, In the more concentrated acids no visible precipitate
was formed, Fig. 10 shows that the break in the dissolution rate =
concentration curve which appears with pure acids does not appear with
acids containing 0.5 mol/liter of aluminum chloride. For reasons to be
discussed later, this is taken as an indication that precipitation of
aluminum chloride within the diffusion layer takes place even at acid
concentrations above 0.1 N, A further indication of this is given by
the decrease in dissolution rate (resp. rate constant) of about 10% which
is caused by the addition of aluminum chloride (Fig. 10 and Table IX),
This may be partly due to an increase in the viscosity which decreases the
diffusion coefficient of the acid (no literature data available). However,
a comparison of Figs. 9 and 10 shows that a similar lowering of the

dissolution rate is observed with the J-1 alloy (which contains 6.,2%
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aluminum) in pure acid at concentrations around 0.1 N where the conditions
are comparable., This is taken as an indication that the decrease in
dissolution rate is due to the shielding effect of an aluminum hydroxide
gel which is precipitated close to the surface of the metal,

3. The Stirring Effect of the Hydrogen Bubbles. The breaks in the

dissolution rate - concentration curves (Fig, 1) at the higher acid con-
centrations have not been reported in the literature. Coates (23)
determined the curve for no agitation for acid concentrations up to 0.5 N,
and attributed the increase in slope at concentrations approaching 0.5 N
to heating effects. Although the local temperature increase, which
becomes appreciable in this concentration range (ef. Fig. 8), has an effect
in increasing the dissolution rate, it cannot alone account for the breaks
in the dissolution rate - concentration curves, Thus, at 947 r.p.n., in
0,5 N acid the dissolution rate is 1.8 times higher than it would be if
the break did not occur. If local heating alone were the cause, this
increase in dissolution rate would require a temperature increase of more
than 25°C. However, the actual temperature difference between the
specimen and the solution is only about 3.5°C. At lower rates of agita-
tion this discrepancy becomes even larger.

At the higher acid concentrations the hydrogen evolution becomes
vigorous, and it seems probable that the breaks in the dissolution rate -
concentration curves (Fig. 1) are caused by the stirring action of the
hydrogen bubbles., This explanation is consistent with the observation
that the effect of external agitation becomes less as the dissolution rate
(and with it the rate of hydrogen evolution) increases. The stirring

efficiency of the hydrogen bubbles can best be evaluated from Fig. 2 where
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the rate constant is plotted against the rate of dissolution, At a given
temperature the rate constant is a measure of the effective rate of agita-
tion, while the dissolution rate is a measure of the rate of hydrogen
evolution. Hence, Fig. 2 is in effect a plot of the total stirring
efficiency against the rate of gas evolution at different levels of ex~
ternal agitation.

From Fig., 2 it appears that the dissolution rate at which the stirring
action of the gas bubbles becomes significant increases with increasing
speed of rotation, as indicated by the troken line which has a slope of
0.5. When the dissolution rates corresponding to the intercepts of this
line with the curves in Fig. 2 is plotted against the corresponding speeds
of rotation on logarithmic coordinates (Fig. 3), a straight line with a
slope of 1,40 is obtained. Accordingly, the dissolution rate at which
the stirring action of the gas bubbles becomes significant increases with
the speed of rotation to a power of 1.40. Figs. 2 and 3 show that as the
rate of agitation is increased, the stirring action of the gas bubbles is
suppressed up to quite appreciable rates of hydrogen evolution. This ex—
plains why previous investigators who used dilute acids did not find any
stirring effect due to the gas bubbles (36).

For dissolution rates above 1 mg/sq.cm.min. the curve for no stirring
in Fig. 2 appears to be a straight line with a slope of 0,59, Accordingly,
the rate constant increases with the rate of hydrogen eveclution (V) accord=-
ing to a power funection

k = const. VO'59. (%)

This increase in the rate constant with the dissolution rate is accompanied
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by an appreciable increase in temperature at the solution - metal
interface (cf, Fig. 8). An accurate correction for this temperature
increase cannot be made since the temperature distribution in the solu-
tion close to the surface of the metal is not known. However, an estimate
based on data from Tables VII and VIII indicates that such a correction
would reduce the exponent in Equation 9 to a value approaching 0.5,
Accordingly, the stirring action of the gas bubbles is approximately
proportional to the square root of the rate of gas evolution, This re-
lationship does not hold at low rates of gas evolution, The curve for

no agitation in Fig., 2 indicates that as the dissolution rate increases,
the stirriong action of the gas bubbles becomes increasingly important as
compared to the stirring due to thermal and gravitational convection
currents which predominate at the lowest dissolution rates, At dissolu-
tion rates above 1 mg/sq.cm.min. (corresponding to aboubt 1 ml H2/sq.cm.min.)
the stirring action of the gas bubbles predominates.

The square root relationship between the stirring effect of the gas
bubbles and the rate of gas evolution is in formal agreement with the
inverse square root relationship between the rate of agltation and the
thickness of the diffusion layer which was derived by Levich (ef. p. 30)
for special conditions of flow, This correlation is, however, hardly more
than a coincidence, on account of the differences in type of stirring in
the two cases. The calculations of Levich are valid for special cases of
liquid flow past the surface of the metal, where an increase in velocity
results in a decrease in thickness of the diffusion layer, On the other
hand, Equation 9 applies to a condition where the stirring action is due

to gas bubbles which continuously break away from the surface of the metal.
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Since the space vacated by them at the solution - metal interface will
be filled by acid flowing in from the outside, the stirring action of
the gas bubbles will be one of suppiying acid to the surface of the
metal by creating convective currents rather than by reducing the thick-
ness of a laminar diffusion layerl9.

When external stirring is applied, a laminar boundary layer will be
formed. Because of the high rate of shear within this layer, it seems
probable that the hydrogen bubbles will be detached from the magnesium
surface while their diameter is small compared to the thickness of the
diffusion layer, Such small bubbles may traverse the boundary layer
without causing any appreciable degree of turbulence, until the rate of
gas evolution reaches a certain limiting value, This explanation is in
reasonable accord with the curves in Fig, 2, Thus, at 6400 r.p.n. a
rate of hydrogen evolution of 10 ml/sq.cm.min. (corresponding to about
10 mg/sq.cmemin.) has no effect on the rate constant. The limiting
value of gas evolution at which the stirring action of the gas bubbles
becomes significant would, according to the explanation given above, be
expected to depend on the rate of shear in the solution at the surface of

the metal, An approximate measure of this shearing rate is given by the

relation

QX const, U 10
5 ; (10)

1900ates (23) attributed the increase in rate constant at no external
stirring within the range of acid concentrations from 0,04 to 0.2 N to the
stirring action of the hydrogen bubbles, His calculations showed that the
stirring action of the gas bubbles increased with the rate of gas evolutim
to a power of about 0.3, This result is in agreement with hydrodynamical
calculations by Eucken (38) according to which the thickness of the
diffusion layer varies inversely as the one-third power of the stirring
rate. However, Levich (39) has later shown that BEucken's calculations
were in error due to incorrect assumptions.
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Combination with Equations 5, 6, and 8 gives

n
%xz'v const., ‘g—-'n = const. 7 (11)

Introducing the experimental value 0.7l for the exponent n, we obtain

g% N~ const, Ul'hz

(12)
The dissolution rate at which the stirring action of the hydrogen bubbles
becomes significant was found to increase with the rate of agitation to a
power of 1.4 (ef. p. 34). The agreement between this exponent and the
exponent in Equation 12 suggests thalt the efficiency of the external
stirring in suppressing the stirring action of the gas bubbles is pro-
portional to the rate of shear in the solution contiguous to the surface
of the metal,

The break in the dissolution rate - concentration curve for 1364 rep.m.
did not appear when 0.5 mol/liter of aluminum chloride was added to the
acid (Fig. 10)20. In pure acids very large hydrogen bubbles were formed
at the higher acid concentrations (Fig. 19). In acids containing aluminum
chloride, however, the hydrogen bubbles were small even at the highest
acid concentrations, (Fig. 20). It seems probable that the bubble growth
in acids containing aluminum chloride is restricted by an aluninum hydroxide
gel which is precipitated within the diffusion layer in the low pH region
at the surface of the metal, Thus the hydrogen bubbles will, even at the
highest dissolution rates, be detached from the surface before they can

coalesce to form bubbles which are sufficiently large to disrupt the laminar

flow in the diffusion layer.

