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I. HISTORICAL AND THEOREDTICAL INTRODUCTION

The dissolubtion of mebals in eleatrolytes may bse cone
sidered & greatly sooelerated form of sorrosfon. Almost i)
corroaion tekep place in the presence of water {molimture)
which usually hee disaolved in it gases or salts whish ine
ersase its conductivity., By substituting solutioms of rela-
tively concentreted moids and bases for this ever-present
noisture, chemical resction retes, diffusion, and effects
related to locel~cell aotion are greatly sccelerated, while
the effects of surface preparation and surface films may be
minimiged., The variesbles involved in the disintegration of
wetals by the more rapid dissolution in relatively concen-
trated electrolytes are mors readily controlled than they
ure when disintsgration takes plece by the slower corrosion
processes, The informstion geined from & study of the dla-
solution of metals on the mechunism of disintegretion can
then be epplied to the problems of corrosion and corrosion
pratection,

There is much experimentel evidence available which
indteates thet in many osaes the dissolution and oorrosion
of metals are governed by an electrochemical process. For
the instances in whieh the dissolubion of & metal bas been
shown to be governsd by en eleotrochemical process (1, 2, 8,)%,

4 ‘The figures eppearing in parentheses reler to the bibli.
ography at the snd of the psper,



the locsl cell {or element) theory has proved to be the mosd
setlisfactory explsnstion., This theory was first proposed

in 1830 by A. de la Rive (4), who observed that the rate of
dissolution of such metals es sino, sluminum, ocadmium, and
iron, as measured by ths rate of hydrogen evolution, is much
greater when these metals contain smsll guantities of ime
purities than when they are relatively pure. The incresse
in the rate of dissolution was attributed to the sction of

& current sed up in loocsl ocells consisting of an snodio
matrix and cethodis inoclusions. UWhen such a wetal dissolves,
the impurities often precipitate on the surfece, thus sotting
up more local sells. Those impurities having the lowest
hydrogen overpotentisl are most effective in accelerating
the rate of dlasolution (33).

This theory of looel cell sobtion was nogleeted until
Erioson~auren in 1801, at the suggestion of Pelmaer (B),
studied the oontrelling fectors operative during the dls-
solution of gine in dllute aclide, taking into consideration
the newey Sheories of solution pressurs (Nernst), elestrolytio
dipsooistion (Arrhenius), and overpotentisls (Jespari). At
about the same time ®hitney (6), Cushmen (7), and Heyn and
Bauer (8) alsc proposed an elestrochemlical meohanism for the
dissolution and corrosion of metals. fefore giving the
disouselion on the extension of these early concepts into the
presant-day theories of the dissolution of metals, & aritical
roview of the experimentsl dats found in the literature on
the dissolution of sluminum and a description of the experi-

montal work of the present study are given,
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IZ. TBE DIBSOLUTION OF ALUNINUM IN VYARIOUS ELXCTROLYZES

A,  General Introduction

he following seoiion ocontaina a oritioal summary of
investigations whioh have eontributed to an underatanding
of the dissolubtion proceass of sluminum in (inorganic) elestro«
iytes.¥ dHost investizators used systems whioh were opsn to
air, L.e,, no protective stmoxphore. 4 dissolution process
L8 consldered entirely eleotrochemionl when the losa in
weight e&n be shown to aegree with the ohange in weight pre=-
diocted by Paraday's lLaw [rom currentetime date. When the
rate of dissclution fs influensed by variocus degrees of
sgitation, & diffusion process is usually rste~gontrolling.
The temperature soefficient of the dissolution rete is also
sometimes used se & oriterion for the dissolution mechanism.
The temperature coefficlent for a diffusion proeeas is about
1.8 for & rise of 10°C, while the rate of & chemioal reaction
is prectioaslly doubled for & rime of 10°C (87). Centneraswer
{18, 66, 71} has found that agitation hae no epprecisble
sffeot on the rete of dissolution of aluminum in hydroohlorio
scid or aodium hydroxide and thet in both of these eleotros
lytes the rete approximetely doubles when the tempersture

is incressed ten degrees,

& BHo general review of the resistence of aluminum end 1te
alloys to various Qnamicel sgents 1s intended,
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In nearly neutral solutions the attack on aluminum 1is
of the pitting type. At low and bigh valueas of pH the attack
covers the entirs surface.

The oxide [ilam on aluminum, which has non-reproducidle
break-down properties in various types of solutions, has
often been the osuse of confusing experimentsl results.”
Usuelly three diatinot, successive phases are observed during
dissolution (1%, 29j: 1) inocubstion peried during whioh
there 4a no visible change, 1.e¢., no hydrogen evolution,

2] fnduetion period during which there is s sudden initiation
of reastion and a rapld incresse in hydrogen evolution, and
3} the vesstion period during whioh the £ilm has no further
effectt on the dissolution rate. In the interpretation of
experinental work 1t ie slwaye neceasary to know the relaw~
tive effect of these various phasss,

It has been found that dissolution rates of aluminum
in a01d and alikmlines solutions sre not reproducible, es~
peciaslly in the csse of very pure aluminum (83, 38, 46).*%

# Vernon {72} has shown that sluminum geine in weight ss a
result of oxidation for as long as 90 days at room bemperss
ture.

w Some of the reasons for the poor reproducibility of Adlsw
solution rates have beesn the neglect of control of the
inoubstion and induation periods in expsrimental teohnique
and the erronscus sssumption that the dlssolution rate ia
sonstant with immersion~time dupring the reaction perlod,
In ocauses wherse there is en sccelerating effect with time
of jumersion the impurities are effective in two waya:
they reduce the incubetion snd induetiou periods by meking
the oxide film inhomogeneous, thus facilitating the atteck
on 4t, and by redspositing on the surface after dissolu~
tion during the resction period.



The best reproduelbility in alkaline solutions has been found
when the slumlnum conteins sbout 0.5 to 0.7 percent impuri-
ties. One of the reasons for this is prodeably that, as
Straunanis (30) has shown, the dlssclution rate is very sen~
sitive to samll gquantities of impurities, but beyond e cure
taln content thelr effect falls off yapidly. Thwrefore,
minoy variations in the content of impurities above 0.5 pere
cant do not affect the disaolution rate ae decisively as
bslow this value.

In addition %o the composition of the aluminum snd its
surfsde properties, its thermal and mechenicel hiastory and
its grain sise affeot the dlasolution rate, Wiederbolt (73)
has shown thet the snnesling temperaturs influencses the dia-
solutlon rate of aluminum in seld snd alkeline solutions in
& mannay depending on the Impurities present, Inoreasing
amounts of oold working were found to inorease the dissolution
rate of B9 percent aluminum in hydroohlorie scid eaa did e
progressively deoresaling grain size, This letter phenomenon
may be explained by the observation mede by Dix (86) thet
the potential of grain boundsries of high purity sluainum
{and also of sluminum copper slloys (12))is anodic to the
ocenters of the grains in hydrochloric acid. By reducing the
grain size the ratlo of anodie ares o oathodic ares is in-
orsased. The efTeat of cold work may be explained, at lesst
in part, by its astion oo the orientation of the orystsllites.®

# The effeet of stress may also he g oontributing fuctor (18).



Incressing amounts of oold work intensify the preferred
orientation. ¥alton (48) hes found that verious orystalloe
graphio planes of sluminus have different rates of dissolution
in hydroshlorie acid.”
Bs 8§ @ Dissoluti

1. In scida. In atudies on the dissolution of alumimum
the most frequently used eleotrolyte s hydroochloric acid.
When sluminum is dissclved in this medium, the three dise
tinct phases previcusly desorlibed are observed (17, 39).
Very pure (00.9908%) sluminum is not attacked by hydrochloris
seid until the concentration of asid reaches 44 (40), and
then the attack is very alow {48, S1l). Incressing the cone
ountration of the soid acoelerates the dissolution (85, 78).%¢
Ascording to Centneraswer (8l) the effect of concentration
of hydroehloric scid on the rate of dissolution ia given by

Bwpom (1)
where ¢ 18 the oconcentration of the aeid and (k) and (n) are

gonstants.

#* This phenomenon has alsc been observed on zino (89) end
copper (74) single crystals.

#u Mons end ViGerholt {41) found that the rabe of dissolution
of sluninum in various electrolytes is independent of the
bydrogen-ion councentration., NHowever, their testa were
nade with relstively smell volumeas of dilute solutions
ovar periods of three weeks or more, amd after the aoids
were used up, mttack continued in s solution of soluble
corrosion products (sslts) reather then in soids.
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Beveral investigetors haeve observed that the rate of
diesolution of sluminus in ascids mey be incrensed aesveral
fold by the sddibion of othey metels to the eystem as alloy~
ing elemente (48, 46, 81, %4), in powdered form rubbed on
the surfece of the metal (43), or in the electrolyte iu the
form of salts (37, 44, 48, 46)." Those metals which reduce
the hydrogen overpotential of the system accelsrate the die-
solution. Ruoh metals {Pt, Fe, Cu, 4%, Au, 2n, and Hg)
when sdded in the form of salts are obaerved te deposit on
the dissolving sluminum by chesloal replscement (cementetion).
The absence of an aceslerating effect by csdmium end silicon
is ettriduted to their large hydrogen overpotential {46) end,
in the case of magnesium, to L%s wore electronegative chare
aoter (76).

Streuoanies (46) found thet additions of 0,01 percent
iron or sopper as slloying elements in sluminue did not woe-
cslorate the dissolution preocsss. About 0.10 percent of these
elements wes nesessury to inorsass the dlssolution rate,®®
The effect of tempsrature on the diasolution rate of alusinum
in hydroohlorio aold is given by the Arrhenius equation (78).

# When impurities sre edded to the electrolyte in the form
of salts not only the aption of the ocstion, bubt slso that
of the anfon must be considered (42, 80), This faot has
sometimea hoen disregarded (46).

#3 A similer phenomenon in the asse of magnesium was discovered
by Henswelt, Helson, snd Peloubet (77). It was found
necessery to exceed & certain "tolersnce limit" in cone
centration of fmpurities before an appreciable effect on
the oorrosion rate gsould be observed.



he rate of dissolution 1s usually deteramined by messur
ing the rate of hydrogen evolution, but the Hyliuns Test (44)
ean alec be used. In this teat sluminum specimens are
ellowed to diszolve im & certsin volume of hydroshloric acid
{about 3X) while the temperature is obssrved, The timee
temperature plot reveasls s maximum tempersture, the position
of which on the tims axis iz = meesure of the resction rate.

Hodges snd Nysrs (47) found thet the diasolution of
aluminus in 2N hydrochloric scid is periodic ss messured by
hydrogen evolution. The periodio property, consisting of
sudden inoreases in the rate of resstion, was observed bvo
decresse throughout the course of the resction and to very
directly with the concentration of the asid, The pulses are
supsrimposed on the ordinary resction curve and suggest that
the resotion is being catalysed at definite intervels of time.
These authors conolude that the periodic dissolution of metals
depende not so much on the nature and condition of the dis~-
solving metal 1tself es on some sdditional faotor, suoch as
the walls of the vesnels used, colloidal sudbstances, or the
presence of a seoond metel, Walton (48] also observed
periods of repild attack of an unagiteted hydrochloric soid
solution on en eluminum single orystal. The variations of
hydrogen evolution were superliaposed on the normal resction
curve and oould be related to sudden cbanges in solution
potential, which VWalten attributed to a polarisation phenoms
non. Werneyr (49) observed a similar effect but not the regu-
larity in the garﬁ@diciﬁy &8s reported by Hedges snd Nyers,
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hooording Lo Werner, the Ineresses in the rate of hydrogen
svolution ere dus to sucoessive uncovering of "nests® of
locsl cells,

In eelds not only the hydrogen ie% conocentration is lme
povtant, but also the nature and concentration of the enicn
of the sold, Centnersswer (50} found that the rate of diae
golution of pure aluminum in hydrochloric scid e socelersted
by edditions of P, 017, Br” and ClO% wnd ie retarded by
1", 505 snd ¥03." The mcoelerating effect is depsndent on
& certain minlwmus hydrogen lon concentration. The snions
whioch sccelerate the dissolution of siuminum in hydrochlorie
asid vemove the passivity of aluminum in nitrio and sulfurie
solds, Bulfuric soid does not attsok sluminum of & certain
purity so readily se does an hydroshlorie wecid solution of
the same nermality. In scid solutions containing only one
anion the corrosion rate inoreases in this order; acetate,
phosphate, sulfate, nitrate, ohloride (112), Hitric acid
in low snd high concentrations attesoka aluminum slowly, bub
when of wediws ooncentration {30%) 1% sttaocks rapidly (59).

& Centneraswer {50) slao soneluded from this study that
the aetion of anlons is independent of the catlion present.
This, of aourse, contradicts the result of later sxperis
ments desoribed sabowve. The resson for this erronecus
sonolusion is thabt the cations used by Coentnersswer wers
those of L1, He, X, RE,, Mg, Ca and &1, While 1t s
probably correct that these cations do not have an acs
seleruting effect, this generalisetion on the effect of
oations does not apply to thoss of Cu, e, Pt, eto.
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2. JIn Hydroxides. The attack of sodium hydroxide
soluntions is consideredbly more vigorous than the astaghk proe
dused on the saze metal by an hydroohloris seid soclution of
the same normelisy (41}, A 9.5 H aocdivws hydroxide solution
dissclves very pure (99.9968%) aluminum, whereas £-3¥ hydroe
chlopia seid does not (30). The ineubssion and induction
periods are sonsideradly sberter in hydrozidss than in hydroe
sblorio aeid, Yven though the ascelerating effeots of ime
puritiss and asoncentration of the eleatrolyte on the rate
of dissolubtion of aluminum in acids were already known in
1922 (43)%, the effeots of these varisbles on the rate of
dissolution in slkeline eleatrolytes were not definitely
determined sand recognised until 1038 (30).

Isgarischew und Jordansky in 1927 (42) and also Maxs
snd Widerholt in 1020 (78) found that incressing amounts of
sopper alloyed with aluminum scoelerats ibs dlssclution in
both hydroshloric ssid end potsssium hydroxide. Without
taking note of these results, Csntnersswer (51} snd Schikory
(6%, 88) found that the rate of dissclution of eluminmumm in
sodium hydroxide ia independent of its purity. These ine-
vestigators used too small a volume of dillute solutions and
alunizum of insufficient purity to permit conclusicns on the
effecta of these veriebles. Hob unbtll 195830 did ullller (B4)
and Straumenis (50) prove sgain that the rate of dissolution

# Actuslly the accelerating effeot of impurities was alresdy
demonatrated by A, de la five in 18350 (4).



w)ile

of aluminum fn eliksline solutions is acocelerated dy impurie
tles in the metal or in the eleatrolyte, 7he rate of
dizsolution in slkalies iz even more sensitive to small
guantities of impurities then ie the rate in hydroohlorie
s0id. In contraast to ths effext of fmpurities in soid solum
tions, only Q.01 persent ivon or copper produce & definite
inoresse in the rate of dissolution in hydroxides (50). The
socelerating effect falls off rapldly. If the iron eontent
ia inoressed fifty times, the rate of dissolution is ine
gresssd only 2«3 times.

The rate of dissolution inoreases with lnoressing cone
sentration of hydroxide (1, 68) secording So Centuersswer.
Equation {I} mlso spplies in this case. Solutiocns of sodium,
potassium, lithium, end berium hydroxide were fourd to aot
similerly on slumioum (39). 7he dissolution rate in sodium
hydroxide of sluminum oontalning silicon ie ;nﬂapandpnk of
the time of immersion but L1s inoressed linesrly by increasing
guantities of silicon (78}.

The hydrogen absorbed by sluminum during diassoluilon
in sodium hydroxide hes been studled by seversl suthors,
Horesu and Chaudron (7¢) using an ion~bombardment sxtraction
method found that the hydrogen content was 1,000 ml pawxg
of sluninum after 80-30 days of lmwersion in 0.01lN sodium
bydroxide. 4 velue of an entirely different megnitude was
found by Ransley and Keufeld (80). These authors used a
volumetrio method and found 0.4 ml par 200 g of azuminu@ undey
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similer conditions of exposurs. This quantity of hydrogen
is considered normml) for aast aluminum, sand the suthors con-
alude thet no apprecisble abaorption of bydrogen takes place
under the conditions studled.

