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A Jaborator.v iuvcstiga t ioll was made u ~ing 60(i3- T5 aluminum alloy. In order to 
determllle th e most anocilc potc ntials of th e alloy undcr varying conditions of pH spec im e n ~ 
were e:;~oscd for 6 mon t hs to 21 water-saturated soi ls (air free) ranging in pI! from 3.4 to 
10.0. 1he data obtalDed s hould be useful in selecting protective potentials wh ere cathod ic 
p rotection IS deSirable and feas ibl e . 

The effects of continu ollsly applicd calhod ic curre nts were st udied by exposin g the 
alloy. [or G lllOn t hs to stdl city waleI' lo whIch was added 3 percent by weight of sodiu m 
chlon de. In add itIOn , t he effect of pl1 was obser ved by ll sing simil ar salt water solutions, 
adju sted to p II 4 and p I I . J O. In eac h en vironm en t, ca thodi c and anodic po lari zat ion 
dala were obtamed pe l'lod lca ll.v Oil [rePly corrodlOg specim ens. The cathodic dat a were 
used to choose protective potf' lllia ls and together w ith t he anodic data to calcula te in
stan tancolls rates of corrosion. The data iudicate t ha t cathod ic protection is fea sible, 
cspeCi a ll y In t he Jow-p Jl range. Cathod ic corrosion occll rrecl at p ll 10 a ncl can OCCllr evel; 
at a lower plI . 

I. Introduction 

. AlumillUI.n lwd iLs alloys have an enviable repu ta
tIO.ll. for )'esls~ance to aLmospheric co rrosion . Th eil' 
abIlity. to re~jst cOl'r~sion i~ atLribuLed Lo the rapid 
formatIOn 01 protectlvc OXId e films. However the 
behavior o.f aluminum to und ergro und and aq~eou s 
exposures IS so mewlut t COil troversial. A breakdow]l 
of the oxide film will result in vl1ryinO' deo'l'ees of 

. d d' b b COl'l'OSlOll epe ll mg on s uch fac tors as differential 
aeration., pH, a nd conductivi ty of the electrolyte. 

Almmnum alloys are subject to corrosion in some 
aqueous and underground environments h ence it 
seeI~s logica~ to think in terms of protection such as 
applIed to ferrous structures. Iron and steel ,11'e 
prote?ted. by co,ttings, cathodic protection, or a 
combmatIOn of both . However upon sea1'chin o' the 
1. 'b 
I terat~re one so.on learns that the application of 

cathodIC prote.ctl?n to alumi~1Um is fraught with 
many yncertaI~tles. !here IS. the. possibility of 
cathodIC C01'roS1011, a factor wluelt IS no cause for 
concern in the cttthodic protection of iron and steel. 
Also,. even a break ill or loosening of a coating on 
alunullum ~xposed to a very cOl'l'osive environmen t 
can res ult III accelerated a ttack because of a break
down of the oxide film . 

Mears and Brown [1]1 have suO'O'ested that alu
minum can be cathodically protecte~l provided that 

1 Figures ill brackets indicate the literature references tit the end of this paper. 
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the CUl'ren t clell s ity is below a critical value. Cald
well lwd Alb,L ll o [21 foulld that in a neuLml salt 
solu tion , whell III u III ill U III is cathodic theinCl'C<tse in 
hy droxyl-ion co ncentration will cOJ'l' ~ cle Lhe m ettLl if 
the Cllrren L density is excessi ve. These in vestio'ators 
,tlso said that in ,L s trollgly alkalille solu lioll (N uOH 
0.1 .IV to .0 .25 N) Lh e increase ill hydroxyl-ion ,tt the 
ca thode IS negligible co mpared with Lhe concentm
tion o f. allmli in .the body of the electrolyte, h ence 
c,LtuodlC pro tecL10 1l will have n o eHecL. In a dis
cLlssion of this paper, 1[e<1rs a nd Brown [3] again 
state~l Lhat caLhodic proLectio]} is possible ill il eutmi 
chlondes or n ear neuLral solu tions provided current 
de~1sities are not too high . Still late r, Mears [4] 
pOll1te.d out that cathodic conosioll is caused by 
exceSSIve current and that Lo his knowledge there 
was no case on record where aluminum has been 
cathodically cOl'l'oded when 7.illc was the Sltcriflcial 
anode, but corrosion has been known to occur where 
magnesium or exter nal current W,LS used. H e also 
mell t ioned that while zinc is anodic to alu minum in 
acid solutions it is also severely attacked and is 
therefore undesirable. Because of the a mphoteric 
nature of aluminum , M ear s m en tioned that the use 
o f ctt~hodic protection may not be feasible in alkaline 
SOlutlODS because of tbe incr eased concentration of 
alkali on the cathode caused by the current. 

Wanderer and Sprowls [5] concluded that cathodic 
p ~'otection was unnecessary in referring to aluminum 
pIpe alloys 6063- 1'5 and 6061- 1'6 exposed to saline 
water. 



Dalrymple [6] reported vir~ually no corr?sion, after 
5 years of exposure on 8% m. o.d: alummum alloy 
(6063) pipeline buried unprotected m 19,000 Ohl~1-cm 
soil. Nevertheless he suggested coatmg alummum 
lines and suppleme~ting this with ~ath?dic l?rotection 
to eliminate the hazards of COlTOSIOn m soils. 

Deltombe and Pourbaix [7] reported that cathodic 
protection of aluminum is practicall:y impossi,?le 
because of the low value of the protectIve potentIal 
(- 1.78 V, H2 scale). .. . 

Sprowls and Ca!lisle [8] conclude~ that It IS drfficult 
to predict the performance of a!ummum undergrouf,ld 
from characteristics of the soil and that some soils 
cause severe corrosion on aluminum and aluminum 
alloys. They subscribe to th~ feasibility ~f cathodic 
protection, as demonstrated m sO~lle envlr~nments, 
indicating that eventually cathodIC prote.ctIO~1 may 
permit bare aluminum alloys to ?e buned m ~he 
most corrosive soils. In cathodlcally protectmg 
aluminum pipe (6063- T5) for 8 years in ?500 ohm-cm 
soil (pH 6.1) they foun~ the dee:pest Plt to be only 
22 mils as compared wlth 80 mils on u~protec~ed 
pipe. The potentials of the protected plpe vaned 
between -0.9 and - 1.1 V referred to the copper
copper sulfate electrode. Sl?rowls an.d Carlisle 
tentatively suggested a protectlve potentlal between 
- 0.9 and - 1.2 V referred to copper-copper sulfate 
and warn that excessive current densities can cause 
cathodic corrosion. 

Whiting and Wright [9] tell of d~ep 'pitting on an 
unprotected aluminum (AA3003) plpelm!3 11 ~llo.n~hs 
after installation in areas where the soil resIstIvIty 
was less than 1500 ohm-cm. Magnesium anodes 
were then installed which resulted in an average 
current density of 0.225 mA/ft 2 and a pipe potential 
of - 1.0 V or more to a copper-copper sulfate elec
trode. After an additional 9 months, the line was 
reexcavated for inspection and an examination 
revealed that corrosion had been arrested. 

In cathodic protection tests made with aluminu~ll 
alloy specimens buried in 400 to 10~0 ohm-c~ soil , 
Hewes [10] found no severe cathodIC COlTOSlOn on 
specimens maintained at potentials as high as - 1.5 
V with reference to the copper-copper electrode and 
therefore believes that the potential of - 1.2 V as an 
upper limit is too conservative. . .. 

