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AERONAUTICAL SYMBOLS 

1. FUNDAMENTAL AND DERIVED UNITS 

Lcngth ____ _ 
Time __ ___ _ _ 
Force ____ _ _ 

Symbol 

l 
t 
F 

1letric 

Unit 

. , 
meter ___________________ _ 
second ___ _______________ _ 
weight of one kilogram __ __ _ 

Symbol 

m 
sec 
kg 

Englisn 

Unit Symbol 

foot (or mile) ___ ______ ft. (or mi.) 
second (or hour) ______ _ sec. (or hr.) 
weight of one pound lb . 

PoweL _ _ _ _ _ P kg/m/sec ________________ - '- _________ I horsepower - - - - - - - - - --
S d .{km/hr ---------------- - --1---------- mi./hL __ ___ _________ _ 

RP. 
M.P.R. 
f. p. B. pee ------ ----------1 m/tiec ____________________ , __________ ft. /sec _______________ _ 

2. GENERAL SYMBOLS, ETC. 

W, Weight, = mg 
g, Standard acceleration of gravity = 9. 0665 

m/sec. 2 =32.1740 ft. /sec.~ 

W m, Mass,=-g 
P, Density (mass per llllit volume) . 
Standard density of dry air, 0.12497 (kg-ne' 

sec.a) at 15° C and 760 mm =0.00237 (lb.­
ft.-4 sec.2). 

Specific weight of "standurd " air, 1.2255 
kg/m3 = 0.07651 Ib. /ft.3 

1f/,ka, :Moment of inertia (indicate axis of the 
radius of gyration, k, by proper sub­
script) . 

S, .Area. 
Sw, Wing area, etc. 
G, Gap. 
b, Span. 
c, Chord length. 
b/c, Aspect ratio . 
j, Distance from c. g. to elevator hinge. 
J1., Coefficient of \~iscosity. 

3. AERODYNAMICAL SYMBOLS 

V, True air speed. 

<1., Dynamic (or impact) pressure=~ P va 

L, Lift, absolute coefficient CL =.!::... q 

D, Drag, absolute coefficient CD = ~ q 
0, Cross - wind force, a b sol ute coefficient 

C 
OC=qS 

R, Resultant force. (Note that the e coeffi­
cients are twice as large a the old co­
efficients Le, Dc· ) 

iw Angle of setting of wings (relative to thrust 
line) . 

'Lt, Angle of stabilizer setting with reference to 
to thrust line. 

"I, Dihedral angle. 
VZ Reynolds Number, where Z is a linE-ar 

P};' dimension. 
e. g., for a model airfoil 3 in. chord, 100 

mi./hr. normal pressure, 0° C: 255,000 
and at 15° C., 230,000; 

or for n, model of 10 cm chord 40 m/see, 
corresponding numbers are 299,000 
and 270,000. 

Op, Center of pressure coefficient (ratio of 
clistl1nce of O. P. from leading edge to 
chord length) . 

{3, Angle of stabilizer setting with reference 
to lower wing, = (it - iw). 

Ci, Angle of attack. 
E, Angle of downwash. 
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REPORT No. 248 

THE CORROSION OF MAGNESIUM AND OF THE IVIAGNESIUM 
ALUMINUM ALLOYS CONTAINING MANGANESE 

By J. A. BOYER I 

SUMMARY 

The extensive use of magnesium and its alloys in aircraft has been seriously handicapped by 
the uncertainties surrounding their resistance to corrosion. This problem has been given 
intense stlidy by the American Magnesium Corporation and at the request of the Subcommittee 
on :Materials for Aircraft of the J ational Advisory Commitee for Aeronautics, Mr. J. A. Boyer, 
of the American Magnesium Corporation, has prepared the following report on the corrosion 
of magnesium. 