8. In adporoximetely Heubral Solutions. The auviask on
aluninum of several solutions of salts has bdeen inveatigsted,

Chempion (68) studisd the corrosfon of pure aluminus in
potesaium ohloride saolutions by smessuring the hydrogen svolved
and the oxygsn absorbed. Corrosion-time curves were thus
pbteined, bubt the irregularities in these curves wers found
to require furthey inveatigetion. Schikorr (87) investigeted
the bebavior of aluminum in neutral chloride solutions.
Hydrogen is evolved in such solutions 1f the resulting sodium
hydroxide and aluminum ohloride do not resct with essh other
but remein separsted at the surfsoe (no agitation). Brown
and Hears (568) have studied the effect of exteinsal variebles
on corrosion probebility®™ and intensity of attask. The
esourrence of one pit influenend the ocosurrence of other

pits 1n sodium chloride solutions. The average depth ol
atbeck deoressed as the number of points of abtaok inoresaed.
Increasing the soncentration of sodium ohloride inoreassd

the probability of attack and bhe average depth of attaock.

& Corrosion Probability, ¥ *«%% x 1006

Ny ® number of speclmens on which one or more polnts of
attack develop,
¥y * totsl number of specimens.
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Increasing tempsrature aleo incrsased the probability of
attack bubt deereassd the aversge depth of attack. These
reaults are in agresment with the predictions of slectroe
chiomioal theory, that the abteck et one sree would reduse
the ehnaae and i&ae the intenality of stimok at adjacent -
sreas (8},

In & study of the effect of pH on the rate of dissolu-
tion of aluminum, Akimov snd Glukhowe (V0) found thet the
surve showing the dependence of the corrosion vrate on the
pH veouplies approximately a symmetriosl position with respeoct
to the neulral region. In both the strongly slikeline region
and the styongly acid region the rate of dlasolution is of
the same order, In neutral end scid solutions the rate i
such higher in the presence of C1™ Lons then the presence
of 803 ione. In sbrongly slkaline solutions the rate is
unaf feoted by the presence of ohlopide, nitrate, sulfate,
and seebabe lons and ia retarded by ohromate fona (70, %ﬁ%).
G, The pffect of sn External Z.M.F,

¥ans snd Elederbolfl (41) observed that when two sluminum
slectrodes are immarnaakin'wnﬁer and & smell current applied,
pitting appears at the anode, while at the cathode dissclu~
tion oocurs as in slkeline solutions begeuse of the hydroxyl
ion contentratlion osused Ly the relsase of hydrogoen. This

seme affect was observed by iNeers and Brown (88), who found
thet in sodius chlorids and aluminum shloride solubtions there
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is 8 oritiosl potentisl st which attsek can be prevented st
both anode and sathode. Jbove this, atteck tekes place st
the ocsthode even in sluminum ohlopride solutions, which canw
oot yleld an elkall hydroxide. Thess suthors suggest that,
&8 above, the depletion of hydrogen fon congentretion in
the 1ligquid immedintely adjacent to the cathode results in a
higher soneentyation of bydroxyl lons in this vicinity.
S8imilar results wers obtained by Caldwell and Albano (21),
who found thet vwhen aluminum is mede cathodio in sodium
sulfate solution the rate of dissolution inoreanss rapidly
8o & constant value as the gurrent density is inoressed,
At this constent walue the rete of formetion of hydroxyl
ions at the cathode is equal to the rate of diffusion of
these ions away from the layer at the surfece of the cathode,

Brown and Hesrs (2) hevs shown that in solutions of
potassium ohloride, sodium ohlorids, and these sams solutions
containing hydrogen peroxide the corrosion of loosl sluainum
anodes (isoleted pita) and oathodes 1a enbtirely saleotrow
shemion) in nature (i.e., the change in weight can he sooounted
for by Pareday's Law) and that the corrosion of the anode
pits can be prevented by polarizing the oathodiec areas to
the open eircult potentisl of the pits (anodes) (3). When
the number of sites of attask is increassd the intenslty of
the attack deocressea.

Several inveatigators (30, 38, 88, 53) hsve confirmed
thiel's (20, 23) original discovery of s positive "difference
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affect? when sluminum Ls dissolved snodically in sodium
hydroxide eolution. Thiel and Xokell obmerved that when
sluminm dissolving in sodium hydrozide is connected to a
more soble metal lfmmerasd in the same aolution, the hydrogen
avolubion at the aluminum deoreases while hydrogen iz slso
ovolved at the more noble metal. Connection of alumioum
with a more noble metal astuslly inereascs its rate of
dissolution even though the rate of hydrogen evolved at the
aluminum is decreased.

¥hen aluminum dissolves freely ab & given temperature
nnﬁ~aaaeqntraﬁ;mu of eleotrolyte 1t has & certein rate of
disselution, (Vyy}, determined by msasuring the hydrogen
evolved over a given period. If this sewe run is now re-
pesnted whils the aluminum speocimen is conneoted to a more
noble mebtal slectrode also immersed in the seme solution,
the hydrogen evolved over the given period of time from the
aluminum alone, (Vy), is less than V34, while the totel
volume of hydrogen evolved, (?5}, is greater than Vy,. From
the ocurrent-time curve obtained from an ammeter ecnneated
hetwesn the two elsotrodes the volume of hydrogen evolved
st the more noble elesirods, (Vg), may be calculated., Then

Vg =V = Y (11)

and Vyg ¥y = N {2211}

where * A" is defined as the "difference sffect.* Thiel
and Fekell (R0, B8) found that within a certein runge of
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current density the "difference offect®™ inoresses linearly
with the current density ss messured in the externsl cirouit.
A= g1 (1v)

Btrausanis (30) bhes found that the potential of aluminum
dissolving in sodium hydroxide becowes more positive as the
rate of dissolution is inoreased {by inereusing the current
density with an externsl current) and ss the concentration
of sodlum hydroxide la deoprsssed. The rele of dlassclution
gonsiats of two faotors, loorl element diseolution and dlse
solution ceuasd by an externsl current.

The results obteined on neking sluminum cathodis in
slkeline solutions sre contradictory. Hedges end ¥yers (47)
found that an sluminum elsotrode connected to a platinum
wire in 5N bhydroxide solution when made cathodic doss not
dissolve even though it gives off ges. W%When the current is
reversed, the sluminum dissclves, but the gas doss not ocome
from the aluminum, However, Celdwell and Albano (21) Found
that the rete of diessolution ia unaflected (up to & ourrent
density of 90 ma per om®) when aluminum 1s mede cathodlie in
sodium hydroxide solution end that the rets is dependent
only on the soncentration of the alimll.

In hydroohleoric secid solutions the "differense effest”
was found to be negetive for eluminum (20, 26, 68) L1.e.,
when the slusinum 12 connected with & more noble metel (s
made snodde), its rese of hydrogen evolution ia inorewsed.

Wroenig snd Uspenskaje (28) bave shown thal the appserance
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of the negative “difference effect® is ocansed by the action
of the oxide layer on alwninuw when exposed to hydroohlorie
acid. Acoording to these suthors, making the dissolving
sluminum more enodie increases the rete of dissolution in
the pores of the oxide film, wshich is gredually destroyed.
In this way e lerger surfece iz expoaed %o the attmok of
the hydroohloris seld solubtion snd the rate of hydrogen
evolution is insressed, V¥hen the oxide film is destroyed
by smelgamstion prior to immereion in the bydrsebloric seid
golution, the "aifferense effect™ iz found to be positive.

Caldwell end Albano (£1) were able Lo reduce almost
te zsro the rete of digsolution of sluminum when cathodio
in ©.50 hydroehlorie seid containing some hydrogen perorxide.
Do Surmesy

The dissplution of very pure aluminum is very slow in
both alkaline end seid gelutiona. When fmpurities scre added
sither in the form of alloying elements or as selts Iin the
electyrolyves, the dissolution rate ia Sncreased., The «ffect
of sgitetion in both types of sclutions ig negligible. An
inoresse of ten degrees approximately doubles the diszolue~
tion rete. The dlssolution proceas in approximately neuntral
solutions hes been shown te be electrochemical. The Pdifw
ference effect® of sluminue in alkeline solutionas ie posle
tive, snd in seld solution (hydroshloris) ths effect depends
on the oxide film., ¥hen the film is not removed from Lhe
surfece, the offect Ls negative; ctherwise, 14, too, is
positive,
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The oonditions determining the dissolution of aluminum
in neutral solutions have been determined and shown to be
largely slectrochemical. Previous investigations have also
indionted that &n eleatrochemioal mechaniss is sotive in the
dlasolution of aluminum in scids and alialies. However,
for these solutions the evidence is sometimes eontradictory
and inoomplete. Ib is the purpose of the sxperimental work
to be described to invesitigate further the mechanism of the
diasolution of aluminum in sodium hydroxide.
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IXX. DESCRIPTION OF EXPERIMENTAL WORK

A« Expevimentel Detalls

;, ¥aterials. ?ﬁ» aluminum used for ell experiments
was taken fyom a aheed of BS~0 (ahout 99.1%)" alumtnum,
0.0828 ineh thiok. Pigure la gives the dimenaions of the
spocimens used for all runs. 4 circular design was ohosen
to minimise adge effects, The electirode was punched in ons
plecs by means of & abteol die, thus avolding ¢ meteletoe
metal junction between the dlso end the handle, The handle
was mede 1 5/8 inches long, pormitting immersion of the top
of the electrode dise 1 1/4 inches below the surface of the
solution. On removel from the stesl die, the slectrodes
wers filed at the edges snd rubbed with 8/0 emery paper to
eliminate durrs. The dieca were thes flattened by & pressing
operation. The sleotrodes now weighed about 3.7 g. Mo ree

lieve stresses caused by cold working during panching eand
filing, the elestrodea were annealed st 380°C in sn electric
furnsce for thirty minutes at temperature and were then
allowed to cool in the furnsce.

In order to prepare the sluminus surfaces chemically,
the slectrodes were immersed in sodlum hydroxide solutions of
sbout tle same ooncentration as the solution in whish they
were to be used until the surfeces were uniform and all

& ‘'he impurlties consiaet primerily ol iron, silicon, and &
very smell amount of copper.
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soratches had been eliminated. During the dissolution process
& bleok preoipitate (Pig. 1b) graduslly forms, which oan be
reroved only by wiping the surfece under prunning water. A
stream of water alone does not wash off the precipitate,
About 0.4 g of sluminus ie lost during this chemical prepayme
tion, end the thickness is reduced sbout 0.0028 inch. The
diemeter of the specimen does not ohange apprecisbly during
this process nor during aubsequent dlssclution tests.

he conventration of sodium hydroxids was controlled
by titration with stendard hydrochlorie kold solution using
phenolphthelein indlioator. Heagent grade sodium hydroxide
was used (A).¥ Initlal concentrations were within J0.004H
of the given normelity. The concentration of sodium hydroxide
in effect remsined constsnt throughout & mm because of the
large volume (4 liters) of solution used (100 ml solution
per eme of slumimm surfece), Ko changes in the asld titre-
ion or dissolution rabtes were detected when 10 percent of
the equivalents of the sodiun hydroxide in the solution was
used up &8s ealoulated by the weight of sluminum dissolved.
Distilled water was used for all runs.

£, Specimen Costing. The use of the sbove described
specinen ﬁ«ﬁﬂnaa‘angirwlr on an efficlont sosting for the
hendle. The psrt of the hendle whioch is lmmersed in the solu-
tion must be completely probtected from access by the eleciros

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

¢ Tetters refer to seotions in the Appendix.
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when the spedalmen is used a8 an elsctrode in sn slectrelytie
aell, the current denslty in an unshielded handle would be
sweh greater than over the remainder of the specimen, ro-
sulting in rapld digaolution of the bhandle. Previous ine
vastijators havs uwsed peralfine-wsx and simllar comntings for
shielding. The poor sdherense of these subetances often
leads Lo penstrablion of Lhe solution under the adges of the
soatings, whioh also are genorally not resistand to alkealim
solutions.

Af%er teating several Lypes of coabings a laboratory
sement® was tried whieh gave satisfactory performance. This
sement L@ Sransperent and oan Le renwved quantitatively from
the speoimens with scebone. To devermine whether the welght
of the coabting remains oconstant during a dlssolutbion aun,
sevarel prapared slectrodes were weighed end then theiy
hendles were sosted. After drylag sb roow tempersture, these
electroden were dried ab 110%C for twenty mimubes, snd, when
theyr had oooled o room teupersiure, were used in é dlssolu=
tiom tasb. On resovel from the molution, the precipibate
was removed Ly wiplng, and the speoimens were driecd et 110°C
and welghed. The soating was now rexpved snd the specinens
were re-~wiizhed, The greatest difference in weight-lose
dotermined by veighing with and without coebting waz £ wmillie

groms {(B). Therefore, 1t was nol necesssry to ragove the

# DEXADERSE, made by Teohnicel Specislties Compsny, Malden,
¥ees., under license from Decker Laboretories, ing.



conting on the handle for weighings betwesen runs. (Esoh
specimen was wused for severel runs.) In summary, the propere
tiea of the leboratory cement of importance to thias work sare
its
1) resistence and protection sgainst
conventrabed hydroxides snd selds
(xo1),
2) sdherence to sluminum without peeling
at edgen during saxposure to various
slectrolytes,
8) constancy in welght during & dissolu~
tion test making removel for weighings
UNSQeasary,

4) ability to dry repidly (10 to 18
minutes).

Reoprodueibility. In order to obtaln reproducible
dissolution retes, the initial surfsce of the sluminum must
be uniform in its breakedown chsrecteristics throughout all
teate. At Tirat & solution of chromio and phoaphorio scide
was used to remove completsly all traces of precipitste and
to produce a uniform surfece on &ll apescimens, However, it
wae found that &1l the precipitats formed during a dissolue
tiocn run could bhe removed by wipling smnd that the surface
obtained in this acid solution does not lsad %o reproducible
diemoclution retes, Yor these reasons the @cid Lreatment wee
abandoned, snd a pre-trestment in concentrated (6i) sodium
hydroxide solution was substituted,

The metion of this concentrated solution say be come

pared with some observations on the effest of more dilute
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solutions. When & drop of dilute (0.08H) sodium hydroxide
ie put on en untreated sluminum surface while its action is
foliowed through a mieroscope, thers is first an inoubation
period of no aebion {(ebout 30 seconds), followed by & gradusl,
relabively slow evolutlion of hydrogen bubbles. The bubbles
#lways ooms from & few pointa only. Thers is no over-all
stinck. When & bubble frees 1tsslf from the metel surfroe,
another one forms at the ssme spot, After s certain period
the number of active spols does not increase, Nore aontene
trated solution [0.6H) causes many more polnts to become
aotive, esch one more sobtive than in the case of the more
dilute solution. The active points are pores in the oxide
film on the sluminum surfece, which serve as loosl anodes,

After ths slestrodes wers chemioally prepared and coated,
they were weighed and immerasd in the conoentrated sodium
hydroxide gsolution until hydrogen bubbles appeared (Lo-80
segonds ). The specimens were then repldly withdrawn, rinssd
immediately with wabter, and immersed in the test solution
for & run. The weight~loss during the treatment in sontens
trated hydroxide solutfion im not more than one milligram,

The procedure for sll runs using specimens prepared as
desoribed shove was as follows:

&) Immersion in consentrated {(63) sodium hydroxide solue

until hydrogen bubbles appear.

b) Rinsing in water end fumediate immersion in the test

solution.
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@) Removal of precipitete under running water by

wiping after withdrawsl from the test solution,

4} Drying in electric oven at 110°C, snd cooling in

desiconbter.

e) Welghing.

The specimens &re now resdy for snother run. The runs
were timed by atopwatoh,

Frelisinary experimenta revealed that the disaolution
rates of sluminum in sodium hydroxide srv senaitive to small
fluctustions in temperature. 4 thsrmo-resgulated beth wae
sonstructed whish permitted temperature control of 20.08°C.
A mercurdel thermo-regulator and & mercury relay wers used
for this conbrol. The beth held five 4-~liter beskers which
were used simulitaneously for dlassolution runs.

A large number of runs were repeated to obtain informae
tion on the reprodusibility of diasolution pates. In general,
the percent meximum devietion from the srithmetlic mean walus
414 not exeeed 5 pereent, Only &b seell weilght-lossss (&b
low concentrations of sodium hydroxide, low temperatures or
short times of ismersion) was this value excesded by one
or two psreent (C). The differeane in welghteloas for re-
pested runeg in the lavge malority of enses 41d not exceed
10 »g.

