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OF SYMBOLS USBD

C * wawntration of eleotroWe in milliequivalent* per 
liter.

Y- * volume of hydrogen evolved from both anode and cathode 
in a corrosion couple (total volume).

Ve * volume of hydrogen calculated from quantity of current 
in external circuit (volume evolved at cathode).

« volume evolved from freely dissolving specimen.

Vi * volume of hydrogen evolved at anode while connected 
with more noble metal. (A measure of local-cell action 
at the anode of a corroding couple.)

△  * ^difference effect* »

t * length of time of immersion in minutes.

T * temperature in degrees Kelvin.

W * weight-loss in milligrams per specimen (40.5 cm»).

E • measured potential.

E* * open-circuit potential.

I * current density (in amps per specimen, 40.5 cm*).
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I. HISTORICAL AND INTRODUCTIO»

The dissolution of mebals in elaotpolyWe may be con- 

alMred a greatly accelerated form of corrosion. Almost all 

corrosion takes place in the presence of water (moisture) 

which usually has dissolved in it gases or salts which in* 

crease its conductivity. By substituting solutions of rale* 

tively concentrated acids and bases for this ever-present 

moisture, chemical reaction rates, diffusion, and effects 

related to local-cell action are greatly accelerated, while 

the effects of surface preparation and surface films may be 

minimised. The variables involved in the disintegration of 

metals by the more rapid dissolution in relatively concen­

trated electrolytes are more readily controlled than they 

are when disintegration takes place by the slower corrosion 

processes. The information gained from a study of the dis­

solution of metals on the mechanism of disintegration can 

then be applied to the problems of corrosion and corrosion 

protection.

There is much experimental evidence available which 

indicates that in many cases the dissolution and corrosion 

of metals are governed by an electrochemical process. For 

the instances in which the dissolution of a metal has been 

shown to be governed by an electrochemical process (1, 8, 3,)*, 

w The figures appearing in parentheses refer to the bibli­
ography at the end of the paper.
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the local cell (or element) theory has proved to be the most 

satisfactory explanation. Ma theory was first proposed 

in 1830 by A, de la Rive (4), who observed that the rate of 

dissolution of such metals as sine, aluminum, cadmium, and 

iron, as measured by the rate of hydrogen evolution, is much 

greater when these metals contain small quantities of lm* 

purities than when they are relatively pure. The increase 

in the rate of dissolution was attributed to the action of 

a current set up in local cells consisting of an anodic 

matrix and cathodic inclusions. When such a metal dissolves, 

the impurities often precipitate on the surface, thus setting 

up more local cells. Those impurities having the lowest 

hydrogen overpotential are most effective in accelerating 

the rate of dissolution (33).

This theory of local cell action was neglected until 

Erioson-Auren in 1901, at the suggestion of Palmaer (5), 

studied the controlling factors operative during the die* 

solution of sine in dilute acids, taking into consideration 

the newer theories of solution pressure (Nernst), electrolytic 

dissociation (Arrhenius), and overpotentials (Caspari). At 

about the same time Whitney (6), Cushman (7), and Reyn and 

Bauer (8) also proposed an eleetroohemical mechanism for the 

dissolution and corrosion of metals. Before giving the 

discussion on the extension of these early concepts into the 

present-day theories of the dissolution of metals, e critical 

review of the experimental data found in the literature on 

the dissolution of aluminum and a description of the experi­

mental work of the present study are given.



XX. TBB DIBBOLtmOR OF ALOMINUX IN VARXOOS ELKCTROLYfRS

A * Geneml Introauotlon

the following eeoHon contains a critical aw®Mkrgr of 

investigations which have contributed to an understanding 

of the dissolution process of aluminum in (inorganic) electro 

lytes.* Most lows tlga tors used ays teas which were open to 

air, i«eM no protective atmosphere. A dissolution process 

la considered entirely elaotrooheMcal when the loss in 

weight can be shown to agree with the change in weight pre* 

dieted by Faraday's haw from current*time data* When the 

rate of dissolution is influenced by various degrees of 

agitation, a diffusion process la usually rate*controlling* 

The temperature coefficient of the dissolution rate is also 

sometimes used as a criterion for the dissolution mechanism. 

The temperature coefficient for a diffusion process is about 

1.8 for a rise of 10*0, while the rate of a chemical reaction 

is practically doubled for a rise of 10*c (87). Centner sewer 

(18, 66, 71) has found that agitation has no appreciable 

effect on the rate of dissolution of aluminum in hydrochloric 

acid or sodium hydroxide and that in both of these electro* 

lytos the rate approximately doubles when the temperature 

is increased ten degrees.

a No general review of the resistance of aluminum and its 
alloys to various chemical agents is intended.



In nearly neutral solutions the attack on aluminum la 

of the pitting type, At low and high value» of pB the attack 

covers the entire surface.

The oxide film on aluminum, which has non-reproducible 

break-down properties in various types of solution», has 

often been the cause of confusing experimental results.* 

Usually three distinct, successive phases are observed during 

dissolution (17, 89 h l) incubation period during which 

there is no visible change, i.e., no hydrogen evolution, 

8) induction period during which there la a sudden initiation 

of reaction and a rapid increase in hydrogen evolution, and 

3) the reaction period during which the film has no further 

effect on the dissolution rate. In the interpretation of 

experimental work it is always necessary to know the rela­

tive effect of these various phases.

It has been found that dissolution rates of aluminum 

in acid and alkaline solutions are not reproducible, es­

pecially in the case of very pure aluminum (93, 38, 46).**

a Vernon (78) has shown that aluminum gains in weight as a 
result of oxidation for as long as 90 days at room tempera­
ture.

w Some of the reasons for the poor reproducibility of dis­
solution rates have been the neglect of control of the 
incubation and induction periods in experimental technique 
and the erroneous assumption that the dissolution rate is 
constant with immersion-time during the reaction period. 
In cases where there is an accelerating effect with time 
of immersion the impurities are effective in two ways: 
they reduce the incubation and induction periods by making 
the oxide film inhomogeneous, thus facilitating the attack 
on it, and by redepositing on the surface after dissolu­
tion during the reaction period.
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Bo beet reversibility in alkaline solutions Ms been round 

when the aluminum contains about 0*5 to 0.7 percent liapuri* 

ties* One of the reasons for thio is probably that, as 

S tramante (50) has shown, the dissolution rate is very son* 

sittwe to swell quantities of impurities, but beyond a car* 

tain sortent their effect falls off rapidly, Therefore, 

minor variations in the content of impurities above 0,5 per* 

cent do not affect the dissolution rate as decisively as 

below this value.

in addition to the composition of the aluminum and its 

surface properties, its thermal and mechanical history and 

its grain else affect the dissolution rate, Mederholt (75) 

Ma shown that the annealing temperature influences the dis­

solution rate of aluminum in acid and alkaline solutions in 

a manner depending on the impurities present, increasing 

amounts of cold working wore found to increase the dissolution 

rate of 90 percent aluminum in hydrochloric acid as did a 

progressively decreasing grain sise. This latter phenomenon 

may be explained by the observation made by Dix (56) that 

the potential of grain boundaries of high purity aluminum 

(and also of aluminum copper alloys (12)) is anodic to the 

centers of the grains in hydrochloric acid. By reducing the 

grain else the ratio of anodic area to cathodic area is in* 

creased. The effect of cold work may be explained, at least 

in part, by its action on the orientation of the crystallites,*

« The effect of stress way also be a contributing factor (12),



moMMlRg amounts of cold work intensify the preferred 

orientation*  Walton (48) has found that various orystails*  

graphic planes of aluminum have different rates of dissolution 

in hydrochloric acid**

* This phenomenon has also been observed on sine (89) and 
copper (74) single crystals*

sa Maas and Wiâarholt (41) found that the rate of dissolution 
of aluminum in various electrolytes is independent of the 
hydrogen*ion concentration. However, their tests were 
made with relatively small volumes of dilute solutions 
over periods of three weeks or more, and after the acids 
were used up, attack continued in a solution of soluble 
corrosion products (salts) rather than in acids*

1*  In. ..solda* In studies on the dissolution of aluminum 

the most frequently used electrolyte is hydrochloric acid*  

When alumimm is dissolved in thia medium, the three dis*  

tinot ^ases previously described are observed (17, 39). 

Very pure (9$*WM)  aluminum is not attacked by hydrochloric 

acid until the concentration of acid reaches 48 (40), and 

then the attack is very slow (48, 51)*  Increasing the con­

centration of the acid accelerates the dissolution (85, 75)*̂  

According to Centneraswer (51) the effect of concentration 

of hydrochloric acid on the rate of dissolution is given by

■ k C” (I)

where C is the concentration of the acid and (k) and (n) are 

constants*



-%

Several investigators have observed that the rate of 

dissolution of aluminum in acids my be increased several 

fold by the addition of other metals to the system as alloy* 

ing elements (48, 46, 81, 76), in powdered fora rubbed on 

the surface of the natal (45), or in the electrolyte in the 

form of salts (87, 44, 48# 46)*# Those whale which reduce 

the hydrogen overpotential of the system, accelerate the dis* 

solution* Such metals (Ft# N# Ou# Si# Au# Zn# and Bg) 

when added in the form of salts are observed to deposit on 

the dissolving aluminum by eboMoal replacement (cementation) • 

The absence of an accelerating effect by cadmium and silicon 

is attributed to their large hydrogen overpotential (48) and, 

in the case of magnesium, to its more electronegative char* 

actor (W)»

8trammania (48) found that additions of 0*01 percent 

iron or copper as alloying elements in aluminum did not as* 

calerato the dissolution process* About 0.10 percent of these 

elements was necessary to increase the dissolution rate*** 

The effect of temperature on the dissolution rate of aluminum 

in hydrochloric acid is given by the Arrhenius equation (78).

e When impurities are added to the electrolyte in the form 
of salts not only the action of the action# but also that 
of the anion must be considered (48, 80). This fact has 
sometimes been disregarded (46)*

wo A a Imilor phenomenon in the case of magnesium was discovered 
by Hamwait, nelson, and Peloubet (77)* It was found 
necessary to exceed a certain * tolerance limit* in con* 
centration of impurities before an appreciable effect on 
the corrosion rate could be observed*
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The rate of aieaolution la usually determined by msasur- 

tug the rate of hydrogen evolution, Mt the byline Test (44) 

can also be used* In this teat MluMnw» specimens are 

allowed to dissolve in a certain volume of hydrochloric acid 

(about 5%) while the temperature is observed. The time* 

temperature plot reveals a maximum tempera turn, the position 

of which on the time axis is a measure of the reaction rate.

Hedges and Myers (47) found that the dissolution of 

aluminum in BN hydrochloric acid is periodic as measured by 

hydrogen evolution. The periodic property, consisting of 

sudden increases in the rate of reaction, was observed to 

decrease throughout the course of the reaction and to very 

directly with the concentration of the acid. The pulses are 

superimposed on the ordinary reaction curve and suggest that 

the reaction is being catalysed at definite intervals of time. 

These authors conclude that the periodic dissolution of metals 

depends not so much on the nature and condition of the dis­

solving metal itself as on some additional factor, such aa 

the walls of the vessels used, colloidal substances, or the 

presence of a second metal. Walton (48) also observed 

periods of rapid attack of an unagitated hydrochloric sold 

solution on an aluminum single crystal. The variations of 

hydrogen evolution were superimposed on the normal reaction 

curve and could be related to sudden changes in solution 

potential, which Walton attributed to a polarisation phenome­

non. Werner (49) observed a similar effect but not the regu­

larity in the periodicity as reported by Hedges and Myers.



Awarding to warmer, the iwm&eee in the rate of hydrogen 

evolution are due to euoeeeaiw uncovering of #neatae of 

local cells.

In acide not only the hydrogen ion concentration is im* 

portant, but also the nature and concentration of the anion 

of the acid# Centnereawer (SO) found that the rate of die* 

solution of pure aluminum in hydrochloric acid la accelerated 

by additions < r, Cl% Br* and CIO* and is retarded by 

1% 80# and SO#.* the accelerating effect is dependent on 

a certain minimum hydrogen ion concentration. The anions 

which accelerate the dissolution of aluminum in hydrochloric 

acid remove the passivity of aluminum in nitric and sulfuric 

acids. Sulfuric acid does not attack aluminum of a certain 

purity so readily as does an hydrochloric acid solution of 

the same normality. In acid solutions containing only one 

anion the corrosion rate increases in this orders acetate, 

phosphate, sulfate, nitrate, chloride (118). Nitric sold 

in low and high concentrations attacks alumlmat slowly, but 

when of medium concentration (30%) it attacks rapidly (58).

e Centnersswer (60) also concluded from this study that 
the action of anions is independent of the cation present. 
This, of course, contradicts the result of later expeH* 
monte described above. The reason for thia erroneous 
conclusion is that the cations used by Contnorsswer were 
those of U, m, X, m», %, Ga and Al. while it is 
probably correct that these cations do not have an as* 
«tolerating effect, this generalisation on the effect of 
cations does not apply to those of Gu, N, Pt, etc.
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2* , Th# et aodlu® hydroxide

la oonaldar&bly more vlgoroaa than the attack pra* 

dwad «0 the asm metal by an hydmohloeiG aeld aolutlon of 

the earn normality (41), A 0.6 W sodium hydroxide solution 

dlaeolvea very pure (9^.99^) alwinm, whereas 8-3# hydro* 

ablerie mold does not (30). The incubation and induction 

periods are ewelderably shorter in hydroxides than in hydro* 

chloric acid. Wen though the accolerating offsets of im* 

purities and eonoontration of the electrolyte on the rate 

of dissolution of aluminum in acids were already known in 

1992 (43)*, the effects of these variables on the rate of 

dissolution in alkaline electrolytes were not definitely 

determined and recognised until 1938 (30).

Isgariachew and Iordansky in 1989 (42) and also Maas 

and ^Aerholt in 1929 (98) found that increasing amounts of 

copper alloyed with aluminum accelerate its dissolution in 

both hydrochloric acid and potassium hydroxide. Without 

taking note of these results, Centnersswer (61) and Sohikorr 

(62, 63) found that the rate of dissolution of alwinum in 

sodium hydroxide in independent of its purity. These In* 

vestige tors used too small a volume of dilute solutions and 

aluminum of insufficient purity to permit conclusions on the 

effects of these variables. Not until 1938*39 did teller (64) 

and Btmumanis (39) prove again that the rate of dissolution

# Actually the accelerating effect of impurities was already 
demonstrated by A. de la Mw in 1830 (4).



of aluminum in alkaline solutions is aooaloy&#M by 

ties in the me feel or in the oleotrolyta» fhe rate of 

dissolution in alkalise is even »n sensitive to small 

quantities of impurities than is the rate in hydrochloric 

sold. In sontrest to tN effect of impurities in add solu* 

felons, only 0.01 percent iron or copper produce a definite 

increase in the rate of dissolution in hydroxides (50). The 

accelerating effect falls off rapidly, if the iron content 

is increased fifty times, the rate of dissolution is in* 

creased only 0*3 times.

The rate of dissolution increases with increasing con* 

centration of hydroxide (21, 58) according to Oentnersswer. 

Equation (I) also applies in this case. Solutions of sodium, 

potassium, lithium, and barium hydroxide were found to act 

similarly on aluminum (3@)« the dissolution rate in sodium 

hydroxide of aluminum containing silicon 1c independent of 

the time of immersion but is increased linearly by increasing 

quantities of silicon (W).