INTRODUCTION 

Although considerable progress has been made in the development of strong magnesium 
alloys, the corrosion of these alloys has received very little study. For that reason the corro­
dibility of the metal itself has been the subject of considerable misunder tanding. Magnesium 
of inferior quality has often been placed on the market; this metal usually contained chloride and 
corroded badly when subject to even ordinary atmospheric conditions. Alloys have been pre­
pared more or less indiscriminately from the standpoint of physical propertie alone, and their 
rapid corrosion has been attributed to the tendency of magnesium it elf to corrode rather than 
to the nature and proportion of the alloying ingredients. 

Contrary to popular belief, pure magne ium is quite resistant to corrosion. However, 
the physical properties of the pure metal make it unfit for most structural purposes, and the 
alloys having desirable physical properties are usually not resistant to corrosion. The present 
investigation deals with the development of are istant magnesium alloy by a variation in com­
position. 

The natural alloying element for magnesium is aluminum. The latter, like magnesium, 
has a very low density and the addition required does not cause any appreciable increase in the 
density of the alloy over that of the pure metal. Aluminum is soluble in solid magnesium up 
to at least 10 per cent at the eutectic temperature, and the alloys may be subject to heat treat­
ment and artificial aging. An emau tive urvey of the alloy field has not shown any alloying 
ingredient as sati factory from the physical standpoint as aluminum, and for that reason the 
study of corrosion has been chiefly confined to the magnesium-aluminum series. The corro­
sion resistance of the e alloys has been increased approximately 50 times without any sacrifice 
in physical properties. 

Preliminary corrosion tests showed that the addition of small amounts of manganese 
greatly increased the resistance to corrosion of the magnesium alloys containing aluminum. 
It was known that the higher aluminum alloys corroded rapidly, supposedly owing to the 
presence of undissolved aluminum constituent. The results with the addition of manganese 
were very hard to duplicate, and occasionally two alloys of practically the same analysis would 
show very different corrosive properties. A study was undertaken to inve tigate the function 
of manganese in preventing corrosion, and to determine if possible the rea on for the frequently 
anomalous results. The work was carried out along two different lines: Microscopic and 
metallographic examination, and potential measurements. 

I Chief chemist, American Magnesium Corporation. 
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GENERAL NATURE OF CORROSIVE ACTION 

It is generally accepted that the corrosion of metals in salt solutions is due to a displace­
ment of hydrogen from the water. The less reactive metals do not have a high enough solution 
potential to displace hydrogen as a gas on the surface of the metal and the film of 'hydrogen 
formed must be removed by oxidation with atmospheric 0:\.7gen before further solution can 
take place. For this reason the corrosion of iron and steel in neutral solutions depends almost 
entirely on the amount of atmospheric oxygen which reaches the metal surface per unit time. 
If oxygen is excluded, corrosion practically ceases. In the case of magnesium, however) the 
solution potential is sufficiently high to displace hydrogen as a gas, so that corrosion takes 
place continuously and is practically independent of oxygen diffusion. As the latter is a com­
paratively slow process, the rate of corrosion in alt solutions increase enormou ly when the 
diffusion' of oxygen ceases to be the controlling factor, and rapid corrosion continues until stopped 
by the formation of a film of corrosion product_ 

The corrosion of magnesium by immersion in alt solution is a much more accelerated 
te t than is the case with any other metal, owing to this direct displacement of hydrogen. Thus 
an alloy containing 4 per cent aluminum, while as resistant as iron when subjected to atmo pheric 
corrosion or weathering, will be completely disintegrated by salt water in four or five days unless 
some alloying ingredient is added to inhibit corrosion. In comparison, an alloy which remains 
intact when immersed in alt water for a period of one or two weeks would be con idered quite 
resistant. Specimens of such an alloy have been subjected to very severe atmospheric condi­
tions, including exposure to b'oth rain and acid fumes for a period of a year, and the results are 
comparable to that shown by the aluminum-base alloys in common use. 