4, The Nffect of Veriables Otber Shan €, &, T. In an
affort to determine the ocsuse of the varietions within 10 mg,

the effects of several other wvariables were studled, In
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most auses agreement of repeated runs was excellent (within
2-3 mg) when two or more runs were made in She same solu-
tion. Ho variubion could be found in the dissolutlon ratos
of the various specimens or in the action of various batohes
of sodium hydroxide pellets (). Within the caloulated 10
poroent depletion of the sodium hydroxide solution previously
moniioned, no dfference wes found in the sotlion of & fresh
solution and one which had slready been used for s run.

The diffexrent surfaece gonditions produced on the alwme
inum by verious conoenkrations of sodium hydroxide had only
s slight efffeckt on bhe dlssolution rates. AL given condi-
tlone of & and 7, apucluwens previously used in 0,058 aolue
tlon gave slightly lower dissolution retes Lo e 0.0BN solue
tion then speclimens previously used in 0,500 solutiona.

The ssme effeot applied to dissolution rates in 0,84 solue
tions, i.8., the apecimens previously used in & asvlution of
the eame sonvenbration gave slightly higher dissolution
rates then specimens heving & surface produced in 0,068
solution {D}.

In all runs only one speoimen was used por dbesker. Hows
sver, when three npamim%ns wore inmersed simultanecusly the
weighteloss of each of these was the seme as thet determined
when only one aspeocimen was used. To deteramiune the effevt
of depth of Immersion on the disasolution rate, a run was
made with the specimen at the botiom of the d~liter beeker,
This dic not change the rate. Thus, it wes not poasible to
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determine the factors which esused the varistions in weight
losses up to 10 mg in the oceae of yepested runa.

The veriutions were probdably caused by the combination
of the above discussed Lactors together with toposhemioal
faotors governing the formation and aobion of the precipi-
tete., leut waa evolved during the dissolution process.

¥hen the alusinum specimen dissolved wilhout mechanie-
oal sagitation, ourrents were set up ae desoribed in Pig. 2.
The peth of the smell hydrogen bubbles evolved during dis-
solution made thess currents visibls.

To determine the effect of agitation on the dissolusion
rate, 8 stirrer was placed below the specimen, It was poe-
sible to plave the apeocimen ot the edge of the vortex proe
duced by rapid stlrring. BDoth sides of the psnel were thus
exponed %o » reapld flow of liguid, whioh diaspersed the hy~
drogen evolved throughout the beaker. In every cese agite-
tion produced s alight inoresse in the dissolution wete,
The inoreeses varied from 6 to 80 percent (R).

The Bffect of Time of lmmersion, Temperature and Conoenw
ration of Bodium Hydromide.

L4

1. Hesults. In Tables I~V¥ are given the weighteloss
date obtalned at concentrabions befwesn 0,08X end 0.50K snd
&% temperatures between 8°C"" and 40°C. A1) weight«loss deta

# In Teble VI sre given additional wvalues on the effect of
concentration of asodium hydroxide on the loss in weight
of aluminum,

84 One run was swde &é 5°C in 0.10N HsOH.
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are for 40.5 om® (sres of the specimens). Values merksd
with an asterisk sre arithmetis mesn welghbtelosass of two
or more runs, The values from which these have been derived
are given in (C). Pigure 3 iz a plot of Teble IIYX and
represents Syploal curves on the effent of time of immersion
and Semperature on the weighteloss. The data plotted in
Figure 4 were nlso taken from Table IYI. Figure 8§ shows the
affect of various concentratimms of sodium hydroxide on the
loas in welght at varicus temperstures. The dsta for Figure 8§
were taken from Tables I-VI,

Aw indicated in Plgure 3, the welghteloas 14 not direcsly
proportionul to the length of time of immersion. The rate
of dissolution inoresazes throughout the immersion period at
all temperatures. This weé found to be the case af all
consentrations studied.® The inoreese in the rete of dle~
solution is acoompenied by & progressive covering of the
surfsce with a Blaok precipitate (Pig. 9). This provess
continued until only & few pores roveeling the metallio
surfecs remain, The aurface ia thes blask to the unaided
eye {Fig. 1}, Hone of this preciritete was found in the solu~
tien, nor was thers sny colorless (sluminum hydroxide) pre-
eipitate absarved.

fhe precipitete was collected from & number of apecimens
and submitted for snslyais.”™ Both the spectrographio and

# One exception to thie generslisation ocourred ut 0.108 and
%0, Here the welight-loss at 120 min., was only 87.1 =g.
(Bee Table ¥il.) ‘

#& Analyses made st the "Squier Signal laboratory®, Fors
¥onmouth, New Jersey, through the sourtesy of Hr. L. Relss
and ¥r, V. J. Xublin,.
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F=ray diffraction snslysss revesled thabt iron waz the main
aonstituent of the presipitate. 4 semi-guantitative (Harvey's)
spevtrographlis method gsve the following sa the major sone
atituents of the procipitate, with the percentage of esch
pregants M -~ 8, Cu -~ 8.6, A » 0,8, Hg ~ 0.4, ¥n - 0.8,

snd 81 ~ 0,8, The precipitate thus fg formed ohlefly from

the lmpurities in the alumimm and conteins little sluminum
hydronids. 7The disaolved sluminum spparently slmost entlrely
entera the solubtion.

At 81l concentretions and lengtha of times of Lmmersion
an incresse in Sempereture resulted in an increase in the
dlesolution rate,

2. Discusalien.

a) Effest of Tenzth of Time of Iwmersion. Pepiri~
sel sguationg were foumd releting ¢, T, end ¢ to the welightw

loss, ¥, Plgure 6 reveals that & plof% of log W ws dog ¢
cives & streight line. The effect of fmnmersionetime on the
volchteloss (ah constant 7 end ¢) mey, therclore, be veprew
mented by = power function,

¥ = P ()
where {a) and () ere constents. ‘‘hese constants wers oale
oulatsd by the method of mversges (68) for &)l conditions
studied. Agresuwsnt of weight~losces oaloulated with theae
sguations and cbaerved values wes well within experimental
soouraoy. the differences in these valuea were below 3 pere
eant, with the exospibion of a few values invelving walghts



below 80 mg (F). In Pable VII are given values for {(a) and
{(b}s The walues of (b} do not show & consisitent trend with
chenges in T and Ce The veluea of (&) finoresse with in-
eronaing temperutures or conoeniyation of sodlum hydroxide.
The constant (&) gives the tuigh&»lnﬁa during the firat minute
of fomeralon.

T™he lnatenbaneous rete of dlassclution ia given by dif-
ferentiating (V¥V},

%g. u gpyl{bel) (Va)

in Figure ¥ are plotted csloulated rates of dissolution
against Lmmersion time. The rate inoresses at s decreasing
rate (Pig. 8). A serles of runs up to 360 minutes revealed
that the rate becomes constant aftni sbout 160 minutes of
immersion in 0.30N saclution at 23° (Pig. 9).”

Pigure 10 revesals that for any specified fmmersion-time
the slope, %@%ﬁ, is & constant for all concentretions studied,
When the slopes of these lines are plobted egeinst 3/t a
straipght line results. 7This »eladionship spplies st sll
coneentrations of sodlum hydroxide snd Semperstures studied
(¥ig. 11). The slope of the line in Pigure 11 4s the cone
stant (b)), If equation (V) is solved for (a) snd this 6xe
pression s subatituted in (Va), we get,

&g %

n

{vp)

# During these runs no solution was uasd longer than 180
mioukbee. After Lhia period the specimens were rapidly
removed Lo & new solution.
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Thus, the values of (b) given in Table VII are slight devia-
tions from a constant velue, b = 1,11, obtalned from the
slope of the line in Figure 1), and (b) e & constant for
the system, L.8., of the partiouler sluminus {28) together
with 1ts impurdities, dlssolving in sodlum bydroxide solutlons
within the ranges of ¢, T, and ¢ studied,

Throughout thess renges the instantsasous rate is
directly proportional $o the average rete. PFros equation
{Vh} it is seen that the rate of dissolution wvaries directly
with the weight-1oss end inversely with the immersioun-time,
The effectivensas of the impurities in each milligrean of
aluminum disasclved in incressing the pate of dlssolution dew
orecses with the immersion~time until finelly further dlie-
solution does not eaffest the rate, which then remaine cone
stant (Fig. ).

Temmann and Heubert (78) have dsrived an equation for
the effsct on the rets of dissolubtion of impurities in the
metal, whiech, on dissolving, presipitate on tbe surface in

the metallic state or as ocompo

(v}

Evens (83) has suggested a modiflcation of this equation,
F o= ke (Via)

This equation holds conly as long ss the impurities adhere to

the surfece. Temnunn sgrees that {VIa) Ls the equation to be
expected, as ¥ 1s & measure of the fmpurities available for
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precipitetion on the surfuce., Integration of (Via) gives en
squation for W for which & plot of ¥ wva. ¢ on semielogerithmie
soordinates 1s & straight line. The date of Tables I-VI do
not give straight lines on thease coordinstesj logelog piots
are reQuired to glve streight lines. Equation (VIe), therew
fore, Goes not apply to any part of the dissclution proaess
studied. It will be shown in the section on electrode po-
tential behavior that these sguations (VI and VIa) do not
apply in this case begeuse they do not provide for the effeot
of polarisstion,
¥hile thare 1s continuous formetion of a precipitate

on the surface of the dissolving aluminum, the rate of die=
solution incresses at a decreanaing rete until & oconstant rete
is resched. Equation (V) described she resction period {(the
incubabion end inductlion periods having been sliminated by
the pre-treatment) whils the dissolubion rate is incressing.
The constant {b) is unigue for this system, and {(u) varies
with the conceniratlion and temparature,

b} Effect of Tempsrature. W¥hen the date of Tables
I«VI sre plotted on semi-logarithmic coordinates to show the

sffact of teaperature on the welght-loss, atreight lines ree
sult as zhown in Pigure 12, The relationship between the
welight-loss and temperature way thus be given by an expon-
sntial funoticn (bt & and ¢ constant)

¥ om gedl {vig)



where 7 is the temperature in degrees absolute (X), », the
bagse of the nadtursl logarithm, and (m) and (n) sre constants.
In Table VIIX ure given several values for these constants.
There sesmas to be no correlation between the constents and
the immersion-time or the concentration of sodium hydroxide.
The agresment between vbserved weightelosses sand those oale
culsated by equabion (VII) is of the same order s in the
case of eguetion (V).

& plot of the logaritbm of the instenteneocus rate of
dissolution sgeinat the reoiprocel of the sbaoclutes tempora=
bure gives straight lines at vearious conoentrations (Mig. 13)
and immersion times, The effeot of temperature on the in-
stantaneous dissoludion rate may thus be gliven by the
Arrbenius equation (84),

1n«§§ * In A ~1§¥

ar %%“&"%

where B is the CGas Consbant, E is the dif'ference in the hesnt
sontent bebwesn the activated snd the inert molecules, the

(i )

"oxperimental snergy of aativation”, &nd A is & constant
which is independent of the temperature. This relationship
represents the temperature dependence of the apecific resstlion
Pebtss Of most ohemioal rescotions. Kguetion (VIIY) Le¢ widely
applicable not only to homogenecus yesetions, but slso to

hetercgeneous proossses (16, 88).



The "experimentel ensrgy of sotivation® of the rate-
controlling process in the dissolution of sluminum in sodium
hydroxide wios found to be sbout 13,700 oal. per mole Lo
various condentrations snd immersion times.®

The rate of digsolution spproximately doubles with an
inoreeas of 10°C for xll concentrations of sodium hydroxide
and various iemersionetimes.*® This is generally considered
to bs trpue foy homogeneous shemicsl resctions (88)., In gon=
traat, for those heterogeneous reactions whose rates is
determined by & diffusion process, the inoreese in reaction

rate for & 10° rige L2 sxpeoctsd to be of the same order as

the chenge in the diffuslion oconstant, 1.,s., 2«8 peprcent (88),

& plot of the data of Tebles I«VY mede on logerithmic oo«
ordinates to pevesl the offect of voncentration on the welght-
loas gives straight lines of which those in Figure ld sre
typical. The dependence of the weight loss on the sontenw
tration of sodium bhydroxide (st t snd T conatant) may b
repregented by s power funetion,

¥ = kot {(x)
where { is the concentration of sodium hydroxide in millie
squivelents per 1iter and (k) end (4) sre constants. A number

#» The slope of the lines in Plgure 13 1s ~ gfg%gﬁz wherve R
1a given in omnlories per degree (1.98). ¢

w4 Pyplioal soefficients are 1.98 and 2.18,
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of theae constenta are given in Table IX.* Exesination of
the oconatant (4) reveals thet 1t waries with the immersion
time and with the Stempersture. This ls in contrsat %o the
constant {b) &n (¥}, which does not vary with the anslogous
variables, & and €.

It was not possible te relats the rate of dissolution
over the entire rangs of concentration of sodium hydroxide
0 any one property of the solution.®® Neither the weightw
loss nor the rate of dlssolution s directly proportionsl
to the pH, the condustivity, or the normality of the solution.
The weight«loss was found to De dirently proportional to the
bydroxyl fon consentration up to 0,30K. DBetween 0,10N and
0.50H the rate of dissolution is proportiona) to the square
oot of the hydroxyl ion soncentyabion es saloulated Crom pH
messurements *5¢

‘Centnersswer {61, &3) found that the rate of dissolu~
tion is proportional to the squars root of the soncentrstion.
Jalouletions based on the date from Tebles I-VI give 0.46
rather than (.50 as the szponent.

# A comparison of weight-losses, observed snd celoulated,
using ths thres emplirieal squations developed for the
offect of lmmersione-time, temperature, snd contentration
ia given in ?able X. 4)ll values fall within a range of

0 Bge

%% It is shown in the seotion on "Electrode Fotential Be-
havior® that the slope of the self«polarization ourve ias
d¢reetly proportionsl to the pH o the solution.

soe Several runs made with potassium hydroxide gave results
similar to those reported for sodium hydroxide,



Co The Effect of Gelatin and Potassivm Permanganste

l. ¢elabin., R8hrig (87) and also Bbodes and Rerner (88)
have found that the addition of geladtin o sodium hydroxide
deorenses the rate of dissolution of alumimun in such solu=
tiona, Gslatin retardas {rsther than delays) the dissolution
to the seme extent {on s percentage basia)} in solutiona of

verdous oconcentrations of hydroxide. 7This effect becomes
pore proucunced &s the guantity of goletin fs inoressed.

To determine the sotion of gelatin in terms of the aluminum
snd oconcentyation of hydroxides being studied, several runs
ware made using inoreasing quantitles of gelstin®™ in o.30¥
solutions at B3¢, In Pable XX and Pigure 1D are given the
duta obtained. The weight~leosas 13 redused repidly et Iiprst
a8 inoressing quantities of gelatin are sdded (0.10 peroent
gelatin roduces Lhe weight-loss by 21.8 percent). When the
solutlion contains 0.60 percent the weighteloss is reduced
80 peroent. Agitation of theae solutlions does not affect
the welight-loss. In general, the reprodusibility of welighte
losses in solutions contelining geletin is better than in
gelatin-free solutiona. Aa before, & bleok precipitete
forms on the surfece during the diasolution process.

#. Fotuesium Permmnganate, It hes been reported that

potesaiun permengenate inhibvits the dissolution of aluminum

& Baoto~(elatin wes used (mede by Difeo Ladboratories,
Detroit, Bichigen), Ten grams of gelstin were dissolved
&nasﬁﬁ ml of 0.80K solution with gentle heating up to
80°C.



3=

in alkalies (89).% The protestive effect inoreases with ine
sreaaing quantities of permangenste. A series of runs was
uedes waing incressing quentibies of potassium permanganate.
fhe deta obtalned in these runs are given in Tablis XII and
¥Figure 18.

From Pigure 15 1% e seen thet below 0.086 pereent potase
aium permangansate there is sotually an inerease in the
walghteloss, Io the omse of 0.30N solution of sodium hy-
droxide at 23°C sbout 0,10 percent potassium permangenate
is necesanry to depress the welghte-loss. A brown precipitate
Torms durdng dissolution in the prezence of permanganate.
‘Thie preclipltate forus mnr? readily than in permsnganstes
free solutions. A% 0.87 pereent permsngsnsbe the preoipitate
is 80 adherent that it begomes diffiounlt to remove by wiping.