In vie,,:" of the forego~.ng, it appears that addItIOnal 
research lS warranted m order to learn more about 
the effects of cathodic current on aluminum. The 
alloy 6063- T5 2 was chosen for this investigatio~. 
An experiment was designed to measure t~e ma~I
mum anodic potential of the alloy specunens ll1 

various soils ranging in pH from 3.4 to 10.0 and to 
select a value as the protective potential. All of the 
other experiments involving applied c~rrent w~re 
carried out with a 3 percent sodIUm chlOrIde SOIU~lO.n 
and also with a similar solution made both aCldlc 
and alkaline by the addition of acetic acid and sodium 
carbonate, respectively. 

, Nominal composition, in percent : 0.7 M g, 0.4 Si, Al and normal impnrities 
constitnte the remainder. 

_______ D 

_______ F 

A 
B 

FIG URE 1. Cell fo r meas1l1'ing the potential of an aluminum 
alloy in a soil. 

A, soil; B, rubber ca ps; C,_ hole (or con tact between soil and referen ce electrode; 
D , a lloy; E , tape; F , sealer. 

2. Experimental Procedure 

2.1 . Preparation and Exposure of Specimens for 
Potential Measurements in Soils 

Specimens were cut to a length of 3X in. from Yz in. 
diam aluminum alloy rods. Tw? w~re prepared for 
each of 21 soils. The soils vaned m pH from 3.4 
to 10.0 the majority of them being classified as 
poorly 'aerated . with resistiv~ties less . ~han 500 
ohm-cm. ChemIcal and phYSIcal propertles of the 
soils, with the exception of 3 soils (126,. 127, 128) 
from new test sites have been publIshed [11]. 
Soils at sites 126, 127, and 128 have resistivities 
under 500 ohm-cm. Numbers 126 and 127 are 
poorly aerated and No . 128 is well aerated. A cr~ss
sectional sketch of the cell used for measun~g 
potentials is shown in figure 1. Finely gro und sOlI, 
A, saturated with distilled water and puddled was 
carefully packed into two. rub?er caps, B. Before 
packing, two holes were d.nl~ed III the upper cap , one 
% in. diam, C, for permlttmg contact between / t.he 
soil and the reference electrode and the oth er 72 m. 
diam to accommodate the alloy specimen, D. The 
cell shown in fio'ure 1 is drawn to scale, each cap 
being 1 in. deep and 1% in. i.d. The alloy ,~as 
cleaned in varsol , the edges rounded off,. the ent.Ire 
surface rubbed vio'orously with fine gntabrasIve 
cloth scrubbed under hot running water with soap 
and r:insed. After packing soil around the s~ecimen 
positioned in the upper cap and then paclung the 
other cap , the cell was a~sen:bled as . shown, care 
beino' taken to leave no vOIds III the sOIL The c~ps 
wereb then joined and sealed with polyvinyl-chlonde 
pressure-sensitive tape, E. A mlx.ture of paraffin 
and beeswax F was used for seahng between the 
specimen and the cap . To prevent the soil in ~he 
cells from drying out, the hole C was covered wIth 
a patch of polyvinyl tape and then the cells were 
stored in a water-saturated enclosure. The cells 
were removed from this environment for about 25 
mm per week in order to make potential measure-
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ments. One cell of each pail' was disassembled after 
6 months. The remaining 21 cells were left as
sembled for an additional 18 weeks for reasons to be 
discussed later. ' :" ... : 

) 

2.2. Preparation and Exposure of Specimens With 
Applied Cathodic Currents 

Eight pairs of specimens were prepared, each pair 
from a single Yz in. diam aluminum alloy rod and 
each specimen cu t to a length of 18 in. They were 
cleaned for exposure as previously described for the 
soil specimens and weighed to the n earest 2 mg. 
Finally, except for 9 in. on one end (approximately 
0.1 ft 2) for exposure to the electrolyte and 1 in. on 
the other end for an electrical connection, each 
specim en was spindly wrapped with polyvinyl
chloride pressuro-sonsitive tape. 

Three pairs of specimens, each pair consisting of a 
freely cOlTodin g specimen (control) and a cathode, 
were exposed for approximately 6 months to Wash
ington, D.C. , city water to which had been added 
3 percent by weight of sodium chloride. The sal t 
water was contained in a wooden vat about 66 in . i.d. 
and maintained at a depth of 18 in.; the volume of 
water being abou t 265 gal. The water tempera
ture was not controlled but was measured reguJ arly 
during the expOSUl'e period. A photograph of some 
of the specimens, just prior to removal, during expo
sure to the sal t water is shown in figure 2. Three 
zinc rods, one for each cathode, were u3ed as auxiliary 
electrodes. The s pecimens were left undisturbed 
throughout the entire exp03ure period, wires from 
the specimens being connected to a terminal block 
mounted on the side of the vat. 

The remaining 5 pairs of specimens were set up in 
5 PYl'ex jan (approximately 12 in. in diameter by 
12 in. high) containing about 4.5 gal of ci ty water 
with 3 percent by weight of sodium chloride added. 
The salt water in 2 of these jars was made a lkaline 
by the addition of sodium carbonate while the water 
in 2 other j aI'S was make acidic by the addition of 
acetic acid . The pH of th e a lkaline solut ions was 
maintained between 9.7 and 10 .0 and that of the 
acid solu tion:s wns kep t between 4.0 and 4 .3 . One 
of the jars was left with the salt water only shown in 
the foreground of the photograph, figure 3. Each 
jar' contained 2 specimens, one corroding freely and 
the other made cathodic. It will be seen in the 
photograph thnt the specimens in the front jar are 
fitted with cylindrical objects about centrally located 
on the rods. These are rubb er caps (open end up), 
similar to th03e used for the soil cells previously 
described, filled with clay so il in order to concentrate 
the corrosion in that area. With the exception of 
the two jar3 in the ba,ckground containing acidic 
salt solutions, zinc strips were used as auxiliary 
anodes located diametrically oppo:site each other; 
the center specimen was the cathode. An aluminum 
alloy was used as the auxiliary anode in the acidic 
salt solutions as zinc corroded very rapidly. The 
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FIGURE 2. Aluminum alloy specimens exposed to salt solution 
in wooden vat. 

Specimens 9 and 10, foreground, right and left, respectively. 
Specimens 7 and 8, background, right and Icft, respcctively. 

Note absence of corrosion products on fl oor of vat under cathode 10 (protected). 

FIGURE 3. Aluminum alloy specimens exposed to solutions in 
the jars. 

temperatures of the electrolytes were measUl'ed 
periodically although no attempt was made to 
regulate them. The specimens in the jars were also 
exposed for about 6 months. 



a. Electrical Measurements 

Potentials of the aUoy in the 21 soils were measured 
about weekly with a potentiometer and a saturated 
calomel half-celP 'When making potential measure
ments, direct contact between the soil and the calomel 
half-cell was avoided by using an intermediate 
electrolyte of puddled soil. This procedure pre
vented contamination of the soil in the cell by salt 
from the agar-sal t bridge. At the end of 6 months, 
when one cell of each soil was taken apart, the pH of 
the 21 soils adjacent to the specimens was measured. 
For most soils, the pH was not significantly different 
from the yalue measured before the cells were assem
bled. The temperature of the room where the cells 
were stored varied between 70 and 90 of . This 
variation in temperature would account for less than 
a 10 m V change in the potential of the saturated 
calomel half-cell [12J. 