COMPARATIVE CORROSION RATE OF PURE METAL AND THE MAGNESIUM-ALUMINUM ALLOYS 

Corrosion tests of more than 50 specimens of magnesium ingot taken at random from stock 
have shown that pure magnesium is quite re istant to corrosion. Machined specimens immersed 
in salt solutions of various concentration for a period of two months remained intact and usually 
showed very little pitting. Four pieces of magnesium after two months' immersion in salt 
solution are shown in Figure 1. The specimens were acid cleaned after removal from the 
corroding medium. 

With the addition of aluminum to magnesium the rate of corrosion increa es enormously. 
A 4 per cent alloy of even haH-inch thickness will be completely disintegrated in less than a 
week; the 8 per cent alloy corrodes even more rapidly. The effect of aluminum on corrosion is 
shown in Figure 2, which represents the result of a 48-hour intermittent immersion test, using 
2 per cent sodium chloride solution. 

The test pieces were 3 x 1 Ys inches x -h inch and weighed approximately 20 grams. They 
were not cleaned except to be rubbed down with a dry cloth, and the surface was that of ordinary 
extruded metal. 

The loss in weight of each specimen after completion of the test is given in the following 
table: 

Alloy 

Per 
cent Al 2 _______ _ 
3 _______ _ 
4 _______ _ 
5 _______ _ 
6 _______ _ 
8 _______ _ 

Loss in I 
weigbi 

Grams 
2.8 
6.7 

10.9 
9.7 

11.2 
16.3 

As this loss in weight occurred in only 4 hours, the accelerated nature of the intermi tten t 
immecion test is evident. 



TilE C;OHHO'ION OF fAGNESLUl\I 

2 3 4 

FIG. I.-Machined pieces of magnesium aftcr two months' immersion in s3lt solulion. Speci­
mens 1 and 2 immersed in 2 pcr cent TnCl solution. Specimens 3 and I immersed in 10 pcr 
cent NnCl solution 

FIG. 2.-From left to right, 2, 3, 4, 5, 6, and 8 per cent aluminum, intermittent immersion, 2 per cent XaCl solution, 
48 hours 
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I HIBITING EFFECT OF SMALL AMOU TS OF MANGANESE 

Quantitative data were next obtained on the effect of manganese in preventing the corrosion 
of the aluminum alloy. Seven alloys were pecially prepared using different qualities of raw 
material. The compo ition of the alloys is given below: 

Alloy Composition 

No. Al Un 
1- ----1 4.46 
2 ..... 4.39 
3 ..... 4.11 
4 .•... 4.61 0. 29 
5 .••.. 4.4 . 29 
6 ..... 4.23 . 27 
7_ .... 3.82 . 22 

COMPOSITION OF CORROSION ALLOYS 

Raw materials and preparation 

99.98 per cent aluminum, 99.99 per cent Mg, melted under argon . 
Same as o. l. 
Commercial aluminum, 99.85 per ccnt Mg, air cast (chill). 
99.9 per cent aluminwn, 99.99 per cent [g, specially pure Mn·Mg alloy, meltcd under argon. 
Commercial manganese·aluminum alloy, 99 .99 per cent Mg, melted undcr argon . 
Same as 0.4 . 
Commercia l manganese·aluminum alloy, 99.99 per cent Mg, air cast (chill). 

The test specimens were of the same dimensions as in the previous test, 3 x 1 VB inches x 
A inch. They were cleaned by rubbing down with a dry cloth and subjected to the 48-hour 
intermittent immersion test, using 2 per cent sodium chloride solution. Duplicate te ts were 
run; the specimens were scoured with a stiff bru h after removal from the rorroding medium, 
and were cleaned by dipping in 10 per cent nitric acid for 20 econd. There was some unavoid­
able loss in weight due to acid cleaning, but the loss was small and the results are more accurate 
than if the specimens had been weighed before cleanino-. The los in weight of the corroded 
specimens is given in the following table. As the test pieces Wflre all of the ame size, the 10 
was not reduced to grams per unit area. 