The hydrogen absorbed by aluminum during dissolution 

in sodium hydroxide has been studied by several authors. 

Moreau and Chaudron (W) using an ion*bcmbardment extraction 
/ CTO 

method found that the hydrogen content was 1,000 mi per^g 

of aluminum after 20*30 days of immersion in 0.018 sodium 

hydroxide. A value of an entirely different magnitude was 

found by Ransley and Eeufeld (80). These authors used a 

volumetric method and found 0.4 ml per 100 g of aluminum under 



similar ooMltlon# of exposure. Thia quantity of hydrogen 

is oonalAamd normal for cast aluminum, and the authors con* 

elude that no appreciable absorption of hydrogen takes place 

under the conditions studied.

......................................WM»X. solution*. The aeteek on 

aluminum of several solutions of salts has been investigated. 

Champion W) studied the corrosion of pure aluminum in 

potassium chloride solutions by measuring the hydrogen evolved 

and the oxygen absorbed» Corrosion-time curves were thus 

obtained, but ths irregularities in these curves were found 

to require further investigation. Schikorr (SV) investigated 

the behavior of aluminum in neutral chloride solutions. 

Hydrogen is evolved in such solutions if the resulting sodium 

hydroxide and aluminum chloride do not react with each other 

but remain separated at the surface (no agitation). Brown 

and Meara (SB) have studied the effect of external variables 

on corrosion probability* and intensity of attack, The 

occurrence of one pit influenced the occurrence of other 

pits in sodium chloride solutions. The average depth of 

attack decreased as tbs number of points of attack increased. 

Increasing the concentration of sodium chloride increased 

the probability of attack and the average depth of attack.

« Corrosion Probability, F * & x 100

BL * number of specimens on which one or more points of 
attack develop, 

% * total number of specimens.
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twpamWm also the jmbaMUty of

attack but AaaNaaad the average depth of attack. ^heee 

results are in agreement with the predictions of electro* 

ohamiaal theory, that the attack at one area would reduce 

the chance and also the intensity of attack at adjacent • 

areas W*

in a study of the effect of pH on the rate of dissolu* 

Cion of aluminum, Akimov and Glukhova (VO) found that the 

curve showing tiw dependence of the corrosion rats on the 

pH occupies approximately a symmetrical position with respect 

to the neutral region. In both the strongly alkaline region 

and the strongly acid region the rate of dissolution is of 

the same order. In neutral and sold solutions the rate is 

much higher in the presence of Cl* ions than the presence 

of SO* ions* Xn strongly alkaline solutions the rate is 

unaffected by the presence of chloride, nitrate, sulfate, 

and acetate ions and la retarded by chromato ions (Vo, 111). 

Q*. . Jha affect of an swerœl

Haas and Wloderholt (dl) observed that when two aluminum 

electrodes are immersed in water and a small current applied, 

pitting appears at the anode, while at the cathode dissolu* 

tien occurs as in alkaline solutions because of the hydroxyl 

ion concentration caused by the release of hydrogen » fhla 

same effect was observed by mars and Brown (SB), who found 

that in sodium chloride and aluminum chloride solutions there
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le * critical potential at which attack ©an be prevented at 

both anode and cathode. Above this, attack takes place at 

the cathode even in aluminum chloride solutions, which can» 

not yield an alkali hydroxide. These authors suggest that, 

as above, the depletion of hydrogen ion concentration in 

the liquid immediately adjacent to the cathode results in a 

higher concentration of hydroxyl ions in this vicinity. 

Similar results were obtained by Caldwell and Albano (21), 

who found that when aluminum is made cathodic in sodium 

sulfate solution the rate of dissolution increases rapidly 

to a constant value as the current density is increased» 

At this constant value the rate of formation of hydroxyl 

ions at the cathode is equal to the rate of diffusion of 

these ions away from the layer at the surface of the cathode. 

Brown and Bears (2) have shown that in solutions of 

potassium chloride, sodium chloride, and these same solutions 

containing hydrogen peroxide the corrosion of local aluminum 

anodes (isolated pits) and cathodes le entirely electro* 

Chemical in nature (i.e., the change in weight can be accounted 

for by Faraday's Mw) and that the corrosion of the anode 

pits can be prevented by polarising the cathodic areas to 

the open circuit potential of the pits (anodes) (3). When 

the number of sites of attack is increased the intensity of 

the attack decreases.

Several investigators (30, 38, 82, 53) have confirmed 

Thiel's (20, 23) original discovery of a positive °difference
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effect” when alwlam It dissolved anodically la aodiw 

hydroxide solution. Thiel and Nkell observed that when 

aluminum dissolving in sodium hydroxide it connected to a 

more noble metal immersed in the tame solution, the hydrogen 

evolution at the aluminum decreases while hydrogen is also 

evolved at the more noble metal. Connection of aluminum 

with a more noble metal actually increases its rate of 

dissolution even though the rate of hydrogen evolved at the 

aluminum is decreased.

When aluminum dissolves freely at a given temperature 

and concentration of electrolyte it baa a certain rate of 

dissolution, (^lib determined by measuring the hydrogen 

evolved over a given period. If this same run is now re* 

peeted while the aluminum specimen is connected to a more 

noble metal electrode also imersed in the same solution, 

the hydrogen evolved over the given period of time from the 

aluminum alone, (%), is less than V^i» while the total 

volume of hydrogen evolved, (V&), is greater than V^. Prom 

the current*time curve obtained from an ammeter connected 

between the two electrodes the volume of hydrogen evolved 

at the more noble electrode, (Ve), may be calculated. Then

»«- ». - h (H)

»n • »i “ (ni)
where 1» defined ae the 8différente effect." «Mel 

and Kake11 (80, 88) found that within a certain range of



density the ^Mffere^ee effect* increases linearly 

with the current penalty at measured in the external circuit.

△  * n (xv)

Btraumania (80) has found that the potential of aluminum 

dissolving in sodium hydroxide becomes more positive as the 

rate of dissolution is increased increasing the current 

density with an external eurent) and as the concentration 

of sodium hydroxide is decreased. Am rate of dissolution 

consists of two factors, local element dissolution and dis­

solution caused by an external current.

lbs results obtained on making aluminum cathodic in 

alkaline solutions are contradictory. Hodges and Myers (47) 

found that an aluminum electrode connected to a platinum 

wire in BN hydroxide solution when made cathodic does not 

dissolve even though it gives off gas. When the current is 

reversed, the aluminum dissolves, but the gas does not come 

from the aluminum. However, Caldwell and Albano (81) found 

that the rate of dissolution is unaffected (up to a current 

density of 80 ma per cm") when aluminum is made cathodic in 

sodium hydroxide solution and that the rate is dependent 

only on the concentration of the alkali.

In hydrochloric sold solutions the ^difference effect* 

was found to be negative for aluminum (80, 88, 68) i.e., 

when the aluminum is connected with a more noble metal (is 

made anodic), its rate of hydrogen evolution is increased. 

I^roenig and Uspenskaya (88) have shown that the appearance



of the negative "difference effect" is caused by the action 

of the oxide layer on aluminum when exposed to hydrochloric 

acid. According to these authors, making the dissolving 

aluminum more anodic increases the rate of dissolution in 

the pores of the oxide film, which is gradually destroyed» 

In this way a larger surface is exposed to the attask of 

the hydrochloric add solution and the rate of hydrogen 

evolution is increased. When the oxide film is destroyed 

by amalgamation prior to immersion in the hydrochloric sold 

solution, tbs "difference effect" Ie found to be positive»

Caldwell and Albano (81) were able to reduce almost 

to aero the rate of dissolution of aluminum when cathodic 

in 0.58 hydrochloric acid containing some hydrogen peroxide. 

D* :,Sww

the dissolution of very pure aluminum is very slow in 

both alkaline and acid solutions. When impurities are added 

either in the form of alloying elements or as salts in the 

electrolytes, the dissolution rate is increased. The effect 

of agitation in both types of solutions is negligible. An 

increase of ten degrees approximately doubles the dissolu* 

bion rate, ^he dissolution process in approximately neutral 

solutions has been shown to be electrochemical. The "dif* 

fcreme effect" of aluminum in alkaline solutions is pod* 

tive, end in acid solution (hydrochloric) ths effect depends 

on the oxide film, whan the film is not removed from the 

surface, the effect is negative; otherwise, it, too, is 

positive.
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The QoaOilsiem detteHainiag the Meeolutlon ef alwMnim 

in neutral solutions have been doWwlned and shown to be 

largely eleetroohesdeal^ Previous investigations have also 

indicated that an eleetroohemieal mechanism is active in the 

dissolution of aluminum in aside and alkalis#. However, 

for these solutions the evidence is sometimes sontradiotory 

and ineomplete. It is the purpose of the experimental work 

to be deasribed to investigate further the meohanism of the 

dissolution of aluminum in sodium hydroxide.
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1. TN alwimm wM far ail «^erlmnts

was MM# from a aboe^ of 88*0 (about 99.1%)^ altsKtimai, 

0*0888 Inoh thiale» Figura la giroa the âi»o#«iona of the 

apeal^n» wM for ail runa» A olroular Oeai^ was ohosea 

to MoâMse edge off este, TM eleatrode was punched in one 

pisse by means of a steel Me, thus avoiding a me tai* to* 

metal junction between the Meo and the handle. The handle 

was made 1 8/8 lashes long, permitting immersion of the top 

of the else trade disc 1 1/4 inches below the surface of the 

solution. On removal from the steal Mo, the electrodes 

were filed at the edges and rubbed with S/e emery paper to 

eliminate burrs» The discs were then flattened by a pressing 

operation. The electrodes now weighed about 8.7 g. To re* 

Heve stresses caused by cold working during punching and 

filing, the electrodes were annealed at M0*C in an electric 

furnace for thirty minutes at temperature and were then 

allowed to cool in the furnace.

In order to prepare the aluminum surfaces chemically, 

the electrodes were immersed in sodium hydroxide solutions of 

about the same concentration as the solution in which they 

were to be used until the surfaces were uniform and all 

a The impurities consist primarily of iron, silicon, and a 
very small amount of copper.
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aoratcheii had been eliminated. During the dissolution process 

« black precipitate (Fig. lb) gradually fbwm, which can be 

removed only by wiping the surface under running water. A 

stream of water alone does not wash off the precipitate. 

About 0.4 g of aluminum la lost during this chemical prepare* 

Hon, and the thickness is reduced about 0.0025 inch. The 

diameter of the specimen does not change appreciably during 

this process nor during subsequent dissolution test».

The concentration of sodium hydroxide was controlled 

by titration with standard hydrochloric acid solution using 

phenolphthalein indicator. Reagent grade sodium hydroxide 

was used (A).* Initial concentrations were within #0.000 

of the given normality. The concentration of sodium hydroxide 

in effect remained constant throughout a run because of the 

large volume (4 liters) of solution used (100 ml solution 

per cme of aluminum surface). Ko changes in the acid titra* 

tion or dissolution rates were detected when 10 percent of 

the equivalents of the sodium hydroxide in the solution was 

used up as calculated by the weight of aluminum dissolved. 

Distilled water was used for all run».

2. Specimen Coating. The use of the above described 

specimen depends entirely on an efficient coating for the 

handle. The part of the handle which is immersed in the solu­

tion must be completely protected from access by the electro* 

lyte to insure a constant surface exposed (the disc). Also, 

e letters refer to sections in the Appendix.
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whan the la aaM as an electrode in an electrolytic

sell» ths ewwnt density In an unshielded handle would be 

mush greater than over the remainder of the specimen, re* 

suiting In rapid dissolution of the handle. Previous in* 

ves tl^ators have used psraffln*wax and similar coatings for 

shielding. The poor adharenoo of these substances often 

leads to penetration of the solution under the edges of the 

costings, which also are generally not resistant to alkaline 

solutions.

After testing several types of coatings a laboratory 

uement^ was tried which gave satisfactory perfomanoa. %ia 

cement is transparent and san bo removed quantitatively from 

the specimens with acetone. So determine whether the weight 

of the coating remains constant during a dissolution run, 

several prepared electrodes ware weighed and than their 

handles were coated. After drying at room temperature, these 

electrodes were dried at 110*0 for twenty minutes, and, when 

they had cooled to room température, were used in a dissolu* 

tion test. On removal from the solution* the precipitate 

was removed by wiping# and the specimens wore dried at 110*0 

and weighed. coating was now removed and the apeolmena 

wore re*wighed. The greatest difference in welght*loee 

determined by weighing with and without coating was B milll* 

grams (B) • Therefore, it was not necessary to remove the

# MOB, made by Tootaleal Specialties Company, Walden, 
Kass., under license from Decker laboratories» Inc.
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on the handle for weighing» between runs. (Baah 

specimen was ueM for several run».) In summary, the proper* 

ties of the laboratory cement of importance to thia work are 

its

1) resistance one protection extinct 
concentrated hyêroxiaeo and acide 
(BG1),

B) adherence to aluminum without pooling 
at edges during exposure to various 
electrolyte»,

8) constancy in weight during a dissolu* 
tion teat making rénovai for weighing» 
unnecessary,

4) ability to dry rapidly (10 to 18 
minute»).

8, RewodueiMllty* In order to obtain reproducible 

dissolution rates, the initial aurface of the aluminum must 

be uniform in IM breakdown characteristics throughout all 

M»M. At first a solution of chromic and phosphoric acids 

was used to remove completely all traces of precipitate and 

to produce a uniform surface on all specimens. However, it 

was found that all the precipitate formed during a dissolu* 

tien run could be removed by wiping and that the surface 

obtained in this cold solution does not lead to reproducible 

dissolution rates. For these reasons the acid treatment was 

abandoned, and a pre*treatment in concentrated (8%) sodium 

hydroxide solution was substituted.

The action of this concentrated solution may be com­

pared with some observations on the effect of more dilute



solutions. When a drop of dilute (o.OM) sodium hydroxide 

is put on an untreated aluminum surface while its action is 

followed through a microscope, there is first an incubation 

period of no action (about 30 seconds), followed by a gradual, 

relatively slow evolution of hydrogen bubbles* She bubbles 

always oom® from a few points only. there is no over-all 

attack* When a bubble frees itself from the metal surface, 

another one forms at the same spot* after a certain period 

the number of active spots does not increase* More concen* 

tested solution (MW) causes many more points to become 

active, each one more active than in the case of the more 

dilute solution. 3b# active points are pores in the oxide 

film on the aluminum surface, which serve as local anodes*

After the electrodes were chemically prepared and coated, 

they were weighed and immersed in the concentrated sodium 

hydroxide solution until hydrogen bubbles appeared (Mo 

seconds ) « Ike specimens were then rapidly withdrawn, rinsed 

immediately with water, and immersed in the test solution 

for a run* %he weight-loss during the treatment in concen­

tra ted hydroxide solution is not more than one milligram*

The procedure for all runs using specimens prepared as 

described above was as follows1

a) immersion in concentrated (M) sodium hydroxide solu- 

until hydrogen bubbles appear*

b) Rinsing in water and immediate immersion in the test 

solution.
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o) Removal of pmolplM#* wader running water by 

wiping after withdrawal from the test aolutien» 

d) Trying in alsotrio oven at 11O*C, and cooling in 

desiccator.

a) Weighing.