20The small increase in rate constant at the highest acid concentra-
tions (Table IX) is probably due to the increase in temperature.
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At acid concentrations of about 1.5 N, the increase in the
dissolution rate with the acid concentration at no stirring (and to a
smaller extent at 136l r.p.m.) becomes less than at the lower acid
concentrations (Fig. 1). This phenomenon is evidently due to the
violent evolution of hydrogen (more than 60 ml/sq.cm.min.) which reduces
the dissolution rate by preventing the acid from coming in contact with
the metal, Agitation reduces this effect by removing the gas more rapid-
ly. From Fig. L it is seen that the solution heat~treated specimens (of
beryllium-settled magnesium) dissolve slower than the as-extruded speci-
mens in the more concentrated acids, At these high concentrations the
attack on the magnesium is non-uniform, apparently beeause the rate of
attack depends on the grain orientation, Since the solution heat=-
treatment resulted in considerable grain growth, the resulting differences
in surface roughness between the solution heat~treated specimens and the
ag-extruded ones will change the conditions for bubble formation as well
as the efficiency of the hydrogen gas in reducing the contact area
between the acid and the metal. These circumstances may account for the
reduction in dissolution rate caused by the solution heat-treatment.

The poor reproducibility at 360 r.p.m. is probably due to an in-
stability in the dissolution process. At such low rates of agitation the
laminar flow in the boundary layer will be rather unstable, and the ability
of the hydrogen bubbles in disrupting it may be appreciably influenced by
minor differences in experimental conditions between different runs, such

as the small amount of excentricity in mounting the specimen, etc.
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B, Electrode Potentials,

l. The Electrochemical Nature of Metallic Corrosion. In 1830

de la Rive (L5) observed that the dissolution rate of such metals as zinc,
aluminum, cadmium, and iron, as measured by the rate of hydrogen evolu-
tion, is much greater when the metals contain small amounts of impurities
than when they are relatively pure. De la Rive attributed this increase

in the dissolution rate to the action of a current set up in "local cells"
consisting of an anodic matrix and cathodic impurities, This theory of
local-cell action was neglected until Ericson-Auren in 1901, at the sugges~
tion of Palmaer (L6), studied the controlling factors operative during the
dissolution of zinec in dilute acids, taking into consideration the newer
theories of solution pressure (Nernst), electrolytic dissociation
(Arrhenius), and overpotential (Caspari). At about the same time Whitney
(L7), Cushman (48), and Heyn and Bauer (49) also proposed an electrochemical
mechanism for the dissolution and corrosion of metals. Since this time the
electrochemical theory of corrosion has been developed through the work of
numerous investigators until it, at the present time, is generally accepted.

a. The Electrode Potential., When a metal is immersed in an

electrolytic solution, a potential difference is found to exist between
the metal and the solution, This potential difference, the electrode
potential, is established by electrochemical reactions which take place at
the metal - solution interface., If a metal electrode is in thermodynamic
equilibrium with a solution of its own ions, the electrode reaction, which
proceeds with equal velocities in both directions, is

Me(S) -no : Me(l)n* (13)
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The electrode potential (E) is given in Nernst's equation

= »0 . RT
E=E°+ & In agne (1)
where E0 is the standard electrode potential which is measured when the
activity LR of the metal ions is unity21.
In general, if the elecirode reaction is

A+ne == B, (153)

the reversible electrode potential is given by

E=E°-§F_‘I_'1n;;“§ (16)

be. Polarization. When a galvanic current is passed through a

reversible electrode, the electrode potential may be shifted in a positive
or negative direction depending on whether the electrode is the anode or
the cathode in the galvanic couple. This change in electrode potential
from its reversible value which is caused by the flow of a polarizing
current is called polarization, The measured polarization comprises three
different terms, viz., (1) activation overvoltage, (2) concentration
polarization, and (3) resistance polarization,

The activation overvoltage is the difference between the potential
drop across the metal - solution interface of the polarized electrode and

the corresponding reversible potential difference. In a number of cases,

leince no way has been found to measure the potential of single
electrodes, electrode potentials are given with reference to that of a
standard electrode, usually that of the hydrogen electrode, whose standard
potential by definition is zero., In the present report the electrode
potentials are given with reference to that of the O.1 N calomel electrode,
which is positive to standard hydrogen electrode by an EMF of 0.3338 V (50).
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notably in the case of hydrogen discharge, the activation overvoltage
(N ) is given by Tafel's equation

h =a+bloglI (17
where a and b are constants, and I the polarizing current density.

Due to the electrochemical reactions which takes place at a polarized
electrode, differences in concentration will be established in the solu-
tion, Thus, if the electrode reaction is the discharge of hydrogen ions,
the solution at the surface of the electrode will be depleted of hydrogen
ions and, as a result, a potential difference which enters into the
measured overvoltage is established between the surface of the electrode
and the solution in the bulk, The magnitude of this potential difference,
the concentration polarization (P,), is given by Nernst's equation

P_ = RT 8y
¢ 7 In =zh (18)

where a; and 2, are the hydrogen ion activities in the bulk of the
solution and at the electrode surface respectively.

The flow of a current through the solution also gives rise to an
ohmic potential drop between the solution at the electrode surface and
the solution at the tip of the salt bridge to the reference electrode.
This resistance overpotential (often referred to as the "IR-drop") can
be reduced by bringing the tip of the salt bridge close to the surface of
the electrode??,

c. The Electrode Potential of a Corroding Metals, If the

reversible electrode potential of a metal which is immersed in an electro-

22This may, however, change the polarizing conditions and give rise
to erroneous potential readings.
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lytic solution is negative to the red.-ox. potential of reducible ions or
molecules in the solution, the metal may corrode by electrochemical

action., Ions of the metal may then go into solution at anodic surface
areas, while an equivalent number of electrons are consumed in the cathodic
reduction process at cathodic surface areas, Thus, the metal electrode

is in effect an array of short-circuited local cells, where a galvanic
current equivalent to the dissolution rate flows from the cathodic areas
through the metal to the anodic areas and back through the electrolyte.

Due to the flow of current, the local anodes polarize to more noble
potentials, while the local cathodes polarize to more negative potentials,
as indicated in the diagram below. In this diagramEa and E, are the
reversible electrode potentials of the local anodes and cathodes respective-

1y, E, is the measured ("mixed") potential of the corroding metal, and

Em ______________

ELECTROOE POTENTIAL

- CATHODIC

g\‘.-----________..__-

CORROS/IONV CL/RRENT
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I0 is the corrosion current. The shape of the polarization curves depends
on the properties of the anodic and cathodic areas as well as on the
electrolyte.