LOSS IN WEIGHT OF CORRODED SPECIMENS 

I Alloy Approximate composition 

.Yo. 
J ••• 4 per cent AI.. _ ................... __ ........ . 
2 ..... 4 per cent AL ... _ ............... _ ..... _ .... . 
3_ ... 4 per cent Al. ... __ .... _ ....... __ .... _ ....... _ .. _ .. 
4 ..... 14 per cent Al 0.3 per cent Mn._ ................• _ 
5 ..... 4 per cent Al 0.3 per cent Mn ..... _ ............ __ .1 
6. __ .. 4 per cent Al 0.3 per cent Mn .• _ .......... _ ....•. _ 
7_._ .. 4 per cent Al 0.3 per cent Mn (air cast)._ .......•. 

----- ---

Loss in weight 

1',s! No.1 

10.9 
6.4 
.3 
.4 
.5 

54 

'1'tst ,lVo . S 
7.5 

10.1 
5.4 
.4 
.4 
.5 

3.9 

It will be observed that the loss in weight of the aluminum alloys containing no manganese 
is from 20 to 30 times as great as with specimens 4, 5, and 6, which contain approximately three­
tenths per cent manganese. The abnormal loss of the air cast specimen presented a problem for 
further investigation. 

A more striking illustration of the e[ect of manganese on the corrosion of the magnesium­
aluminum alloys is shown in specimens 8 and 9 of Figure 4. The former i a 4 per cent aluminum 
alloy containing three-tenths per cent manganese, which ha been immersed in a 10 per cent 
"alt solution for four days. The specimen is scarcely pitted. pecimen TO. 9 of the same com­
position except for the manganese, and immersed in the same strength salt solution for the same 
length of time, is almost completely disintegrated. 

METALLOGRAPIDC STUDY OF CORIiO ION 

The rapid corrosion of magne ium alloys in compari on with pure metal is usually explained 
by the assumption that the undissolved con tituents in the alloy act as cathodic elements of a 
galvanic couple, and corrosion is caused by the difference in potential thus e tabli hed. If the 
magnesium-aluminum alloys corrode rapidly, owing to the introduction of undissolved constitu­
ents, and if manganese almost completely counteracts this accelerated corrosion, it would be 
reasonable to assume that manganese might bring about some change in the microstructure of 
the alloy. It is generally believed that pitting of the more reactive metals is associated with the 
presence or segregation of some impurity, although this is not the case in the oxygen diffu ion 



THE CORROSION OF MAG ~ESIUM 

FlO . 3.-Speeirnens {rom left to right aro numbers 1 to 7 o{ preceding tablo 

2 3 4 5 6 7 

a 
FIG. 4.-Speeimens 1-7, same test as in Figure 3. Specimen 8,4 per cent AI, 3 per cent Mn, and 9,4 per cent 

Al in)O pcr cent salt solution {our days 
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type of corro ion. A metallographic examination wa made of a large number of corroded. 
specimens, with the twofold purpo e of establi hing a relation between the corrodibility of the 
alloy and the constituents present, and also to determine the relation, if any, between pitting 
and the segregation of impuritie. The results showed that the rate of corrosion was practically 
independent of the microstructure of the alloy as revealed hy ordinary methods of poli hing and 
etching. 

Figure 5 shows the microstructure of an alloy which wa comparatively resi tant to 
corro ion. A con iderable quantity of magne ium ilicide was present and also a large number 
of small hard particles not definitely identified. These hard particle. are usually present in 
the aluminum alloys and are believed to be due to iron. 

Figure 6 shows the structure of an alloy which corroded rapidly and wa completely 
disintegrated by salt water. It is more nearly homogeneous than the re istant alloy shown 
in Figure 5. The same hard particle are pre ent but no appreciable amount of ilicide was 
observed. 

Silicide \Va not re ponsiblc for the inhibitive eITect, as aUoys having a microstructure almost 
identical with Figure 6 were also quite resistant. 

These examples are typical of all the specimens examined. 0 segregation of impurities 
was observed either in or near the pits, and no· cause of either general or localized corrosion 
was evident. 