The apaolmena are now ready for another run» The rune 

were timed by stopwatch.

Preliminary experiments revealed that the dissolution 

rates of aluminum in sodium hydroxide are sensitive to email 

fluctuations in temperature. A thermowregulated hath m 

constructed which permitted temperature control of -0.08*0. 

A mercurial themo*regulator and a mercury relay were used 

for this control. The bath held five déliter beakers ahich 

were used simultaneously for dissolution runs.

A large number of runs were repeated to obtain informa* 

tien on the reproducibility of dissolution rates. In general, 

the percent maximum deviation from the arithmetic mean value 

did not exceed 3 percent. Only at small weight-losses (at 

low concentrations of sodium hydroxide, low temperatures or 

short times of immersion) was this value exceeded by one 

or two percent (C). The difference in welghb*lo»« for re* 

pasted runs in the largo majority of cases did not exceed 

10 mg*

4.Jha #fect of in an

effort to determine the cause of the variation» within 10 mg, 

the effects of several other variables were studied. In



aoab www»»# of repented, run» waa oxoellont (within 

9-3 mg) when two or wore run» wore noAo in the asm solu* 

Bion* So variation could be found in the dissolution rates 

of the various spaelmne or in the action of various batches 

of sodium hydroxide pellets (!>)* within the calculated 10 

percent depiction of the sodium hydroxide solution previously 

mentioned, no difference was found in the action of a fresh 

solution and one which had already been used for a run* 

The different surface conditions produced on the alum­

inum by various concentrations of sodium hydroxide had only 

a slight effect on the dissolution rates, At given condi­

tions of t and T# specimens previously used in 0.00 solu­

tion gave slightly lower dissolution rates in a O.QM solu­

tion than specimens previously used in 0.303 solutions. 

The same effect applied to dissolution rates in 0.33 solu­

tions# i.e., the specimens previously used in a solution of 

the same concentration gave slightly higher dissolution 

rates than specimens having a surface produced in 0.033 

solution (3>).

In all runs only one specimen was used per beaker, How­

ever, when three specimens were immersed simultaneously the 

weight-loss of each of these was the same as that determined 

when only one specimen was used. To determine the effect 

of depth of immersion on the dissolution rate, a run was 

made with the specimen at the bottom of the 4-11tar beaker. 

This did not change the rate, Thus, it was not possible to
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the taetere which eaiwM the variations in weight 

losses up to 10 mg in the case of repeated runs.

The variations were probably caused by the combination 

of the above discussed factors together with topochemical 

factors governing the formation and action of the preclpi* 

tate. Meat ma evolved during the dissolution process.

When the aluminum specimen dissolved without mechani­

cal agitation# currents were set up as described in Pig. 2. 

The path of the small hydrogen bubbles evolved during dis­

solution made these currents visible.

W determine the effect of agitation on the dissolution 

rate# a stirrer was placed below the specimen. It was pos­

sible to place the specimen at the edge of the vortex pro­

duced by rapid stirring. Doth sides of the panel were thus 

exposed to a rapid flow of liquid# which dispersed the by* 

drogen evolved throughout the beaker. In every ease agita­

tion produced a slight increase in the dissolution rate. 

The increases varied from 6 to 20 percent (X).

1. in Table» I-V* ere given the weight-loee

data obtained at concentrations between 0.068 and 0.508 and
» 

at temperatures between 8*0*» and 40*0. All weight-loss data

a in Table VI are given additional values on the effect of 
concentration of sodium hydroxide on the loss in weight 
of aluminum.

#c One run was made aS 5*0 in 0.108 B&OH.



are for 40*5 a»* (area of the apeal^ne)» Values wrN4 

with an asterisk are arithmetic mean weight-losses of two 

or more runs. The values from which those have been derived 

are given in (0). Figure 8 is a plot of Table III and 

represents typical curves on the effect of time of immersion 

and temperature on the weight-loss. The data plotted in 

Figure 4 were also taken from Table IXI* Figure 5 shows the 

effect of various concentrations of sodium hydroxide on the 

loss in weight at various temperatures* The data for Figure 8 

were taken from Tables 1-YI.

M indicated in Figure St the weight-loss is not directly 

proportional to the length of time of immersion. The rate 

of dissolution increases throughout the immersion period at 

all temperatures* This was found to be the case at all 

concentration# studied** The increase in the rate of dis­

solution is accompanied by a progressive covering of the 

surface with a black precipitate (Fig. 9). This process 

continued until only a few pores revealing the metallic 

surface remain* The surface is then black to the unaided 

eye (Fig. !)• Mono of this precipitate me found in the solu­

tion» nor was there any colorless (aluminum hydroxide) pre­

cipitate observed*

The precipitate was collected fro® a number of specimens 

and submitted for analysis *** Both ths spectrographic and

a One exception to this generalisation occurred at 0.10% and 
IW* Mere the weight-loss at IM mln* was only 87.1 mg* 
(Bee Table til.)

ee Analyses made at the "Squier Signal laboratory", Fort 
Monmouth, Mew Jersey, through the courtesy of Mr. 1* Heiss 
and Mr* V* J* Xublin.
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X-ray MfTraat&oa analyse® rewaled that iron was the mala 

aonatltwnt of the pmaipltata# A aœi-QmnMt&tiw (Harvey1®) 

®pe®Wo$mphle method gave the following a® the major eon- 

stituents of the proolpitate, with the percentage of each 

pesant % M» - 8, Cu - 2.8, Al - 0.8, N* - 0.4, He - 0*8, 

and 81 * 0.8. %® precipitate thus is formed chiefly from 

the impurities in the aluminum and contain® little aluminum 

hydromlds. The dissolved aluminum apparently almost entirely 

enters the solution.

At all concentrations and lengths of times of immersion 

an increase in temperature resulted in an increase in the 

dissolution rate.

2. Macmaion* 

sl-.,J^eot.^ of Immersion. Rapiri-

oal equations were found relating t, T, and C to the weight- 

lose, W. Figure 6 reveals that a plot of log W vs log t 

gives a straight line. The effect of immersion-time on the 

weight-loss Cut constant ? and 0) may, therefore, he repre­

sented by a power function, 

a * at* (V)

where (a) and (W are constants. 'Chase constants were cal­

culated by the method of averages (88) for all conditions 

studied. Agreement of weight-losses calculated with these 

equations and observed value® was well within experimental 

accuracy. The differences in these values were below 3 per­

cent, with the exception of a few values involving weights
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below SO mg (M. In Table VII are given value» for (e) and 

(b)* %he value» of (b) do not «how a consistent trend with 

changea la ? and C# The value» of (a) increase with in* 

oreaaing temperature or oonoentamUm of «odium hydroxide» 

The constant (a) gives the woight*lo«s during the first minute 

of immersion».

The instantaneous rate of dissolution is given by dif* 

ferentlabing (v),

$ * abt(^) (va)

In Figure 7 are plotted calculated rates of dissolution 

against immersion time. The rate increases at a decreasing 

rate (Pig. 8). A series of runs up to MO minutes revealed 

that the rate becomes constant after about 160 minutes of 

Immersion in 0.30# solution at 83*0 (Mg. 9).#

Figure 10 reveals that for any specified immersion*time 

the slope# &•. is a constant for all concentrations studied. 

When the slopes of these lines are plotted against Vt a 

straight line results» This relationship applies at all 

concentrations of sodium hydroxide and temperatures studied 

(Mg. 11). The slope of the line in Figure 11 is the non* 

étant (b). If equation (V) is solved for (a) and this ex* 

pression is substituted in (Va), we get,

• | (Vb)

e During these rune no solution was used longer than 180 
minutes » after this period the specimens wore rapidly 
removed to a new solution»
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th* value* er (b) given in Table viz are alight Oevia* 

tien* fM* a eon*tant value, b * 1.11, obtained fro» the 

elope of the line in Figure 11, and (b) la a constant for 

the eyetem, l.a., of the particular aluminum (SS) together 

with it* impurities, dissolving in sodium hydroxide solutions 

within the ranges of t, T, and C studied, 

throughout these ranges the instantaneous rate is 

directly proportional to the average rate. From equation 

(vb) it is seen that the rate of dissolution varies directly 

with the weight-loss and inversely with the immersion-time. 

The effectiveness of the impurities in each milligram of 

aluminum dissolved in increasing the rate of dissolution de­

creases with the immersion-time until finally further dis­

solution does not affect the rate, which then remains son* 

stent (Fig, 9), 

Tammann and Meubert (76) have derived an equation for 

the effect on the rate of dissolution of impurities in the 

metal, which, on dissolving, precipitate on the surface in 

the metallic state or as compounds,

" k" ♦ k*k (VI)

Ivana (88) has suggested a modification of this equation, 

|| * k* * k*w (via)

This equation holds only as long as the impurities adhere to 

the surface. Temnann agrees that (Via) is the equation to be 

expected, as W is a measure of the impurities available for
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pmolplt&ükm on the XMegMUon of (Via) give* «

aquation for W for which a plot of w vs. t on ao«i*logantimie 

oooNloaWa 1* a straight line. fbe data of Table» I-VI do 

not give straight lines on these soordlmtoai logging plots 

are required to give straight lines, equation (via), there* 

fore, does not apply to any part of the dissolution process 

studied. It will be shown in the Motion on electrode po* 

Mntlal behavior that these equations (VI and Vis) do not 

apply in this case because they do not provide for the effect 

of polarisation.

While there is continuous formation of a precipitate 

on the surface of the dissolving aluminum, the rats of die* 

solution increases at a decreasing rate until a constant rate 

is reached. aquation (V) described the reaction period (the 

incubation and induction periods having been eliminated by 

the pro*trMMent) while the dissolution rate is increasing. 

The constant (b) is unique for this system, and (a) varies 

with the concentration and temperature.

b) Effect of iNsMrature* When the data of Tables 

I* VI are plotted on aaml-lcgarltW o coordinates to show the 

effect of temperature on the wight*10M, straight lines re­

sult as shown in figure 18. The relationship between the 

weight-loss and temperature may thus be given by an expon­

ential function (at t and C constant)

W * meWT (VH)
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where f is the temperature 1m degrees absolute (X), e, the 

base of the natural logarithm, and (m) and M are constants* 

In Table VIII are given several values for these constants» 

There seems to be no correlation between the constants and 

the immersion* time or the concentration of sodium hydroxide» 

The agreement between observed weightlosses and those cal* 

suisted by equation (VII) is of the same order as in the 

case of equation (V).

A plot of the logarithm of the instantaneous rate of 

dissolution against the reciprocal of the absolute tempera* 

ture gives straight lines at various concentrations (Fig* 13) 

and immersion times* The effect of temperature on the in* 

stantaneous dissolution rate may thus be given by the 

Arrhenius equation (64),

- 18 A - Is 

(vrni 
" 1 "

where % is the Gas Oona tant, 3 is ths difference in the beat 

content between the activated and the inert molecules, the 

^experimental energy of activation** and A is a constant 

which is independent of the temperature* This relationship 

represents the temperature dependence of the specific reaction 

reeas of mat chemical reactions* Equation (VIII) is widely 

applicable not only to homogeneous reactions, but also to 

heterogeneous processes (1®, 85).
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Aw energy of activation* of the rate*

controlling process In the devolution of aludnw in sodium 

hydroxide was found to be about 13,700 cal. per mole for 

various concentrations and immersion times.*

the rate of dissolution approximately doubles with an 

increase of 10*0 for all concentrations of sodium hydroxide 

and various immersion*timee.** This is generally considered 

to be true for homogeneous chemi cal reactions (83). In con* 

treat* for those heterogeneous reactions whose rate is 

determined by a diffusion process, the increase in reaction 

rate for a 10* rise is expected to be of the same order as 

the change in the diffusion constant, i.e», 8*3 percent (86). 

ol

à plot of the data of fables X»VX made on logarithmic co* 

ordinates to reveal the effect of concentration on the weight* 

loss gives straight lines of which those in Figure 14 are 

typical. The dependence of the weight loss on the eoncen* 

tration of sodium hydroxide (at t and T constant) may be 

represented by a power function,

w « ko« (a)
where C is the concentration of sodium hydroxide in *1111* 

soulvalent* per liter and (k) and (d) are constants. A number

# The slope of the lines in Figure 13 is * *-JL—» where R 
la given in calories per degree (1.98). *

we Typical coefficients are 1.98 and 8.16.
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of these constants are given in Table IX.* lamination of 

the constant (4) reveals that it varies with the immersion 

time and with the temperature. This is in sent rest to the 

constant (b) in (V), which does not vary with the analogous 

variables, t and C.

it was not possible to relate the rate of dissolution 

over the entire range of concentration of sodium hydroxide 

to any one property of the solution.** Neither the weight* 

loss nor the rate of dissolution is directly proportional 

to the pH, the conductivity, or the normality of the solution. 

The weight*loaa was found to be directly proportional to the 

hydroxyl ion concentration up to O.SOX. Between 0.10% and 

0.60% the rate of dissolution is proportional to the square 

root of the hydroxyl ion concentration as calculated from pH 

measurements .***

Centnersawer (61, 63) found that the rate of dissolu* 

tien is proportional to the square root of the concentration. 

Calculations based on the data from Table» %*VI give 0.46 

rather than 0.30 as the exponent.

w A comparison of weight*losses, observed and calculated, 
using the three empirical equations developed for the 
effect of immrsion*tiM, temperature, and concentration 
is given in Table X* All values fall within a range of 
10 mg.

ce it is shown in the section on *Eleotrode Potential Be* 
Nvior* that the slope of the self*polarisscion curve is 
directly proportional to the pH of the solution.

wow Several runs made with potassium hydroxide gave results 
similar Co those reported for sodium hydroxide.
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NWa (8?) »»a also Rhode# mid Berner (88) 

have found that the addition of gelatin to a odium hydroxide 

decreases the rate of dissolution of alimtimmi in such solu- 

Mons# Gelatin retards (rather than delays) the dissolution 

to the same extent (on a percentage basis) in solutions of 

various concentrations of hydroxide. Ala effect becomes 

more pronounced as the quantity of gelatin is increased. 

W determine the action of gelatin in terms of the aluminum 

and concentration of hydroxides being studied, several runs 

were made using increasing quantities of gelatin* in 0.303 

solutions at 83*. in Able XX and Figure 16 are given the 

data obtained. As weight-less is reduced rapidly at first 

as increasing quantities of gelatin are added (0.10 percent 

gelatin reduces the weight-loss by 31.8 percent ). When the 

solution contains 0.60 percent the weight-loss is reduced 

60 percent. Agitation of these solutions does not affect 

the weight-loss. In general, the reproducibility of weight­

losses in solutions containing gelatin is better than in 

gelatin-free solutions. As before, a black precipitate 

forms on the surface during the dissolution process.

g» Fo.^ fermai It has been reported that 

potassium permanganate inhibits the dissolution of aluminum

e Baeto-Gelatin was used (made by Mfce Laboratories, 
Detroit, Michigan). An grams of gelatin were dissolved 
in 300 ml of 0.303 solution with gentle heating up to 
ao*c.
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in alkalles (86)•* We protective effect inoreeeee with la* 

creaeing ematltioa of ^mimganate» A eerie» of rime wee 

made using increasing quantities of potassium permanganate. 

We data obtained is these rune are given in Table XXX and 

Figure 18.