Due to the heterogeneous nature of metallic surfaces, the polariza=-
tion characteristics of the anodic and cathodic reactions may vary greatly
between different areas on the surface of an electrode., Areas of low
hydrogen or oxygen overvoltage will become cathodic, as in the case of
low overvoltage impurities (iron, copper, etc.) in metals such as zinc
and aluminum which themselves have high hydrogen overvoltages, Similarly,
areas where the anodic polarizatlion is low will become anodic, In the
great majority of cases, the anodic polarization is largely governed by
films which cover the surface of the metal. For this reason anodic
dissolution is usually found to take place at surface areas where the
films are impaired, i.e., around inclusions, at grain boundaries, edges,
scratches, etc,

Under certain conditions the overvoltage relationships are such that
the cathodic and anodic reactions may proceed at the same surface areas,
This is the case when magnesium dissolves in hydrochloric acid, since the
electrode potential of magnesium is sufficiently negative to overcome the
overvoltage for hydrogen discharge on magnesium., Under these conditions
the anodic and cathodic reactions will not be confined to definite surface
areas, i.e., there are no local cells, However, Wagner and Traud (51)
have shown that the dissolution process even in such cases is eleciro-
chemical in nature. The different surface areas will alternately be
anodic and cathodic, and electrochemical principles will govern the
dissolution process as in the cases where the local anodes and cathodes

are fixed in a stationary pattern of local cells,
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2., The Electrode Potential of Magnesium in Hydrochloric Acid., As

shown in Fig. 11, the electrode potential of beryllium-setiled magnesium
in hydrochloric acid becomes more anodic as the dissolution rate increases
until, at a certain point, it levels off to a constant (or slightly
decreasing) value. The anomalous results obtained at no stirring and at
947 r.p.m. are apparently connected with the irregularities in the dissolu-
tion process at the lower rates of agitation. At the higher rates of
agitation, however, the potentials fall on the same line within the limits
of reproducibility.

The experiments with additions of ferric, cupric, and manganous
chlorides to the acid show that the ions of these metals are plated out
on the magnesium by cementation at the lower acid concentrations, and
that the formation of these precipitates is accompanied by a marked shift
in the electrode potential to more cathodic values (Figs. 1l and 15), A4s
shown by Figs. 21 to 24, a similar kind of precipitate appears on the
specimens of beryllium-settled magnesium in pure acids, The amount of
this precipitate decreases with increasing acid concentration until it
has practically disappeared at the acid concentration where the elesctrode
potential levels off to a constant value., These observations indicate
that the changes in elecitrode potential at the lower acid concentrations
are connected with a replating of impurities of heavy metals (iron, copper,
etc.) on the surface of the magnesium.

Gatty and Spooner (2) concluded that the surface of magnesium dissolve
ing in acids is covered by a cathodic '"hydride film“? while the anodic

areas are located at the bottom of "pores" in this film, Aeccording to
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their view, the anodes will be strongly polarized due to a high resistance
in these M"pores", and the electrode potential will be determined by the
potential of the cathodic area, Coates (23) has pointed out that, as a
necessary consequence of the theory of diffusion controlled reactions, the
hydrogen ion concentration at the surface of the metal will be reduced,
Based on measurements of critical current densities (52), he concluded that
the pH at the magnesium surface is raised to a point where a transitory
formation of magnesium hydroxide may take place, As a consequence of this
observation it seems necessary to assume that the magnesium surface is at
least partially covered by a film of magnesium hydroxide, and that the
cathodic hydrogen evolution takes place at surface areas where this film
is destroyed by acid diffusing in from the outside, Under these conditions,
the IR-drop in the solution will be small, and the electrode potential will
be given by the potential of the cathodic areas, which is negative to the
reversible hydrogen electrode in the solution under consideration by an
amount corresponding to the cathodic polarization (activation overvoltage
and concentration polarization). Hence

Bp = By =h - Po = Egqy, (19)
where Ey is the potential of the reversible hydrogen electrode and Eggaq
the potential of the 0.1 N calomel reference electrode. Introducing
Bquations 16 and 18 (EF = 0), we obtain

RT RT 2y

Introducing pH'= - log af , we obtain

By == EL%EZ pH' - R - Egy, (21)
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where pH! is the pH at the metal-solution interface. According to
Britton (28), magnesium hydroxyde is precipitated at a pH of about
10.5. Introducing this value of pH', and the value of 0,3338 V for
E

cal.? " obtain
L

E,==- N - 0.95 (22)

From Fig. 11 is seen that the electrode potential for dissclution rates
above 1 mg/sq.cm.min.23 levels fo to an approximately constant value of
~1,96 V. Inserted in Equation 22, this value of E, gives a value of

about 1 volt for the hydrogen overvoltage. This may mean that the cathodic
areas increase in proportién with the corrosion current with the result
that the cathodic current density, and hence the cathodic overvoltage,
stays constant, This is, however, not necessarily the case, since Hickling
and Salt (53) have shown that the hydrogen overvoltage of high overvoltage
metals such as mercury, cadmium, lead, etc., approach constant maximum
values at high current densities. Coates (23) measured the hydrogen
overvoltage of magnesium in 0.2 N sulphuric acid for current densities

up to 1.5 amp./sq.cm. using an electronic interrupter method in order to
eliminate the IR~drop and the concentration polarization. He found that
the overvoltage increased from about 1 V at a current density of 0.1

amp./sq.cm. (corresponding to the dissolution rate on open circuit) to a

23A dissolution rate of 1 mg/sq.cm.min. is according to Faraday's
law equivalent to a current density of 0.132 amp.sqo.cma It should be
noted that current densities calculated by this conversion represent
anodic as well as cathodic current densities per sg.cm. of electrode
surface. The true anodic and cathodic current densities cannot be
calculated unless the actual sizes of the anodic and cathodic areas are
known.
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constant value of about l.3 amp./sq.cm. at current densities above
1l amp.sq.cm. These values are, however, rather doubtful on account of
the interference of the surface films which form at high cathodic current
densities (cf. p. 24)., It seems more probable that the overvoltage of
about 1 V which is indicated by Equation 22 for dissolution rates above
1 mg/sq.cm.min, represents the hydrogen overvoltage of magnesium at the
current densities in consideration (above 0.15 amp./sqe.cCile)e

At dissolution rates below 1 mg/sq.cm.min. the electrode potential
changes to more cathodic values as the dissolution rate decreases. This
is clearly due to the impurities of heavy metals (iron, copper, etc.)
which are replated on the surface of the magnesium in increasing amounts
as the dissolution rate decreases, Since these metals have hydrogen
overvoltages considerably lower than that of magnesium (5L), they will,
when precipitated on the surface of the magnesium, become active as
cathodes, As a result the electrode potential will become more noble
as the surface coverage increases until it approaches a constant value
which corresponds to the hydrogen overvoltage of the precipitate (cf.
Fig. 15)e

Fig. 1L shows that with increasing additions of ferric chloride to
the weakest acids, the initial chenge in potential to more cathodic
potentials is soon reversed, and the potentials slowly become more anodic.
This is evidently due to a precipitation of ferric hydroxide, as indicated
by the bromn color of the precipitates formed in the weakest acids. In
the more concentrated acids the precipitates were blackes The effect of

precipitated hydroxides on the electrode potential is also shown by the
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effect of 0.5 M aluminum chloride in the acid in changing the potentials
about 0,7 V in an anodic direction over the whole range of dissolution
rates (Fig. 1b).