EXAMINATION OF POLISHED SPECIMENS DURING THE PROCESS OF CORROSION 

As the corrosion of magne ium in the initial stage i very rapid, it is possible with the aid 
of the micro cope to observe the actual progress of the corro ive attack while the specimen is 
immersed in salt water. 

The microscope used for these experiments was the ordinary biological microscope, fitted 
with a vertical illuminator and a 16-mm. objective. The latter was kept just above the surface 
of the liquid. Much better re olution and brilliancy were obtained with a low-power objective 
than with a higher power objective immersed in the solution. 

The first alloys examined were those containing aluminum but no manganese; examination 
was then made of the alloys containing both manganese and aluminum. The alloys containirg 
from 3 to 4 per cent aluminum usually consist of a homogeneous solid solution. When a 
polished specimen of such an alloy is immersed in salt water the surface becomes tarnished 
almost immediately. Under the microscope this tarnish is light brown, and the usual appear­
ance is shown in Figure 7. It will be noted that the tarnish do s not completely cover the 
entire surface of the metal, but there is a network of light areas which are practically unaffected. 
That the pattern produced is due to an attack which dissolves the metal surface is shown by 
the fact that scratches and other imperfections which are smoothed over on final polishing are 
quickly revealed by the action of salt water. It appears that the slightly flowed surface due to 
the final poli h is eaten oIT. 

A casual observation of the tarnish pattern might not indicate any relation between tarni h 
and the tructure of the metal. However, when alloys solidified under conditions favorable to 
the growth of dendrites were polished and immersed in salt water, it was found that the tarnish 
pattern was almost entirely dendritic. The brown areas corresponded to the primary mag­
nesium-rich cores or dendrites, and the lighter areas were presumably richer in aluminum. 
In practically every case where a particle of undissolved aluminum constituent was observed, 
it was located in the lighter areas. 

Hydrogen was liberated simultaneously with the development of the tarnish pattern. 
The first bubbles were quite large and were scattered irregularly over the surface; on removal 
by shaking they did not tend to form again in the same place. However, there were very 
small points scattered over the alloy from which a very fine stream of hydrogen bubbles came 
continuously. These points apparently acted as cathodes, as the magnesium immediately 
surrounding the point from which gas was evolved was unattacked. It was difficult to determine 
the nature of these cathode areas or particles, both because of the stream of bubbles coming 
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from the point in question and because of the limit of magnification imposed by the fact that 
the pecimen wa immersed in salt water. If they were metallic constituents they were very 
small-much smaller than either the aluminum or silicide particles normally observed in the 
same alloy. 

The microstructure of the alloys varied between that shown in Figure 5 and that of Figure 6. 
ilicide and aluminum con tituent were pre ent, u ually in small amount, and under the 

microscope these constituents were found to be absolutely inactive. The hard particle in 
Figure 6 which were scattered through the alloys were also inactive unless the cathode area 
might pos ibly be an occa ional one of the e particles. However, if such was the case it is e ti­
mated that not more than one out of fifty or a hundred were aative. During the examination 
of these alloys literally thousands of these particles have been ob erved from which no hydrogen 
was liberated. 

When pitting commenced the pits followed the tarnish pattern and the magne ium-rich 
dendrites were eaten out. As the attack advanced along the surface of tho tarnished dendrite 
a stream of hydrogen bubbles always came from the part being di solved, and the hydrogen 
liberated from the direct attack of the dendrite was greater than that coming from the cathode 
areas. The way in which pitting follows the tarnished areas is hown in Figure 8. In the 
upper left-hand corner of this micrograph may be een a hexagonal or six-pointed star; at the 
extreme right a similar .:figure is observed in which five of the points are eaten out and the ixth 
(pointing toward the center of the micrograph) is tarnished. These star-shaped corrosion 
patterns are characteristic in the alloys showing dendritic corrosion pits. 