For the cathodes in the salt solutions, except fo1' 
one in the wooden vat which was connected directly 
to a zinc anode, a 500 ohm yoltage-divider connected 
across a 1.5 V No.6 dry cell was used to control 
potential and furnish applied current. T11i" anange
ment made i t possible to hold the potential of a 
cathode within ± 15 m V, usually closer. 

Potentials and applied currents were measured 
about twice weekly. The potentials, referred to the 
saturated calomel electrode, were measured with a 
potentiometer and then the currents with a mil
liammeter. The currents were checked occasionally 
with a zero-resistance milliammeter. The potentials 
of some of the cathodes were adjusted on the ba,sis 
of data obtained from ca thoclic polarization curves 
on the controls. IR drops associated with potential 
measuremen ts were negligible. Polarization data 
were obtained weekly or biweekly. Anoelic polm'i
zation data were also obtained , usufLlly the day after 
making the cathodic measuremen ts. A two-pen 
strip-chfLl't recorder was used for these measurements. 
The polarizing curren t resulted from lineal' incre
ments in applied voltfLge obtained with a synchro
nously driven 10-turn potentiometer connected across 
a battery which delivered current through two zinc 
lectrodes exposed to the solutions only while 
olarization measurements were being made. 

b . Removal of Corrosion Products 

All specimens were removed from the solutions 
after about 6 months of exposure. Loose corrosion 
products were removed with a nonmetallic bristle 
brush while the specimens were held under running 
hot water. Following this , they were immersed for 
10 min in an aqueous solution consisting of 5 percent 
phosphoric acid and 2 percent chromic fLcid at 
90 00 contained in an ultrasonic cleaning tank. 
After rinsing with running hot water and drying by 
blowing compressed ail' over the surface, the spec
imens were weighed . The cycle was repeated until 
there was no significant weight change, but usually 
the first cleaning was found to be sufficient. 

3 All potentials specified bereafter are witl! respect to the sat.urated calomel 
half-cell. 

3 . Results and Discussion 

3 .1. Potentials of the Aluminum Alloy in Air-Free 
Soils 

A logical s tep in experimentally determining. a 
protective potential generally applicable to a partlC' 
ular aluminum alloy in soils, assuming that cathodic 
protection is possible, would be that of measuring 
the most anodic potentials of the alloy peculiar to a 
variety of soils covering the pH range. These po~en
tials would presumably exist under oxygen-defiCient 
conditions or during exposure in so-called air-free 
soils. Oells were assembled as previously described 
with this idea in mind. 

Potentials based on two specimens for each of the 
21 soils (fl.g. 4) are plotted versus the pH of the soil, 
the pH measured being the value upon disassembly. 
The poten tials were measured between the 2d and 
6th months of exposure when day-by-day variations 
in potential were less than during the first 2 months. 
YIaximum, minimum and average potentials are 
shown. vVhere the range of potentials for a given 
soil during the 4 month period is not over 100 m V. 
the potentials of a pail' of specimens were always 
within 20 mY. ' iVhere the difference between max
imum and minimum is over 100 m V, the greater 
part of the potential diA'erence can be attributed to 
aeration differences between cells of a pair. 

There appears to be no consistent relationship 
between pH and potential. The specimen in the 
most alkaline soil, 116, does have the most anodic 
potential. The specimen in soil 13 (pH 8.9) has 
the most cathodic potential (- 0.68 V) but during 
early exposure was - 1.28 V. 

, I I I I I I 

2 9 58 II 40 56 109 110 SOIL NO. 
-.6 I I I I I I I I I 

4 3 124 28 4 127 64 70 13 116 
I I t 5 1 12 

t I jl j t+ + 

I I 

-.7 62 126 

11 

• + t -.8 

tj W 
<5 
<Ii -.9 

;;,. 
... j 
~ -1.0 
f-
z 
lU 
f- - 1. 1 0 
Il. 

-1.2 

-1.3 

-1.4 

3 4 5 6 7 8 9 10 

pH 

FIG U RE 4. R elation between the potential of alwninum aUoy 
(6063-T5) in air-free soil and the pH of the soa. 

Range of potentials and average potential of 2 specimens in 21 soils from 2nd 
through 6th month of exposure. 
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Limited, yet significant, datfL were also obtained 
on the 21 soil cells which were kept in operation for 
an additional 18 weeks. The cells were left stored 
in the water-sfLturated environment a during the 
previous 6 months except that 1 in. of tape was cut 
from that which held the two rubber caps of the cell 
together so as to permit access of air to Lhe soil. 
The effect, without exception, was to make the po
tentials more cathodic, that is more typical of the 
normal corrosion potentials. Except for soil 116 
(pH 10) in which the potential was - 1.06 V at t he 
end of 18 weeks, the range of potentials varied 
between - 0.64 V (soils 58, 124) and - 0.895 V 
(soil 64) . This proves the effect of the exclusion of 
air in producing the more anodic potentials observed 
in the sealed cells. 

There was a significan t difference in corrosion rates 
of the specim ens removed from the air-free soils from 
the rates in the S,1me soils after permitting access of 
air for an additional 18 weeks. During the 6 months 
under air-free exposure the corrosion in all the soils 
was only superficial in nature being apparell Lly the 
worst in soil 116 . Strangely enough the specimen 
in soil 11 6 fLppeared fLbout the same after 18 weeks 
more of aerated exposure but the specimens in soils 
60, 109, and 127 had pits of 50, 70 , and 110 mils 
deep , respectively. Pitting increased on the alloy 
in all the other soils (pits 20 to 40 mils on so me) with 
the exception of soils 4 fLnd 11 baving resistivities of 
6670 and 11 ,000 ohm-cm , respectively. 

On the basis of the data (fi.g. 4) it fLppears that, 
with the exception of the extremely alkalin e soil 116, 
- l.0 V (S.C.E.) might be a reasonable protective 
potential. However, experience at the site of one 
of the most corrosive soils (No. 127) shows otherwise. 
The site is a t idal marsh ( 7J H7) with a soil resis ti vity of 
about 300 ohm-cm. Two aluminum alloy (3 003) 
pipe specimens were bm-ied there a nd co nn ected 
directly to individual zin c a nodes for an uninter
rupted period of 30 months . Tbe potentials of the 
couples just prior to removing t hem from the soil 
were about - 0.98 V. Immediately after open
circuiting the couples, tile potentic11s of the specimens 
were - 0.90 V and - 0.98 V and the current densities 
just before opening the circuits were 12 mA/ft2 and 
17 mA/ft2, respectively. Severe cathodic corrosion 
took place on both specimens being worst on the one 
which had the higher current density. The poten
tials of t he specimens remained almost unchanged 
for several minutes after the initial open-circuit 
readings ; this aspect will be discussed later on ex
periments in the salt solutions. Another aluminum 
alloy (1188) specinlen was buried at the s ame site 
and for about the same length of tinle . There is no 
reason to believe that there is any marked dif1:erence 
in the cOlTosion characteristics of t he alloys men
tioned in this paper. Cathodic polarization curves, 
such as those to be discussed later in connection with 
specimens in salt solutions, were obtained on the 
11 88 specimen after 8 and 30 months of unin terruptecl 
burial. Based on the curves, the curren t presumably 
required for protection both times was between 5 
and 6 mA/ft2 and the corrosion potential was - 0.65 

V. These data suggest that the current densities on 
the 3003 specimens previously discussed were un
necessarily high and not self-regulating as probably 
would have been the case with steel cathodes. The 
curves on the aluminum cathodes indicated that 
complete protection was possible at about - 0.73 V. 
The labora tory data for the 6063 alloy in the same 
soil suggest a value of - 0.765 V (fig. 4). 