From Fig. 11 is seen that the electrode potential of beryllium-
settled magnesium for different rates of agitation (above 1364 r.p.m.)
fall on the same line when plotted against the dissolution rate, This
indicates that the amounts of heavy metals plated out by cementation
decrease as the rate of the competing process of hydrogen evolution
increases., On the other hand, the precipitation increases with the
concentration of heavy metal ions in the solution, The amounts of
precipitate formed also depends on the metal which is being plated out.
Thus, even small additions of cupric chloride to 0.1 N acid forms a
heavy precipitate, With ferric chloride the precipitation is substantial-~
ly less, and with manganous chloride a visible precipitate forms only
after relatively large additions have been made., This behavior is re-
flected in the potential curves in Fig. 15, From Fig. 12 is seen that
the electrode potential at the higher dissclution rates is not appreci-
ably affected by the temperature., At the lower dissolution rates, how-
ever, the potentials are shifted in a cathodic direction, probably be-
cause an increase in temperature favors the replating of impurities.

Although it has long been known that low overvoltage impurities is
a controlling factor in the dissolution of metals, the effect has not
been reported previously in the case of magnesium dissclving in acids.

It has been suggested, however, that the replating of impurities may be
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of importance in connection with the corrosion of magnesium in neutral
solutions.

The effect of different alloy compositions on the electrode potential
is shown in Fig, 13. The cathodic potentials of the J=l1 alloy are evi-
dently due to the presence of 0,27% manganese as a separate phase in this
alloy. Thus, the manganese inclusions may account for the potential shift
of about 0.1 V in a cathodic direction at the higher dissgolution rates
where no replating takes place. At the lower acid concentrations a heavy
precipitate is formed, which probably to a large extent consists of
manganese inclusions which accumulate on the surface as the magnesium
matrix dissolves.

The somewhat higher impurity content of cell magnesium as compared
with beryllium-settled magnesium (cf. Table I), is seen to retard the
approach of the electrods potential towards a constant value as the
dissolution rate increases (Fig. 13). The solution heat treatment of
the beryllium-settled metal appears to change the electrode potential to
more anodic values at the lower dissolution rates (Fige. 13), This heat
treatment will partially or completely put into solid solution metallic
impurities which may be present as separate phases in the as-extruded
metal, Since such particles are likely to be preferred sites for the
replating of low overvoltage impurities, the elimination of second phase
constituents in the soclution heat treatment may reduce the amounts of
replated impurities and thus give rise to more anodic potentials. A
comparison of Figs. 22 and 25 reveals that the replated impurities tend

to accurulate at separate points rather than uniformly cover the surface.
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It is also seen that the solution heat treatment resulted in a sub~
stantial reducion in number and size of the areas of replated impuri-
ties, in accord with the explanation given above,

From Fig, 13 is seen that the potentials of the distilled magnesium
are considerably anodic to those of the beryllium-settled alloy. TFigse.
27 and 28 which show the surface appearance of the distilled magnesium
after exposure to two acids of different concentrations indicate that
some kind of a surface film has been formed., This film must be somewhat
similar in properties to the film formed on beryllium-ssettled magnesium
in acids containing aluminum chloride, as showany'the similarities in
surface appearance in the two cases after immersion in more concentrated
acids (Figs. 26 and 28), and also by a comparison of the effects of
the two films on the electrode potentials (Figs. 13 and 1), The only
possible cause of such a film formation on the distilled magnesium seems
to be the silicon content of 0.,01% of the metal, The silicon will, when
going into solution, form a silica gel which is insoluble in acids and

thus may accumulate on the surface of the magnesium.

Cs IExternal Polarization.

1. Theoretical Considerations, The electrochemical nature of

metallic corrosion is clearly demonstrated by the changes in dissolubion
rate and electrode potentials which are observed when a corroding metal
is made anodic or cathodic by an external polarizing current. The in-~
formation obtained in such polarization studies may be of great value in

the evaluation of the mechanism of the corrosion process. The reduction
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in local action, which in many cases is observed when the specimen is
made anodic, is called the "difference effect", whereas the reduction

in local action which is usually observed when the specimen is made
cathodic is called "cathodic protection" (cf. p. 23). These effects

have been attributed to the increases in anodic (52, 53, 5L) and cathodic
(55) polarization respectively which are caused by the applied currents.
These conditions may be represented by the diagram given below (56). 1In
this diagram Eé and Eé represent the "open circuit" potentials of the

local anodes and cathodes, which are measured when the anodic resp.
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cathodic polarization corresponds to the a~term in Tafel's equation
(Equation 17)). Io and Em represent the dissolution rate and the electrode
potential with no external polarization (cf, diagram on p. L42).

When the specimen is made anodic, the anodic polarization will increase

with a consequent decrease in local cell action. At an applied current
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density of I; the local anodes have been polarized to the open circuit
potential of the local cathodes (Eé). As a result local action is
suppressed, and the dissolution rate is equivalent to the applied current
density. Similarly, when the specimen is made cathodic, the cathodic
polarization increases and the local action decreases until, at a current
density of Il, the local cathodes have been polarized to the open circuit
potential of the local ancdes (Eé), with the result that no further
dissolution can take place. The current densities at which local action
is suppressed are usually indicated by a change in slope of the polariza-~
tion curves (cf. the above diagram).

According to this explanation, the effect of external polarization in
suppressing local action depends entirely on the polarizing characteristics
of the local anodes and cathodes, Thus the widely used method of making
metal structures cathodic by external polarization in order to eliminate
corrosion (cathodic protection) is only effective when the local cathodes
are readily polarized, Streicher (30, 57, 58) has shown that when aluminum
dissolves in 0,3 N sodium hydroxide, the local anodes are readily polarized,
whereas the local cathodes are virtually non-polarizable, Accordingly, the
difference effect is very pronounced, and local action is suppressed at
relatively low anodic current densities, On the other hand, the dissolution
rate is hardly affected by externally applied cathodic currents,

In some cases the dissolution rate due to local action is increased as
a result of external polarization, particularly at relatively high current
densities, Thus, magnesium in neutral salt solutions (9, 59) and aluminum

in hydrochloric acid (32) exhibit a negative difference effect, apparently
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because the increase in anodic dissolution results in a damage of pro-
tective surface films (9, 59). Similarly, the dissolution rate of
aluminum in neutral salt solutions is increased when the specimens are
made cathodic, apparently because the consumption of hydrogen ions in
the cathodic process leads to an increase in the hydroxyl ion concen-~
tration at the surface of the metal with the result that the protective
films are attacked (60, 61, 62).

2. Effect of External Polarization on the Dissolution of Magnesium

in Hydrochloric Acid. As explained in the preceding section, the effect

of external polarization on the dissolution rate due to local action of a
corroding metal has been attributed to the effect of the external current
on the polarization of the local anodes and cathodes. This explanation
applies to corrosion reactions where the dissolution rate is determined
by the electrochemical reactions at the surface of the metal, i.e., the
anodic and cathodic processes and the conduction of current through the
solution, Under these conditions the dissolution rate due to local actiam
will be reduced when either the anodic or cathodic polarization is in-~
creased by an external polarizing current. In the case of magnesium
dissclving in hydrochloric acid, however, the dissolubion rate is determin-
ed by the rate of diffusion of hydrogen ions to the surface of the metal.
For this reason, an external polarizing current would be expected to
affect the dissclution rate due to local action only insofar as it affects
the rate of transport of hydrogen ilons to the surface of the metal by

diffusion and migration.



page -5l-

Fig. 16 shows the effect of external polarization on the dissolution
rate of magnesium in 0,045 N hydrochloric acid at 1364 r.p.m. and 25°¢c,
When the specimen is made anodic, the dissolution rate is seen to increase
linearly with the applied current density up to a current density of about
0.07 ampe/sq.cm. The broken line indicates what the increase in dissolu-
tion rate would be if it were equivalent to the applied current density,
A comparison of the slopes of these two lines shows that the increase in
dissolution rate when the specimen is made anodic is equivalent to about
one-third of the applied current density. Similarly, when the specimen
is made cathodic, the dissolution rate appears to decrease by an amount
which is equivalent to about one-third of the applied current density for
current densities up to about 0,07 amp./sq.cm,.