Figure 9 shows an almost perfect de.qdrite in a specimen which has been repolished to 
remove the tarnish pattern. The polishing was then carried further to see if any constituent 
would be found at the bottom of the pits from which hydrogen could be liberated, but none 
was found. A typical area is shown in Figure 10. During the eating out of the magnesium­
rich dendrites both silicide and aluminum constituents were inactive, as had been previously 
observed in the formation of the tarnish pattern. ... 

There was little doubt that the dendrites developed both by tarni h and by pitting were 
those of primary magnesium or, rather, magnesium-rich solid solution. Six-pointed stars are 
characteristic of both hexagonal and trigonal crystal systems, and are observed in substances 
known to be hexagonal. There was evidently a connection between the large number of six­
pointed corrosion pits and the hexagonal cry tal structure of magnesium. 

The form of the primary magnesium dendrite is shown in Figure 11. Here the dendrite 
is surrounded by eutectic and two con tituents are present in the alloy. In the solid solution 
alloys the aluminum is dissolved, but there is sufficient difference in composition between the 
magnesium-rich dendrites which solidify fir t and the remaining interstitial material which 
fills in between -them for the core to be first tarni hed and then eaten out when the specimen 
is immersed in alt water. The hydrogen comes from the dendrite as if it were being dissolved 
by direct attack. A compari on of the tarnish pattern and corro ion pit in Figures 13 and 14 
with the primary dendrite in Figure 11 will make evident the relation between coring and 
corroslOn. 

EFFECT OF U DI SOLVED CONSTITUE TS 0 ORROSIO 

The alloys examined in the preceding sections were practically homogeneous except for 
minor impurities and small amounts of undissolved constituents. Alloys having a more 
heterogeneous structure were next prepared to determine if any relation existed between segre­
gation of undissolved constituents and pitting. The typical microstructure of such an alloy 
is shown in Figure 15. The cored magnesium-rich dendrites similar to the corrosion pits could 
be brought out by deep etching, a hown in Figure 16. 

When the e alloys were examined while immersed in alt water the type of corrosion was 
found to be identical with the purer magnesium-aluminum aUoys containing only one constitu­
ent. There were numerous cathode areas, but the magnesium-rich dendrites were eaten out 
as before and the attack was practically independent of the distribution of undissolved con­
stituents. This is shown in Figures 17 and 20. All specimens did not show perfectly formed 
dendrites, but there was usually a similarity between the form of the corrosion pit and that of 
primary magnesium, as illustrated in Figures 19 and 20. 
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Flo. 7.-Mag. 100 X. '.rarnish pattern on polished surrace oC magnesium-aluminum alloy 
aCtor immersion in salt water 

FIG. S.-Mag. 100 X. Showing how corrosion pits Collow the tarnish 
pattern. Note the two hexagonal stars, upper lert corner and right 
center 
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FlO. 9.- fag. JOO X . Dendritic corrosion pits in mngnesium-aluminum alloy after re­
polishing 
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FIG. 10.-) [ag. lOO X . Bottom o[ corrosion pits in" 3 per cent aluminum alloy sho\\ ing 
the absence of undissolvcd coustituent or segregated impurity 
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FIG. H.-Mag. 100 X. Primary magnesium clcuclrito in an alloy contaiuing 30 pcr cent aluminum 

FIr.. 12.- ;\Iag. 75 X . Corrosion pit iu 3 per cent aluminum alloy 
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FIG. l3.-Mag. 100 X. 'l'arnish pattern on polished surface of solid solution alloy (3 per ccnt 
aluminum) after immersion in salt water. Compare with Figure 11 
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FIG. 14.-:\lag.100 X. Corrosion pit in the alloy in Figure 13 
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FIG. J5.-Mag. 200 X. Microstructuro of an alloy containing 5 per cent alwninulll, 0.3 per 
cent silicon, balance magnosium 