From Figure 18 it le seen that below 0.06 percent potas* 

sium persanganate there la actually an increase in the 

weight*loss. in the ease of 0.308 solution of sodium by* 

droxido at 83*0 about 0.10 percent potassium permanganate 

is necessary to depress the weight*loss. A brown precipitate 

forms during dissolution in the presence of permanganate. 

Wie precipitate forma more readily than in permanganate* 

free solutions. At 0.87 percent permanganate the precipitate 

is so adherent that it becomes difficult to remove by wiping# 

We accelerating effect of small quantities of perman* 

ganato is analogous to the action of sodium chromate reported 

by Fischer and Geller (90). Wry small quantities of chron» 

ate were found to accelerate the dissolution rate and larger 

quantities were found to retard it. The action of gelatin 

and permanganate will be referred to again under the die* 

mission on electrode potentials.

, Blootrode potential Behavior

1,. Theoretical introductionAny general mechanism of 

corrosion must be able to account for all changes which take

a inhibitors of the dissolution aM corrosion of aluminum 
have boom reviewed by Eldredge and Wears (81).

co We discussion in thio section is based on that of Getty 
and Spooner (91), "Electrode Potential Behavior of Corrod­
ing Metals in Aqueous Solutions", rather than on original 
references on this subject.



place in the e lea brode potentiel of the motel after immreion» 

The elecbrode potential of the bulk motel at any instant 

is dependent upon

1* The a table potentials of the wtbodlG and 
anodic areas*

B. the relative magnitudes of the cathodic and 
anodic areas*

3. the degree of self^polarisation (polarisa* 
bion due bo ourrents in local cells)*

These factors are not necessarily independent* For 

example, the current density of self •polarisati on at either 

area (anodic or cathodic) is dependent on the magnitude of 

that area* When the anode and cathode polarisation curves 

are straight linos (potential vs current density), the slopes 

of these lines can be shown to be proportional to the ex* 

posed area of the respective electrodes at fixed conditions 

of exposure (B).

On immersion, the potential of an electrode usually 

changes until it finally attains a constant value* The con* 

Citions for a steady potential have been defined by Oatty 

and Spooner as such that the rates of the different electrode 

processes result in constant relative areas of all different 

fields existing on the aolublon*electrode interphase and 

that the total flow of electric charge from electrode to 

solution la sero*

8, Experimental* In Figure 16 is given a diagram of 

the experimental arrangement used for all electrochemical 

studies* During measurements of open*olreult electrode poten* 

biais the bridge connecting the two reaction beakers was
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iMhwwa mad the switch, st vo open» It was then possible 

to obtain two potential ve time curves during on*  run by 

connecting the potentiometer to each of the two independent 

circuits through the double*pole  double*throw  switch. ^e 

sodiw hydroxide in the bridge*  and intermediary solutions 

was of the same concentration sub  that in the reaction beaker. 

The bridge oonnoatlng the reaction beaker with the other 

parts of the system was bent a*  indicated and drawn to a 

capillary opening which was brought as close to the surface 

of the aluminum specimen as possible. The tubulus could not 

be pressed against the surface because hydrogen bubbles fill 

the capillary when it is brought too close to the surface» 

The calomel cells contained tenth-normal potassium 

chloride saturated with calomel. The potentiometer readings 

were made to 0.01 millivolt on a type K instrument (Leeds 

and Morthrup Company). The beakers containing solutions 

and the calomel cells were immersed in the cons tant-temperature 

bath. All runs were made at 83*0  except one series which 

was made to determine the effect of temperature. The tempera­

ture coefficient of the calomel cell was neglected In these 

measurements»^ The concentration of sodium hydroxide used 

was 0.303 except in one series of runs which was made to 

determine the effect of concentration on the electrode poten­

tial. Junction potentials were computed by Henderson's

* The difference in e.m.f. of the calomel cell for a 15* 
change is 0.0007?.
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equation (85).* When those corrections are applied to the 

measured potentials the sequence of curves in Figure 18 is 

not changed. Since changes in electrode potential rather 

than absolute values are of primary importance in this 

study, corrections for junction potentials were not made*

3. Results, Figure 17 illustrates the reproducibility 

of the electrode potential measurements• For these measure­

ments the electrodes were pre-treeted in concentrated sodium 

hydroxide solution. Immediately on immersion in the react­

ing solution measurements were made, timed with a stopwatch. 

The reproducibility of the potential-time curves is primarily 

an indication of the reproducibility of the pre-treatment 

and the formation of the precipitate. When no pre-treatment 

is used, the potential behavior ie different and not re­

producible. The gradual increase in potential is interrupted 

after about five minutes by a drop in potential also lasting 

about five minutes.

In Figures 18 and 19 are given the effects of tempera­

ture and concentration on the electrode potential behavior 

of dissolving aluminum. There is a continuous increase to­

wards more noble electrode potentials in all the curves, 

increasing temperature shifts the potential-time curve towards

e For 0.18 KOI and NaOE solutions of various concentrations 
these potentials were found:

0.00 +0.014V 0.80% +0.030V
0.10% 40.019V 0.50% 40.087V
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more noble values, while increasing concentration causes a 

shift towards more negative values« Both of these offsets 

increase the rate of dissolution.

Agitation shifts the electrode potential towards more 

noble values as shown in Figure 20. This offset becomes 

more pronounced with increasing time of immersion. When 

agitation is begun after sixty minutes1 Immersion*time, the 

electrode potential curve shifts to values determined on a 

specimen exposed to agitation throughout the entire run.

Data obtained to determine the cause of the change in 

electrode potential with Immersion*time are given in Figure 21. 

It is seen that changing to a new solution after 60 minutes 

has no effect on the electrode potential. Various methods 

of wiping the surface free of precipitate cause an immediate 

change to a more negative value of electrode potential. 

Following such a change there are again regular increases 

in potential as more precipitate forma.

Bloctrod# potential measurements were made on specimens 

immersed in solutions containing gelatin and potassium per* 

manganate (Fig. 28). The addition of 0.25 percent gelatin 

gives lower (more negative) potentials which become constant 

after about 80 minutes. When 0.035 percent permanganate is 

added to the solution the dissolution rate is increased and 

the electrode potential is decreased. Thus, these two sub* 

stances, one of which decreases the dissolution rate and the 

other of which increases the dissolution rate, both decrease



the electrode potential. When enough permanganate is added 

to the solution to decrease the dissolution rate, the 

potential becomes constant at a low value within two minutes.

4» Discusslon. The changes in the electrode potential 

caused by wiping the precipitate from the aluminum sheet 

during immersion and the absence of a change in the electrode 

potential when a specimen is removed to a new solution, 

after a precipitate has formed on the surface, indicate that 

the electrode potential behavior is largely determined by 

the action of the precipitate rather than by any changes 

taking place in the solution during the dissolution process.

There is a continuous change in electrode potential 

throughout the immersion*time studied. M previously de* 

scribed, there la also a continuous change in the rate of 

dissolution during the immersion periods studied. When the 

electrode potential is plotted against the rate of dissolu* 

bion at a given time of immersion as shown in Figures S3 

.and 84, straight lines are obtained in every case.* Within 

the ranges of temperature and concentration of hydroxide 

studied the electrode potential of dissolving aluminum is 

directly proportional to the rate of dissolution.** The 

equations of these lines are of the type

« " S' - (X)

« The 38® line in Figure M was obtained graphically from 
calculated rates.

a* This relationship was also found by Stmumanls (89, 98) 
in the case of sine dissolving in sulfuric acid, and by 
Roar and Havenhand (33> 93) for iron.



where E 1» the measured potential, B*, the opan-olroult 

potential, and F, the slope. Rearrangement of (X) ^Ivee

The rate of dissolution is directly proportional to the dif­

ference between the open-circuit and the measured potential 

and inversely proportional to the polarising function.

When equation (X) is combined with (Vb) and solved for 

* wo get

, • (X»}

The weight loss is thus dependent not only on the length of 

time of immersion but also on the polarisation conditions.**

The fact that the rate of dissolution is dependent on 

the electrode potential indicates that the dissolution 

process is electrochemical. Therefore, the rate of dissolu­

tion way be converted (by means of Faraday’s Law) to current 

density.*** The current density thus obtained is determined

e Since F is always negative when (E* * 1) is negative, 
the rate of dissolution will always be positive.

*# From equations (V, Vb and X) it can be shown that 
(B* - B) * abF(t(f"&)).

This in the equation of the potential-time curves. à 
log-log plot of this equation gives a straight line. 
When the potential-time data are plotted in this manner 
straight lines are obtained.

www gate in mg per 40.5 cm» x 4.W * current density in 
milllamps per cm*.



by the local cell current without an external current*  We 

then have a typical polarisation curve. in Table XIII are 

given the depot F'*  of theta polarisation curves. With 

increasing temperature and concentration the slopes inerease 

in the positive direction (i*e M become less steep) *̂

* F« * P 4.48

w The intercepts of these lines at sere current density are 
not absolute values as the electrode potentials have not 
been corrected for junction potentials. Figures 85 and 
84 show that a given rate of dissolution does not cor* 
respond to a certain electrode potential. For a given 
electrode potential there are a number of dissolution 
rates which depend on the temperature and the concentration.

When the pdarlsing function (elope F») is plotted 

against the pH of the hydroxide solution at various oonom*  

trations, a straight line results (Fig. 84a)*  The polar*  

Icing function is thus directly proportional to the pH of 

ths solution. As the concentration la increased the polar!» 

lability la decreased. According to Figure 84a (on extrapo­

lation), st a pH of 15.70 it is not possible to polarise 

anodioally aluminas in sodium hydroxide solutions.

These electrode potential and polarisation curves may 

now be interpreted in the light of information gained pri­

marily in add and neutral solution (55, Bt, 81). It has 

been found that if, on immersion, the potential of a metal 

increases with time it nay be inferred that cathodic pro*  

ceases predominate over anodic processes. Thia increasing 

potential may be obtained either by an increase in the self*  

polarisation of the anodic areas or by a decrease in the



seIf-polarisa Mon at the cathodic areas. In every case an 

increase in potential with time has been observed during 

the dissolution of aluminum in sodium hydroxide solution» 

It may thus be concluded that this process is under cathodic 

control#

During dissolution the area of the cathodic phase in* 

creases • The slopes of the polarisation curves are proper* 

Monel to the extent of self-polarisation and to the anodic 

area# Since the process is under cathodic control and the 

potential la directly proportional to the dissolution rate, 

the anode area must remain constant. The higher potential 

is thus a result of increasing self-polarisation of the 

anodic areas#

The change in the electrode potential brought about by 

agitation can be accounted for on the basis of the local 

cell action just described# The effect of relative motion 

between electrode and electrolyte is to increase the rate 

of transfer of reactants and products of reaction between 

the solution-metal Interphase and the bulk solution (91). 

The result is one or both of the two principal effects at 

the interphasei

a) cathodic area depolarisaMon, with possible 
slight anodic area polarisation, and/or

b) anodic area depolarisation« 

The direction of the electrode potential change on agitation 

depends on the relative magnitudes of a) and b). predominance 
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at *) give® * aare positive potential» A# indloated in 

Figure BO, the potential become more positive when the 

solution is agitated.*

Iha difference in potential, which increases with Im­

mersion-time, may t^s be attributed primarily to cathodic 

area depolarisation. The weekendam of this depolarising 

action, which slightly increases the dissolution rate, 

probably consists of the removal of hydrogen bubbles from 

the surface by the notion of the flowing solution. In thia 

way the bubbles are removed while they are relatively small, 

giving rise to more contact between the solution and the 

precipitate. This effect increases as the cathodic area 

(quantity of precipitate) increases.

It was shown in a previous section that the rate of 

dissolution becomes constant when the immersion-time is ex* 

tended beyond the period studied (120 minutes ). The potential 

also approaches a constant value. One of the conditions 

for the steady state is that there be constant relative areas 

of all different fields (anodic and cathodic) existing on 

the solution-electrode interphase» This implies that when 

a constant potential and rate of dissolution are reached, 

the cathode area no longer increases.

s Getty and Spooner (91) consider that any electro-kinetic 
effects, which may be produced by relative motion between 
the electrode and the solution, are in many cases out­
weighed by the simultaneous effect produced upon the 
local action process.



Figure 16 indicates that 0.25 percent of gelatin has 

about the same effect on reducing th© weight-loss as 0.40 

percent of potassium permanganate, yet the potential-time 

curves differ considerably (Fig. 22). The constant potential 

which is almost ismdistely established on immersion in 

solutions containing 0.40 percent of potassium permanganate 

indicates that the relative areas of local cathodes end 

anodes become constant within a few minutes of immersion. 

The precipitate formed in these solutions is very adherent 

and cannot be completely removed by wiping. Thus, the pro* 

dpi tats formed in solutions containing quantities of 

potassium permanganate sufficient to reduce the rate of dis* 

solution In sodium hydroxide solutions (0.10 percent or 

more in 0.30% sodium hydroxide at 23*) forms a relatively 

thick layer within a few minutes of immersion, which impedes 

contact of the solution with the surface of the metal.

In the case of solutions containing gelatin and those 

containing small quantities of potassium permanganate which 

increase the rate of dissolution, the potential vs time 

curves give straight lines on logarithmic coordinates. Bis 

is in agreement with the results obtained from similar 

measurements wade in solutions containing only sodium hy­

droxide. The slopes of these lines are given by (b-l). (See 

footnote pg, 42.) In the ease of permanganate and gelatin 

additions this slope differs from that obtained for sodium 

hydroxide solutions without additions. Thus, the constant 

(b) is changed by gelatin and potassium permanganate.
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Whlle the effectiveness of the precipitate la decreased 

by the addition of gelatin, the mechanism of dissolution 

probably remains the bum * It is probable that its effect 

is brought about by modification of the oathodlo reaction, 

i.e., by retarding the evolution of hydrogen at the pre* 

dpi ta to. In the case of permanganate additions which 

accelerate the rate of dissolution, a new kind of precipitate 

is formed, which is even more effective than the precipitate 

formed in permanganate free solutions. It might, therefore, 

be expected that this greater effectiveness is accompanied 

by increased anodic polarisation. Figure 88 indicates that 

this is not soi there is actually less anodic polarisation 

in the case of solutions containing permanganate than in 

permanganate*free solutions, therefore, the accelerating 

effect of small quantities of potassium permanganate is 

probably a result of the rapid formation of an effective 

precipitate accompanied by some anodic depolarisation.

The data obtained from electrode potential maaursments 

indicated that the dissolution of aluminum in hydroxide 

solutions is electrochemical. Also, it is known that the 

"difference effect" on aluminum is positive in alkaline 

solutions. In order to supplement the information gained 

from electrode potential measurements and to study the re­

producibility of the "difference effect" an external potential 

was applied to the dissolving aluminum by means of the ex­

perimental arrangement given in Figure 16.



1» Two alwlnw one an

anode, the other a cathode, were used aismltaneously. The 

switch Sf was closed and the two large reaction beakers, 

one containing the anode, the other the cathode, were con*  

nectod by a bridge. The concentration of sodium hydroxide 

was the came throughout all bridge*  and beakers for a aerie*  

of run* .* Two serie*  of run*  were made, in a 0.30# and in 

1.00# solution*.  All run*  were made at 03"C and 40 minutes 

immersion-time. The e.m.f. was supplied by a d.o. generator. 