When magnesium dissolves in hydrochleoric acid, hydrogen ions diffuse
from the bulk of the solution to the surface of the metal, while an
equivalent amount of magnesium ions diffuse in the opposite direction,
Since these ions carry electrical charges, the two diffusion currents may
be regarded as electrical currents, which in effect represent the local
cathodic (Iﬁ+) and anodic (Iﬁg++ ) currents respectively., When an external
current (Ie)zh is applied, its magnitude will be equal to the difference
between the anodic and cathodic currents (now denoted by IH* and IMg++
respectively), i.e.,

I -I,+ =1 (23)

Mg'f‘f‘ H

As explained above, the dissolution rate increases or decreases by an

amount equivalent to about one-third of the current density of an applied

2L

An anodic polarizing current (Ie) is taken as positive, a cathodic
current as negative.
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anodic resp. cathodic current., Hence,

IMg** = Io +t 1
gt U 3 I (2L)
By combining Equations 23 and 2l we obtain (since IS ++ = I§+ )s
o
IH+ - IH_‘. NS = %_ Ie (25)

Equations 24 and 25 are valid when the specimen is made anodic as well
as cathodic, This is taken as a strong indication that the effect of ex~
ternal polarization on the dissolution rate of magnesium in hydrochloric
acid is related to the effect of the external current on the movement of
the current-carrying ions in the diffusion layer rather than to its
effect on the polarization of the local anodes and cathodes,

When the specimen is made anodic, the dissolution rate due to local
action is given by the cathodic current (IH* )e Accordingly, the differ=-

ence effect (L), is given by Equation 25, i.e.,

o -
A - IH+ IH*'r‘J%_ Ie (26)
Similarly, when the specimen is made cathodic, the dissolution rate due

to local action is given by the anodic current (I Hence, cathodic

Mgf+)'
protection (C.P,) is given by Equation 24 (a cathodic current has minus
sign),

©2) = e = Tgrernd (1) (20
The relationships shown by Equations 26 and 27 are also brought out by
Fig., 17, where the difference effect and cathodic protection are plotted
against the applied anodic and cathodic currents respectively. The broken
line through the origin indicates what the reduction in dissolution rate

due to local action would be if it were equivalent to the applied current

density. A comparison of slopes shows that the difference effect and
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cathodic protection are equivalent to 2/3 resp. 1/3 of the applied
current density for current densities up to about 0,07 amp./sq.cm.
Proportionality between the difference effect and the applied
current density has been found for zine in hydrochloric acid (32) and
for aluminum in sodium hydroxide solutions (30, 32, 57). However, since
these reactions are not under diffusion control, they are not directly
comparable to the dissolution of magnesiuvm in hydrochloric acid. Mouguin
and Steitz (63) studied the effect of external anodic polarization on the
dissclution rate of zinc in hydrochloric acid. In this case the reaction
was diffusion controlled since the acid contained an excess of hydrogen
peroxide ("cathodic depolarizer'). The results of these investigators
indicate that the difference effect for zinc in 0.005L N hydrochloric
acid is proportional to the applied current density up to a dissolution
rate which is about equivalent to the dissclution rate at no external
polarization (as in the case of magnesium). However, the difference
effect seems toc be equivalent to about one-half of the applied current,
whereas in the case of magnesium the ratio is about two-thirds., The
magnitude of this ratio will,in the case of diffusion controlled reactions,
probably depend on the valencies and mobilities of the current-carrying ions.
As shown in Fig, 17, the difference effect does not reach its limit-
ing value (complete suppression of local action) which is indicated by
the horizontal broken line, but levels off at an applied current density
of about 0,07 amp./sq.cm. 4t this current density a dark precipitate
begins to form on the surface of the specimen and, at the same time, the

attack on the metal surface becomes very irregular (Fig. 30). Vhen a
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sample of this precipitate was added to hydrochloric acid, a brief surge
of hydrogen evolution was observed before the precipitate dissolved.
Apparently the precipitate consists of magnesium hydroxide with embedded
particles of magnesium which give the precipitate its dark color.

When the specimen is made cathodic, a precipitate which probably
consists of magnesium hydroxide appears on the surface of the metal at
current densities higher than 0,07 amp./sq.cm. (Fig. 31)e. At the same
time the decrease in local action with increasing current density becomes
less. The decreasing effect of the current in reducing the dissolution
rate may be due to the increase in surface roughness caused by the pre-
cipitate as well as to the increase in hydrogen evolution as the current
density increases, Both of these factors will tend to increase the
turbulence within the diffusion layer and thereby increase the supply of
hydrogen ions to the surface of the metal., Coates (23) found that the
dissolution rate of magnesium in 0.2 N sulphuric acid with no agitation
is decreased to some extent when the specimen is made cathodic, His
results, however, are inconclusive due to the pronounced stirring effect
at no external agitation of the hydrogen bubbles which are liberated in
the cathodic process.

Attempts to measure the changes in the electrode potential which
are c aused by the external polarizing currents were unsuccessful on ac-
count of the large IR-drop in the solution which overshadowed any changes

that might occur in the electrode potential,
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SUMHARY

Following a critical review of the literature on the dissolution
of magnesium in solutions of electrolytes, a report is given of an ex-
perimental study of the dissolution of magnesium in hydrochloric acid.

The dissolution process was studied by measuring dissolubtion rates and
electrode potentials as functions of acid concentration, rate of agitation,
temperature, external polarization, alloy composition, and different
additions to the acid solution,

1. The results of the dissolution rate measurements are in agreement
with the theory of diffusion-controlled-reactions, which requires that the
dissolution rate is determined by the rate at which acid is transported to
the surface of the metal by diffusion and convection. Thus, impurities in
the metal and different additions to the acid affect the dissolution rate
only insofar as they affect the physical process of acid transfer, either
by forming obstructive films which tend to shield the surface of the metal;
by increasing the surface roughness which, in the case of stirred solutions,
reduces the thickness of the diffusion layer by increasing the turbulence
in the solution; or by increasing the viscosity of the solution with a
consequent decrease in the diffusion coefficient of the acid, Diffusion
control is also indicated by the temperature coefficient (k35/k25) of 1.2i,
corresponding to an activation energy of 1100 cal/mol.

g. The theory of diffusion~controlled reactions requires that the
dissolution rate is proportional to the acid concentration, and also that
it is strongly influenced by agitation. These conditions were found to be

fulfilled at the lower acid concentrations and at the higher rates of
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agitation (atove about 1000 revolutions per minute of the cylindrical
specimens, corresponding to peripheral velocities above 3500 cm./min.).

it the higher acid concentrations the increase in dissolution rate with
increasing acld concentration was more rapid, particularly at the lower

rates of agitation, This phenomenon is attributed to the stirring effect

of the hydrogen bubbles which are liberated in the dissolution process.
While external agitation increases the dissolution rate by reducing the
thickness of the diffusion layer, the stirring action of the hydrogen bubbles
is considered to be one of creating turbulent convection currents by dis-
rupting the laminar flow in the diffusion layer.