FIG. 16.-Mag. 50 X. Cored magnosium,rich dendrite in same alloy as Figure 17, brought 
out by deep etching 
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FIG. 17.-:-Iag. 200 X. Corrosion pit in thc alloy containing 5 pcr (,(,111 aillminum nlld 0.3 IlI'r 
cont s ilicon. rl"hc cored magnesium-rich dendrite was ('aten out , while both lhe silk·ide and 
aluminum cousiHllcnts rcmained inactive 

FIO.l .-Mag. 50 X . Primary dendrite of magnc.,ium in an nlloy conlainin!( 3 pcr rent 
Silicon. ~otc the idcnti('al form with c()ITosion pi! of Figure 17 
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I I'In. JU. "J\ Tag.)OO X. PrilJlary IIInglll'sitllll ill nil alloy conlaillillg 30 PCI' C<'lIi alulllilluTIl 
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FIG. 20.- fag. 100 X. Oorrosion pits in an alloy contain ing 5 per cent a1uminwn and 0.3 per cent 

silicon, showing that corrosion attack is indopendent of the distribution of undissolved constitu­
ents and also similarity in form of pits to primary magnesium, Figure 19 
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THE CORROSION OF EXTRUDED METAL 

The corrosion attack on the polished surface of extruded metal furnished additional evi­
dence that the initial pitting bore a definite relation to the tructure of the metal. The nature of 
the attack was almost identical with that of t.he cast n.l1oys; the hydrogen came from the pits 
as they were being eaten out, and it wn.s po . ible to observe the stream of hydrogen bubbles 
advance along the surface of the metal a the attack progre ~ ed. The amount of hydrogen 
liberated from the small cathode areas or pn.rticles was small in comparison. 

In the longitudinal section the corrosion pits were all traight lines parallel to the direction 
of extrusion, as shown in Figure 21. The corrosion attack of the transver e section was irregular 
and did not have a directionn.l tendency. The cored aren. were presumably drawn out into a 
more or less fibrous structure and their original dendritic form was lost. 

PROOF OF THE RELATIO BETWEE CORING A D CORR OSION 

After the metallographic study of corrosion had been practically completed, an etch wa 
found which developed the cored tructure of the alloys by tarnishing rather than by deep 
etching. In this way it wa po ible to bring out even the finer detail of the cored dendrites. 
In a number of case the etch wa 0 sharp that the cores had the appeal;ance of a second con­
stituent, but thi was rendered improbable by their di appearance on prolonged annealing. 
The size of the magnesium-rich area depended to a con iderable extent on the time of etch­
ing and the strength of the acid u ed,' which would not be the case if the core were a second 
con tituent. Furthermore, the form of the cored dendrite was identical with that of the 
magnesium dendrites in the higher alloy containing eutectic. 

When the pecimen which had been corroded in salt water and then repolished to remove 
the tarni h film were etched to bring out the cored structure it wa found that the corrosion 
pits were uperimpo ed on the magne ium-rich cores, as hown in Figure 24. 

The tarnish pattern brought out by the action of salt water showed that mangane e did 
not chanO'e the dendritic structure of the magne ium-aluminum alloys (fig. 25). The type 
of corrosion was imilar to that of the binary alloys without manganese, except that the tar­
ni hed dendrite did not have a great a tendency to be eaten out. The cored tructure would 
also be developed by etching, as shown in Figure 26. 

COMPARISO OF THE CORRO ION OF CHILL-CAST AND SAND-CAST SP ECIMENS 

The metallographic tudy up to this point had established a defini te relation between cor­
ing and the corro ion attack by salt water. It wa not known whether coring actually cau ed 
corI'O ion by the e tabli hment of dift'erences in potential between the various parts of the 
alloy or whether the magne ium-rich dendrites were preferentially attacked merely because of 
their higher olution potential. The presence of manganese wa nece sary to keep the dendrites 
from being eaten out, n.nd it wa proposed to examine a chill ca t aluminum alloy containing 
manganc e which wa not re i tant to alt water, to determine if coring were the cause of its 
lack of resi tance. If 0, suitable heat treatment to eliminate differential composition should 
produce a favorable change in corrosive properties. 