By varying the reals banco, the desired current (registered 

on the ammeter) was obtained. Throughout a run the current 

was held constant (^O.OlA) by varying the resistance. A*  

before, the specimens were given a pro-treatment.

* Originally it was intended to use a concentration cell, 
i.e., to depend on the current generated by the differ­
ence in concentration of hydroxide in the two reaction 
beakers. Several attempts were made using 0.01# and 
1.0# solution*. However, the current generated by this 
cell, whose components differed by a factor of 100 in 
concentration, was not sufficient to produce the "dif­
ference effect*.

Potential measurements were made using the same tech­

nique previously described.

For the lower current densities several sodium hydroxide 

bridge*  of the same concentration as the solution in the 

reaction beaker*  were used to complete the circuit between 

these beaker* . This type of bridge could not be used where 

higher current densities were desired. The sodium hydroxide 

bridges were replaced by a platinum wire to increase the
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In the oifoult. The end» of this wire were placed 

ee far away as possible from the specimens as indicated in 

Figure 68a« The error introduced by using a platinw wire 

bridge (gases were evolved at both ends) was negligible.* 

The two*beaker arrangement was used because the heat 

evolved, when the rate of dissolution is increased by an ex­

ternally applied e.m.f «, makes temperature control difficult. 

Miao, by using separata beakers for the anode and the cathode 

the solutions were not depleted so rapidly as is the case 

when both are in the same solution.

9, results. The results of runs made while an external 

current was applied to aluminum are given in Tables XIV and 

XV. The reproducibility of these runs la of the same order 

as that of simple dissolution runs previously described. 

In Figures 88 and 86 are plotted the data of Tables XIV and 

XV. For both the 0.308 and the 1*008 runs the aluminum 

specimen which was made the cathode lost only slightly less 

weight than under freely dissolving conditions. After an 

initial drop of about 10 mg at a current density of O.M* 

the cathodic weight-loss decreased very slightly with increasing

w A check run was made at 0.80A by immersing both anode and 
cathode in the same beaker (which eliminated the platinum 
wire connecting the solutions). The weighs*less obtained 
in this way agreed with that found when the wire was used. 
Anode*loss 1 with wire, 068.8, without wire, 819.1 mg.



current density.* * As before, » preoipitate formed on the 

surface •

e This differs somewhat from the results of Caldwell and 
Albano (81), who found that making aluminum cathodic In 
sodium hydroxide solution does not affect the weight-loss. 
The temperature control used by these authors was 30.0
* 0.6*C.

in 0.80^ solution there la no effect on the weight*  

loss of the anode until a o.d. of 0.3A (per apeoi^n) is 

reached. At this value the wight-loss becomes proportional 

to the c.d. up to about 1.1A. From thia point on# the slope 

changes and the proportionality of weight-loss and o.d. con­

tinues. When thia last section of the curve is extrapolated 

it goes through the origin. The changes taking place on 

the surface as the o.d. Is increased are given in a series 

of photomicrographs in Figure 87.

In 1.008 solutions there in a more continuous change 

in weight-loss of the anode as the o.d. is increased (Wig. 86) 

The curve cannot be divided into three parts of different 

slopes as was possible in the previous case.

When the o.d. reaches 0.3A in a 0.308 solution a defin­

ite decrease in hydrogen evolution was observed at the anode, 

while at the cathode there was a considerable increase in 

the hydrogen evolution. As the o.d. was increased this effect 

became more pronounced. Breaking of the circuit (restoring 

freely dissolving conditions) immediately increased evolution 

at the anode and decreased it at the cathode, until both 

evolved gas at about the same rate. At 0.94 and over, the



anode did not evolve hydrogen when first immersed. After 

about 10 minutes of immersion a alight precipitate formed 

and gas was e wived at an increasing rate. After 30 minutes 

the precipitate flaked off and bubbling ceased.

The action of the precipitate is further revealed in 

the following experiment. The platinum wire was placed near 

the edge of one specimen (Fig. 28b), giving very uneven 

current distribution over the surface of the specimen. The 

precipitate formed on only one-half of the specimen (the half 

away from the wire) while the other half remained clear» 

Hydrogen bubbles were evolved only on the side covered by 

the precipitate.

To the unaided eye the specimens exposed to current 

densities over 1.2A in 0.308 solution have a polished appear* 

ance. However, microscopic examination reveals that there 

are still traces of local cell action caused by the precipi­

tate, which alternately slowly forms and flakes off (Fig. 27).

When an anode which has been exposed to polishing action 

at the higher current densities used is given the usual pre* 

treatment in concentrated sodium hydroxide in preparation 

for re-use, it appears to have become *passive*. Two to 

three minutes are required to initiate even slow hydrogen 

evolution.

In 1*002 solution these effects were similar with the 

exception that a c.d* of 2.4a  was required to suppress hydrogen 

evolution at the anode on immersion. After about 3 minutes



a precipitate formed, accompanied by very light bubbling. 

The gas evolution at the cathode in all cases was most vigor* 

ous. It was not possible to obtain a polished appearance at 

the anode in 1.00# solutions even at a e.d. of E.4A.

When a current density of 41 was applied, there was 

immediate, slow evolution of large bubbles, probably oxygen, 

at the anode. At current densities above 8.41 the heat 

evolved became so great that it was not possible to control 

the temperature by the apparatus which was used in these 

experiments.

Slight agitation of a 0.30# solution at a current density 

of 1.01 increased the anode weight*loss considerably and re* 

dueed the cathode weight-loss about 10 mg.

Electrode potential measurements were difficult on 

specimens under the influence of an external current. There 

was a continual change in potential of both anode and cathode 

throughout all runs toward more noble (less negative) poten­

tials. In general, the cathode potentials were found to be 

more negative than the potentials of the specimens which 

were made anodic. At higher current densities the potentials 

fluctuated considerably.

3. Discussion. When there is a precipitate on the 

surface a three-electrade system la formed, the anodic and 

cathodic areas on the aluminum and the cathodic precipitate. 

Brown and Hears (3, 38) have shown that, in oases where 

corrosion is entirely electrochemical in nature, it is noces* 

cary to polarise the cathodes in the local cells to the open­
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circuit potential of the local anodes in order to obtain 

ample to cathodic protection. Apparently one of the types 

of local cathodes (probably the precipitate) cannot be suf* 

fl©lastly polarised to produce complete cathodic protection. 

There is some cathodic polarisation as indicated by the fact 

that the potential of the cathode specimen is more negative 

than that of the anode specimen.

The "difference effect" was calculated for runs in both 

concentrations of hydroxides studied. All values have been 

reduced to milligrams. These values and the method of cal* 

culetion are given in Tables XVI and XVII and are plotted 

in Figure 29. At current densities below O.M there was no 

"difference affect" (this may be a result of the sensitivity 

of the experimental technique).

In 1.001 solutions the "difference effect" is linear 

with the current density up to about 0.8A and, on extrapola* 

tion, passes through the origin.

△  • KI (IV)

where K la a constant and I, the current density. The result 

is in agreement with that obtained by Thiel and Schell (23) 

and Miller (38) in 1.00# sodium hydroxide. A current density 

of 0.8A is equivalent to 20 ma per m*. Thiel and Schell 

found it to be linear up to 24 ma per cm». Miler (38) ©on* 

aiders the "difference effect" linear over a larger range

and attributes variations in K to experimental inaccuracies.
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However, when A la plotted against the current density 

(Müller merely tabulatea values of K) it is evident that the 

"difference effect" is linear up to about 82 ma per cm® and 

then falls off.

In 0.508 solutions the difference effect extends to 

about 1.0A; it is operative only in region (b) Figure 27. 

The effect is directly proportional to current density in 

this range. However, on extrapolation the line does not pass 

through the origin.

A * K*I + M, (XI)

where I is the intercept at aero current density.

When the "difference effect" la complete, * 0 and 

dissolution by local cell action has ceased, making A • Wæ 

Therefore, the limiting value of the "difference effect" is 

W^. This limiting value is reached in 0.30N solution within 

the accuracy of these experiments.*

In 1.00* solutions the limiting value is approached but 

is not reached at the current densities studied. Even at 

2.4A, there is no polishing action on the specimens and the 

precipitate is the usual powdery type rather than the flaking 

type observed in the runs using 0.30X solutions.

F. Summer ypf experimental, work

As dissolution of (28) aluminum in sodium hydroxide is 

accompanied by vigorous evolution of hydrogen and the formation

« wu * 188.5 and * 158.0
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of a powdery, black precipitate on the surface, which can

be removed only by wiping* The precipitate consists primarily 

of compounds of the Impwlties in the aluminum (or a metallic 

deposit of these impurities)* The weight*losses in all 

runs were found to be reproducible within a maximum deviation 

Of 5 percent from the arithmetic, mean value of a series of 

repost runs*

The summary given below of the effects of several van* 

ablea applies within the ranges studied.

Time of Immersion: 0 *180 minutes

Concentration of Hydroxide: 0*05 * 0*6% 

Temperature: 8*0* * 40*0*C

%* %ffeut of Length of %ms of Immersion* The dissolu* 

tien of aluminum in sodium hydroxide increases with length 

of time of immersion according to the equation b « at\ The 

constant (a) varies with temperature and concentration. The 

rate of dissolution increases at a decreasing rate until a 

constant value is reached* The rate of dissolution is given by 

e fb (Vb)

The constant (b) applies under all conditions of temperature 

and concentration* (b * 1.11).

The electrode potential increases towards more noble 

values during the dissolution process and is directly proper* 

tional to the rate of dissolution. This relationship is given

by the equation
& . laLrJU dt r (X)

The rate le a measure of the loaal-aotlon current.



The electrode potentiel ehenge with time can be related 

to the formation of the precipitate which la produced at the 

surface rather than to any changes taking place in the so lu* 

tien. The potential probably reaches a steady state when 

a constant rate of dissolution is reached.

8»,^^ of Temperature.» She effect of tempera*

ture on the weight-loss is given by an exponential function,

W » m»BT (VII)

and the effect of temperature on the dissolution rate by the 

Arrhenius equation,

$ • mil)

An increase in temperature of ten degrees doubles the rate 

of dissolution. increasing temperature makes the slope (P*) 

of the polarisation curve less steep.

3 ., foe Iffeet of Concentration. The weight-loss In* 

creases with increasing concentration according to the equation

W * kC^ (IX)

The constants (k and d) vary with the Immersion-time imd 

temperature. The rate of dissolution cannot be related to 

any property of the solution over the entire range of con* 

centrations studied. However, the slope (F*) of the polar!* 

nation curve is directly proportional to the pH of the solution

4 . The Rffoot of an External When aluminum la

made cathodic in sodium hydroxide by an external e.m.f., 

after an initial drop of about 10 mg (at a c.d. of o.M) there 
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is only a wry slight drop in the cathodic weight-low eg 

the current density is increased.

When the aluminum is made anodic at increasing current 

densities in 0.303 solution, there is first a range of 

current densities in which there is no apparent effect on 

the dissolution rate. Beyond this range the dissolution rate 

is directly proportional to the current density, This range 

is divided into two parts. In the second part the slope 

changes and the weight-loss becomes electrochemically equiva­

lent to the current passing through the cell. In 1.00* 

solutions these changes are more gradual and the weight-loss 

approaches equivalence with the quantity of current passing 

through the cell at the higher current densities.

The "difference effect" is positive in both 0,303 and 

1+003 sodium hydroxide. In 1,003 solution

" XI (IV)

up to a current density of about BO ma per cm*. At higher 

current densities the "difference effect* drops off. In 

0.303 solution the "difference effect" (unagitated) follows 

the equation 

A * X'l ♦ 3 (XI)

The degree of reproducibility of the "difference effect" 

is of the same order as all other dissolution runs when the 

time factor is considered.

Agitation markedly increases the anode weight-loss and 

decreases the cathode weight-loss in 0.303 solution. This



has the effect of decreasing the "difference effect”•

8..  The Kffeet of Gelatin end^^oteeei^ Permangana te. 

Additions of gelatin reduce the dissolution rate. The weight* 

loss 1» reduced Bo percent by 0.30 percent gelatin in 0.30» 

solution. Small additions of permanganate accelerate the 

dissolution. About 0.10 percent potassium permanganate are 

necessary to depress the weight-loss.

B. A.Wets on Result» indicate the Nature of the 

Rate-Controlling Process. vigorous agitation of the solu­

tion increases the weight-loss only slightly under freely 

dissolving conditions, and this increase may be attributed 

to a depolarisation effect. In solutions containing gelatin 

agitation has no effect. The increase in the rate of dis­

solution for an increase in temperature of ten degrees is 

about 100 percent. The change in the diffusion coefficient 

expected for such an increase in temperature is of the order 

of 9 to 3 percent. All these facts indicate that, if dif­

fusion processes have any effect at all on the rate of dis­

solution, it is very slight (for freely dissolving conditions). 

It is indicated that the rate-controlling process is a 

homogeneous chemical reaction.



n. DISCUSSION

_W%re .of Mot&lllo .Surfsoea

Prom the dieoueeion of the literature survey and the 

experimental results just described, it is seen that electro* 

chemical factors are decisive in the dissolution of metals 

in Inorganic electrolytes. It follows that electrochemical 

principles have been used moat frequently in explaining the 

mechanism of dissolution

The heterogeneous, topochemical character of corrosion 

reactions has led several investigators to a comparison with 

other reactions of this type, those of heterogeneous catalysis 

Studies on adsorption in connection with solid metal catalysts 

resulted in the discovery that the surface of such catalysts 

is variable and contains active centers (10, 94). Pietsch 

and Josephy (15) consider these active centers to be active 

lines, crystal edges, crystal boundaries and imperfections 

in the crystal* Corrosion (dissolution) at those active 

lines (grain boundaries and inclusions) takes place according 

to this theory because they are also lines of preferential 

adsorption* At the same time, or as a result, those active 

centers are also centers of anodic activity.** Pietsch and 

e other methods which have been used to study the dissolution 
of metals include those dependent entirely upon diffusion 
theory and reaction kinetics*

wo Müller (17) considers the activity of boundaries a result 
of larger concentrations of pores in the passive layer at 
such points*



•60*

Josephy (15) found that pure iron 1# attacked preferentially 

at grain boundaries and inclusions, and Pla (66) found that 

the grain boundaries of pure aluminum and of some aluminum 

alloys are anodic to centers of the grains. When aluminum 

surfasse are exposed to copper sulfate solutions (contain* 

Ing some hydrochloric add), copper is deposited preferentially 

at certain parts of the surface such as edges, scratches, 

and Greeks. On etching alumlnum*copper alloys with the 

common reagents, the copper which goes into solution is re* 

deposited over the surface so that an electron diffraction 

pattern of such a surface is that of poly ary a tall Ine copper (95). 

In addition to those effects, metallic surfaces are further 

modified by oxide films.

Cracks in these films, scratches, and grain boundary 

effects, produce differences of potential (local cells) on 

the surfaces of matait, Very pure metals dissolve slowly as 

a result of such local action. The most effective local 

action is produced by Impurities either in the metal or pre* 

dpi bated on the surface. At the cathodes, areas of lower 

hydrogen overpotential, hydrogen is evolved, and at the 

anodes, cross of more negative potential, the metal goes into 

solution»#

« This discussion is concerned primarily with the hydrogen* 
evolution type of dissolution in the absence of oxidising 
agents (depolarisers).
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When a current flews In these local sella, polarisation 

of the local anodes or cathodes or both (depending on the 

metal and the solution) takes place.