The uceelerating elffeat of small guantitlies of permenw
ganate is snalogous to the sotion of sodium chromete reaported
by Plsocher and Oslles {(D0). Very ssall quantities of chrome
ate were found to scoelerate the dlissolution rate and larger
gusntities were found %o retard 1t. The sotion of gelatin
and permanganste will be referred %o agein under the die-
cussion on elsotrode potentiale,.

e RElecotrods Potential Dehavio

1. Theoretioal Introduction.™ Any general meshanism of
corroaion must be able to scooumt for all chenges which take

# Inhibitors of the dissolution smd corrosigh aluminum
%&vq %agn reviewsd by E%drudgt and Hears ?az?f

#¢ The discussion in this section is based on that of (Gatty
and Spooner (91), "Elestrode Fotential HBehavior of Corrods
ing Metals in aAqueous Solutions®, rether than on original

refepences on this subjeot.
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place in the sleatrode potsntiel of the metal alfter lmmeraion,
The electrode potential of the bulk metal abt any instant
is dependent upon

1. The atatioc potentisls af the osathodle and
anodio ereas.

2. the relstive msgnitudes of the cathodic and
snodie aress.

3. the degree of aolf~polarigation (polurize-
sion due %o currents in loosl cella).

Theas fastors ave not necsssarily independent. Yor
example, the current density of sslf-polsrizstion at either
area {sanodie or cathodis) is dependend on the maegnitude of
that ares., When the anode and cathode polari:auian curves
&re strsight lines (potentisl vs aurrent denaity), the aslopes
of these lines oan be shown to be proportional to the axe
posed syea of the respestive electrodss at fixed conditions
of exposure {(2).

on {mmersion, the potentisl of an eleatrode ueuslly
chenges unbil 4t finelly sttalins a constand walue., The conw
ditions for & steady potentisl have heen defined by Jatty
and Spooner as such that the retes of the different ulaaa}odo
processes result in constant relative aress of all different
filelds existing on the solution-eleotrode interphase and
that the total flow of eleotric charge from electrode to
sclution is zepro.

2, Experimentsl, In Figure 16 ia given a diagream of
the sxperimental srrangement used fopr all elesctroohenical
studiea. Iuring messurements of open~siroult slectrode poten~

tisls the bridge connecting the two resction beukers was



removed and the switeh, 3, was open. It was then possible
to sbteln two pobtential va time ourves during one run by
oonnesting tbe potentlometer to eash of the two independent
sireuits through the doublespole double~throw switch. The
sodimm hydroxide in the byldges snd intermedisry solutions
wag of the same concentration ss that In the remctlon beaker.
The bridge conneobing the resction besker with the other
parts of the system was bent as indioated and drawn to a
oapilliery opsning shich was brought am olose to the surface
of the sluminum specimen a&s possible. The tubulus could not
be pressed ageinst the surfece beoause hydrogen bubbles fil1l
the oapillsary when It is brought too olose to the surface.
The celomsl oells sontained tenth-normsl potassium
ohloride saturated with oklomel. 3he potentiometer readings
wore made %to 0.0l millivolt on & type K inatrument (Leeds
and Horshrup Compeny). The beakers sontaining solutions
and the oslomel cells weres immersed in the constant-temperature
bath. All runs were made ab 23°C except one series whioh
was made to determine the effect of texmperature. The tempera-
ture acefflcient of the calomel oell was neglected in these
nessuremsnts.” The concentrstion of sodium hydroxide used
wes 0,304 except in one series of runs which was mede to
deternine the effect of soncentration on the electrode poten~
tial. Junotion potentials wers gomputed by Henderaonts

# The difference in e.m.f, of the calomel oell for a 15°
change 1s G.0007v,
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equetion {55).* When those corrections sre epplied to the
measured potentials the sequence of ocurves in Figure 18 ia
not ohanged. Bince ochenges in electrode potentisl rather
than absolute veluse are of primery importence in thia
atudy, correcstions for jJjunction potentials were not made,

3. Results, Figure 17 fllustrates the reproducibility
of the electrode potentisl measursmants, For these measurew
ments the electrodes ware pre-trested in concentrated sodium
hydroxide avlution, Iomediately on fmwersion in the reacte
ing solution messurements were made, timed with s stopwataeh,
*he reproducibility of the potential-time ocurves is primerily
an indleation of the reproducibility of the pre-~treatment
and the formabion of the precipitate. When no pre-treatment
is used, the potential bhehavior is different and not ree~
preducible. ‘the gradusl insresse in potential is interrupted
after sbout five minubtes by & drop in potential alao lasting
ebout five minutes.

In Pigures 18 and 19 ere given the effects of tempers=
ture and concentretion on the elsotrode potential behavior
of dissolving eluminwm. There 18 & continucus inorease Lo
wards more noble elestrode potentials in ell the ourves.

Inoressing tempersture shifts the poteantisletime ocurve towards

# For 0.8 01 snd XeOF solutions of variocus concentratlons
these potentials were foundt
D0BH  *0.0l4v 0.30N  40.030v
QL0 +3,018v DBON 40037
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more noble values, while inoressing concentration causes &
shift towards more negative valuea. Doth of these effects
inoresss the rabe of dlssolutlon.

igitation shifte the electrode potentisl towsrds more
noble values ss shown Iin Figure 2¢., This effest becomes
Bore proncunosd with inoressing time of leswersion. Then
sgitation is begun sfter alixty minutes' Lmmspsion-time, the
eleotrode potentiasl curve shifts to velues determined on &
apeoinen exposed to sglitetion throughout the entire run,

Lata obtained to determine the asuss of the change in
slectrods potential with immersion-time aye given in Pigure 21.
It i# seen that ohanging to & new solution after 80 minutes
haa no effeset on the a;gntraaa petential., Various methods
of wiping the surfase fres of precipitsate cause an immediate
change to & more negative valus of slechrode potenbtial.
Following such & ohange there are again regular intoresases
in potentisl as more precipiiate forme.

Elestrode potential measurements were made on speacimens
inmeraed in sclutions oontalining gelatin and potassium perw
mangaenate (Fig. 22). 7The addition of 0.25 paresnt gelatlin
gives lower {more negativs) potentials whioh become constsnt
after ahout 80 minutes. %hen 0,083 percent permengensate is
added to the solution the dissolution rate is Linoressed and
the sleatrode potential is decresesed, Thus, these two sub-
stances, one of which decresses the dlssolubtion rete and the

other of which increases the dissolublon rate, both decreass
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the electyrode potential., When enough permanganste is sdded
to the solution to decresse the dissolution rate, the
potential becomses constant et & low value within two minutes.

4. Discussion. The changes in the elestrods potential

onused by wiping the precipitate from the sluminum sheeb
during immersion end the absence of a change in the electrode
potential when & specimen is removed to a new solutlion,
sfter & precipitate has formed on the surfece, indicate that
the elestrode potentisl behavior is lsrgely determined by
the sation of the precipltats rather than by any changes
taking pluce in the solution during the dissolution prooceass.

There is a aoontinuous shange in sleotrode potential
thyoughout the Immersion-tiue studied. M previously dee
soribed, there ia aleo & continuous ohange in the rete of
dispolution during the immersion pericds studied. When the
electrode potentlisl is plotted sgainet the rate of dissolue
tion at & given time of immersion as shown in Figures 23
and 24, straight lines ere obtained in every case.* Wwithin
the ranges of temperaturs snd oconcventration of hydroxide
studied the elestrode petentisl of dissolving aluminun is
directly proportional to the rate of dissolution.¥ The
squetions of thezs linea are of the type

B o= B . g (x)

¢ ‘The 32° line in Pigure 24 wes obtsined graphiocally from
caloulated rates,

%5 This relationship wes also found by Struumanis (29, 92)
in the case of zino dissolving in sulfurie aoid, &nd by
Hoay end Hevenhand (33, €3) for iron.
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where ¥ is the meagured potentisl, Et!, the open-cirouls

potensiel, and P, the alope. Rearrangement of (X) :ives

L (g - my

The rate of dissolublon s directly proportional to the dif-
ference between the open-clrouit end the measured potential
and inverssly proportional to the polarising function.

Yhen equetion (X) i¢ combined with (Vhﬁ and solved fopy
® we get

{Xn)

The weight loss is thus dependent not only on the lengkth of
time of immsrsion but slso on the polarisation condibtions. ™
The fact that the rate of diszsolution is dependent on
the electrode potentiel indicates that the dissolution
process 1s slectrochemiosnl. Thersfore, the rate of dissolu-
tion may be converted (by mesns of Faraday's lLaw} to ourrent
density.¥¥¥ The current density thua obtained is determined

# Bince P is mlways negabive when (¥' - 1) is negabtive,
the rate of dissolution will slways be poslitive.

## Prom equations (¥, Vb end X) it oen be shown Lhat
(81 « B) = abp(t(d=lly,
his 1s the equation of the potentiale-time curves. &
log~log plot of this equation gives & straigbt llne.
fhen the potentisletime date are plotted in this manner
streight lines sre obtsined.

sttt Rete 1o mg per 490.5 om® x 4.42 = ourrent denaity in
milliemps per oms,
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by the loeal cell owrrent witbout an external current, We
then have a typieal polarizetion curve. In Table XIII are
ziven the slopes P'* of these polurizetion eurvea, With
inoressing temperature snd concentration the slopes inaresse
in the positive direesion (i.e., becowe leas aSeep).™™

when the polarising funotion (slonpe PY') is plotted
egainat the pE of the hydroxide solution at varicus soncepw
trations, & streight line results (Pig. 24a). The peler-
izing funobion is thus directly proportional to the pit of
the solution., As the concentration ia inoroased the polarie
Zability is deoressed. Aooording to Figure S4a (on exsrepos
iation), st & pH of 13.90 1% 1s not possidble to polarize
snodionlly slumtpmam in sodlum hydroxide solutions.

These eleotrode potentirl and polarisedion curves may
now be interpreted in the light of information geined prie
marily in scid and neutrel solution (33, 82, 9l). It has
been found that if, on tmmersion, the potentisl of & metal
inoyeuses with time 1% may be inferred that cathodis proe
ossses predoninate over asnodlieo prosesses. ‘this inorecsing
potential mey be cbtained either by an inoreass in the aalfw
polarisation of the anodfe areas or by a deorease in the

# Pt o P 4,42

#% The intercepts of these lines &t zero ourrent density are
not absolute walues as the electrode potentisls have not
been corrected for junction potentials. PFigures 8% end
£4 show that & given rate of dissolution does not core
respond to & certeain slectrode potonitial. Tor a given
elsotrods potentiel there are a number of dlssolution

rates which depend on the tewperature snd the concentrabion,
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self«polarization at the eathodic areas. In every case an
inoresse in potentisl with time hss beern observed during

the dissolution of aluminum in sodium bydroxide solution.,

It may thus be concluded that this process is under ocathodic
sontrol.

During dissolution the arsa of the cathodie phase in-
oreases., The slopes of the polerisation Surves are propors
tionel to the extent of self-polerisstion and %o the anodioe
ares. Since the proeess is under cathodio control and the
potential ia directly proportional to the dissolution rate,
the anode ares must remuin conatant. The higher potential
is thus 8 result of increesing self-polsrization of the
anodle aresas.

The ohange in the electrode potential brought about hy
agitetion onn be sccounted for on the baais of the looal
cell ection Just desorilied. 7The effect of relative motion
between electrode and electrolyte is to inorease the rate
of trensfer of reactants and products of reaction hetween
the solution-metal interphase sund the bulk solution (9l1}.
e result is one or both of the two principal effects at
the interphase:

&) oathodlc sres depeolerisation, with posalible
alight anodiec ares polarisation, end/or

b} snodlc mres depolarisation.
The dirsedion of the eleatrode potentiml change on agltstion
depends on the relative magnitudes of &) &nd b). Fredosminence
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of &) gives n more positive potentiel. is indicsted in
Figure 20, the potential becomes mors positive when the
solution is agltated.®

The difference in potential, whiech incresses with ime
morsion-time, may thus bs attributed primarily to ecethodic
area depolariszation. The mechaniam of this depolarising
aotion, whish salightly inereases the dissolution rate,
probably consists of the removal of hydrogen bubbles from
the surfece by the aotion of the flowing solution. In sthie
way the bubbles are removed while they sre relatively small,
giving rise to more contact betwesn the solution and the
preaipitete. This effeat inaresses sa the ocethodie aree
{quentity of presipitete) inereasea.

It was shown in a previous sectlon that the rate of
dissolution besomes constant when the impmersion-time ia ex-
tended beyond the period studlied (120 minutea). The potential
aisc approsches & constant vaiue, One of the conditlons
for the stesdy atate 1s that tbhere be constant reletive aress
of all different Flelds {amcdic and cathodio) existing on
the solution-elentrode interphsse. This implies that when
a oonstent potentisl and rate of dissolution are presched,

the oathode area no longer inoreases,

# Oatty and Spooner {91} conaider that eny electro-kinetic
effects, which may be produced by relative mobtion between
the electrode and the solution, are in many ceases oube
woighed by the simultenecus effect produeed upon the
local sction prooess.
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Pligure 16 indlostes thab 0.28 percent of gelatin has
&bout the same effect on reducing the welghit«loss &8 D.40
perceent of polassiuwm permanganete, yat the potentialetime
ourves differ ccosiderably (Pig. 82). ‘the constmnt potential
which ie almost fmmedietely established on immerslon in
solutions conteining D.40 percent of potassium permangenate
indicates that the relative aresa of lootel ocathodesn end
ancdes beoome conatant within a few winutes of Lmmersion.
the preciplitate Cormed in thesc aglutions is very sdherent
and saonot be completely romoved by wiping. Thus, the 1o~
oiplsate formed in solutions contuining guantities of
potasalum pormenganaete sufficient %o reduce the rete of dlae
solution in aodium hydroxide solutions (0.10 percent or
wore in 0.30N sodium hydroxide at 23°%) forme & relatively
thick layer within & few minubes of immersion, whioh impedes
sontact of tho solutlon with the surfece of the metal,

In the oase of soludione contealning gelabin snd those
contalining smell quantities of potassius permsngenate which
inoresse the rate of dissclution, the potential ve time
ouprves give atraizht lines on logaritimie ovordinates. This
fa in agreement with the results obteined from siwmilar
measurements mzade in solutions conbtalining only sodium hye
droxide. The slopes of these lines are given by (b=l). (See
footnote pg. 42.) In the ease of permanganate and gelatin
sdditions this slope differs from that obtalned for sodium
bydroxide solutions without edditions. Thus, the constent
{v) is changed by gelatin and potassium permanganate.
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¥hile the effectivensss of the precipltate is deoresased
by the addition of zelatin, the mechanism of diasolution
probably remeins the epams. Ib is probable that ite effect
is brought about by nad;f&&auzan of the gsathodio resstion,
i.8., by retarding the evelution of hydrogen at the pree
gipitate., In the csse of permangenute additions whioh
secaoslerste the rate of dissolution, & new kind of precipitate
is formed, which is even more effective than the precipitate
formed in permanganate free solublions, It might, therefors,
be expected that this grester affeotivensss 1s sccompanied
by inereased anodie polarisation. Figure 22 indioateas thet
this is not app thers itz sotuslly less anodio polarisation
in the csae of solutions conteining permanganabe than in
permunganste-Tree solutions. Thersfore, the accelersting
effect of small gquantities of potessium persangenate is
probably e result of the repld formstion of an effective
precipitete secompanlied by sowme anodic depolarization.

E.  Effeot of an Ixternally Applied H.¥.F.

The dats obtained from electrode potential mensuresents
indicated thet the dissolubtion of aluminum in hydroxide
solutions is elestrochemical. Also, it 1s known that the
rairrerence effect” on aluminum is positive in alksline
golutions. In order to supplement the information geined
from slectrode potential mesasuremsnta and to study the re-
producibility of the Ydifference offeot® an external potential
wae applied to the dissolving alusinum by means of the ex-

perimental arrengement given in Pigure 18.
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1. Txpsrimentsal. Two aluminum speciments, one an
anode, the other s oathode, were used simultaneously. The
aswitoh 3, wes clesed end the two large reaction beakers,
one contalning the snode, the sther the sathode, were con-
nected by & bridge. The contentresion of sodium hydroxide
wes the geme throughout all bridges and beakers for a series
of runs.* Two series of »uns were made, in & 0.30F and in
1.008 solutions. 41l runs were made at RI"C and 48 minutes
immersionebime, The e.m.f. was supplied by a d.o. generatodr.
By vuarying the resisbancs, the desired current (registered
on the ssseter) was obteined. Throughout s run the eurrent
was hold ponstant (F0.01A) by verying the resistance. As
before, the specimens wore given & pro-tresiment,

Potential messuresments were made using the same teche
nique previously described,

For the lower ourrent densitlies several sodium hydroxlde
bridges of the same conoentration &s the solutlion in the
resotion beakers were used to complete the cireult between
these beskers. This type of bridge oould not be used where
higher ourrent denslikies were desired. The sodium hydroxide

bridges were veplsced by a platinum wire to inoreasse the

# Orlginelly i1t was intended Lo use & conventration cell,
1.6., to depend on the current generated by the differw
ence in concentrstion of hydroxide In the two resction
beakers. Several sttempts were made using 0.01lN and
1.0 solutions., However, the current generatsd by this
cell, whose components differed by & factor of 100 in
concentration, was not suffisient to produce the "difw
ferenae effect”.,
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currsnt in the oirouit. ‘The ends of this wire were plsaced
a8 Tar awey as possible from the speocimens as indicated in
Pigure 268a., 7he srror introduced by using s pletinmum wire
bridge (geses were svolved mt both ends) was negligible.®

The two-heasker arrvangement was used Leosuse the heat
evolwed, when the rete of dissolution is inocressed by an ex-
ternally applied e.m.f., makes temperature control diffioult.
Alao, by using separate beskers for the snode and the oathode
the solubtions were not depleted a0 rapidly es is the caae
when both sxre in the seme solution.