3. TVith no external agitation the stirring effect of the hydrogen
bubbles was found to be about proportional to the square root of the rate
of hydrogen evolution, When external agitation 1s used, the stirring
action of the hydrogen bubbles is completely suppressed up to a certein
limiting rate of hydrogen evolution. This limiting rate at which the
stirring effect of the gas bubbles becomes significant is proportional
to the rate of agitation to a power of l.k. It is suggested that the
effect of external agitation in suppressing the stirring action of the
hydrogen bubbles depends on the rate of shear in the solution contlguous
to the surface of the metal. At the highest acid concentrations (about
1.5 N) the hydrogen evolution becomes so violent that it tends to reduce
the dissolution rate by reducing the contact area between the acid and the
metal.

i. At low rates of agitation the reproducibility of the dissolution

rates is very poor, apparently because the ability of the external agita-
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tion to suppress the stirring effect of the hydrogen bubbles is appreciably
influenced by winor differences in experimental conditions between different
runs.

5. Vhen aluminum chloride was added to the acid, the stirring action
of the hydrogen bubbles (at 136L r.p.m.) was completely suppressed at
even the higheét acid concentrations, probably because the precipitation
of an aluminum hydroxide gel within the diffusion layer prevents the gas
bubbles from coalescing to form bubbles which are sufficiently large to
disrupt the laminar flow within the diffusion layer.

é. At the lower acid concentrations the magnesium surfaces were
uniformly attacked by the acid. With increasing acid concentration the
attack became non-uniform, apparently because the rate of attack depends
on the orientetion of the grains, This effect was very pronounced in
acids containing aluminum chloride.

7. A solution heat treatment at 610°C which had no appreciable
effect on the dissclution rate at the lower acid concentrations affected
a considerable decrease in the dissolution rate at the higher acid con-
centrations. The heat treatment resulted in considerable grain growth,
and in the more concentrated acids where the non-uniform attack develops,
the difference in surface roughness caused by the increase in grain size
may have changed the conditions for bubble formation as well as the
efficiency of the hydrogen gas in reducing the contact area between the
acid and the metal, thus reducing the rate of dissolution.

Q. The electrode potential of magnesium in hydrochloric acid becomes

more anodic as the acid concentration increases until, at a certain acid
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concentration, it levels off to a constant value. When the electrode
potentials were plotted against the dissolution rate rather than against
the acid concentration, the observed valuss for different rates of
agitation above 136l r.p.m. fell on the same line. At the lower rates

of agitation the electrode potentials were irregular, and the reproduci-
bllity was poor, probably on account of the instability in the dissolution
process at the lower rates of agitation.

2. The observed changes in the electrode potential with the acid
concentration are attributed to a replating of metallic impurities on the
surface of the magnesium at the lower acid concentrations. The electrode
potential is considered to be given by the potential of the cathodic
surface areas (2, 23), which is negative to the reversible hydrogen
electrode in the solution under consideration by an amount which corres-
ponds to the hydrogen overvoltage of the cathodic areas and a concentra-
tion polarization term which corresponds to the difference in hydrogen ion
concentration between the solution at the surface of the metal and the
sclution in the bulk. In the more concentrated acids where the electrode
potential does not vary with the acid concentration, the amounts of re-
plated impurities are nominal, and the cathodic evolution of hydrogen
takes place at the magnesium surface, With decreasing acid concentration
impurities of iron, copper, manganese, etc., are replated in increasing
quantities on the magnesium surface, Since the hydrogen overvoltages of
thess metals are considerably lower than that of magnesium, the electrode
potential will be shifted to more cathodic values as the amounts of re-
plated impurities on the maznesium surface increase. This explanation is

supported by microscopic evidence which shows that increasing amounts of a
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dark precipitate accumulate on the magnesium surface as the acid con~-
centration decreases. It is also shown that when small amounts of ferric,
cupric, or manganous chloride are added to the acid, the corresponding
metal is plated out on the magnesium by cementation with the result that
the electrode potential is shifted to more cathodic values. The pre-
cipitation of the heavy metals decreases with increasing acid concentra-
tion until it is completely suppressed.

10. When magnesium dissolving in hydrochloric acid is made anodic
in an external circuit, the dissolution rate due to local action is de~
creased by an amount which is eguivalent to about two-thirds of the applied
current density (i.e., the "differénce effect" is positive). Before the
applied current density can be increased to a point where local action
is suppressed, a film of magnesium hydroxide is precipitated on the
magnesium surface, and the attack on the surface becomes irregular with
particles of magnesium being dislodged and embedded in the magnesium
hydroxide film, When the specimen is made cathodic, the dissolution rate
due to local action is decreased by an amount equivalent to about one-
third of the applied current density ("cathodic protection")s At the
higher current densities a film, probably consisting of magnesium hydro-
xide, is formed on the magnesium surface, and the effect of increasing
current densities in reducing the dissolution rate due to local action
decreases. The effect of external polarization in reducing the dissolu-
tion rate due to local action has been attributed to the effect of the
applied EMF on the rate of transport of hydrogen ions to the surface of
the metal by diffusion and migration. The effect of external polarization

on the electrode potential could not be determined on account of experi-
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mental difficulties.

1l. The results of the present study of the dissolution of
magnesium in hydrochloric acid offer additional evidence in favor of a
diffusion-controlled mechanism of reaction. By studying the dissolution
process at acid concentrations up to 1.6 N, it has been possible to
evaluate the stirring efficiency of the hydrogen bubbles which are evolved
during the dissolution process. This is a factor which must be kept uan-
der control in reactions which are affected by agitation.

The changes in the electrode potential with the acid concentration
have been shown to depend on a replating of low overvoltage impurities on
the surface of the dissolving metal. When this condition is taken into
account, the observed electrode potentials are readily explicable in terms
of the electrochemical theory of metallic corrosions This result supports
the view that the dissolution of metals in electrolytes is electrochemical
in nature, even in cases such as the dissolution of magnesium in hydro-
chloric acid where stationary local cells are absent, and where the
dissolution rate is diffusion-controlled.

The effect of external polarization in reducing the dissolution rate
due to local action has been related to the effect of the externally
applied EMF on the rate of transfer of hydrogen ions to the surface of
the metal by diffusion and migration rather than to the effect of the
external current in increasing the polarization of the local anodes and

cathodes.
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Al

cd
Ca

Fe
Ni

Pb
5i

TABLE I

Spectroscopic analysis of the magnesium alloys.