The anodes polarise to store noble potentials and the 

cathodes to more negative potentials» As indicated above, 

the polarisation is often directly proportional to the cur­

rent density. The equation for the polarisation curves my 

then be given by

Be ■ B’a - ^e (xn)*

B» - E'e *&Ie (Xlla)
*e

In these equations % and % are the polarised potentials of 

the anodes and cathodes, respectively; and are the 

open-circuit potentials; the constants % and K@ are the 

slopes when one unit area of the electrodes is exposed; and

a The notation of Brown and Mars (8, 3) is used throughout.



A# «nd Ae are the exposed areas. The slopes are interpreted 

generally as "polarising functions® by Brown and Meers (3, 3), 

Rtrawania (93), and Beans (33). teller (95, 95, 97, 98) 

has attempted to interpret these constants in toms of Ms 

*Bedsokungspass1vlt&t® theory. In this theory the surface 

of the metal is assumed to be covered by a film which con* 

tains numerous pores. The local-cell anodes are assumed to 

be at the bare surface of the metal (bottom of pores), and 

the local cathodes are assumed to be located on top of the 

film. The constants are then replaced by % and Bp, 

respectively the resistance to the pore material and the 

resistance of the solution in the pores.

If the resistance of the metallic paths can 'be neglected 

and the resistance of the liquid is small, then at 1$ in 

the above diagram % » % ^d

where and are more general expressions for the polarising 

functions (3).

In order to prevent dissolution the local anode current 

must be reduced to sere either by connecting the metal to a 

more noble electrode or by applying an external e.m.f.

(cathodic protection). Brown and Wears (3) have shown that 

in thia case (I* « 0) equation (XIII) becomes

- B'e ♦ (XIII.)
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Th» local cathode* mat he polarised to the open circuit 

potentials of the local anodes by an external current for 

«owlets cathodic protection (8, 88)e Prom Kirchhoff's laws

*e • % * % (Sv) 

where lx is the external current.

l.f^ If equation (IX) of the wdifference effect* 

is converted fr^m volumes of hydrogen evolved per unit of 

time to equivalent current density,* no have

Ig * I# * XX (II)

Ie* % <• exte^al current

I*, Ig * current responsible for total weight* 
* lose, a am of the external current 

and the local cell current.

1%, l« • local cell current 

Therefore, 

xc • * %

A comparison of equations (XIV) and (lib) reveals that they 

are identical except for the sign of the external current. 

Thio is in agreement with experiment. To protect a metal 

cathodisally, it is connected to a more anodic metal, and to 

produce a (positive) ^difference effect* the metal is eon* 

nested to a more cathodic electrode, or equivalent source of 

external current.

« This equivalence was first pointed out by Miller and Hw (99).



IM limiting condition of the effect" le

given when %% (&p 1$) 1» reMeea to wo. Quation (XHI) 

then le given hr

**« * - (xv)

Thne* in oHer to meth the Halting value of the *Olff«renee 

effect", the local enodes mat he polarised to the open* 

circuit potential of the local cathodes. At this point 

local*oell action ceases and the weight*loas is equivalent 

to the applied current (Ig * 1$).

As above relationships do not imply that any given 

metal my be completely protected or dissolved anodically by 

merely reversing the external current.* Whether a surface 

can be polarised to the open-oirouit potentials of the local 

anodes or cathodes depends on the nature of the metal and 

the solution, temperature, and concentration.

Inspection of the equations for the "difference effect* 

Xg * 1$ * 11 (II)

im - ii • △  (in)

reveals that it may become negative in two ways. Since for 

any run I# end I34 fixed, the "difference effect" may be 

negative as a result of reversing the direction of the ex* 

Vernal current, i.e., making the specimen under consideration

« An example of both anodic and cathodic polarisability was 
described by Cupr (100). Zino and copper electrodes were 
immersed in solutions of their sulfates.
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cathodic t or, when the effect of making the specimen anodic 

is a large increase in Xg. This latter condition has been 

related to the break-down of a film by Kroenig and üspenskaja (28) 

as previously described. % avoid confusion the expression

*negative difference effect* is used in this discussion only 

when it is a result of a large value of Xg. if the "dif* 

ference effect* is negative as a result of a reversal of 

the external current, the term "cathodic protection* is used.

8,...matoriml Wote. The "difference effect" has been 
obaerwl on a number of me tala » The original work of Thiel 
and Eckel1 (20, 28) included studies on sine and aluminum 
in hydrochloric acid (0.5#) and aluminum in sodium hydroxide 
(1.00N). Miler (38, 101) studied these same combinations 
in more detail. Both the "difference effect" and cathodic 
protection of sine and copper were studied in solutions of 
their sulfates by Cupp (100). Cadmium also shows the "dif­
ference effect" in hydrochloric acid (23, 28). A negative 
effect was observed on magnesium in salt solutions (26), on 
aluminum in hydrochloric acid (23), and on magnesium-base 
alloys in sodium chloride solutions (102).*

In some instances, the experimental arrangement was such 
that the "difference effect" was operative but was not recog­
nised. In these oases the freely dissolving rate (Im ) is 
added to the weight calculated from the current in the couple 
(Ie). The difference between this sum and the value observed 
while the metal is made anodic is than usually attributed to 
experimental error (22, 103). This is permissible only when 
the local anodes do not polarise, l.a., when there is no 
"difference effect". Some of the data of Wesley (22) indi­
cate that the "difference effect" is positive on commrcially 
pure iron, cast iron (0-81), au*tenltlo*oaat iron (M, Ou) 
in sodium chloride solution, on two steels in sea water, and 
commercially pure Iron and Monel metal in sodium sulfate solu­
tion. In sulfuric acid the effect is negative for commercially 
pure iron.**

e The negative "difference effect" in these cases has been 
attributed to surface films (26, 102).

we Wesley (22) in his discussion on the discrepancy between 
calculated and observed values suggests that it "is 
probably an indication that the anode polarisation accom­
panying the galvanic current reduced the normal (local 
cell) corrosion slightly".



. We 11W of the *dif«
ference affeW* nW Wen studied. Thiel end Wkell 
report deviations of M percent in experimental values of 
the constant (K) for aluminum in hydrochloric acid. In 
sodium hydroxide this has been reduced to #7 percent. Miler 
end Biberach!ok (101) have made a very careful study of the 
"difference effect" of slue in 0,8# hydrochloric acid. These 
authors concluded that the "difference effect" in this case 
is not reproducible. In their discussion they note that the 
length of time of the run influenced the results,

in all previous studies of the "difference affect* and 
its theoretical treatment the assumption was made that the 
metal dissolves at a constant rate. in the experimental 
work a surface of 0 to 3 cm» was usually immersed in a round* 
bottom flask, which, in turn, was immersed in a constant* 
temperature bath, making the surface of the specimen in* 
accessible to observation. Successive readings were then 
made on the same specimen (because different specimens did 
not give reproducible results). The length of the runs was 
usually taken at 10 to 80 minutes. By alternately permitting 
the specimen to dissolve freely and applying an external 
e.m.f., a series of #ad % values were obtained. The 
effect of time of immersion on the dissolution rate was dis* 
regarded.

For aluminum of highest purity the "difference effect" 
in sodium hydroxide was also not reproducible. Gommeraially 
pure aluminum gave somewhat better results (38).

point.* Btraumanis (04, 92, 104) attributes the effect to 
polarisation of the anodes with increasing current density. 
This reduced the potential difference between the anodes and 
the local cathodes with a consequent decrease in local cell 
action (%)» While Straumania has not further defined thia 
polarisation, Kroenig and Uspenekaja (28) attribute It to 
the increase in concentration of ions of the dissolving metal 
at the surface of the anodes. Thiel (31) has pointed out 
that this does not constitute an explanation of the phenomenon 
but is rather a substitution of one unknown for another. This 
10 not entirely correct, - While "polarisation" does not "ox* 
plain" the "difference effect", nevertheless, it has related

13, 14The difference effect is discussed in references, 
17, 20, 23, 24, 25, 26, 27, 28, 31, S3, 38, 61, 64 
96, 97, 96, 99, 100, 101, 102, 104, 108.

»

, 08,
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the phenomenon to another variable, the electrode potential. 
Thiel and ^ell (13# 14) question the validity of electrode 
potential measurements on the grounds that their interprets* 
tion in terms of local cell action la impossible* However, 
since that time those difficulties have been largely atari* 
fled*

filler (85, 09) has explained the “difference effect" 
In terms of his pore theory and has derived an equation for K**

K • ( A • KI) (XVI)

where Ry and He are the same resistances as previously de* 
scribed:

Straumenis (W) has also derived equation (XV) from 
Mimer» s (5)^ original equation for local-cell action and 
the equation for the polarisation curve (X). Both authors 
assumed a constant rate of dissolution.*## Experimentally, 
equation (IV) has been shown to apply in only two assets 
sine in 0.5N hydrochloric said and aluminum in 1,0# sodium 
hydroxide.

5, The Effect of Agitation on the "Difference Effect".

It is probable that equation (IV) represents the purely 

electrochemical aspect of the "difference effect" and that 

the derivations of Filler and Straumanis are both descriptive

e Akimov and Tomaschow (108) later derived a similar ex­
pression which li&ller (105) considers identical with bls 
own. ■

as V * MBLxJll* where V la the volume of hydrogen evolved 

during a given period, (U - e), the potential difference 
of the local cell, and r, the resistance of the local 
call.

ew Hollar and Btraumania (after years of discussion) agreed 
that their derivations are largely identical except for 
the interpretation of the constants. Miller defines 
these in terms of his pore theory, while Strewwils uses 
the tens "polarisation" without further definition (104).
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Of the electrochemical basis of the phenomenon of dissolving 

metals, if the fact that the dissolution rate may change 

with time (itself an electrochemical phenomenon) is taken 

into consideration.

In the experiments of the present study the effect of 

changes in dissolution rate with time was eliminated by 

keeping these changes constant throughout all runs. This 

was done by beginning all measurements at the instant of 

immersion of the specimen and by making all runs of equal 

length, in this way the action of the precipitate was kept 

constant.

As previously described, equation (XI) for the "die*

ferenow effect" in 0.&0N solution has an intercept at aero 

current density. Ais condition has not been previously de* 

scribed.*

Under "Experimental Work" a run was described in which

mild agitation was used (to aid in temperature control) while 

the specimen was made anodic. The result was that the anode 

weight-loss increased considerably, increasing Rg, which, in 

turn, decreases & . Aus in 0.30M solutions there are 

factors in addition to electrochemical effects, probably 

diffusion phenomena.

♦ There is possibly one exception to this. In the original 
publication on the "difference effect" by Thiel and 
Eokell (96) there is a foot-note giving values of △  at 
two current densities in 0.800 sodium hydroxide for alum­
inum. When these two points are plotted, the line con­
necting them does not pass through the origin but has an 
intercept on the A -axis. Neither Thiel and Eckell nor 
subsequent investigators have taken issue with this foot­
note.
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When a certain current is paaaed through the solution 

during a given time interval, a quantity of aluminum is 

forced into solution determined by Faraday»e Law. this 

greatly increases the oonoentration of the Ion of the dis­

solving metal immediately adjacent to the metal « If the 

solution is relatively concentrated (l.OOM), this effect is 

not so great as in more dilute solutions «U&O»)# In the 

s^re concentrated solutions there are more hydroxyl ions left 

near the surface to take part in local-cell action than 

there are in a dilute solution* In this way local-cell 

action is decreased (and the difference effect is increased) 

in two ways1 (1) by polarisation of the anodes, and (2) by 

hydroxyl ion depletion at the metal-solution interphase. 

Agitation largely eliminates the second of these factors*

Under freely dissolving conditions the evolution of 

hydrogen causes considerable agitation of the solution at 

the interphase. When the specimen is made anodic, this 

evolution of hydrogen and its agitation effect are drastically 

reduced, and, at the same time, even more metal enters the 

metal-solution interphase than before*

.imA. £ :“u.
reaction by Oentnersswer and Mblocki (66) in which aluminum 
reacted with hydroxyl ions. Later, centnersswer (61) postu­
lated that this is an oxidation reaction in which aluminum 
reacts with oxygen ions. this theory was derived from the 
fact that the rate of dissolution was found to be proportional 
to the square root of the sodium hydroxide concentration
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(this, of course, to not equivalent to the hydroxyl ion eon* 
©entrâtion as assumed by Centnersswer at that time).

The misleading results as to the absence of any acceler* 
ating effect of impurities on the rate of dissolution of 
aluminum in alkaline solutions led Centnersamer (51) and 
Sebikorr (59, 55) to state that local-coll action cannot be 
a part of the mechanism of dissolution in thia case. 
Strawanis (13) offered electrochemical proof that the local* 
cell mechanism could not be operative on aluminum in alM* 
line solutions• Moro recently (109) the work of Miller (54) 
and Straumanis (30) proving that impurities do affect the 
rate of dissolution in alkaline solutions was"*used erroneously 
in support of a purely chemical theory proposed by Hedges (37)

Theoretical considerations by Stranski based on crystal* 
ligation phenomena have made it possible to predict etch 
figures on metals in some instances* failure of these pre* 
dictions In the case of aluminum led to the conclusion that 
the dissolution of aluminum is determined not by the structure 
of the metal but by an hypothetical, two-dimensional oxide 
layer. Straumania (110) has discussed this hypothesis in 
terms of the known facts on the dissolution of aluminum and 
has found a number of contradictions,

Weller (98) has applied his pore theory to the dissolu­
tion of aluminum in alkalic# « in the case of aluminum con­
taining impurities the assumption is made that the film on 
the metal contains "metallic threads" which increase the 
conductivity of the film. Also the sices of the pores are 
assumed to change under various conditions. The precipitate 
which forms is not dl acussed by Miller, and the fact that 
the rate changes with time is ignored.* These objections do 
not refer to the mathematical treatment of the theory but to 
the interpretation of the physical significance of the mathe­
matical symbols.

X, The Most Nwnt Theory of Strewania. The moat in­

clusive theory as regards experimental facts has been pro­

posed by Straumanis (30). According to this theory the dis­

solution of aluminum in hydroxides is governed by local-cell 

action. At the anodes the following reactions take place,

a Additional discussions of Miller*s theory are given In 
references 99, 107, and 108.