2., Results. The resulta of runs made while an external
current wes applied to mluminum sre given in Tebles XIV end
V. The reproducibility of theass runs 1is of the ssme oprder
as that of simple dissolution runs previously described.

In Figuresa 25 and £8 sre plotted the dats of Teblea X1V and

X¥., For both the 0,30K and the 1.00¥ runs the aluminum
specimen whioh was made the aathode loat only slightly less
welght than wnder freely disasclving conditions. After an
initiel drop of about 10 mg et & current density of 0.34,

the oethodie welight-loss deorsased very alightly with increasing

# A check run was made st 0,804 by fimmersing both anode and
aathode in the same besker (whioh sliminated the pletinum
wire oomneoting the solutions). %he weighbeloss obtalped
in this way agreed with thet found when the wire was used.
Anode~losst with wire, 286.B8, without wire, 210.1 mg.
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current denasity.® 4s before, a prescipitate formed on the
surface,

In G.304 solution there la no effect on the weighte
loss of the anods until 8 ¢.d. of 0.34 {por speoimen) is
reasched, At this valus the weight.loss bescomes proportionsl
to the e.d., up to svout 1l.1A. From this point on, the slope
shanges and the proportionelity of weight=loss and ¢.d4. sone-
tinues. ®hen this lest ssction of the ourve is extrapoletoed
it goes through the origin. The changes teking pluoce on
the surfsaoe as the o.d. is Ilnoreagsed are given in a series
of photomforographs in Pigure 27.

In 1.,00R solutions thers ia & more continuous ochuange
in weighteloas of the anode as the o.d. s inoreased (Vig. 26).
The ouprve cannot be divided into three parits of different
slopes as was posaible in the previous omse,

Then the o.d. reaches 0.3A in a 0.308 solubtion a defin-
ite deoresse in hydrogen evolubion was observed at the snods,
while at the oathode there was & sonsiderabls inerease in
the hydrogen evolution. As the c.d. was inoressed this effect
became more pronounsed. Breaking of the sirouit (restoring
fresly dissolving conditions) immedisntely Lnoreased evolution
at the anode and decressed Lt at the oathode, until both

evolved gas st about the sume rete. At 0.94 and over, the

# ‘This differs somowhat from the results of Csldwell end
Albeno (21), who found that making sluminum cathodic in
sodium hydroxide solution does not affect the weight-loss.
gﬁa tgmgnr&kuvu sontrol used by theaes suthors was 30.0

G.5%C,
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anode did not evolve hydrogen when first immersed. Altey
sbout 10 minutes of immersion & slight precipitate formed
and gus was a#&lvua at an ineressing vrate. After 30 minutes
the precipitate flaked off and bubbling oeased.

The action of the precipitate 1is fnrbhﬁi revesled in
the following experiment, 7The platinum wire wes placed near
the edge of one spesimen (Fig. 28b), glving wery uneven
current distribution over the surface of the speoimen. The
presipitate formed on only one«half of the specimen (the half
away from the wire) while the other half remsined clear.
Hydrogen bubbles were evolved only on the side covered by
the precipitate.

To the unaided eye the specimens exposed to surrent
densitiea over 1l.BA in 0.30H solubion have s polished sppesy-
anes, Howsver, microscopic examinution reveals that there
sre still treces of locul cell action caused by the preciple
tate, whioh slternstely slowly forms and flekes off (Fig. 87).

vhen an enodes whioh has been exposed to polishing sction
at the bhigher ourrent densities used is given the ususl pre-
trestment in connentreted sodium hydroxide in preparstion
for re-uss, it spprears bo have become "passive®, Two to
three minutes are regquired to inltiate even slow hydrogen
evplution.

In 1.008 solution these effeats were similar with the
exception that a 0.4. of 2.44 was required to suppress hydrogen
evolutiion at the anode on immersion. After sbout 3 minubtes
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& precipitate formed, sccompenied by very light dubbling.

The gas evolution at the cathode in sll ceses was moat vigore
ous., It was not possidble to obtain a polished sppesrance at
the anode In l.00N solutions even &t & 0.4, of 2.44,

%hen & ocurrent density of 44 was applied, there was
immedinte, alow evolution of lsrge bubdles, probably oxygen,
&t the snode. At current densitles sbove 2.44 the heat
evolved became 30 great that 1t wes not possible to control
the temperature by the epparetus which wes used in these
experinsnts,

8light agitetion of & Q.30 s0lution a4t & current density
of 1,04 increased the amnode weight-loss oonsiderably and reo-
duced the oathode weight-loss mbout 10 mg.

Blectrode potentisl measurements were difficult on
speoimens undey the influence of un external ourrent. There
wan & continuel change In potential of both anode and sathode
throughout all runs toward more noble (less negative) potene
tisls. In general, the oathode potentisls were found to be
more negstive than the potentisls of the apecimens which
were made snodlic. At higher ecurrent denaities the potentisls
fluctusbed considerebly.

3. Discusslon., ¥%hen there 1s s precipitate on the
surface & threo-eloctrode sysbem is formed, the snodio and
cathodie sress on the slumlinum end the cathodle precipitste,
Brown and Hesrs (3, 32) hawe shown thet, in osaes where
gorroaion is entirely electroohemiesl in nature, it is neces~

sary to polarize the cethodes in the loosl celle to the open-
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elroult potentisl of the logal anodes in order to obtain
gomplete eathodic protentlon. Apparently one of the types
of losal oathodes {probably the preciplitate) sennst be sufe
fliolently polevized to produce compleie gathodie protection.
There 1s some oathodio polarization as indicated by the faot
that the potential of the ecsthode spsoimen is mwore negetive
than that of the snode speocimen.

The "difference effect™ was caloulated for runs in both
conscentrations of hydroxides studied., All walues have teen
redused to milligrems. ‘these values and the method of eale
culation are given in Teblea XVI snd XVIY and are plotted
in Pigure 2¢9. 4t ourrent densities delow .34 there was no
Sdifrerence effeat" (this may be a result of the sensistivity
of the experimentel technigue),

In 1.00N eolutions the "difference affect” is linesr
with the current density up to about 9.84 and, on extrepole«
tion, pesses through the origin.

A= gx {xv)
where K ie & constent and I, the ourrent density. 7The result
is in sgresment with thet obtained by thiel end Xeokell (23)
and Mlller (38) in 1.00W sodium hydroxide, 4 ourrent density
of 0,84 %8 eguivalent to 20 me per om®, Thiel snd Xokell
found i% to be linear up to 24 me per ome, Miller (38) con~
siders the "difference effect? linemr over a lerger range

and attributes veriations i{n K to experimental inscourcoies.
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However, when 1\ ia plotted sgeinst the current density
{#81ller merely tabulates values of X) it is evident that the
fdifferenoe sffeot™ is linear up to ebout B2 ma per oms and
then falls off.

In D.808 solutions the differenve effect extends Lo
about 1.0Ap 3t is operative only in region (L) Figure 27.

The effect is directly proportional to surrent density in
this range. NHowever, on extrapolation the line does not pess
thirough the origin.

A = KT + H, (X1)
where § ia the intercept at mero surrent density.

When the "differencs effect” is eomplets, Wy = 0 snd
dissolution by local cell action bas cessed, making A ™ Wy,
Therefore, the limiting value of the Tdifference effect® is
Wygse Thie limiting velue is remched in 0.30N solution within
the scouracy of these experiments.®

In 1.00% solutions the limiting wvalue is approached but
ie not reeohed &% the current densities studied. Even at
2.4A, there is no polishing sotion on the specimens snd the
precipitete is the usual powdery type rether than the Tlaking
type observed in the runs using (.30 solutions.

F. Sumsory of BExperimentel Work
The dissolution of (838) aluminum in sodium hydroxide is
socompanied by vigorous evolution of hydrogen and the formation

- wli » 186,56 and Al = 188,0
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of & powdery, blsok precipitate on the surfeace, which osn
be removed only by wiping. 7The precipitete consists primerily
of compounda of the impurities In the aluminum {(or a metallic
deposit of these impurities). 7The welght~losses in all
rons were found to be reprodusible within & meximums deviation
of & percent from the arithmetic, mesn walue of s series of
repest rund,
The summsry glven below of the sffecta of several verie
ables spplies within the ranges sbudied.
Time of Immersion: O ~lBES minutea
Concenbtration of Hydroxide: O0.080 « 0.88
Temperatures 8.0% « 40,0%
ie  Effect of Length of Tme of Immersion. Uhe dissolue

tion of aluminum in aocdium hydroxide incresanes with length

of time of immersion movording to the eguation ¥ = atd, The

sonstunt {a) varies with temperature and soncentyration, The

rate of dissolutlon inoreases et & decressling rate untll a

oonstent velue is resched, The rate of dissolution 13 glven by
£ - b ()

The constant (b} epplies under all conditions of temperature

and concentration. (b = 1.11),

‘The eleotrode potentisl increasses towerds more noble
values during the dissolution process and fs directly proporw
tional to the rate of dissolution. This relationship is given
by the sguation

& - Bl (x)
The rate 18 s messurs of the local-&otion current,
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The elestrode potential ehange with time gan be related
to the formation of the precipitete which is produned at the
surfece rather than to any changes taking place in the solu-
tion. The potentlal probebly reaches ¢« atesdy state when
a constant rete of dlssolutlon is resched.

2. The Effect of Temperature., The elf'fect of tempers-

ture on the weight-loss is given by &n exponentisl funotion,
o= el {viI)
and the effest of temperature on the dissolution rate by the

w . T

o oa

An inoresse in Stempeprature of ten degreas doubles the rate

Arrhenius eguation,
(Vviix)
of dissolution. Inocreasing temperature maekes the slope (P?)

of the polarizelion curve less steep.
3. The Effect of Concentrution. The weight-loss in-

oreasss with inoressing conoentration according to the equation
w = kcd (1)

The conatants (X and d4) very with the lmwersion~time and

temperature. 7The rate of dissolution cannot be related to

any property of the solutlon over the entire range of conw

centretions studlied. However, the slope (F') of the polarie

gation ourve is directly proportlionsl %o the pi of the solution.
4. The Rffect of sn Rxternal Z.¥.F. When sluminum is

made cathodioc in sodlium hydroxide by an external e.m.f.,
after an initial drop of ebout 10 mg (at a o.d. of 0.34) there
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is only a very slight drop in the esthodlo weighteloss aa
the current density is inoressed.

Yihen the aluminum is made anodio at inoreasing ocurrent
denatities in O.350¥ solution, there is firat s rangs of
current denaities in which there is no apparent effect on
the dissolution vate, Beyond this range the dissclution rate
is directly proportionsl o the current density., This »ange
is divided into two perts. In the second part the llepo
changes end the weight«loss besomes elsobtroschenlically eguivae-
lent to the current passing through the celli. Io 1.00N
solutiona these changes are more gradual snd the weighte-loss
spprosches equivalence with the quantity af current pussing
through the cell st the higher current densities,

The "difference sffect® 1s positive in both 0.30N wnd
1,00R sodium hydroxide. In 1.00N solution

FANIL S +9 {1v)
up to a enrisnh density of about 20 ms pey om®, At higher
ourrent densities the "“difference effeot™ drops off. In
- 0+30K solution the faifference effect® {unagitated) followas
the eyuation
A =Xt 4N (xx)

The degree of reproducibility of the "differsnce effeot”
i3 of the seme order aa sl)l other dissolution runs when the
time fuotor is considered.

Agitation merkedly ineresses the anode weight~loss end
deoreases the cathode welght-losa in 0.30H solution. This
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hes the effect of decreasing the "difference effeot”.
8. The Effect of Geletin snd Potessium Permungunaie.
Additiona of gelatin reduce the dissolution rete. The weighte

loas 48 reduced B0 percant by 0.50 pepoent gelstin in 0.30H
aclution. 8mall asdditions of permsanganate sccelerats the
dissolution. About 0.10 percent potassium permenganate are
necessury to depress the weighteloss.

€. A Hote on Results Whieh Indicabte the Nature of the

Bste-Controllinz Process. Vigorous agitetion of the soluw

tion inereanses the weight.loss only slightly under freely
dissolving oconditions, &nd tide increase may be attridbuted
to & depelerization effsct, In solutions contalining gelatin
aglitation hes no effect. The ineresse in the rate of dis-
solution for an incresse in temperature of ten degrees is
sbout 100 percent. The ohange in the diffusion coefficient
expeoted for such an inoresse in teapsrature $s of the order
ﬁr 2 to 3 peroent, A4ll these feote Andlicate thet, if dife-
fusion processes have any effect at all on the rate of dis-
solution, 4t is very slight (for freely dissolving conditions).
It 43 indigabted that the rate~controlling proceas ia a
homogeneous ohemical reaction.
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IV, THREORBTICAL DISCUSSION

fio  The Electrochemical Heture of Hetallio Surfsoces
From the discussion of the litersture survey snd the

sxperimental results lunt deseribed, 1t ic seen that oleotyo-
chemlonl factors are declsive in the disscliution of metalas
in inorgenic slectrolytes., It follows that electrochemionl
prinsiples have been used sost fregquently in explaining the
mechanism of diseolutfion,®

The heterogeneoua, toposhemicosl charscter of corrosion
resotions hus led severaul inveatigstors to e comparison with
otheyr reeotions of this type, those of heterogeneous catalysias.
Studies on sdsorption 1n connection with solid metal catealysts
resulted in the disoovery thmt the surface of sush catalysts
is veriable end conteins sotive centers (16, 94). Pletach
snd Josephy (18) sonsider theae active centers to be active
linesg, arystal sdges, orystal boundaries end fmperfections
in the erystal. Corrosion (dissclution) at these uotlive
lines (grein boundsries and inclusions) takes plsce according
to this theory because they are &lso linsa of prefersntial
adsorption. At the geme time, or as & regult, these aative

genters ars slso venters of anodic mobivity.*™ pPietsch and

# QOther methods whieh bave been used o atudy the diasolution
of metals include those dapendsnt entively upon diffusion
theory and resocotion kinetios.

#¢ ller (17) considers the sotivity of boundaries & result
of larger concentyetions of pores in the passlive layer at
such points, '
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Josephy (15) found thet pure iron is attaeked preferentislly

at grain boundaries end inclusions, end Dix (86) found thst

the grain boundariss of pure aluminum snd of some sluminum
slloys a&re snvdic to centers of the grsines. WwWhen aluminum
surisves ere sxposed to copper sulfate solutions (containe

ing some hydroshlorie acid}, copper ie deposited preferentially
&t certeln parts of the surfece such as edges, scratohes,

and areacks. On etching sluminum-sopper alloys with the

sommon reagents, the sopper whlobh goes into solution is re-
deposited over the surfece &0 that sn electron diffraction
pattern of auch a surfave is that of polyerysialline copper (856).
In addition to these effects, metalliec surfaces are further
nodified by oxide films.