'fhe wide range of potentials (fig . 4) and the field 
experienee at ite 127 leads the writer to conclude that 
a protective potential value, generally applicable to 
~Lluminum alloys in all soils, cannot be specified, even 
excluding strongly alkaline soils such as 116. It is 
belie\"ed that changing the potential about 100 m V 
by . cathodic polarization is a safer approach in 
cathodically protecting aluminum alloy under
ground. 

3.2. Aluminum Alloy in Salt Solution 

Pertinent data pertaining to the efJ'ects of cathodic 
currents on the al uminum alloy exposed to salt 
water are given in table 1. Specimens Nos. 7 
through 12 were exposed to the salt water in the 
wooden vaL. Specimens 7, 9, and 11 were permi ttecl 
to corrode freely for 182 days, except at those times 
\IT hen polarization da ta were obtained \IT hich req ut rod 
a gradually increasing current for about 20 min per 
run. Specimens 8, 10, and 12 had cathodic curren Ls 
lLpplied continuously for 180 days after corrodino
freely for 2 days. High-purity zinc rods (% ill. cliam) 
were used as anodes, one for each of the cathod es. 
Some of the polariza tion data from the r ecord er 
charts replotted on. semilogarithmic coordinates for 
COll trol 9 are shown m fi gure 5. Cun'es such as these 
were used to determine the potential cri terion Ea 
(corresponding to the n1rious valu es of I p) and to 
calculate rates of corrosion [13]. 

Potentials and applied currents plotted yersus 
Lime are shown in figure 6 for ca thodes 8, 10, and 12. 
Also shown are the corrosion potentials Jor control 7 
(potentials for controls 9 and 11 corresponded within 
a few millivolts and are therefore omitted) and Lhe 
currents, I p , required for cathodic protection based 
on t he controls. It will be noted for cathode 10 
that the applied current corresponds reasonably well 
with the values of I p • 

A comparison of the cathodic effects based on 
till'ee potential criteria, namely, Ea (curves), - 1.0 V 
and -l.5 V is given by the weight loss and remarks 
columns (table 1). The - 1.5 V (cathode 8) caused 
cathodic corrosion presumably because of the ex
cessive current required to maintain the potential. 
Cathodes 10 and 12 were both protected to a reason
able degree but not as well as was hoped for. The 
potential on cathode 12 (connected directly to zinc 
anode) seemed to be more effecLive in reducing pit
ting (under the edge of the tfLpe) t han was potential 
Ea applied to cathode 10. This suggests, perhaps, 
that the potential corresponding to the beginning of 
the hydrogen over-voltage curve (at arrows, fig. 5) 
is more reasonable and also that - l.0 V is not 
unreasonable. 
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TABLE] . Effect of cathodic currents on aluminum alloy (6063- T5) exposed for 6 months to salt solution (p H 8) 

Specimen 8. 

Cathodic polarization curve
controls 

Current at 
break, Ip 

Potential at Potential 
break, Ea criterion, 

Applied current Potential 

Weight Remarks- Nature of corrosion and 
cathodes 1--------1-------1 loss ' pitting d 

Range- 6 mo. Range- 6 mo. Range- 6 mo. Range--61110. 

!\1in Max Min Ma.x Min Max Mean b Min Max 
------1------------1----1--------------·1-----------

mA -Jt' rnA -ft, ]7 ]7 

-0.83 
]7 mA-ft' mA-ft' rnA-ft' ]7 

-0.730 
]7 

-0.755 
11l(J 

7, controL _________ _ 1.2 6.2 -0. 76 ____________ ________ ________ 0.0 531 Nnrnerous pits (10-20 mils) over 
entire expose d surface. Corrosion 
under tape at water line . No re~ 
duction in rod diameter. 

8, cathode __________ _ ------ -- - ------- ------ -- -------- - 1.5 4.2 110 10.8 -1. 480 - 1. 580 1924 Several pits (15 mils). Most metal 
loss on bottom end of rod (com
pletely corroded away). No reduc
tion in rod diameter. 

9, controL __________ _ 1.3 5.6 -0.78 -0.84 ____________ ________ ________ 0.0 -0.725 -0.763 605 Same as control No.7. 

10, cathode __________ -------_ ------ __ -------- -------- 2.1 8.4 3.3 -.794 -.842 1 i2 A few pits up to 5 mils deep. Most 
corrosion under the tape at the water
line. No reduction in rod diameter. 

11, controL ________ _ 1.3 6.5 -0.77 -0.81 ____________ ________ ________ 0.0 -.730 -.750 543 Same as control No.7. 

12, cathodc__________ ________ ________ ________ ________ -1. 0-1.1 

13, controL _______ _ _ 0.5 1. 4 -0.83 -0. 96 

14, cathode __________ -- ______ -------- -------- -------- -1. 1 0.4 

a SpeCImens 7- 12 wcre exposed to 250 gal of water in open vat (fig . 2). SpeCi
mens 13 and 14 were ex posed to 4.5 gal of water iu open glass jar (fig. 3). 

b Based on area under current-time curve (fig. 6). 
, Exposed area 0.1 ft2. 

Based on the evidence in table 1 and that which 
is to follow for the salt solutions made alkaline and 
acidic, potential-decay curves obtained on the 
cathodes upon removing the applied currents appear 
to offer a clue as to whether cathodic protection had 
taken place or whether the currents caused cathodic 
corrosion. The curves (fig. 7) were recorded on 
cathodes 8, 10, and 12 after 180 days of exposure 
during which currents were applied continuously. 
Cathodic protection which took place on cathodes 
10 and 12 is indicated by relatively rapid depolari
zation to the corrosion potentials of the controls 
,,,hile cathodic corrosion on cathode 8 seems to be 
indicated by little depolarization, with the potential 
remaining quite anodic to the corrosion potential of 
the control for a much longer period of time. Where 
cathodic protection has resulted, the better degree 
of protection appears to be associated with the greater 
depolarization. Depolarization to potentials which 
are cathodic to the corrosion potentials, as with 
cathodes 10 and 12, might be explained by the in
creased cathodic area resulting from previous 
cathodic protection, the effect being only temporary 
while the applied current is off_ The slow depolari
zation apparently associated with cathodic corrosion 
was also observed on the aluminum alloy 3003 ex
posed underground as previously described. 