Al * Al** ♦ M 

Al** ♦ Star » A1(OH)« 

nWwr of slwiow Atome Which own ionise 1» determined 

by the number of electrons ehloh are diacbarged at the 

cathodes* At the cathodes it is assumed that water mole* 

sules are ionised under the influence of the potential gradient 

and the hydrogen ions thus formed are discharged* 

3B#0 * BB* + BOB" 

»&+ +3# *e *H

38 * 8* 

fbe aluminum hydroxide formed is dissolved in excess hydroxide 

solution*

Al(08)a * MkOH *e NeAlO# * 0W#O

The dissolution of aim!num hydroxide is slower than the 

elootroohaaical reactions » Therefore, according to thia 

theory, if the metal contains a small quantity of impurities, 

there le sufficient time for the dissolution of aluminum by* 

droxida, and the electrochemical reactions determine the 

rate of dissolution. When the aluminum contains larger 

quantities of impurities, the rates of the electrochemical 

reactions become so great that the aluminum hydroxide formed 

does not dissolve rapidly enough and precipitates on the 

surface as a film, which then increases the resistance of 

the local cells and reduces the rate of dissolution. In this 

case (large quantities of impurities) the rate of dissolution 

of aluminum hydroxide becomes rate*detemining.
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this concept of the prowee e

"working hypothesis* • Even though potential wwurewnte

were made by Strawsania he does not make use of them in his 

theory of freely dissolving aluminum.*

on the Basin of

On the basis of the experimental results of the present 

study, the dissolution of aluminum in a large volume of 

sodium hydroxide solution may be described as follows. The 

alloying constituents (impurities) in the aluminum form the 

cathode of local cells of which the aluminum matrix is the 

anode. The initial dissolution rate is a result of the 

action of these and any other calls, such as those caused by 

grain boundaries, etc. At the anodes aluminum goes into 

solution, while at the cathodes an equivalent quantity of 

hydrogen is evolved. As soon as some metal has dissolved, 

a black precipitate forma on the surface of the aluminum. 

Thia precipitate consists primarily of compounds of the im* . 

purities, hydroxides of iron and copper, interspersed perhaps 

with metallic deposits of these metals.

The precipitate acts as a cathode.** The progressive 

growth of the precipitate increases the total cathodic area

a The potential measurements were made by Straumanis (30) 
to provide evidence for a discussion with Aller that the 
potential changes sith increasing current density. Aller 
repeatedly states that the potential of the metal remains 
constant. This disagreement was based on a misunder­
standing. Aller referred to E* while Strawanis was con­
sidering the measured potential, E. (Equation X). Both 
authors were correct in their assertions. In a later 
paper this misunderstanding was resolved (104).

ce There is now a three-electrode system at the surface, 
anodic areas and two kinds of cathodic areas, one on the 
metal and one the precipitate.



and» aima th# anodic area 1# not greatly diminished, the 

current density at the local anodes increases, is the 

weight-loss is directly proportional to the anodic current 

density, the dissolution rate is increased.* Increasing 

the anodic current density causes anodic polarisation towards 

more noble potentials. The current density at the cathodes 

remains constant, and they do not polarise appreciably, As 

a result of anodic polarisation the potential difference of 

the local cells is decreased in proportion to the anodic 

current density.** For this reason the rate of dissolution 

increases at a decreasing rate until finally a constant rate 

and potential are reached. At this point the effective 

cathode area no longer increases, Als may indicate that 

the precipitate now grows in depth only.

Aus the dissolution of aluminum in sodium hydroxide is 

under cathodic control. The rate of the cathodic reaction 

determines the rate of dissolution. The effects of tempera­

ture, agitation, and gelatin indicate that the rate-controlling 

reaction has the properties of a homogeneous chemical reaction,

« This is in contrast to the theory of Straumanis (30) in 
which the precipitate is considered a retarding factor.

ee The equations for the rate of dissolution developed by 
Ivans (33) and Tammann (76) do not provide for polarisa­
tion effects. Deviations from their equations are at­
tributed to non-adherence to the surface of the precipi­
tate. The equations (VI and Via) are assumed to apply to 
the *hydrogen evolution* type of dissolution, which in­
cludes aluminum in sodium hydroxide. However, the data 
with which these equations have been compared were ob­
tained In acid solutions only.



this rate-detemining process is probably one of the steps 

in the series of resetIona in whleh hydrogen ions from the 

solution are transformed to hydrogen gas st the cathodes. 

Diffusion effects do not appreciably influence the rate of 

dissolution under freely dissolving conditions.

ïho effect of temperature and concentration on the die* 

solution rate is twofold. These variables effect the rate* 

determining or sluggish reaction at the cathodes and also 

influence the polarisation of the anodes.

When the dissolving aluminum is made cathodic by an 

external current, the rate of dissolution is decreased only 

slightly* This is probably an indication that one of the 

two types of cathodes doos not polarise appreciably (the 

precipitate). Making the dissolving aluminum anodic polar* 

Ises the local anodes and, as a result, decreases the potential 

difference of the local cells. Wcal*oall action is thus 

gradually eliminated.» When the local anodes have been 

polarised to the open*olroult potential of the local cathodes, 

localwooll action ceases* The surface is now equipotential, 

and the weight«loss is electrochemically equivalent to the 

quantity of current passing through the cell.



À critical review of the litoyotum oontfibuting to an 

understanding of the mechanism of dissolution of aluminum 

in electrolytes was made. This was followed by a description 

of an experimental study on the die solution of commercially 

pure (23) aluminum in sodium hydroxide solutions. The 

effect of time of immersion, temperature, concentration, 

external current, agitation, and additions of gelatin and 

potassium permanganate on the weight-loss and the rate of 

dissolution was studied within the following ranges:

Concentration of sodium hydroxide 0.08 - 0.5N 
temperature *********** 8.0e - 40*0*0
Time of Immersion - * ****** 8-120 min*

A technique was developed which gave reproducible dissolution 

rates under all conditions studied.

1* When (28) aluminum dissolves in sodium hydroxide 

solutions, hydrogen is evolved and a precipitate forms on 

the surface which increases the rate of dissolution at a de­

creasing rate until a constant rate is reached* The effect 

of time of immersion on the weight-loss is given by a power 

function. The instantaneous rate of dissolution (found by 

differentiating the equations derived empirically from weight­

loss vs time data) is directly proportional to the weight­

loss and inversely proportional to the time of immersion* 

The constant of proportionality in this relationship applies 

throughout all ranges of temperature and concentration studied



S» potential seaaurement» on diaaolving

specimens revealed that in every case the potential changes 

to more noble value» during the dissolution process. the 

changes in potential appear to be a function of the pre* 

dpi tate rather than the result of any change# taking place 

in the solution. When the electrode potential is plotted 

against the rate of dissolution (which can be converted to 

current density of the local cells), straight lines are 

obtained.

3. The slopes of these polarisation lines are directly 

proportional to the pH of the solution, neither the weight* 

loss nor the rate of dissolution could be related to any 

property of the solution as a function of the concentration 

over the entire range. The effect of concentration on the 

weight-loss is also given by a power function,

4. The effect of temperature on the weight-loss is 

given by an exponential function and the effect on the rate 

of dissolution by the Arrhenius equation. An increase of 

ten degrees approximately doubles the dissolution rate.

5. When aluminum 1» made cathodic by an external 

current, there is only a very slight drop in the weight-loss 

as the current density la increased. When aluminum is made 

anodic, there is first a range of current densities in which 

there is no apparent effect on the weight-loss. Beyond 

this range the dissolution rate is directly proportional to 

the current density supplied by the external current. This 



range is divided into two parts. In the first part there 

is dissolution as a result of both locsl-owll action and 

the external current. As the external current density is 

increased local-coll action is decreased ("difference effect") 

until it is almost completely suppressed. At thia point 

the second part begins in which the weight-loss is electro* 

chemically equivalent to the current passing through the 

cell.

C. %e above described action of an external current 

was found in 0.303 solutions. In 1.003 solutions the 

transitions between the various phases, as the current 

density is increased, are less pronounced, and local-cell 

action cannot be reduced to aero.

7. Iha "difference effect" In 1.003 solutions was 

found to be directly proportional to the current density at 

lower values ( A » KI). However, at current densities over 

80 ma per cm* the effect falls off. In 0.30% solutions the 

"difference effect" was also found to be linear with the 

current density, but an intercept on the A- axis at aero 

current density was revealed ( A * K#I + 3). The effect of 

agitation on the "difference effect* indicates that this 

intercept is a result of the influence of concentration 

gradients set up in the more dilute solutions.

8. the effects of agitation, additions of gelatin, and 

temperature indicate that the rate-controlling reaction is 

an homogeneous chemical reaction.
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9. About 0*10 porcont of potassium pemangan&te is 

nooeeaary to depress the dissolution rate of commercially 

pure aluminum in 0.303 sodium hydroxide. When it is added 

in quantities smaller than this, there is an accelerating 

effect•

10. In the last section, various theoretical implies* 

tiens resulting from the literature and experimental studies 

were discussed. It was shown that the "difference effect" 

is the counterpart of cathodic prott ation. The conditions 

defined by Brown and Nears for cathodic protection were 

found to apply also to the "difference effect" when the 

direction of the external current is taken into consideration 

To reach the limiting value of the "difference effect" the 

local anodes must be polarised to the open-circuit potential 

of the local cathodes. Experiments indicate that this 

condition is met in 0.30# solutions. The "difference effect" 

is of the same order of reproducibility as other dissolution 

tests, when the fact that the dissolution rate changes with 

immersion-time is taken into account.

11. On the basis of the present investigation the 

process of the dissolution of commercially pure aluminum in 

sodium hydroxide solutions may be described as follows. 

The precipitate which forme on the surface of the dissolving 

aluminum, as a result of local-cell action at the surface, 

consists primarily of the imparités (iron or compounds of 

iron) in the aluminum, which precipitate on the surface.
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Thia precipitate acts as a cathode la local celle• Wo 

progressive growth of the precipitate increases the total 

cathodic area, while the anodic area Ie not appreciably 

diminished, We local cell process la under cathodic con­

trol, The current density of the local anodes increases, 

As a result, the dissolution rate increases, the anodic 

areas are polarised to more noble potentials, and the 

potential difference of tEe local cells is diminished, For 
.v 

this reason the rate of dissolution increases at a decreas­

ing rate (and is a function of the immersion-time) until 

finally a constant rate and potential are reached, At this 

point the effective cathodic area no longer increases, The 

cathodic precipitate does not polarise appreciably, IMs 

Is in contrast to the theory of gtraumsnis, who considers 

the precipitate a retarding factor.

12. The rate of the cathodic reactions determines 

the rate of dissolution. Experimental results indicate 

that this rate-determining process is an homogeneous, chemi* 

cal reaction, which probably is one of the steps in the 

series of reactions in which hydrogen ions from the solu­

tions are transformed to hydrogen gas at the cathodes• 

Diffusion effects do not appreciably influence the rate of 

dissolution under freely dissolving conditions.

Thus, the various phenomena accompanying the dissolu­

tion of commercially pure aluminum in sodium hydroxide solu­

tions may be explained in terms of electrochemical theory.
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SAB&B I

In WMght of Alumlmm in 0*069 
Sodium Hydroxide solution at Venous l^mperetur»»

Hee of leeeereioo 
. _.. in Minute* ...... . .

....
grew» per 40*5 am* 

•********'^h^fiwerature in ^c***—«»*>***• **«»■•
ss 86 . ....... SL..... . -<0-..... -

10 16.1 18*8 89*7 43*9

IS 91*7 89*6 49.7 67.9

90 *• *•* 96*9

60 47.3* 89.0 90*6 149*4

45 71.9" 90*0 140*9 840.1e

so 94*4 189.4 196*0 394*6

80 141*0 161*1 871*1 *»*»

100 163.0 999.9 651*6 •MW

120 283.1e 868.1 461*8 WW

Average of several value*.



SAB&S II

W*# In Weights of Alw&mm in 0.10» 
Sodium Hydroxide Solution et Various Temperatures

Time of 
immersion 
in MUauSe#._

Loss in height of Aluminum in Milligrams 
per 40.8 am#

*w***www***w*.iiw^siitoareture in
8 ......as... ........  88 32 40

B M. 0.9 11.1 17.3 #4*

10 *4» 18.7 83.1 34.8 63.8

IB V#T 89.6 37.2* 68.8 108.8

80 10.8 40.8 48.8 78.6 wm

80 14.8 80.8 78.8* 117.6 818.3

40 80.8 98.8e 114.7 188.8 343.9

00 87.4 184.8 171.1* 248.0** 478.2

80 36.1 177.4 281.9 388.1 w*

100 48.6 886.6 887.9* 446.9 ww

180 67.1 281.4* 343.3* 663.3

* Average of several values.



WBtB III

Mt» in Weight of Alwiam io 0.308 
Bodlum hydroxide solution et Varions ^œ^ratwee

H%e of 
Usanerelon 
in Montes

toss in Weight o# Alumlmm in Milligrams 
per 40.0 o»«

^enperatnxMB in •*•■>»«»«>«
8 83 88 38 40

10 8.2 86.8 88.0 49.6 87.0

16 18.8 38.0 47.0 78.3 138.3

30 83.8 81.6 108.3 ma 890.8

43 38.8 156.5* 188.8 863.0 466.3

$0 68.7 178.8* 886.7 368.4 <ww

80 78.1 844.3 318.1 w* w*

100 01.0 318.3* 407.3 NW'W

#0 118.8 367.6 483.0 WW wee

♦ Average of several values•



Loss in Weight of Mwaiom la (MON
Sodium Wkroxld# Solution at Various -^peraturaa

Tise of Iwoeyalon 
in Kinusee__

.... Sea. S'Wa^TSF
grama per 40.6 eats

***•**.*»••****ture in *o#*wi*o»**»
...8.5 63 36 ... .  40 _...

10 U.S 33.? 48.8 107.5*

IB 16.? 60.9 68.9 178.8*

so 31.1 108.7" 184.6* 367.4*

46 46.4 168.7" 808.1* 844.3*

$0 66.1 8M.8* 876.5* M»

$0 60.1 809.8" 369.3 *>*

100 119.6 898.0* 487.0* *W

ISO 136.? 479.6* 399.6

* Average of several values»



SAM# V

Loss in Wight of Aluminum in 
Sodium By&NHKid# Solution et Various Temperatures

gPMss par <0,6 e»«
Tim of Ssmersion reture in ^c**********

... __________________ ---------------- %--- -------- ** ..  <0

10 12.2 88.6 40.0 133.0

IS MLB 88.5 74.6 804.1

so 38.8 118.5 104.0 454.5

46 68.7 iw.e* 866.1 706.8

60 80.8 886.7 348.8*

60 106.7 586.7 470,3 *w

100 147.6 450.8 676.1 w

ISO 178.0 608.0 744.6 •w

* Average of several value».



vx
Was in Wight of AXtminw» at S9* in WOH 

Solution» of various Confutations

Kt or lïwRinw in Mllïgram» par 
40.8 f*

Confntration of WOB In Equivalent»
Time of Imerelon 
.... in Minute».........

Utey* ( M »■«
0.16 0.85 0.36 0.40

48 111.4 144.6 198.8 188.0

40 166.9 190.4 849.0 866.9

100 03,7 344,9 407,0 448,6

At »P

48 140.0 188.6 881.6 861.8

so 193.6 860.5 6X8.6 319.8

100 340.6 441.6 649.8 693.8



VIZ

Coae&A&N (a) and (b) for ^nation * « a^ 

w * ng/40«ô oma 
t * «imitai

Temper» ture 
........"G

ë^OntraHah of ktOH in Mnival^ia par Liter
0.08.... ..0.10........ ..0.20 .... 0.30 ...... Q.SO...

5.0 W*

•{*)-

0.680 WW WW

8.0 eew ** 0.888 WW WW

8.8 WW *• WW 1.060 1.080

83.0 1.175 1.714 1.898 0.660 8.888

86.0 1.378 1.880 0.178 3.880 4.041

38.0 8.810 8.701 8.819 WW WW

<0.0 3.350 8.017 6.783 9.678 9.860

8.0 w»

•(b)*

0.078 W-w WW WW

8.0 Mk w*» 1.078 MW WW

8.5 WW ## WW 1.018 1.071

83.0 1.004 1.067 1.113 1.085 1.118

88.0 1.101 1.088 1.134 1.089 1.086

38.0 1.099 1.103 1.116 WW WW

40.0 1.117 1.111 1.108 1.070 i.m



f TABMVIII

(N) AM (a ) far w *

W * »V*0«6 «M»
? • absolut» tempera tare in *K
a * baie of mMwl logarithm

warar----------
Imamlon par x^t^r^*'***^**-*******

. . . ..&.<....... .S.&____ JdML_____ .W--... .0^1.