Cracks in these films, sorsatches, and grain boundary
sffents, produtse diff'srences of potential (local ocells) on
the surfaces of metald, Very pure metals dissolve aslowly aa
& result of sush 1nuni action, 7The moat effective local
sotion ip produced by Impurities oither in the metal or pree~
oipitated on the surface. At the cathodes, aress of lower
hydrogen overpotential, hydrogen is evolved, ané at the
enodes, aress of more negatlve potentisl, the metsl goes into

solution.%

# 7This discussion is oconcerned primarily with the hydrogenw
evolution type of diasolution in the absencs of oxidising
agents (depolerisers).
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When & ourrent flows in these looal cells, polerization
of the looal ancdes or ¢abthodes or both {depending on the
metal and the asolution) takes place.
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‘the anodes polerize to more noble potentliala and the
gathodes to more negative potentials. As Iindieated adbove,
the polerizstion ls often directly proportionsl to the cur-
rent denslity. The eguation foy the polarisation curves mey
then be given by

Eg ™ Rig =~ %i‘-xn (x11)*
B » Bty *%‘;x,, (x1I8)

In these egquations Xy and By are the polarized potentiule of
the snodes and esthodes, respectively; E'y and E', are the
opsn-circult potentiasls; the constents Kz and K, are the
slopes when one unit sres of the elestrodes is exposed; end

& The notebtilon of Brown and Mears (B, 8) is used throughout.
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Ap und Ay are the exposed areas. The slopes are interpreted
generally as "polarising funotions™ by Brown und Meers (2, 3),
Straumenis {92), and Fvans (35). Willer (26, 96, 97, 98)
has sttempted to interpret thease constents in terms of his
"medeckungspessivitht® theory. In this theory the surfece
of the metal iz sasumed to be covered by a Iilm which ocone
tains numercus pores. The loomlecell snodes are assumed to
be &t the bare surfece of the metal (bottom of pores), and
the lnosl cathodes are sspumed to be loocated on top of the
film. The constents K/A are then replscsd by Rg sand Rp,
respectively the resiaztance in the pore materisl and the
resliatance of the solution 4in the pores.

if the resistance of the metalliic putbha can be neglected
end the resistance of the ligquid fs smell, then st Ig in
the above diagram Ey = K, snd

Bly = Ifag%g ® Eq *.ﬁaé%g}? {xX111)

where fiy and S5 are mors general exprassions for the polariming
functions {B).

In order to prevent dissolution the leael anode current
must e reduted bto seroe either by conmeoting the metal to &
more noble elesirods or by epplying an external e.m.f.
{oathodie protection), Brown end Hesrs (3) have shown that
in thia case {Ig = 0) equetion (XIXI) becomes

Btg ™ B, *ﬁagﬁi (XI1I8)
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The looal eathodes must be polarized %o the open ¢ireuit

potentials of the looal snodas by sn externsl current for

somhlete cabhodie protection (3, 38). Prom Kirohhoff's lLawe
Te * L+ (Xiv)

where Iy is the external current.

1. Theopy., If equation (IX) of the “difference sffect®
3is converted from volumes of hydvrogen evolved per unit of
time to equivelent eurrent denasity,® we have

13 «I¢g " X {11}
Igy Ix ™ external ourrent
Ll g e R
and Ghu looel cell ourrent.
Iy, Iz ™ loeal cell current
Therefore,
I, ™ Iy~ X (Ixb)
A somperison of equstions (XIV) and (IIb) vevesls that they
sre identicsl except for the afgn of the sxbernal surrent.
his is in agreement with experisent, To protsct a metal
sathodieally, 1% is conneated to e more anodic metal, snd to
produce a (positive) "difference effent® the metal is conw
neoted to a more cethodie eleetrode, or equivalent souree of

axternal ourrent.

* This squivelence was first pe&nﬁcd out by Miller and LBw (99).
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The limiting condition of the “Aifference effect®™ s
given when Iy {or Xg) i» reduced to smero. Equation (XIXX)
then is given by

E'Q - E"*ﬁ'”ﬁg%g (KV)

Thus, in ordsr to reash the limiting velue of the "difference
effect™, the looal snodes mmst be polarised to the open~
oirouit potential of the looal ocsbthodes. At this point
looalegell action cemses and the welghteloas 1s squivalent
to the applied ourrent (Ig *» Xe).

The above relationships do not lmply that any given
motal mey be completely protested or dilssolved anscdicelly by
merely reversing the externa) current,® whaﬁ&ar & surface
oan be polarised to the open-oirouit potentials of the looal
snodes or cathodes depends on the nature of the metal end
the solution, temperature, and soncentration.

Inspeotion of the eguations for the "difference effect®

Ig=3e * Iy {1x)

iy = A (x11)
reveals that 1t may become negative in two ways. Sinoe for
any run Yy snd I35 are fixed, the "difference effeot” may be
negative as & result of reversing the dirsction of the oxw

ternal ourrent, i.s., making the specisen undey considerstion

# An example of both snodic and ecathodio polsrisabilivy was
desoribed by Cupr (100). Line and copper elsctrodes were
immersed in solutions of thelir suliates.
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cathodle, or, when the effeot of meking the spesimen snodio

48 & lsrge inoreocse in Ig. This letter condition has bheen
related o the brezkedown of a film hy Hroenlg and TUspensksja (20)
an previously desoribed, "o avoid confusion the axpression
"negative difference effeot” is used in this discussion only

when it is a result of a large value of Yg. If the "dif-

ference effect® ia negative ss & result of a yaversal of

the external current, the term “oathodic protection® is used.

£, Historioal Hote. Phe “difference effect® has been
obser on & number of metals., The orlginal work of Thiel

&nd Fokell (80, 23) inoluded studies on sine and sluminum
in hydroghlorie escld (0.5%) and sluminum in sodium hydroxide
{(1.008). ¥Bller (38, 10)) studlied these same combinations
in more detsil. Moth the "difference effect” and sathodie
protection of sine and gopper ware studied in solutions of
their aulfates by Cupr (100). Cadmiom also shows the "Aif-
ference effeck™ in hydroechlords acld (23, 28). A negative
effect was observed on megnesium in salt soluticons (B8}, on
alusinum in hydroohloric acld (23}, and on magneailum-base
slloys in sodium chloride solutions (102).%

In some inatences, the sxperimental arrangemont wes such
that the "difference effect” was operative but was not recoge
nised, In theae canes the freely dissolving rate (Iy4) e
added to the welight celoulated from the current in the couple
{Ig)s The difference between this sum send the velue observed
while the metel is masde enodic is then ususlly sttributed o
sxperimental erroy (28, 103}. This is permisaible only when
the local anodes do not polarisze, L.e,, when there is no
"airference effect", Some of the data of Vesley (28) indie
cata thet ths “difference effect™ is positive on commerolally
pure iron, cast iron (0-81), sustenitic-cast iron (N1, Ou)
in sodiuvm shloride solutlon, on two steels 1v sea water, and
sommeroially pure iron and Monel metul in sodium sulfate solu~
tion. In selfuric moid che effect is negstive for commereislly
pure iron,#®

# The negative “difference effect™ in these csses has been
attributed to surf ce fllme (86, 102j.

wit Hesley (22) in hia diecussion on the dlserepancy betwesn
osloulated end observed velues suggests that it %is
probebly en indication thet the enode polarization sooon-
panying the galvanie current reduded the normel {looal
eell) corrosion alightly".
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o ‘The reproducibility of the "dife
ference en studied. Thisl and Bokell
report deviationa of 35 percent in experiwmentsl values of

the constant (X) for aluminum in hydroobloric scid. In
sodium hydroxide this has been reduced to &7 percent. ufiller
end Biberschick (101) have mude & very careful study of the
Fdifference effect® of sino in 0,2¥ hydrochlorioe scid. These
suthors conoluded that the "difference effent® in this case
is not reproducidble, In thelr discuseion they note that the
length of time of the run influenced the resulte,

Iin al)l previous studies of the "difference affect® and
its theoretlical treatment the assumption was made that the
metal dlsaclves &t a oonstent rate,. In the experimentel
work a surfaece of 2 to 3 om*® wes usuvally immersed in & round-
bottom flaak, whieh, in bturn, was fmmersed in & constants
tempereture bath, making the surface of the apecisen ine-
scoessible to cbaservstion. Suocessive resdings were then
made on the same specimen (beossuse different apscimens did
not give reproduoidle resulta), The length of the runs was
usuelly teken ab 10 to 80 minutes., By aliernately peraltting
the apseimen to dissclve freely snd applying an external
e.m.f., 8 36ries of Wiy and ¥, values were obtalned. The
effeot of time of fmmersion off the dissolution rate was dla-
Ngﬂrﬂﬁﬁv

For saluminum of highest purity the *difference effect”
in sodium hydroxide was also not reproducible. Commercially
pure aluminum geave somewhut bebtter reaultes {(38),

4, Previously Proposed Theories. Only the more recent
theorles of the “3%??6?&&&& effect” are reviewed at this
point.® Strausanis (24, $2, 104) attridbutes the effect to
pelarisation of the anodea with inerosaing eurrent density.
This reduced the potentisl difference between the anodes and
the loesl ocathodes with s oonseguent deorssse in locel oell
potion {(Ig). While Straumenis heas not further defined this
polarization, Xroenig and Uspenskeja (B8) sttribute it to

the incresss in concentration of tons of the dlissolving metal
&t the surfene of the anodes, ‘Thiel (31) has polinted outb

that this does not oonatitute sn explanation of the phenomencn
but is rather e substitution of one unknown for another. This
is not entirely correct. - While "polarization® doees not “exe
plain® the “difference effect®, nevertheless, it has related

# The difference effect is discussed in references, 135, 14,
17, 20, 25, 24, 28, 26, @7, 28, 31, 33, I8, 61, 64, ©R,
g6, 97, 98, 99, 100, 101, 102, 104, 108,
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the phenomenon to another variable, the slectrode potential,

Thiel and ¥ekell (13, 14) question the validity of slectrode

potentlel) measurements on the grounds that their interpreta-

tion in terms of loecal oell action is Laposasible., However,

;§n§§ that time these dlfficulties have been largely olarie
.1+ 1

#filler (86, 68) hes explained the *difference effect®
in terms of his pore theory and hes derived an eguation for K.¥

, 34 .
XK = m { A = g1) {(xvI)

whére RF and Ry are the same resistences as previously de-
soribed,

Streumenis (92) hes also derived equation {IV}) from
Palmesrts (8)¥F opiginal egquetion for lonal-cell action and
the eguation foy the polarization curve (X). Both authovs
sgsuned a gonstent rete of dissolution.®¥* Expeprimentally,
squsbion (IV) has been shown to apply in only two casess
gine in 0.5H hydrochlorie eeid snd sluminum iIn 1.0 sodium
hydroxide,

8, The Effect of Agitstion on the "Difference Hffest™.

It Is prodeble that equation (IV) repressnts the purely
eleotroahemionl aspect of the "difference effect® and that
the derivations of ¥iller end Streumsnis are hoth deseriptive

#  Akimow snd Tommschow (106) later derived a slmilar exe
pression whieh #lller (108) considers identioal with hins
OWn . N '

on ¥ uaiigig;wﬁl, where V 1s the voluwe of hydrogen evolved

during & given period, (R’ - @), the otentlal difference
orxgha loesl oell, end r, the presistence of the local
[.1: % % AN

wed Biller snd Strsumenis (after years of discussion) agreed
that their derivations sre largely identlosl except for
the interpretation of the constanta. ifiller defines
these in terms of his pore theory, while Strewssnis uses
the term "polarisstion™ without further definition (104),



of the slectroshemiocsl besia of the phencmencn of dissolving
metals, 1f the fact that the dissolution rate may change
with time (itael!l an electrochemical phenomenon) 4s teken
into consideration.

In the experiments of the present study the effect of
changes in dissolution rate with time waz eliminsted by
keeping these changes oonstent throughout &ll runa. This
was done by begloning all messurements et the instent of
fmmersion of the upecimen and by meking ell runs of equal
length, 1In this way the sotion of the precipitete weaa kept
sonstant .

As previously desoribed, equation (XX) for the "dife
ference effeoct® in 0.80H solution has an intercept ab gero
currsnt denaliby. ‘This condition hes pot been previously de-
soribed,®

Under "Experimental Work™ a run was desoribed in which
mild sgitation was used (to sld in teupereturs control) while
the specimen wes msde anodic., The result was thet the anode
woight-lose inoressed considerwbly, incressing LT whioch, 4&n
turn, decressss A . Thus in 0,308 solutions thers are
faotors in sddition to electrocihemisal effects, probaubly
Giffusion phenomens.

& There is possibly oneo erception to this. In the origine}l
publication on the "differsnce effect” by Thiel and
Eokell (28) there i1s s footenote giving values of O at
two ourrent densitles in 0.50N sodium hydroxide for alum-
inum. Then these two points are plotted, the line cone
necting them does not paas through the origin but has an
intercept on the A w~axis., Heither Thiel and Eckell nor
subaequent inveatigators have taken lssue with this foote
note,
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¥hen a certain current is passed through the molution
during & given time intervel, & quantity of sluminus is
foroed into solution determined by Faredey's law. 7his
greatly inoresses the conoentration of the ion of the dis-
solving metal immediately adjucent to the wetml, If the
solution is relutively concentrated (1.004), this effect is
not 80 great an in more dilute solustions (0.30X). In the
more concentrated solutions there are more hydroxyl ions left
nesr the surface to take part in loealegel) sction than
there are in & dilute solution. In this way loscalensll
action Lis deorsased (and the differsnoe effect 1s inoressed)
in teo waysy (1} by polarisation of the snodes, and (2) by
hydroxyl ion depletion st the metal-solution interphanse.
Agitation largely eliminates the second of theae faotors.

Under freely dissclving conditions the evolution of
hydrogen oauses considersble agltation of the solution at
the interphase, Wwhen the specimen is made anodie, this
evolution of hydrogen and its sgltetion effect are drastioally
redused, end, at the same time, even more metal enters the

metalesolution interphase than before.

1, Nistoriosl Hote. fthe dissolution of saluminum in
alksline solutions was first sonsidered to bHe a “purely ioniae”
resction by Centnersswer and Zebloocki (68) in whioh alumimmm
rescted with hydroxyl fons. Later, Centnersswer (51) postu-
leted thet thls 13 an oxidation reaotion in whieh aluminum
rescts with oxygen fons. 7Thie theory was derived from the
fact that the rate of dissolution was found to be proportionsl
to the square root of the sodium hydroxide soncentration
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{thig, of course, is not equivelent to the hydroxyl lon aonw
centration as assumed by Centnerszwer ali thet time).

The misleading results ss to the abdsence of any acseler-
ating effact of impuritles on the rate of dissolution of
alunines in elkaeline solubions led Centnerszwer (561) and
Sohikory (862, 53) to stete that loocalwcell) sotion scannot be
8 part of the mechenism of disaglublion in thia case.
Strsumanis (13) offered slsctroohemicosl proof that the looale
nell mechanism oould nobt he operative on aluwaimms in alke-
line solutiona, More recently {(109) the work of xfiller (B4)
and Streumanis (30) proving that Impurities do affect the
rate of dissolution in slkaline solutione wes used erronsously
in gggg@rt of & purely chemical theory propoaed Ly Hedges {57§

n .

‘Theopetical sonsiderstions by Htiranski based on oryatale
lizstion phenomens have made it possible to prediat eteh
figures on metals in some instenoces. Pailure of these prew
dictions in the ceee of aluminum led to the oonslusion that
the dissslution of sluminue is determined not by the atrusture
of the metal but by an hypothetleal, tw-dimensional oxide
layer, Strsumanis (110) bea discussed this hypothesis in
teyrms of the known faots on the disasoclution of aluminum and
has found a number of sontradictions,

¥Bller (98) has applied his pors Lheory 50 the dissolu-
tion of smluminuxm in alkalies. In Lthe osse of alumlnum cone-
talning impurities the asaumption is sade that the film on
the metel contains "metallic threads™ whieh increase the
conductivity of the film. Also the sizes of the pores are
sasumed to ohange under wvaricus osnditions. The precipitats
which forme fs not d&isoussed by ﬁﬂllcrg and the faot that
the rete changes with time is ignored.* These objeations do
not refer to the mathemstical treatment of the theory but to
the interpretstion of the physical significance of the mathew
matical symbols.