The pair of specimens 13 and 14 were exposed to 
salt water in the Pyrex j al'. Data for this pair are 
shown in table 1 and in figures 8 and 9. The 
corrosion rates on these specimens were less than 10 
percent of those on the specimens exposed to the 

10.2 

3.5 

3.8 -1. 000 

0.0 -0.745 

0.84 - 1. 090 

-1.010 

-0.885 

-1.120 

182 Several pits up to 3 mils deep. No 
corrosion under the tape. No re
duction in rod diameter. 

49 Corrosion confIned to a ring of metal 
loss (2 mils deep) where rubber cap 
was in contact with the metal. 

34 Several pits (2-4 mils) where soil was 
ill contact with the metal. No 
corrosion nnder the rubber. 

d DIameter measurements made wIth mICrometer caliper. 
e E a , potential corresponding to I p, cathodic polarization curves of controls, 

Nos. 7, 9, 11. 

salt water in the large open vat. This is attributed 
in part to the lesser availability of oxygen in the jar. 
The clay soil contained in the rubber cap centrally 
positioned on each of the specimens was intended to 
localize the corrosion in that area. This turned out 
to be so, but the comparative weight losses of con
trol 13 and cathode 14 do not indicate much benefit 
as a result of cathodic protection. However, visual 
examination of cathode 14 revealed the absence of 
a ring' of corroded metal adjacent to the rubber so 
very evident on control 13. The cathodic polariza
tion data (fig. 8) indicated potentials (corresponding 
to the currents Iv) of between -0.8 and - 0.95 V. 
Because it was anticipated that the metal in the 
soil area would be tbe most anodic, it was decided to 
hold the potential of cathode 14 at - 1.1 V. Figure 
9 indicates that, except for the first 25 days, this 
potential resulted in applied current density on 
cathode 14 which agreed quite well with what was 
required based on I v. It may be of interest to 
mention that the pH of the soil adjacent to specimen 
14, after 180 days, was 9.1 while the pH of the salt 
water was never over 8. On the basis of figure 4 
and figure 8, it now appears as if a protective po
tential of about - 0.95 V would have been adequate 
and possibly given better protection. The potefltial
decay curve (not shown) of cathode 14 revealed that 
after 15 min without applied current the potential 
was still about 0.1 V anodic to the potential of 
eontrol13. On the basis of what has been previously 
said about potential-decay CUl'ves, this suggests that 
there may have been some cathodic corrosion in the 
soil area where pitting took place. 
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FIG URE 7. Potential-decay curves of cathodes exposed to salt 
solution of pH 8 foLlowing Temoval of currents applied for 6 
months. 

Some preliminary results obtained with the same 
type and size of specimens are believed to be worthy 
of mentioning. A control, cathode and anode were 
exposed for 5 months to a salt solution in a setup 
similar to that just described, excep t that soil rings 
were omitted. During exposure, the control grad
ually become more anodic, changing in potential 
from - 0.73 V to - 1.107 V. Based on cathodic 
polarization curves, obtained on the control period" 
ically dUTing expOSUTe and indicating cathodic con
trol, it was decided to hold the potential of the 
cathode about 0.1 V anodic to the potential of the 
control at all times. The pH of the salt solution 
gradually increased from 7.9 to 8.2 and the CUTrent 
density on the cathode decreased from 3.4 mAjft 2 

at the beginning to 0.05 mAjft 2 at the end of ex" 
pOSUTe. The metal loss on the control due to 
corrosion was 147 mg, being mostly under the tape 
at the waterline and in pits over the exposed surface . 
The cathode lost 38 mg yet there was lit tle visual 
evidence of corrosion. 

All of the polarization data obtained on the con" 
troIs exposed to ci ty water wi th 3 percent N aCl 
added are given in table 2. These data are used to 
calculate corrosion rates for comparison with actual 
r ates as revealed by the weight losses. It will he 
noted that the corrosion reactions of the specimens 
exposed to salt water in the wooden vat were under 



TABLE 2. Corrosion rates of alloy controls as calculated f rom polarization curves 

Exposure for 6 month s to salt solution (p H 8) 

E xposure 
time 

Da ys 
4 
9 

15 
21 
28 
36 
45 
52 
64 
74 
84 
93 

lOJ 
109 
128 
]40 
156 
]68 
178 
182 

4. 
9 

15 
21 
28 
36 
.5 
52 
64 
74 
84 
93 

101 
109 
128 
140 
156 
168 
178 
182 

Specim en N o. 7 

Current at break 
in cur ve a Corrosion 

current 
io b 

Cathodic .Anodic 
I p I , 

",A ",A ",A 
0.62 » I p 0.62 
. 30 » Tp · 30 
. 26 » 1. .26 
.24 » 1. .24 
.25 » J. · 25 
. 30 » 1. .30 
.25 » I p · 25 
. 26 » l . · 26 
. 21 » 1. .21 
. 20 » 1. · 20 
. 17 » J. . 17 
. 15 » 1p . 15 
. 13 » l . . 13 
.13 » I p . 13 
. H » I p .14. 
.12 » I p . 12 
. H » I p . 14 
. 17 » l p . 17 
.14 » 1" . 14 

- - - --- -- --- --- - -- - - ----------

Specimen No. 11 

0.65 » 1" 0.65 
. 30 » l p · 30 
.26 » l p · 26 
.24 » 1, .24 
.22 » I p · 22 
.28 » Tp · 28 
.26 » 1, . 26 
.28 » 1, .28 
. 24 » 1. . 24 
.21 » 1" . 21 
.25 » I p · 25 
. 15 » 1p . 15 
.16 » 1p . 10 
.14 » I p . 14 
. 16 » I p . 16 
. 13 » 1" · I 3 
. 14 » I p . 14 
. 17 » 1p · 17 
. 16 » 1" · J6 

------ - -- --- ---- - ------- ------------

Weigh t loss' 

Calculated I Actual 
cml1 ulative 

rna rna 
20 
38 --- ------ ---
52 ------------
64 --- - -- --- ---
78 --- - -- - -- ---
96 ------------

116 --- - -- - -----
131 --- - -- -- - ---
154 ---- -- - -- ---
170 - ----- - -- ---
185 - --- -- --- ---
197 
206 --- --- --- ---
214 ------------
234 -- - --- --- ---
247 --- --- ----- -
264 -- ------- - - -
278 
291 ------------

d 296 531 

21 -------- - ---
40 --------- - --
53 -- ----------
65 ------ - -- ---
78 - ---- - ------
94 

114 --- --- --- ---
129 
154 ---- - ---- ---
liZ -- - ----- - ---
J90 
204 -- ---- - -- ---
214 -- ------ -- --
224 ------------
247 ------------
261 ------------
278 ------------
293 - -----------
307 

d 312 543 

a See polarization cW'ves- fi gures 5 and 8 fo r controls 9 and 13, respcctivel y. 
b io= I. I ,I(Ip+l q). io = I p approximately, when 1.> > I p. 
o Calculated weight loss (g) =kti, where J(=0.9316X lO-4 gi G, i = io = average 

current (amperes) for the period (t in seconds) between successive readings. 
The value of io at the instant of exposure an d at the en d of exposure is taken as 
th e initial and fin al values, respectively , as calculated . 'Veight loss in mg= 

ca thodic control while the corrosion reactions of the 
pair of specimens with soil rings exposed to salt 
water in the glass jar were of mixed control. For 
con trols 7, 9, and 11 , t he use of t he current indicated 
by the arrow on the cathodic polarization curves 
(fig. 5) in place of the CLllTent I p in the equation for 
corrosion rate (footnote b , table 2) results in b etter 
agreement between calculated and actual weight 
losses (footnote d, table 2) . This obser vation is also 
suggested in some unpublished data on aluminum 
previously obtained by the author and also on pub
lished data on aluminum exposed underground [14]. 
The theoretical aspects of the current indicated by 
the arrow as a value required for complete cathodic 
protection (for iron) have been previously discussed 
by the author and by others [15, 16, 17]. 