Be-settled
ma@esium

01
035

< .01
017
< 001
«002
< ,001
< ,002
< 4001
< ,001
< W01

J=1 alloy

6.2
<,01

< L0l
< 001
27
< L001
< L001
< .Ol
< o001
«70

Cell

Magnesium

OLlL

< .01
«003
«03
«08

< 001

< 002
.001

< .001

< 01

Distilled
Magne sium

«002
<.01

<001
<.001
+002
< 001
«001
xS
<.001
<.01
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Dissolution rates of marmnesiurm in Iwdrochloric
acid at 25°C for various rates of aritation.
o stirring 200 repeme
Goncas of Disse Rate Conca of Dlsse late
Tl rate conste w1 rotve const e
mols/i T Bk k n@ls/l Lo Iz

0103 »0087 «070 «0105 #0306
#0106 0078 061 0216 =080
0210 «0229 » 004 0272 #1355
»0218 »0239 086 0607 2237
«Q370% «Q713 #2154 «03859 2360
»0592 #1336 193 11 5% 533
0612 151 #2005 179 + 925
«0B36 2212 «209 267 1.72
20870 235 0222 #3806 D87
» 100 272 224 «575 8«66
»118 «341 0238

18 625 «234

«270 130 #5906

089 500 o8 34

« 487 4,95 +«836

2 D00% 8619 1.14

+6 80 11.62 la41

«300 16 .90 La74
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0042 255 Zel8
1.08 36 # 0 2aTd
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1.5E 686d 3487
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*  Tean values of 2 or 3 determinationses

#%  Abbreviation for mg/%q, cine mine
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Gonca of
mwl

mols/l

e 8 i b i

«00926
<0180
»0193
20359
20417
«0540
20837
05803
o 1434
202
w264
000 0%
» 508
+518
316
764

S

¥ Iean values of 2 or

Disse
rate
e

#0565
»107
.1%
5199
2350
0536
« 500
«565
#9072
1a.44
1«62
2834
4406
7'29
7870

102

15.8

Rate
conste
i

2488
#4938
w426
«4E3
2463
»512
292
#5614
2530
o614
»06 59
« 728
»928
1.18
1522
Le36
170

cont'd

Conce of
el

mols/1

« 0047 4.5
«00970%
0198
0208
#0341
«0429
+0589
«0856
«0900
128

L] 142

2 201%
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2320
«35G
«459
515
WG22

£ 758
2382

& determinalbionss
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<04

.
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'[_

7

004

«19
«20
o34

od4

5
5
9

2

604

o890
.93
1.40
160
2.[.}:47
De63
4ol
5e 53
Te7€
9a38
1243
174
234

7
7

815
« 797
« 10
«C10
« 042
04T
#8328
W07
o592
« 027
£ 808
1.18
1.15
1.20
1a20
1.50
l.GS
1.E2
2418
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1364 r sTalle 2880 TeNelle

Gonce oF Disse Rate Cones of Disse Tate

Tl rate conste 1 rate Constes
nols/ﬁ fvie) k mols/i SO Iz
200292 «0415 Lel7 «Q0537 0l22 1.87
« 00475 « 066 lels «0108 234 1.78
200682 »089 1.07 -C1l85 «£08 le.81
«00975 127 1.15 0208 e 53 l.72
01359 e 179 106 05823 » 708 1.80
«0219 0283 106 +0326 745 1.28
«0510 #4211 1.09 «0420 #2098 170
«0467 B15 1408 .0518 1.16 1,87
0062{& 0820 1008 00856 1092 1084
« 0909 1:22 1.10 0877 ?-O"‘_ 1.91
»116 157 1ell 120 2«68 1G4
2173 2040 1els <138 Sels PRas
202 3649 1824 167 3«00 102
+308 5407 135 0231 547 1.95
AR3 785 1.53 334 8450 209
« 566 127 184 2443 122 2e2D
<761 19.8 Zald 575 16 .9 2ed2
«900 26 «6 2043 »74:8 2449 2o T4
=03 34 o3 2274 #3889 3242 2400
35 6048 560 1.03 200 Jec
63 8568 4.33 1.32 626 5020
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G40D rapaina

Conce of Rate
TCL consbe
nols/l k
»00110 2046 3edd
«00404 o 167 5840
200968 2104 5 add
#0207 £ 072 3 edl
20346 1.305 D623
20593 250 Se2l
0988 4418 5e48
<108 A o207 .23
o144 5.64 %25
#1686 Ge8F 3«30
2222 0.07 3636
2297 120 Sl
0404 1742 5+ 50
n[‘_:74: 21 ol 3071
«587 20 «8 3875
669 312 583
#7238 538 eb 44,00
« 926 47 o3 4,20
1.08 50 el 4037

1.87 3947 4,70
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Dissolution rates oif mar
cid at 25° C for wvarious rates of a~itabionsks

I

b
!

esium in hydrochlorice

0 156 "lL I'!p alle
Goncas of Rate Conce of Nisse natse
oL conste el rate conste
mols/1 k mols/1 I
QOOQO 9072 -152 0571 6043 1045
5119 0058 a25& 0622 12.6 1:67
2203 o757 0007 £961 24-46 Zell
.363 2423 +505 .23 B35e% Dl
0435 Zal #8026 1.65 5%l 2480
«500 802 1,09
2878 185 1.73
2041 2063 177
220 3la4 2015
159 53.1 2875
2880 1enemma G400 revems
Conce of Disse Date Conce of Disse Date
rate conste [y const e
ke mols /1 I
#5507 156 >« 30 «367 144G Sel7
$TTE 230 2643 614 26«5 JeHh
2911 279 2452 #9052 39.2 3259
« 293 320 2455 1.21 52 a2 5e5D
1437 A7 a5 285 1.61 720 3808

* Tie sneclimens were heated at
15 hours ard quencned in waters

610° ¢ for
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TABLL IV

Determinacion of rate constants for the disso-
lution of magnesium in hydrochloric acid at
25° ¢ for wvarious rates of apitabions

Py

Speed of Concs of Dicse Rate .
rotation ol rate conste “averar-e
TalDalls mOlS/l T hid
1700 9059&) 0951 1-02 1-51
~0616 974 1
2.500 OOGOA 1090 m009
n0614: 1091 [ X3 2.57
8030 «0B76 2485 378
#0567 281 3878 578



Rate constants# and caleculabted values
of the thickness of the diffusion laver
at 25° ¢ for verious rates of agitation.

Speed of Rate g
rotation conste 1
TeDelln Iz cre 10¥
200 +50 59
380 L6 3
947 #8631 22
1364 1.08 16
1780 1«31 14
2830 1.82 9.8
4500 2457 5e0
6400 336 53
5030 378 47

* Averzre values from Tables II and TV for
the lower concentration ranze where k is
constants
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TABLD VI

ffect of tewnerature on the dissolution rate
? marnesium in hydrochloric acid at 947 reDelle

56° C. 45° ¢.
Concas of Disse Rate Conce of Nicsa Rate
el roke concte o rate consh
mols/1 A s mols/1 N k
00506 2065 1.06 +00509 «073 1,18
0103 »123 2982 Q102 «150 1.21
= 0204 2251 l.01 +0199 2295 1e22
+0352 o143 1.04 «0345 555 1.28
0609 « 770 1.04 «0592 «920 1.28
«0375 l.14 1.07 «0870 142 1.34
#1532 1.85 lal5 o147 2«66 1.49
#1657 Se27 1,37 »209 4435 1.71
« 308 5452 1+48 333 843 2019
0439 10,2 1.21
TABLL VIX
Iffect of temperature on the rate constanb*
and the temperature coefficient per 10% at
Q4.7 I'sDalile
Temperature Rate conste Temp. cceffe
°c k per 10° C.
25 #2323
35 1.02 1.24
45 1.23 1.21

*  “ean values for acid concentrations less than O.8H .



TABLE VIIT

Heating of Specimens during dissolution.

Conc. of Temperature difference between
HC1 specimen and solution ( ©C).
mels/1 No stirring External stirring
.10 .70 55
o16 1.05 .85
.20 1.45 1.15
.26 2.0 1.5
031 2-h 1.8
.36 3.1 2.3
.55 5.3 3.9
.60 5.8 L2
7k 8.2 5.9
.87 10.6 8.0
9L 10.9 8.0
.98 12.9 9.5
1.19 15.9 12.2
1.27 19.8 14.5
1.54 22.8 -



TABLE IX

Dissolution rates¥ of marunesium in solutions
of TCL 0.5 I Al1C1ly ot 1364 repeme and 259 C.