B. The Host Fecent Theory of Streumenis. The most ine

slusive theory as regerds experimentel fsats has been pro-
posed by Straumenis (50). Acoording to this theory the dia-
solution of sluminum in hydroxides la governed by looslecell
sotion. At the snodes Bhe following resctions take place,

# Additionel discuseions of ulilller's theory sre given in
references 8, 107, and 108.
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AL - A1*® 4 3e
1%+ Bow « AL(0H)a
The number of aluminum atome whieh cen ionize is determined
by the mumber of electrons whioh are discherged at the
osthodes. At the cathodea it is sssumed that weter mole-
cules are lonixed under the influence of the potential greadient
and the hydrogen ions thus formed are discharged,
40 - 3t + 3o~
St + S - 88
2% - Hy
"he aluminua hydroxide formed is diasolved lo excess hydroxide
solution:
AL(0H}s *+ NOH - Naaldy + SHga0
The dissolutlon of aluminum hydroxide is slower than the
sleotrochemiocsl renctions. Therefore, saesording to this
theory, i the wmebal conteins a amell quanblity of impurities,
thers Lo auificient time for the dissolution of aluminmum hy-
droxide, and the electrochemical resstions deberaline the
rake of disanlution. Taen the aluminum contains larger
quentitiss of impurities, the rates of the electroshemiosl
yesotions bscome so groeat that the aluminmam hydrozide Tormed
doss not dilesolve repidly enough and preoiplitsetes con the
surfase aa 8 ila, whioh Lhen inoreases the resistanss of
the loosl ocells and reduses the rebts of dissolution. Is thie
cese (large gquantitiss of impuritles) the rate of dissolution

of slumlnum hydroxide becomes rate~detormining.
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Straunsnis consldera this concept of the prooess a
"working hypothesis™, Nven though potential messuremsnte
wore made by Straumenias he does not mske use of them in his
theory of freely dlssolving saluminum,™

E. The pechanism of Pissolution Propoged on the Dasis of

On the besis of the experimental results of the present
study, the dissolution of sluminum in a large volume of
sodlum hydroxise solution may be deseribed as followa., The
alloving conabituente {impurities) in the aluminum form the
cathods of losel cells of which the aluminum metrix is the
snode. The initial dissolution rate is & result of the
sotion of thesse and any otber cells, such s those gsused by
grein bounderies, sto. At the apodes aluminum goes into
solution, while at the cethodes an eguivalent quantity of
hydrogen is evolved. As socon ss some metel has dissolved,

& blaok preociplitate forme on the surface of the sluminum,
is preocipitabe consists primerily of compounds of the Sme
puritiss, hydroxides of 1irom and copper, interspersed perhaps
with metallie deposits of these metals.

The presipitete mots as a cathodes.®™ The progressive

growth of the precipitate inoreases the total oathodlic ares

# The potentiel mwesurements were made by Streumanis (30}
to provide evidence for & disocussion with ¥lilller that the
potential ohangea with inereasing current density, filler
repeatedly statea that the potential of the metal remaina
sonstant, This dlsagresmend wes bused on a misunder-
standing. #filler referred to L' while Straumanis was con-
sidering the wessured potentisl, E. (Equation X). BHoth
suthors were correct in thelr assertions. In & later
peper this misunderstanding wes resolved {(104).

+¢ There is now a three-slectrode system at the suprlfeoe,
anodlo arsas snd twe kinde of oathodic aress, one on the
metel and one the precliplitate.



P 1. .

and, since the anpdic area is not grestly diminished, the
eurrent density ut the loosl anodes incresses. A4s the
weizhi=loss La directly propertional to the snodic current
density, the dissolution rate is increased.® Inoreasing

the anodle current density caunes anodic polarization towsrds
more noble potentials, The current density at the osthodes
remaine copatant, and they do not polerise appreciadbly. As
& result of snodic polarisetion the potentiasl difference of
the locel cells iy decrossed in proportion to the anodia
ourrent density.™ Por this reason the rate of dissolution
Ainoreases ab s deocreasing rete until finally » constent rate
snd potential ere resched. At this point the effective
cathode ares no longer inoreases. 7This mey indicste that
the preacipitate now grows in depth only.

Thus the diesolution of sluminum &n’nndiun hydroxide 1is
under esthodie control. The rete of the cathodic resction
determines the rate of dissolution. The effests of tempera-
fure, sgitstion, and gelatin indiocsbe that the rate-sontrolling
resction hes the properties of a homogensous chemioal resction.

# This is in contrsat to the theory of Straumanis (30) in
whichk the precslipitste is consldered a rebarding fautor,

#& The equationa for the rate of dissolution developed by
Evens (33) snd Temusnn (78) do not provide for polarisas
tion effeats, Deviations from thelr squaetions &re at-
tribvuted to non-adherence to the surfeses of the precipis~
tate. The squations (VI and Vie) are esaumed o apply to
the “hydrogen svolution®™ typs of dissolution, which ine
cludes alusinum in sodium hydroxide, However, the data
with whigh these squations have been compered were obe-
talned in aeid solutions only.
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his rete~determining process is probably one of the steps
in the series of resctions in whichk hydrogen ions from the
solution are transformed to hydrogen gas «bt the osthodes.
wiffusion effects do pot appreciably iafluence the rate of
dissolutlon undey f'reely dissolving conditlons.

e effeot of tempersture and concenbration on the dise
solution rate is two-fold, These variebles affect the rate-
determining or siuggieh resction at the cethodes and also
influence the polarisation of the anodea.

When the disaplving sluminum is made oathodliae by an
external current, the rate of dissolution is decressed only
slightly. This ls probably an indicstion that one of the
two types of cathodes does not polarire appreciadbly {the
precipitate). Meking the dissolving aluminus anodic polare
izes the looasl enodes and, a&s & result, decresses the potential
difference of the local oslls. Ilocel~oell mation 1a thus
gradually eliminated. When the local encdes heve been
polarised toc the open~oircult potentiasl of the lovsl osthodes,
loonlecell sotion asasss. 7The surfase is now equipotential,
and the weight«loss 1s slectrochemically equivalent to the
guentity of current pessing through the ocell.
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SUMHARY

& gritical review of the literstuye contributing %o an
understanding of the mechanism of dissolubtion of sluminum
in elsctrolytes was mmde. This was followed by a desoription
of an experimental atudy on the dissolution of sommercially
pures (88) aluminum 4in sodium hydroxide solutions. The
effeot of time of lmmersion, tempersture, concentration,
external vurrent, agltation, and addltions of gelatin and
potassium permmnzunete on the welighteloss and the rate of
dissolution was sbudied within the following renges:

Conoentration of aolium hydroxide 0.08 « 0.8H

TeNPeYature « = = « « = o o =« = o 8.0° « 40.0°C

Time of Tmmersion o = = ~ « = = = 5=120 min,.
A technique was developed whioh gave reprodusible dissclution
retes under all sonditions sbtudled.

1. When (838) eluminum dissolves in sodium hydroxide
solutions, hydrogen is evolved and a precipitate lorms on
the surface whish indresses the rate of dissolution st a de~
areasing rete until & sonstant rate is resched. 7The effect
of time of immersion on the weight-loss 1ls given by e power
funetlon. The instantanaous rate of dissolution (found bf
differentisting the sguetions derived emplrically from weight-
loss vs time dete) 1s directly proporticnel to the welghte
loss sand inversely proportionsl to the time of fmmersion.
The econstant of proportiomelity in this relationship applies
throughout all renges of temperature and concentystion studied.
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2. Zlestrode potential measurements on dissolving
apecimens revealed that in every caas the potentias)l changes
o more noble veluss during the dissolution process. The
obanges in potentliel eppenr to he & funotion of the pres
eipitate rather than the result of any shanges btsking plasoe
in the solubtion., ¥When the electrode potentisl is plotted
ageinst the rete of dissolution (which can be converted to
eurrent denslity of the lovel cells), straight lines are
obtained,

¥, The slopes of these polariszstion lines sre directly
proportional to the pH of the solution, Helther the welightw
loss nor the rate of dlessolution could be related to sny
property of the solution as e funotlon of the concentration
over the entire range. The offsat of conventration on the
welght-lona is 8lgo given by a power function.

4. The effect of tempereturs on the welght-loss is
given by sn eaponentiel funotion and the effect on the rate
of disaplution by the Arrhenius equation. An inoresse of
ten degreea approximately donbles the dissolution rate,

8., Vhsn eluninum f{e made omthodic by en external
eurrent, thers is only e very slight drop in the weighteloss
a# the ourrent density is inoressed. When aluminum is made
anodic, there 1s first & renge of surrent densities in whioch
thers is no spperent sfiect on the welight-loss., BHeyond
this range the dissolution rate is directly proportional to
the current density supplied by the externsl current. This
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range 1s divided into two parts. In the first part there

is dissolution as & result ;f both locslecell eoction and

the external ocurrent. As the externsl current density is
incressed local-ocell nablon is decresmsed ("difference effeot")
until 1t ifa almost completely suppressed. At thie point

the second part beging in whioh the welighteloas is electro-
shemically eajulvalent to the ourrent passing through the
eell.

8, 'The sbove desaribed aotion of an external current
was found in O0.80H solntions. In 1.00N selutions the
transitions between the wvearious pheases, as the current
denasity ia inorsssed, are less pronounced, and local-oell
action csnnot be redused to zerv.

7. ‘e "difference effect™ in 1.00N esolutions was
found to be dlrectly proportional to the current denaity at
lower welues ( A = XY)., However, at surrent densitiss over
20 ma per eom® the effeat falla off, In 0.30W solutions the
"difrerence effect” was slso found to be linear with the
surrent dsnsity, but an intercept on the A« axis &t zero
ourrent denslity was revealed ( A = Kl + ), ¢he effect of
sgitation on the "difference effect" indieates that this
intercept is & result of the influsnce of concentration
gradients set up in the more dllute solutions.

8., ‘The effeots of sgitation, sdditions of gelatin, and
tempersturs indicate that the rate-controlling reaction is

an homogeneous chemioal reaction.
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8. About (.10 percent of pobessiua permungsnste is
necensary to depress the dissolution rate of commercislly
pure alumipum in 0.30Y sodiue hydroxide. ¥hen it is sdded
in quantities swaller then this, there is an socelersting
effsct,

10. 1In the lset section, veriocus thesretissl implices
tions resulblng from the literature and experimental studies
were discussed. It was shown that the "difference effect”
is the counterypurt of cuthodlie prot:ation. The conditions
delfined by Brown and Years for cathodic protection were
found to apply also to the “difference affect” when the
direotion of the external ourrent ls teken into considerstion.
To reach the limtting wvelue of the "difference sffect” the
locel snodes must be polarised to the vpen-oireuit potantiel
of the looal sathodes. Experiments indieate that this
condition Is met in 0.30X solutions. 7he “difference effeot”
is of the sewe oyder of reproducibllity ss other dissolution
teosbs, when the faot thet the dissolution reate changes with
fmnersion=time ta teken into acoount.

1l. On the besis of the present investigation Ghe
process of the dlasclution of commercielly pure eluminum in
godium hydroxide solutions mey be described se follows.
he precipitate whieh forms on the surface of the dissolving
aluminum, ag & result of loosl~aell aotion at the surfece,
sonslets primerily of the impurites {(iren or compounds of
iron) in the sluminum, whiob preocipitate on the surfaoe.
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This preocipitate sots as 8 cathode in locsl cells. The
progreasive growth of the precipitate ilnorsases the total
eashodic srea, while the anodic area is not sppreciably
diminished., The loeel cell process is under oathodic cone
trol. The current density of the local snodes inoressss.
is & result, the dissolution rate inoreases, the anodie
areas are polarized to more noble potentials, and the
potential difference of the local oslis is diminished., For
this reason th;'rumn of dlssolution ineresses al & Jeoresse
ing rate (and is & funotion of the Lmmersion-time) until
finally a gsonstunt rate and potentisl ere reached., At this
point the effective cathodio &ree no longer lnoreases. The
sathodic precipitate doos nobt polarize sppreocisbly. This
is in contrast to the theory of Strausanis, who considers
the precipiteate s reterding faotor.
' 12. The rate of the e¢athodio resctions determines
the rate of diseolution, Experimental results indioate
that this reteedetermining process ls sn homogeneous, chemi-
esal resction, which probvebly is one of the steps in the
series of resctions in whioh hydrogen lons from the solue
tions are trensformed to hydrogen gas abt the osthodes.
piffusion effects do not sppreciedbly influence the rete of
dissolution under freely dissolving oonditions.

Thus, the various phencmena socompanying the dissolue
tion of comseroislly pure aluminus in sodium hydroxide solu~
tions mey be explained in terms of eleotroohemiosl theory.
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PABLE X

loss in ¥Welght of Aluminum in 0.0BR
Bodium Bydroxlde Solutlion at Various Temperstures

Toss in WeLght of Aluminum in BLilile
grama per 40.5 om®
Time of Immersion womnwenneBPORPEPALUYe IN Tlrumvuummmmn

in Minutes B3 g6 38 40
10 16.1 18.2 20.7 43.9
15 B1.7 20.8 48.7 67.9
20 .- e - 96.9
30 47.3*  BR.O 90.8 149.4
45 71.0% 90,0 140.9 £40.1%
a0 94.4  120.4 196.0 324.8
80 141.0 161.1 271.1 -—
100 188.0 £29.2 381.6 -
180 285.1%  gef.1 431.8 -

# aAverage of seversl values.



TABLE 1IX

Toss in Welight of Aluminum in 0,108 :
Sodium Hydroxide Solution at Various Temperatures

HMme of

Toes 1n Weight oF ALwpinum 10 WiLI1gbans

pey 40,8 omn
Immersion ~ o oo e rature in °Ce-
in Ninutes 5 25 e 52 40
8 - 9.9 11.1 17.8 e
10 - 19.7 23.1 34.8 63.8
18 7.9 £0.6 37.8% 58.8 108.8
20 10.8 40.2 48.8 76.6 me
30 14.2 80.8 78.8%  117.5 £18.3
48 20.2 94.8% 14,7 188.8 343.9
60 27.4 124.8 171 B4s.0%  4mB.2
8o 36.1 177.4 281.9 385.1 -—
100 40.6 226.8 287.9%  448.9 -
120 87.1 £201.4%  343.8%  863.3 -

® Average of several values.



TABLE 111

Loss Ln Welight of Aluminum in 0.80H

Sodium Hydroxide Solution &bt Various Jemperstures

Toas in Welght

of Alvminum in Hililgrams

Time of per 40.6 omn

1n W oubes 8 Py 40
10 8.2 26,8 29.9 49.8 87.0
15 18.8 58,9 47.0 78.5 136.3
S0 838.8 81.6 102.8 171.1 290.8
45 36,6 138.8%  182.90 863.0 466,3
60 B2.7 178.6°  225.9 362.4 -
80 2.1 £44.3 s12.1 e -
100 91.0 318.3%  407.3 - we
120 112.8 387.8 498.0 o- -

® svernge of several values.



TABLE IV

Loaa in Weight of Alualnum in 0,304
Sodium Hydroxide Solution sl Vardous Tempesratures

Toa8 10 Welght of Aluminum in Miiiis
grams por 40.5 ome

Time of Ismerasion wmmmwnnne TOHDOPELUTE 40 POumeccwmwens

An ginutes 8.8 23 26 40
10 11.8 32,9 42.8 107.5%
s 16.7 80.9 68.9 17R.8%
30 51 108.7%  124.8% s87.4%
45 48,4 8.7 g805.1% 544.3%
8o 88.1 224.8%  2%.3% -
80 80.1 509.5%  369.3 -
100 112.6 308.0%  48v.0® -
120 18,7 479.8%  309.8 -

¥ Average of several values.



TABLE V

Loss in Welght of Aluminum in O.5ON
Sodium Hydroxide Bolubion at Various Tempersatures

hE hiimiaum 3o Hilld
| grams per 40,6 om®
Time of Immersion wonmuesesTeRperature In "Cescemnamnns

Toss 1o Welght

e dB HiOGEOS 11 23 B8 40
10 1e.2 36.6 49.0 183.0
15 16.8 59.8 76.8 804.1
80 38.8 118.8 184.9 454,85
48 86,7 106.0%  886.1 706 .8
80 80.8 266.7 s49.8% -
80 10647 366.7 470.3 -
100 147.8 460.8 §76.1 -
180 178.0 603.0 744,68 -

% Aversge of several valuea,



Iloss in Welght of Aluninum ab 23° in NaOH
Solutions of Various Concsutrations

TABLE VI

Time of Inmeraion

40.8 oms
Concentration of HaOH in Foulivelents

~per Liter, (W)

Toss of Aluminum 1n ML1Iigrams per

0,16 0.85

in Minutes 0,38 0,40
48 111.4 164.6 179.8 182.0
80 186,7  190.4 247.0 283.9
100 B76.7 3489 427.0 442.6
At 28°
45 140.6 182.6 221.8 251.8
80 193.6  280.5 318.5 310.8
100 840.6 441,86 B49.8 678.8




PARLE VIX
Constants (&) and (b) for sguation W = P

W ™ ng/40.8 ome
t * ninutes

%ngtm “Concentration o HeUH 18 |

(4 Q.08 010 D80
w(8)=
§.0 e 0.580 - e e
8.0 - - 0,688 - -
8.6 - - - 1.080 1.080
£3.0 1.17% 1.74 1.898 £.680 2,888
26.0 1.578 1,880 £.178 3.280 4.041
32,0 2.810 g.701 .89 - -
400 8.380 8.0L7 £.783 9.878 $.880
(D)=
5.0 - 0078 - - "o
B840 - - l.078 - -
8.8 - "o - 1.012 1.071
28,0 l.084 1.087 .11 1.0856 1.112
26,0 1.201 1.088 1.134 1.089 1.086
32.0 1.000 1,108 1.118 - -

40.0 1.117 1.1 1.108 1.070 1.124
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PABLE VIXX
Constants (m) and (n) for Eguation W = met?