Specimen No.9 

Current at break W eigh t loss , 
in curvo . Corrosion 

Exposure current 
time io b 

Cathodic Anodic Calculated Actual 
Ip I , cumul ative 

--------~ 

Days rnA rnA rnA rng "'a 
4 0.56 » 1. 0.56 18 - -- - --------
9 .30 » l p · 30 35 - -- - ---- --- -

15 .30 » T. · 30 49 -- - - --------
21 .27 » Jp .27 63 --- -------- -
28 .24 » l p .24 78 - -- ---- - --- -
36 .30 » l p .30 95 - -- ---------
45 . 26 » 1 • . 26 .1\ 5 ---- - -------
52 .31 » 1p · 31 131 ------- - -- - -
64 .24 » Tp · 24 157 
74 . 21 » T. · 21 176 --- -- -------
84 . 21 » 1. .21 193 ----- -- ---- -
93 . 17 » l p . 17 207 ----- -- -----

IOJ . 18 » 1 • .18 218 - ----- -- ----
109 . ] 6 » 1. · ]6 229 - -- ---- - --- -
128 . 16 » 1 • . 16 253 - - - - - ------ -
140 . 13 » 1. . 13 268 - - - - - --- - ---
156 . 15 » 1. . 15 286 
lG8 . 23 » l p · 23 304 - ---- -------
178 . 18 » 1. . 18 321 ------------
182 - --- ---- ---- ---- - ------- --- -- -- - - - -- d 327 605 

Specimen N o. 13 

2 0.080 ' » l p 0. 080 1.3 ------------
8 .050 » 1" .050 4. 4 - -- -- -------

27 .042 0.075 .027 10.2 ------- -----
33 . 14 '. 075 .049 12. 0 -- --- -------
43 . 075 '. 075 .038 15.5 - ---- ---- -- -
53 . 10 . 075 · 043 18.8 ------- - --- -
63 . 090 . 050 . 032 21. 8 ----- -- -----
75 .090 -- --- -- - ---- -- ---- ----- ---------- --
81 c. 090 .035 . 025 25.9 ------ ------
91 . 075 . 040 .026 27.9 ------------

102 . 075 . 050 .031 30. 4 ------------
118 . 055 .075 .032 34.5 -------- - ---
130 . 060 . ] 5 . 043 38. J ------------
147 . 050 e. ]5 . 037 -13.6 --------- - --
151 - ----- - - --- . 15 -- - ----- ---- ------ --- ---- --------
168 . 050 '. 090 . 032 40.7 - ~ - - - - - - - - --

:::: ~~~:::: H::: ~~~::: 
.090 . 034 50.9 - - --- - ------

-- - -- --- - --- --- ----- ---- 52. 5 49. 0 
--- ----- ---- -- - -- --- ---- -- --- - ------ --
--- -- - -- ---- -- - -- --- -- -- --

8. 05 t -£ 0, ap proximately; w here t= clays, io = mA. 
d B y taki ng for Jv the value of current at tbe assumed beginning of th e h ydro 

gen- over voltage curve (straight line through points, sec fi g. 5) , the calculated 
va.llles for specimens 7, 9, and 11 becomc, respectively, 499 m g, 545 mg, and 
517 m g. See Lhe text. 

e A ssumed (no curve) on th e basis of measurements m ade befor e or a fter . 

3.3. Aluminum Alloy in Salt Solution of pH 10 

Data on the aluminum alloy in salt water made 
alkaline (pH 10) by the addition of sodium carbonate 
are shown in tables 3 and 4 and in figures 10 and II. 
The sodium carbonate has caused the corrosion to 
be under anodic control (fig. 10 and table 4) and 
apparently made cathodic protection impossible and 
undesirable because the cathodic currents produced 
cathodic corrosion (table 3) and greatly accelerated 
corrosion over that on the controls. Also, note
worthy is how an increase in polarization potential 
of the cathodes (from - 1.3 to - 1.5 V) stepped up 
the corrosion rate tremendously. 

The potential-decay curves (fig. 12) obtained on 
cathodes 16 and 18 at the end of exposure are indica
tive of cathodic corrosion. The greater corrosion on 
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FIGURE 10. Some polw'ization curves of alloy control 15 
during 6 rnonth s oj exposw'e to salt solution of pH 10. 

O-anodic; . - cathodic 

cathode 18 is predictable from the curves. That the 
applied cathodic currents were not unnecessarily 
high is indicated by the fair agreement of the polari
zation currents, I p , on the controls with the applied 
currents to the cathodes (fig. 11). An additional 
reaso n for believing that lower values of applied 
currcnts would not have r esulted in cathodic pro
Lection lies in the fact that calculated corrosion rates 
(table 4) using the currents I p are in reasonable agree
ment with the actual corrosion rates. However , it 
should be noted that the corrosion current (table 4) 



TABLE 3. E.fJect of cathodic currents on alwninum alloy (6063- T5) exposed for 6 months to salt sol1Ltion (pH 10) 

Cathodi c polarization curve
controls 

A pplie d curren t Potcnt ial 

Specimen a 
Current at 
break, Iv 

Potential at 
break , Ea 

Potential 
criterion, 
cathodes 

\\' eight Remarks-N ature of corros ion and 
loss c pitting d 

Range- 6 mo . R ange- 6 mo. Range- 6 In o. R ange- 61110. 

----,-----,----------------
Min Max Min Max Min Max Mean b Min M ax 

------1----------------1------------------1-----------
mA-it' mA-ft' V V V mA-it' mA-ft' mA-ft' V 

- 1. 055 
V 

-1.420 
my 

15, controL _________ 1. 0 50.0 - 1. 30 - 1. 46 ____________ ________ ________ 0. 0 523 U niforlll corrosioll- about 0.001 in . rc~ 
duction in rod diameter. Little or 
no measurable pitting. 

16, cathode __ __________________________________ __ ___ _ e Ea 2.4 32.0 -I. 3G5 - 1. 490 

17, controL ___ ______ _ l.G 60.0 - 1. 30 - 1. 45 ___________________________ _ 

11. 5 

0.0 - 1. 050 - 1. 420 

1231 N umerous pits up to 4 m ils. About 
0.0029 in . reduction in rod diameter. 

495 UnHorm corrosion- about 0.00084 in . 
reduction in rod diam eter. Little or 
no measura ble pittin g. 

18, ca thode _________________________________________ _ -1.5 4.0 58.0 14.6 -1. 455 -1. 550 3091 Consider able pitting with several pits 
60 to 100 mils. R eduction in rod 
diameter was a bout 0.0068 in . 

• Specimens 15 an d 16 were ex posed to 4.5 gal of solution contained in one glass 
jar and specimens 17 and 18 to t he same kind of solution in a second jar. 

b Based on area under current-time cur ve (fig. Il). 
e E xposed area 0.1 ft'. 

d Rod diameter chan ge based on average cbange of 25 measurem ents made witb 
mi crometer cali per on botb exposed and unexposed parts of tbe speCimen. 

e E a, P otential corresponding to I p , cathodic polarization curve of control 
No. 15. 

TABLE 4. Corrosion m tes of allo y controls as calctLlated Fom polal'ization C1l1'ves 

Specimen N o. 15 

Exposure 
time 

Days 
2 

12 
15 
26 
32 
63 
88 

118 
130 
148 
158 
174 
180 

C urrent at break 
in cur ve a. 