Conce of Disse Rate
w1 rate conste
mols /ﬁ i Xk
O «Q74
+0096 «095 »81
0220 «159 « 596
0448 »425 780
el39 1465 985
284 3oL #9266
=768 Q034 1.00
145 18a2 le04

% Bach value represents the mean of two sintle
determinationse

Dissolution rates of cell magnesiun in hydro-
chiloric acid abt 1364 repeme and 25° C.

Conce of Disse Rate
cl rate constes

mols /1 XN k
«006 54 «0855 1.08
20180 228 lel7
.0398 530 1410
«0930 1.28 leld
«199 2«00 la24

o410 T 043 1.49




TADIE XTI

Dissolution rates of the J-1 alloy* in hydro=-
ehloric acid at 1364 rep.me. and 25° C.

Conce Of Dissa Date
HCl rate conste

mols /1 (O jis
.0070 L0068 799
«0142 «130 2753
0295 « 300 834
» 0304 #3172 o344
0576 o0 36 » 208
«03832 1,01 e 042
<0005 107 « 972
»138 166 « 989
191 2476 lelS
195 287 le21
234 3e77 €33
w205 5.02 1l.56
« 288 0 bl 1.81
«295 GeB5 1.35
395 835 1284
#4002 5407 1.2
« 066 2562 2659
874 255 2e41

1.35 5C e2 3642

* The specimens of this allory, which contains
62 9% Al and 0627 ¢ 7, were solution heat
treated at 415% ¢ for 1F hours and auenched
in watere



TABLE XIT

Bffect of awodic polarization on the dissolution

rate of marnesium in 0.045 ¥ hydrochloric acid
at 1364 repems and 25° Ce

Current Total Simple Difference
density diss. rote disse rate effect (A)
Arps fon BROAN IO M
0] « 576 576 0
0073 « D97 «541 035
» 0091 «616 547 «029
<0150 #5604 490 «086
20259 564 #4568 «108
«03557 «6 59 »389 137
0570 =745 0314 262
«0744 «792 »230 0346

0940 «879 #1638 «»408




Bffect of cathodic polarization on the dissolubtion
ate of magnesium in 06045 I hydrochloric acid at
%64 Tenema and 25° Ca

Current Diss ilon Cathodic

D olut

density rate nrotection

Lrpe /ém? eI Mo
0 » 576 0
<0312 2499 077
+04.06 «492 +084
«0520 421 «155
«0785 0384 «152
2117 »325 e251
.162 «280 0296
«201 e252 0524
+236 2165 «383
282 #153 #3053
#3525 #1234 0442

2364 137 239
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FIG | DISSOLUTION RATES OF MAGNESIUM IN HYDROCHLORIC ACID

AT 25°C. THE CYLINDRICAL SPEGCIMENS (I1mm in diameter)
WERE ROTATED AT THE INDICATED SPEEDS.
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DISSOLUTION RATE AT WHICH BUBBLE STIRRING BECOMES
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FIG. 3. EFFECT OF EXTERNAL STIRRING IN SUPPRESSING

THE STIRRING ACTION OF THE GAS BUBBLES.
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FIG.4. EFFECT OF HEAT TREATMENT ON THE DISSOLUTION. RATE OF
Be-SETTLED MAGNESIUM AT 25°C (BROKEN LINES)
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FIG. 5. EFFEGT OF AGITATION ON THE DISSOLUTION RATE AT 25°C.




RATE , MG/ SQ.CM - MIN.

DISSOLUTION

10 772
T4
vV /1 /
7/
5 Ve 54
/[
4
2 .
7
| Y/
A FT
.04
)4
Si— //;
/|
.2
(] oo
| ik
' 7
I,
; 4l
05
/6
02
0l |
005 Ol 02 05 | 2 5

HYDROCHLORIC ACID GCONGCENTRATION , MOLS/LITER.

FIG. 6. EFFECT OF TEMPERATURE ON THE DISSQLUTION RATE
AT 947 RPM.
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Fig. 18. J=1 alloy (containing 6.2% Al and 0.27% Mn) after

immersion in 0.40 N HC1 at 1364 r.p.m. (25°C).
The attack is concentrated around stringers of
manganese inclusions. 75 X.



Fig. 19. #agnesium dissolving in 1.5 N HCLl at 1364 rep.m.
(25°C). The hydrogen bubbles are large.

ig. 20. Magnesium dissolving in 1.5 N HCl containing 0.5
mol/liter of AlCl3 (1364 r.p.m. and 25°C). The
hydrogen bubbles - are small, giving diffuse re-
flection of light.



Be-settled magnesium after immersion in 0.005 N

Fig. 21.
HCL (1364 r.p.m. and 25°C). The amounts of the
dark precipitate decrease as the acid concentration
increases, as seen by comparison with Figs. 22,
23, and 2, 250 X.
Fig. 22. Be-settled magnesium after immersion in 0,020 W
250 X

HCL (136L r.p.m. and 25°C).






Fig. 25.

Fig. 26.

Be-settled magnesium, heated at 610°C for 15 hours
and quenched in water after immersion in 0,020 N
HC1l (1364 r.p.m. and 25°C). Comparison with Fig. 22
shows that the solution heat treatment has resulted

in a decrease in the formation of the dark precipitate.
250 X

Be-settled magnesium after immersion in 1 N HCLl con-
taining 0.5 mol/liter of ALCl, (136L r.p.m. and 25°C).
Stepwise attack at grain boundaries indicates that the

rate of attack depends on the orientation of the grains.
250 Z%.



Fig. 27. Distilled magnesium after immersion in 0.020 N
HC1 (1364 r.p.m. and 25°C). Hottled appearance
indicates that an insoluble film has been formed.

250 X.

Fig. 23, Distilled magnesium after immersion in 0.5 N HC1
(1364 r.p.m. and 25°C),






Fig. 30.

Fig. 31.

Be-settled magnesium after immersion in 0.0L2 N
HC1 (136h r.p.m. and 25°C) at an applied anodic
current density of 0,07 amp./sq.cm. At this
current density a dark precipitate is formed,
and the attack on the surface becomes irregular.

375 X

Be-settled magnesium after immersion in 0.042 N
HCl (1364 r.p.m. and 25°C) at an applied cathodic
current density of 1 amp./sq.cm. At this current
density a precipitate, probably consisting of
Mg(OH)Z, is formed. 250 X.



VITA

Bernt Roald, son of Andreas and Severine (Gj8sund) Roald, was
born in Vigra, Norway, on Qctcber 2k, l9gl. After graduating from
Volda Gymnasium, Volda, Norway, he was in 1940 admitted to the
Norwegian Institute of Technology, Trondheim, Norway. His studies were
interrupted for three years by conditions connected with the German
occupation of Norway. In 1S4l he went to fngland where he joined the
Norwegian Army, and was commissione? as a second lieutenant in the
Intelligence Corps., After the war he left the army to complete his
engineering studies, and received his diploma as a chemical engineer
in 1947. Since September, 1947, he has been a graduate student in the
Department of Metallurgy of Lehigh University, Bethlehem, Pennsylvania.
He is the co—author of a paper "The Equilibrium CaCOB(melt) = CaO(S) f
GO2. The activity Coefficients of Calcium Carbonate in Alkali Carbonate

Melts" (Journ. Amer, Chem. Soc., 71, 572 (1949)) which is based on part

of his Trondheim thesis.