W = up/40.5 ome
T = ahsolute besperaturs in *X
e ™ baze of oabural logaritim

Hie of “Goncentration of Bodium NyAPOXLGS Boiut 3
Trmeralon —— --muiwwmﬂ wr Liwx'-mm-—»-»-«m
in Minutes 0,08 0,18 0,80 0.30 0.80
wim x 10%F)w
15 113 15.3 - 3.6 1.9
48 £7.8 3.47 8.0% 14.6 .9
120 - 7.9 o 8.7 23.8
‘w({n)-
18 0.0847 0.0728 .- 0.0728 0.0754
45 0.,0782  0.0809 0.0802 0,078 ' 0.0800
180 me - 0,0022 0.,0800




TABLE IX
Constants (k) and (4) in Equation W = kod
¥ = weight loss in mg/40.5 em®

¢ = gonsentyation of sodium hydroxide in
milli-~oquivalents per litey

e of Thmersicn ”wunnﬁnﬁgngawm’ s.?ﬂ L2

in Minubes 23
o {k )~
16 3.90 8.0 -e
30 7.8 7.47 -
46 9.64 i3.87 83.1
80 8.7 18.84 -
80 84.44 88.79 "o
100 26,74 33.87 -
igo 38.69 40.48 -
w{@)=
15 0,440 0.298 e
30 Co.447 0.498 -e
48 0481 0.48) 0.460
60 . 499 0.44 -
ao 0.438 0.469 -
100 0.476 0,478 -

m@ ﬁu“ﬂ in?’l b

O.488
0.477
0.468




TABLE X

Comperison of Observed and Caleulated Weight-losses in
BMllligrams per 40.5 om® at O0.30H and 83°

Imerslon  ceeeeeeeeBOURES OF COLOGIEEET VAIUBmmwr-aowees
Hine Observed ¥ = agh Weked = gent?
16 §0 80 48 51
30 107 106 1 —

48 163 168 158 187
&0 e8¢ 228 g2 -

80 310 308 298 -

100 398 564 388 -

120 480 47¢ 476 484




TABLE XX

The Effect of Gelabin on the Hate of Dissolution in
0.801 Sodlium Hydroxide at 83° snd 60 Minutes

Jomersionetime
Feraant wem 8L ERE=LOES 1N ME DEF 40,5 GHievsoew
Gelatin Shserved Hean e Bith Agltetican
0,00 32}5 L] 7 3%5 [ 7 - -
0. 0088 ROT.S
807.3
200.5 208.0 pe—
0.0208 185.7
188.6 ,
169.8 189.1 -
C.0418 176.8
177.9
171.8 176.8 176.0
0. 0885 160.8 160.8 181.5
0.1666 159.4 158.4 141.0
C.2800 152.8
133.5 2.8 135.8
0.8000 118.2

114.3 113.2 -




TABLE XIX

Effect of Pobvassium Permangenate on the Rate of
Diassolution in 0.350H Sodium Hydroxide Solution et 23°

Immersion-time: €0 minutes

Tercent ‘
Poteapium wonefolght=Loss i mg per 40.5 oMewwwws
Permangannte Observed _ __ MWean With aAgitation
Q.Q gg&lv L2 -
0.0087) £56.,3 ,
£53.9 288.1 ——
0.01088 £268,.5
N 28B4 -
0.0RL7 BI7.5
278.3 276 .8 -
275.8 g78.2 248,08
0. 0800 281.8
368 Oa 333. 9 -
02000 201.5 )
218.9 207.2 —"
0.1888 1064
167.3
154.8 156.6 188.08
144.4 146.8 —
0.5420 138,%7

1&2 . 8 135 8 o




TABLE XITI
Slopes of Polarisation Curvea (2')

Bolt - omP
wups
At 28° it 0,30
0408  =0.0810 23° «0. 0862
0.30  «0,0RB% 38" -0,0166
0.50  =0,0187 40° «0.0111

T xd ey ~ w/ons

PR Hessurements Haede with Beclosan pF Neter
Using "Type E® (Blue 0less} Eleotrode

THormality ip
Bquivelents
per Liter i
0.06 12.5¢
{},m 13 oﬁg
Ded 13.22
050 18.38

1.00 13,568




TABLE XIV

Effeot of An Externsl E.M.P., on the Disasolutlon of
Aluminum in Sodium Iydroxide at £3° in 0.300 Solution

Wﬁmmiw mu Th Bg per 40.5 ea® 1n 48 min.

in Awmps per Penel _ Kean Cethode Hean
0.30 162.8 149.3
0.40 174.9 188,53
0,80 186.0 180.3
0-60 300.8 198.9 18802 151.5
0.70 211.8 144 .4
0.80 228.5 140.0
0.80% £19.1 288,38 142.7 141.3
.90 B37.7 180.0
1.00 280.3 144.9
4 855.3 i 144.2
1.80 281.5 151.5
1.40 339.3 242.5
1.60 3662 138.3
400.5 298.5 157.4 147.8
1.80 438.1 146.8
£.00 476.0 141.5

2.40 676.1 144.2

# PBun nede with anode &nd osthode in seme beaker.

¥ithout applied e.m.f.y  )168.4



TABLE XV

BEffect of An External BE«¥.F. on the Dissolution of
Aluminum 4in Sodium Hydroxide at 23° in 1.008 Solution

- Wolght=-L086 10 Mg POT A0

~in tmps per 40.0 om® Anode _ Cethode
0440 303.0 281.0
0460 510.8 271.6
0,80 320.8 8.1
100 344.0 276.1
1.80 37.0 270.0
1.40 406.3 272.6
1.60 451.5 260.6
.80 471.2 268.9
.00 688.8 269.7
2.40 880.3 263.7

Without applied e.m.f.t 890.0
200.5



TABLE XVI

The Difference iffeoct on Aluminum in 0.308
Sodium Hydroxide at 83°

We - Hg =Wy Wy4 = l6B.4
Wy - By =4 W » A X 45 x 60 x 9 x 2000
¥

Va1 = welght-loas determinsd under freely dissolving conditions

Rg = total welight-lose observed when exterusl e.m.f. was
applied anodlioslly

Wy ™ weighteloss calouleted from gurrent in external oiroult

¥y = welghteloss dus to simple dissolution while specimen wae
made anodlc by externul e.m.f0.

A =» dgifference effect

¢.D. per Wolght-Lons in mg Doy 40.5 om® in 486 minutes

Specimen ., wg g, B §£~w, WyqeWy = A
0,30 168.8 .8 87.3 78.1
0.40 174.9 100.8 74.3 8l.1
0.80 188.0 128.0 $0.0 106 .4
0.60 196.9 181.0 44,0 180.8
0.70 211.2 178.0 38.8 130.2
0.80 £82.3 201.8 R0.8 144.9
0.90 B37.7 £26.8 10.8 154.8
1,00 258.3 RE8.0C 3.3 162.1
1.00% 266 .5 262.0 14.8 180,90

# ¥With mild aglbution



TABLE XVIX

The Difference Rffect on Aluminum in 1.008
Sodium Hydroxide at £3°

A11 Huna 48 ¥inutes

Teh. per — '
Specinen g Wy HgeWg = Wy Wiy ¥y = A
0,40 205.0 100.6 202.4 87.6
0.60 510.8 181.0 150.8 130.5
080 820.6 201.8 118.8 170.8
1400 B44.0 £52.0 92.0 198.0
1.80 378.8 508.0 70.8 219.8
1.40 408.3 562.0 54.3 238.7
1.60 421.8 402.8 29.0 261.0
1.80 4712 458,0 19.2 270.8
2,00 828.2 804,0 24.2 265.8

2.40 8R0.8 608.0 15.3 274.7

w‘,b w 80,0






Fig. la
Specimen Dimensions
Radius of Disc--1 inch
Handle 1 5/8 x 3/16"
Original Thickness--U,0225 in,
At left, appearance before a
run,
At right, specimen covered
with precipitate after 60 min,
immersion in O_3UN solution
at 23°,

Fig. 1b. 475X
(1) Surface of a prepared specimen,
(2) After 6V min, and (3) after 1V0 min, immersion in 0,30N solution at 23°,
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WEIGHT LOSS vs. TIME OF IMMERSION
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FIG. 14
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(A) FIG. 28
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SPECIMEN
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(A) EXPERIMENTAL ARRANGEMENT FOR ALL RUNS
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S£) Anslysis of Sodium Hydroxide
Aassy @7.38% 01 0,008
POy 0.001% R 0, 0001
804 0.0008 Fe 0,00
Hee (m8 2g) 0.001% K 0.08¢%
Sodium Carbonate 1.88

8804 and HHLOB ppt.  0.008%

£8) Comparison of FeightwLosses Deteruined by
Welghing with snd without Cosbting on Specimen

wenmmHOLERE LOSE, BLLLigranfese
1 e '3 4

0 s e t -Q!}'p -

with coating 808.5 TI0.8 871.7 860.9
without ooeting B08,.0 768.1 878.7 860.4

difference G.6 2.8 1.0 0.8
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fe) Data on Reproducibility of Dissolution Hates
Fercent
Maximum
¢ 2 ] . Yeun Deviation
006 23 89 49.8
“!g ‘?03 ﬂnﬁ
0.08 23 45 69.2
V25
s % §
T2
89.9 71.9 37
D08 23 129 221.8
224 .5 223.1 0.6
0,08 40 45 £36.8
2438.7 £40.) 1.8
0e10 23 45 8.8
98.8 94.8 8.8
0.10 as 120 281.3
281.6 281.4 0.0
e10 28 15 38.4
38.0 an.g 2.1
0.10 26 80 5.4
84.38 78.8 3.4
0410 20, 80 188.8
177.90 17} 3.8
D10 g6 Yoo 288.4
200.8 267.9 Ou¥
0.10 26 120 34).4
J3485.8 343.5 0.8
0.10 a2 a0 248,31
247.9 248.0 0.0
0.18 23 48 111.4
110.8 111.0 Ok



=33~

) (ocontinued)

Fercent
Yeximma
o - % W Youn Deviabion

0.80 23 48 156.3

i87.8
131.1 188.8 3.8

0.20 23 60 175.0
188.3 178.8 2.0

32%.9 318.8 1.8

0430 23 30 107.0
104,53
100.8
1082
100.6
100.8 102,7 4.2

0.80 a5 486 163.1
162.5 82,7 0.8

0,80 23 80 220.8
223.3
219.0
826 .5
827.0
219.8 224.2 2.2

0.30 23 80 316.8
302,.8 300.5 2.3

0.0 25 100 301.8
398.9 398.0 1.8

Ded0 23 120 478.0
488,28 479.8 1.4

0.30 28 30 86,7
182.6 124.6 1,7

0430 26 45 208.4
201.9 208.1 1.6

030 £8 80 270.8
2682.8 276.3 2.2



wi e

L&) (eontinued)

Percent
Haxizum
C T & — ean Deviation

D30 26 120 486,1

488,0 487.0 0.8
030 40 1o 10&.7

11l1l.4 10%7.8 3.7
030 40 18 166.58

178} 172.8 3.6
0«20 40 .13 82,7

372.2 387.4 1.3
.30 40 45 BAG .4 4

662 .2 B4é4.3 1.4
(a4 28 45 181.2

188, 182.1 0.6
040 a3 100 437.4

447.8 442,86 1.1
.80 28 45 194.2

168,38

800.1

£00.9

185.0

197.8 198,90 B0
0.580 26 80 35%.4

246.3 349.8 1.0
1.0 7] 80 4003

400, 400.8 0.0
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(L) The i“ffeot on the Dissslution Rete of
‘ Verisblea Otheyr Then €, &, T

3. Bourse of Sodium Hydroxide st 23° and 0.,30K

‘“@ xgﬁg i ﬁixi! PRULB s mw
8 Beteh I . patoh 11
80 1038.2 108.8
101.7 106.8

100.8
60 223.3 286,56
£87.0 B30.B

£19.8

£. Use of Hew and Used Solutions at 389 « 3,100 « 80 Hin.

Hew Solution £48.1
Bolution Frews

iously used

80 minutes 247 .9

3, Bffect of Surfuces Produced in Solutions of Verious
Concentrationa
A1l runs at 23% for 45 min,

in 0.808 ﬁblﬂﬁiﬁn ggg:g% pr#Viﬂmlly in 050N

igg:g} previously in 0.08H

in 0,084 Bolution zg:gg previously in 0.BON

gg:%; previously in 0,08

4, Nffect of Speeimen Poaitlon and Humber of Specimens Used
Simultaneously
At 0.30H » 83° » 45 min.

&e normel positions 183.1
b. st bottom of besker: 187.4




{£) (continued)

st 0.,80N « 25° = 48 min,

8, one specimen: 131,1

b. thres specimens simulteneously: J35.3
188.8
137.3

The slight inoresss in weight-loss of the three specimens

can be attributed to a 0.10° rise Lin tempersture of the solu~
tion because of the greater quantlty of heat llberased from

three specimens than from one specimen.

(E) The Effect of sgltation on Veighteloss

wally LOHB 50 Hgwwme Feroent
¢ 00 ¥ Unagiteted Aglbated W___Inoreese
0.08 43 80 141.0 349,85 8.5 8.0
0. 08 23 48 §8.68 6.6 8.0 11.8
0.08 26 80 161.1 198,38 34.2 21.8
0. 08 32 80 271.1 298,11 21.0 7.7
.10 5 80 88.1 43.5 7.8 20.0
.10 23 45 98.8 104.8 77 8.0
Q.20 23 80 177.4 211.9 33.6 19.0
.10 26 80 221.9 2827 30.8 13.96

22t.9

0.30 BS 48 183.1 180.2 87.1 16.6

0.80 B3 45 194.8 2353.4 &9.8 80.0
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(v) Comparison of Chesrved and Cmloulated
¥elghteLoass Date

Date Caloulated from W = atb

~Welght in Willigrass—e | Fercent
& Obaserved  Csloulated Deviation Deviation

st Q.@&ﬂ’ - ’Qoﬂ

10 45.9 43.9 0e0 D0
18 ’ﬂ?nﬁ 3?.6) wlel 1.6
2n 6.9 $6.1 +1.8 2.0
30 149.4 149.0 0.0 040
48 236.5 256 "2 0.9
6o 524.6 324 0 a0

b 11.1 10.8 +ed 2.8
15 36 .4 55,6 +0.8 2.8
gD 48.8 48,8 0 Dl
30 3.4 8.1 8,7 3.5
45 134,7 118 3 2.5
8o 185.2 181 s ] 2.8
B8a 221.9 880 2 0.9

100 288.4 280 +5 1.8
m{} Ml«‘ 3“2 “1 0.3

at 0.80% - R6°0

10 42.2 59.8 W0 7
15 58,9 8l.5 g B &
3n 126.7 131 - 3
48 2ob.1 203 w3 i
a4 282.8 277 B 8
8o 260.3 380 =11 3
100 487,0 483 +§ 1
120 800.8 892 + 1
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Hichael Alfred Strelcher, the son of Johann 8.

and Olge

(Sehmidt) ftreleher, was horn Septsmber 6,

1921, in Heldelberz, Zermany. In 1088 he entered
the Faldorfschule at Stubigert, Gersany. Prom 1988
until 1638 he attendsd Ridge Street Grammsr School,
Sewark, Hew Jersey. This slemsntsry schooling was
followed by attendsnae at the following institutions.

de

2.

S.

4.

Burringer High School
Newark, New Jersey
1938 « 194n

Rensselser Polyseahnie Institute
Troy, Hew York
B, Ch.E. Degember 1943

Syracuse University
Syraouae, New York
He Ch.RB, L1048

Lebigh University
Bethlehem, Penosylvania
Oobober ]194Leewum