Cath odic 
I . 

mA 
4.0 

------------
5.0 
3.1 
2.5 
1.6 
1.3 
0.55 
.70 
.50 
. 10 
. 13 

------------

Anod ic 
I q 

mA 
d 1. 6 

1. 6 
d 1. 6 
dO.65 

.65 

.30 

. 10 

. 13 

.060 

. 10 
d . 10 
.080 

------------

W eigh t loss e 

CCo;~:~~" 1----,------
io b Calculated 

CWllU- Actual 
lat ive 

mA mg my 
1.1 18 ------------

--- ------- -- ----------- - -- ----------
1. 2 143 ------------
0.54 220 ------------
.52 246 --- ---------
.25 341 ------------
.093 375 ------------
. 11 399 ------------
. 055 407 ------------
.083 417 ------------
.050 423 ------------
.050 429 ------------

------------ 431 523 

::::::::::::: :::::::::::: :::::::::::: :::::::::::: ::::::::::::1:::::::::::: 
a See polarization curves- figure 10. 
b io= I pl ql(I.+Iq) . 
• Calculated weigh t loss (g) =kti, where ]{=0.9316XI0-' glC , i=i.=average 

current (ampcres) for t be period (t in seconds) between successive readings . 

diminished greatly with time and that the corrosion 
reaction was becoming less under the influence of 
anodic control. This suggests the possibility that 
eventually, given additlOnal time of exposure, 
cathodic protection might have been possible, for 
example on cathode 16. 

3.4. Aluminum Alloy in Salt Solution of pH 4 

Data on the aluminum alloy in salt water made 
acid (pH 4) by the addition of acetic acid are shown 
in tables 5 and 6 and in figures 13 and 14. 

Exposurc 
time 

Days 
8 

11 
15 
28 
43 
53 
75 

102 
118 
130 
131 
147 
148 
158 
174 
175 
180 

Specimen No. I i 

Currcnt at brcak 
in curve a 

Cathodic 
I . 

mA 
5.0 

---------- --
6.0 
2. 9 

d 1.6 
1.6 
1.3 
1.0 
1.0 
0.90 

--- - --------
0.50 

dO. 50 
0. 15 
0. 10 

d 0.10 
------------

Anodic 
I q 

mA 
d l. 4 

1.4 
d 1.4 

0.65 
.35 
.060 

d . 060 
. G60 

d .060 
.040 
. 040 

------------
.080 

d .080 
d .060 
.060 

------------

Corrosion 
current 

W eight loss' 

io b Calculated 
cumu- Actual 
lative 

mA my ?nO 
1.1 71 -------- ----

--- -- ------- ------------ ------ ------
1.1 133 ------------
0.53 218 ------------
.29 268 ------------
. 058 282 ------------
. 057 292 ------------
. G5i 304 ------------
.057 311 ------------
.038 316 ------------

------------ ------------ ------------
------------ ------------ ------------

. 069 324 ------------

.052 329 ------------

.037 335 ------------

.037 ------------ ------------
------------ 337 495 

'"rho val ue of io at th e insta.n t of ex posure and at th e end of exposure is taken as 
t he ini t ial and fina.l values, respectively, as calculated. " ' e ight loss in mg= 
8.05 t i o, approximately; where t = days, io= mA . 

d Assumed (no curve) on basis of measurement s made before or after. 

The data indica te that cathodic protection l S 

necessary and possible in such an environment. Of 
the two potential criteria used, polarization to about 
- 1.0 V seems to be the more desirable. The poten
tials and the corrosion rates seemed to be very 
susceptible to changes in solution temperature and 
therefore the temperature (typical of all solutions in 
jars) of the acid solution is shown in figure 14. The 
corrosion rate (corrosion current , table 6) is more 
stable over the long run than the rates for any of the 
other exposures and is under strict cathodic control 
(fig. 13). Thus, the current required for cathodic 
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TABLE 5. Effect of cathodic cw-rents on aluminum alloy (6063-T5) exposed for 6 months to salt solution (pH 4) 

Catbodic polarization curve
controls 

Applied curren t Potentia l 

Specimen" 
Current at 
break, I f) 

Poten tia I at 
break, Ea 

Potential 
cri terion , 
cathodes 

W e ight Remarks-Nature of corrosion and 
loss 0 pitting d 

Range---6 mo Ran ge- 6mo H an g 61110 n an gc-6 1110 

IVfin Max :Min iVIax Min Max M ean b :Min N[ax 
------1-- - ------1------- - - - - -----------:-----------

mA·lt' mA·ft' V V· V mA·ft' mA·ft' mA·ft ' V 
-0.720 

V 
-0.865 

my 
1533 19, controL. ...... . . 4.2 22.0 -0.76 -0.93 ... . ........ ........ ........ o. G ::vra ny pits 10-12 mils- max. 20 mils. 

20, catbode ... ..................... .. ............... . 4.8 19.0 10.3 -. 775 -.935 '184 

Ring of corros ion at edge of tape. 
Red uction of about 0.0032 in. in rod 
diameter. 

A few pits to 5 mils deep. Most cor· 
ros ion at edge of ta pe. Reduction 
of about 0.0014 in . in rod diameter. 

21, cODtroL __ _______ _ 3.9 16.0 -.76 -0.90 ......... .................. . 0.0 -. 720 - 0.845 1556 Nlany pits, s ix or lnorc 20 mils deep. 
Rin g of corrosion at edge of tape. 
Reduction of a bout 0.0027 ill . in rod 
diameter. 

22, catbode . ...... . ................................ .. - 1.0 to 
1. 05 

5.2 22.0 10.6 - 1.010 - 1.055 303 Most pitting (1-2 mils at edge of tape. 
'1' wo pits (5 mils). Reduction of 
about 0.00046 in. in rod diameter. 

, Specimen s 19 and 20 were exposed to 4.5 gal of solution contained in one glass 
jar and specimens 21 and 22 to the same solution in a second jar. 

b Based On area under the current·time curve (fi g. 14) . 
• Exposed area 0.1 ft'. 

d Rod diameter chan ge based on average change of 25 measurements made 
with micrometer caliper on both exposed and unex posed parts of the specime n. 

e Ea, potential corresponding 1.0 11/ , cathodic polarizat ion cur ve of control 
No. 19. 

TABLE 6. Corrosion rates oj alloy contTols as calculated from polarization curves 

Exposure for 6 months to salt solution (pI! 4). 

Speci men No. 19 

Current a t break Weight loss 0 

in cur ve Ii Corrosion 
Exposu.re current 

time io b 
Catho d ic Anodic Calculated Actual 

I. I , cumulative 

Days mA mA mA mg mo 
2 1.6 » 1. 1. 6 26 ----- - ------

15 1.6 » 1. 1. 6 193 ------------
27 Z.2 » 1p 2.2 376 ------------
33 1. 3 » 1. 1.3 464 ------------
43 0. 75 » 1. 0.75 544 ------------
63 .64 » 1. .64 657 ------ .. ----
71 .54 » Ip .54 695 ------------
75 .56 » 1. .56 713 ------------
90 .75 » 1. .75 791 ------- - ----

119 1.4 » 1. 1.4 1047 ------ - -- - --
130 0. 60 » 1. 0.60 11 35 ------------
147 1.4 » 1. 1.4 1272 -------.----
158 0.42 » 1. 0.42 1352 ------------
173 1.0 » 1. 1.0 143S - - - - --------
180 --- - -.------ --------- --- ---------- -- 1494 1533 

• See polarization curves- figure 13. 
b io~ Ip1,/(Jp+Iq) . io~ I. approximately, wben I,> > 1 •. 
• Calcnlated weight loss (g) ~kti, where K~O.9316XIO-4 g/C, i~io~average 

current (amperes) for the period (t in seconds) between successive readings. The 

protection is equal to the corrosion cmrent as verified 
by the good agreement between calculated and actual 
weight losses (table 5). 