-(a x 10*9}»

IB IM 18.8 88.6 U.S

46 97.8 3.47 6.07 14.6 9.9

MO «• 7.M «MW 18.7 83.8

16 0.0M7 0.07M N»W 0.0785 0.0754

46 0.0788 0.0600 0.0806 0.0780 0.0800

MO 0.C8M w. 0.0822 0.0809



SAB&B R

Constant» (k) aM (4) In Quation W • ko*

W • wal#t loss in ®g/40»5 m* 
G * eonoentration of eodlwe hyamxiao i» 

aini«4&Wvalant# liter

%&* or nmoralon
-... in Minute»........ *85 —Naperatum in »o***********

_____ 86.......... .... rM......... ......40..

(k)w

U 5.90 6.01 •• 10.77

$0 7.% 7.47 «MB 88.66

45 9.94 18.87 83.1 88.94

40 19.79 18.84 ..

90 94 44 98.79 w» WW

100 95.74 85.97 «MM» WM

190 59.99 40.48 *4* MM

N (6)-

19 0.440 0.899 4M» 0.409

SO 0.447 0.496 WM 0.477

45 0.491 0.491 0.480 0.488

90 0.489 0.474 •e MW

90 0.488 0.489 w-w WM

100 0.478 0.473 MM WW

ISO 0.440 0.471 MM WW



TABI# X

Comparison of Observed and CaIoniated Wlght*liO«aaa in 
milligrams per 40*6 o»» at 0.303 and 23*

Time Observed W * W » kC^ W—**

15 80 50 48 61

30 107 108 99 «»

48 183 185 158 157

80 224 228 222 ««

80 310 308 298 ww

100 388 304 388 **

190 480 479 478 454



TABLE XI

The Effect of Gelatin cm the Este of Dissolution in 
0.30» Sodium Hydroxide at 83® and GO Minutes 

Immersion»time

bercent
....

in mg per 40.5 ®m®***»**'
Observed ..... Mean . with Agitation

0.00 8B5.7 228.7

0.0093 $09.5 
$09.3 
808.5 208.0 WWW

0.080B 188.7
188.9
189.8 158.1

0.0415 176.0
177.9
171.5 175.8 175.0

o.om» 160.8 160.8 161.6

0.18$$ 159.4 139.4 141.0

0.2500 182.2
133.5 138.8 133.5

0.5000 115.8
114.3 113.8



3ABLB XII

Effect of Potassium permanganate on the Rate of 
Dissolution in 0.30W Sodiw Hydroxide Solution at 23*

Imaereion-timo: 60 minutes

Foment 
Potaealvm 
Perman^mate ..

w***Weight*tQ«» In mg per 40.5 <me—**•
Observed Mean With Agitation

0.0 228.7 ******

0.00871 256.3
253.9 285.1 WWW

0.01085 266.3
266.6 268.4 WWW

0.0217 877.3
878.3 276.8 WWW

0.0325 280.8 267.8
875.6 278.2 268.6

0.0*00 861.8
866.8 263.9

0.1000 *01.5
218.9 207.2 WWW

0.1358 195.4
186.1 190.7 WWW

0.8710 168.1
157.3
154.5 166.6 182.8

0.4000 149.3
144.4 146.8

0.5420 138.7
132.6 133.6 WWW



TRBIS XIII

Slopes of Polerleetion Curve» ( J”)

empe
wit - oa*

At 83» At MOg

0.06 -0.0610 83» -0.0858

0.30 -0.G868 58* -0.0166

0.50 -0.0167 40* -0.0111

* a*/en*

pH N&ewwent» MeBe with B#tkw*w pH Meter 
Uelag ^Type lw (Blue Glees} aeetpWe

"KSSïiïÿ.Ï»..... . ......
Equivalente 

....per Liter.. ....... ......... ______ BH.

0.05 18.58
0.10 18.83
0.20 15.09
0.30 13.88
0.50 13.38
1.00 13.38



TABLE XIV

Effect of An External E.M.P. on the Dlaaduticn of 
Aluminum in Sodium Hydroxide at 23® 1a 0.308 Solution

ôurwnt Density 
in Asps per Penal

..In '.S W 4o:K W 
Anode Been Cathode

In 48 *In. 
...... ...

0.30 162.8 149.3

0.40 1V4.9 162.3

0.50 186.0 150.3

0.30 191.6
800.5 195.9

146.8
186.1 151.5

0.70 811.8 144.4

0.80 #3*3 140.0

0.80* 219.1 222.3 142.7 141.3

0.90 237.7 150.0

1.00 230.3
237.1
258.6 255.3

144.9
146.1
141.7 144.8

1.80 881.8 151.3

1.40 339.3 148.6

1.30 386.8
400.5 393.3

138.3
157.4 147.8

1.80 435.1 145.2

8.00 476.0 141.5

a.4o 576.1 144.8

e Run made with anode and cathode in same beaker.

Without applied e.m.f.i 163.4



5ABS8 XV

Effeet of An External on the Dissolution of 
Aluminum in Sodium Hydroxide at 83* in l.OOH Solution

Current Density 
in Mp* per <0.5 w*.

" in % per «T.V
in 45 mln,**"***1***»

,.....4ne6e........... <kathode .

0.40 603.0 281.0

0.60 310.8 271.6

0.80 380.6 274.1

1.00 344.0 976.1

1.20 398.0 270.0

1.40 408.3 9% .8

1.60 431.6 869,6

1.80 471.2 863,9

8.00 888.8 268.7

2.40 620.3 863.7

without applied e«auf u 890. c
990,6



TOU XVI

The Differenoe î-ffeot or» Aluminum In 0.30H 
Sodium Hydroxide at 23e

Wg . We * »1 *11  • 168 «4

* With mild agitation

*H - *1  *&  We - A*  *8.**g  * *.*.  WN
WWjt'OOv

datwaina*  under freely diseolving eondltlone
* total weight*loae  observed when external . me 

applied anodloally
We * welght*losa  oaloulated from ourrent in external oiroult
W» * weight*lose  due to simple dissolution while specimen ma 

made anodic by external e«m«f«
△  # difference effect

c.D. 'per 
specimen

J Weight •Loss in m per 40.8 am*  in 48 Anutas
W8 *• *U-”1 - △

0.30 168.8 73.3 27.3 78.1

0.40 174.9 100.3 74.3 91.1

0.30 188.0 123.0 32.0 106.4

0.60 195.9 131.0 44.9 120.3

0.70 *n$: 173.0 33.2 130.8

0.80 082.3 801.8 20.3 144.9

0.90 237.7 223.3 10.9 134.3

1.00 233.3 888.0 3.3 132.1

1.00* 866.5 232.0 14.3 180.9®



TABLE XVII

TN Difference Kffeet on Aluminum in 1.005 
Sodium Hydroxide at 25*

All Kune 48 Minute*

CE." per'" 
Speolewa "g....... *• v* • *i WH-W1 ■ A

0.40 S03.0 100.6 808.4 87.8

0.60 310.8 131.0 150.8 130.6

0.80 300.6 201.8 116.8 170.8

1.00 844.0 888.0 98.0 198.0

1.80 378.8 302.0 70.2 819.8

1.40 408.8 888.0 54.8 236.7

1.40 483 8 402.6 28.0 281.0

1.80 471.8 488.0 10.2 270.8

0.00 688.8 804.0 24.2 285.8

8.40 680.3 606.0 16.3 274.7

W|t * 880.0
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Fig. la

Specimen Dimensions

Radius of Disc--1 inch
Handle 1 5/8 x 3/16"

Original Thickness—0.0225 in» 

At left, appearance before a 

run.

At right, specimen covered 

with precipitate after 60 min. 

immersion in O.gUH solution 

at 23".

5

- *

*.

Fig. lb. 475X

(1) Surface of a prepared specimen.

(2) After 60 min. and (3) after 100 min. immersion in 0.30N solution at 23°.
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WEIGHT LOSS vs. TIME OF IMMERSION

AT 23°
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Current Density
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°
■

Fig. 27. 265X Change of appearance of anode surface as current 
density is increased. Precipitate has been removed by wiping.
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APPENDICES
■eue ** mm mm mm **w mm » ** «mm mm»



Analyaia of Sodium Hydroxide

Assay 97.3%
PO* 0.001%
SO* 0.000%
B.8. (as Ag) o.oo^

Sodium Carbonate 
SiOa and œ*0B pp6.

01 0.001%
S 0.0003% 
pe o.ooi%
K 0.02%

1.8% „ 
0.008%

Comparison of Seight-Loaees Determined by 
Weighing with and without Coating on Specimen

........ Speolmen Ho.
.....-Eom ;" 'mügrana—T"

1...............8.......... 3

with coating 802.5 770.3 871,7 880.9
without coating 808.0 768.1 872.7 860.4

difference 0.5 2.2 1.0 0.5



*11*

tel D&W on Raprodudbl Ht y of Dissolution Hates

TeFosnF

c ? t .. * ... . Man . BeviatslQB

0.05 23 30 48.8
44.9 47.3 5.0

0.05 33 43 89.8
78.5
70.1
70.8
69.9 71.9 3.7

0.05 83 180 881.8
884.8 883.1 0.6

0.05 40 45 586.8
843.7 840.1 1.8

0.10 45 96.8
99.8 54.6 8.9

0.10 35 ISO 881.3 
351.0 281.4 0.0

0.10 80 13 36.4
38.0 37.8 8.1

0.10 88 50 73.4
84.3 78.8 3.4

0.10 88 60 168.8
177.0 171.1 3.5

0.10 *4 100 888.4
990.8 887.9 0.9

0.10 26 180 341.4
348.6 543.5 0.6

0.10 38 eo 848.1
847.9 248.0 0.0

0.18 83 45 111.4
110.6 111.0 0.4



*111*

(O (eeuMnwà)

Créent' 
MexiaMm

c T V 2 .. WM» .

0.30 23 43 165.3
138.3
137.3
131.1 136.3 3.2

0.80 85 60 175.0
188.3 178.6 2.0

0,80 % 100 312.8
323.9 318.3 1.8

0.30 83 30 107.0
104.3
100.8
103.2
100.6
100.6 102.7 4.2

0.30 83 46 163.1
162.5 162,7 0.8

0.30 83 60 288.8
223.3
216.0
226.3
227.0
219.8 284.8 2.2

0.30 23 B0 316.3
308.3 309.5 2.3

0,50 83 100 391.2
398.9 898.0 1.2

0.30 83 120 473.0
488.2 479.6 1.4

0.30 83 30 126.7
122.8 124.6 1.7

0.30 26 45 208.4
801.» 206.1 1.6

0.30 26 60 870.8
888.3 276.3 2.2



(continued)

c Î % * . nm
Percent 1
Maximum 
Deviation .

0.30 96 190 466.1 
488.0 437.0 0.8

0.30 40 10 103.7
111.4 107.5 3.7

0.30 40 13 166.3
170.1 170.8 3.6

0.30 40 30 368.7
373.8 367.4 1.3

0.30 40 48 646.4 
668.0 644.3 1.4

0.40 03 43 181.8
183.1 166.1 0.6

0.40 83 100 437.4
447.8 448.6 1.1

0.30 33 43 194.8
193.8
800.1
800.9
195.0
197.8 196.6 9.0

0.60 03 60 333.4
346.3 349.8 1.0

1.00 83 60 400.3
400.7 400.B 0.0



She Effect on the Dissolution Este of 
Variables Other Than C, t, T

Bourse of sodium Hydroxide at 23* and 0.302

t
......................

.......W#h I Betoh XI

30 103.8
101.7
100.6

106.8
106.8

60 823.3
287.0
219.8

226.3
230.2

Use of lew and Bead Solutions at 32* * 0.103 * 60 Mln.

New Solution 248.1

Solution Prow
loudly used
80 minutes 347.9

Effett of Surfaces ProMeed in Solutions of Various 
Concentrations

All runs at 23e for 48 min.

in 0.608 Solution

in 0.069 Solution

200.9)
200.9) previously in 0.508

193.0)
197.8) previously in 0.068

72.8)
70.2) previously in 0.508

70.1)
69.9) previously in 0.058

Effect of Specimen Position and Number of Specimens Used 
Simultaneously

A* 0.^^
a# normal position# 163.1
b. at bottom of beaker# 167.4



(D) (continued)

at * as* * 4S Ma»

a, one specimen; 181,1
b, three epeoimena almultaneoualy# 138,3

138.3
137,3

The alight inoreaae in weight*loo of the three specimen# 

can be attributed to a 0.10* rise in temperature of the solu­

tion because of the greater quantity of heat liberated from 

three specimens than from one specimen.

(B) Iha Effect of Agitation on Weight-Loss

a w t
..-^CWsa^ ....... ...........Percent 

inoreeeeunagitated Agibated 9

0.06 83 80 141.0 149.8 0.5 6.0
0.06 23 48 68.6 78.8 8.0 11.8
0.06 28 80 181.1 198,3 34,2 21.2
0.06 32 80 271.1 292.1 21.0 7,7

0.10 8 80 36.1 43.3 7.2 80.0
0.10 23 43 98.8 104.3 7,7 8,0
0.10 23 80 177.4 211.0 33.8 19.0
0.10 28 80 m.9

ZZl 9 262.7 30.8 13.9

0.30 7 80 77.1 83 4 8.3 8,2
0.30 28 48 183.1 190.2 27.1 16.6

0.30 23 48 194.2 238.4 39.2 80.0



•vil**

Comparison of Observed and Calculated 
Weight*Lo#s Data

Data Calculated from W * at^

. t
-iwrgwrn fiirrM»—-........-............. Pwoenb 

Deviation... otw?M*a . Calculated Deviation

ae 0.06» - 40*0

10 43.9 43.9 o.o 0.0
IS 67.8 89.0 *1.1 1.6
Bn 98.1 ♦1.8 8.0
30 149.4 149.0 0.0 0.0
4B 886.8 238 « 0.9
60 384.8 324 0 0.0

at o.io - 26°c

6 11.1 10.8 ♦0.3 2.8
10 88.1 22.9 40.2 0.9
IS 56.6 33.8 ♦0.8 2.2
So 48.8 48.8 40.0 0.0
SO 78.4 76.1 *2.7 3.6
4* 114.7 118 *3 2.3
80 168.2 181 44 2.8
80 891.9 220 42 0.9

100 283.4 880 43 1.8
180 341.4 342 *1 0.3

at 0.308 - 28*0

10 42.2 39.3 ♦0.9 7
IS 88,9 61.5 *2.6 4
so 128.? 131 *4 3
48 208.1 203 ♦2 1
60 282.6 2?? 46 2
80 389.3 380 -11 3

100 48?.0 483 ♦4 1
ISO 899.8 392 *6 1
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1901» in Heidelberg» Germany. Tn 1908 he entered 
the Wldorfachule at Stuttgart» Geraauy* Prom 1988 
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