Observations of decay potentials (fig. 15) when 
applied cmrents were removed from the cathodes 
after 5 months of exposme are again of interest and as 
previously reasoned are indicative of cathodic protec
tion. Greater depolarization took place on cathode 
22 which had the better degree of protection. 'rhe 
relation between the cathode potential after depolari
zation and the control corrosion potential is probably 

Specimen N o. 21 

Current at break W eigb t loss ' 
in curve " Corrosion 

E xposure current 
Lime 10 b 

Cathodic Anodic Caleulatcd Actua l 
I . 1, c lJI llu laLi vo 

Days mA mA mA 11l{1 mg 
8 1.5 » 'p 1. 5 97 ------------

54 1.0 » 1,. 1.0 578 ------------
81 0.85 » 1" 0.85 778 ------------

102 .75 » 1. .75 913 -- - - ----- - - -
119 1.6 » J" 1.6 1077 - - - - ----. _- -
130 0.85 » 1,. 0.85 11 83 ----_._---_. 
147 1.1 » 'p 1.1 1316 -.-.--- - ----
158 0.39 » 1. 0.39 1382 ---.------ --
173 .75 » 1. .75 1451 -------_._--
180 ------------ ------------ - - ---------- 1493 1556 

value of io at tbe instant of exposure and at the end of exposure is taken as the 
initial and final values, respectively, as calculated. Weight loss in J11g ~8.05 t io, 
approximately; wbere t~ days, io~mA. 

not too significant here because the control potentials 
were subject to considerable change in relatively 
short periods of time. 

4 . Summary 

Pairs of aluminum alloy (6053- T5) specimens were 
exposed to 21 saturated soils under substantially 
air-free conditions for 5 months in the laboratory. 
The soils ranged in pH from 3.4 to 10.0 and their 
resistivities with two exceptions were between 50 and 
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FIGUHE 11. Relation between applied currents (to cathodes) 
and currents (I p) indicated by cathodic polarization curves 
(of controls) for aluminum alloy exposed to salt solution of 
pH 10. 

Cathodes are controlled by two potential criteria, as shown. 
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FIGUHE 12. Potential-decay curves of cathodes exposed to salt 
solution of pH 10 following 1'el1wval of currents applied for 
6 months. 
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FIGUHE 13. Some polari zation curves of alloy control 19 
during 6 months of exposure to salt solution of pH 4. 

o-allodic; ·. - cathodic. 

1500 ohm-cm. After stabilization, the potentials of 
the specimens in 20 of the 21 soils were between 
- 0.68 and - 0.98 V (S.C.E .) and the potential in 
the remaining soil (pH 10) was - 1.36 V. Except 
for the latter soil, th ere seemed to be no particular 
relation between potential and pH. The corrosion 
which occurred during t h e 6 months was only super
:rrcial in nature. I n order to observe the effect of 
aeration of the soils on the potentials of the alloy 
and on the corrosion r ates, that is, under more normal 
conditions of e}"'Posure,one specimen of each pair was 
observed for an additional 18 weeks by making air 
accessible. The result was that all potentials be
came more cathodic and, except for 2 soils with fairly 
high resistivities, the corrosion rates increased 
tremendously with pits up to llO mils deep. The 
selection of a protective potential generally applicable 
to aluminum alloys underground is considered un 
desirable because of t he danger of cathodic corrosion. 

Aluminum alloy (6063- T5) specimens were exposed 
to still city water with 3 percent sodium chloride 
added contain ed in a large open wooden vat (265 
gal) and also to water similarly treated contained by 
4.5 gal Pyrex jars. Of five jars, the pH (8) of the 
water in one jar was left unchanged while the water 
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FIGURE 14. R elation between applied currents (to cathodes) 
and CU/Tents (I p) indicated by cathodic polarizati on curves 
(of controls) fOl' aluminum alloy exposed to saLt solution oj 
pH 4. 
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FIG UR E 15. Potential-decay curves of cathodes exposed to salt 
solution of pH 4 following removal of currents applied for 
6 months . 

in Lwo jll.l'S wa.s adjusted to pH 4 by the addition of 
aceti.c acid and the water in the other two jars was 
,tdjusted to pH 10 by the addition of sodium car
bonll.te. All specimens were exposed for 6 months. 

Six sp ecimens Wore exposed to the salt solution in 
t he 'wooden vat, 3 being left to corrode freely and 
the oth er 3 with cathodic currents applied after 
corroding freely for 2 days. The currents were 
dep endent on con trollcd potentials, namely, a value 
from the cathodic polarization curve, potential of a 
high puri ty zinc anode (abou t - 1 V), and the po
tential of - 1.5 V (S .C.E ) . The - 1.5 V potential 
caused severe cathodic cOl'l'osion while the other two 
potentials provided about equal degrees of cathodic 
protection, the more ~1l10dic potential of th e zinc 
being somewhat better in reducing pi tting under the 
tape at the waterline. 

l\l[easurements were made on a pair of specimens in 
the jar of salt water , a control and a cathode, cfl.ch 
fitted with a rubber cap containing clay soil in con
tact with about 12 percent of the area exposed. A 
ring of corrosion which had OCCUlTed adjacent to the 
rubber on t hc control was hardly perceptible on the 
cathode which wa.s h eld at a bout - 1.1 V, yet cor
rosion was not arrcstcd. 

A pair of spccimens consisting o( a control ~md a 
cathode were exposed in each of the 2 jars con taining 
thc ~LCidic-sfl.lt water. In one of the jars the cathode 
was controlled by the potentials (- 0.775 to - 0.935 
V) periodically obtained from th e cathodic polariza
tion CUl'ves of t he control while the cathode in the 
othcr jfl.l' Wfl.S held between - 1.01 and - 1.05 V. 
Cathodic protection was achieved on both and was 
bctter on the cathode held in the more anodic range 
of potentials. The current density n ecessary for 
protec tion was well indicated by the CUl'rent at the 
breaks in the cathodic polarizfl.tion curves of the 
controls . 

Cathodic corrosion took place on the Lwo cathodes 
which were exposed to the salt solution of pH 10 . 

Potential-decay eUl'ves obtained on all caLhodes 
when applied currents were removed aftcr 6 months 
of continuous exposure gayc a cluc as Lo wh eLher 
the accumulaLi,' e cathodic efT'eets were pl'ot ecli \ ' C or 
corrosive in n~tLure . 

Thanks are due R ay 1. Lindberg, Metallurgical 
R esearch Laboratories, R eynolds Metals Comp any, 
who furnished the aluminum anodes used in some of 
the experiments. The cooperation of M eh'in Roma
noff, Corrosion Section, National Bureau of Stand
ards, in permitting the use of one of his tcst sites 
an d some of his unpublished data is appreciated. 
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