The alloy eho en wa pecimen TO. 7 of the corro ion te t hown in Figure 3 and 4. Thi 
alloy differed from the three resistant test specimens by being chill cast while the others were 
cooled fairly slowly; it wa also air ca t and contained included films, while the re i tant alloys 
were vacuum ca t; in addition, it was slightly low in mangane e. It wa believed that the 
examination to determine whether coring wa the cause of corrosion would also determine the 
influence of the other two factors by a process of elimination. 

On poli hing a cross- ection of half the ingot, it wa found that chill ca ting had a marked 
efl'ect on the distribution of the corro ion attack. The corroded pecimen is shown in Figure 
27. The pecimen is lightly reduced in size and is hown by oblique illumination; the corroded 
areas appear light and the polished surface dark. The area around the chilled edge is corroded 
almo t uniformly to an extent of about half an inch; the cut edge, which showl:! as a heavy 
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FIG. 21.-Mag. HlO X. Corrosion pits in alloy contajning 4 per cent AI, 0.2 per cent lV[n, extruded, 
longitndinal section. The coros have been drawn out into a fibrous structure 

FIG. 22.-Corrosion pits in transverse section of extruded alloy. Note the absence of a directional 
tendency 

19 
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FIG. 23.-:\Iag. 100 X. Cored dendrite in 3 per ccnt aluminum alloy 

FIG. 24.-Mag. 100 X. Corrosion pits in the alloy of Figure 23. Specimen Wf\S repolished and 
etched after corrosion. Corrosion pits black; cored dendrites balftone 
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FlO. 25.-Mag. ]00 X. Tarnish pattern or magnesium-aluminum alloy containing 0.3 pcr ccnt 
manganese 

FlO. 26.-Mag. 100 X. Cored structurc or magnesium-aluminum alloy containing 0.3 per cent 
manganese 

21 
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white line because it catches the oblique illumination, is not pitted at all. Here again is a repro­
duction on a large scale of the corrosion attack observed microscopically; the first part of the 
alloy to solidify, in one ca e the chilled edge and in the other ca e the cored dendrite, i attacked 
preferentially and this attack i practically independent of the ·di tl'ibution of metallic con­
stituents or nonmetallic inclusions. A sand-cast specimen, corroded at the same time for com­
pari on, was uniformly pitted (fig. 29 ). 

F rn . 27.-Corrosion of chill cast magnesium·aluminum alloy containing 
0.2 per cent :lrn 

Figure 2 shows the two halves of the specimen, the left half a cast and the right half 
annealed for five days at 400 0 C. In the heat-treated specimen the dendritic attack, running 
from the outer edge in tree-like fashion, was absent but it appeared that whole grains were eaten 
out. Re istance to corrosion was not bettered. When extruded pieces of the same alloy were 
given a similar heat treatment and tested quantitatively for corrosion they were found to even 
be worse than before heat treatment. 

FIG. 28.-Ssmo specimen as Figure 27. Left half as cast; right half nn­
nealed live d ays a t 400· C. 

IIen e it could be concluded that coring was not the cause of corrosion. Observation 
made during this same experiment also indicated that included oxide films had little effect .. 
The problem seemed to be narrowed down to the effect of the manganese content. 

EFFECT OF NO METALLIC INCLUSIO S 0 ORROSION 

Metallographic examination frequently indicated a relation between corrosion and non­
metallic inolusions. The corro ion attack tended to follow along entrained films, and inclusions 
were frequently surrounded by corrosion pits. It seemed probable that the presence of non­
metallic inclusions was responsible for the rapid corrosion of a number of nonresistant air cast 
alloys. However, when corrosion was observed under the microscope the inclusions were found 
to be inactive. In some cases no action occurred at or near the inclusions; in other instances 
the films were surrounded by corrosion pits, but the attack frequently started at some distance 
from the inclusion and corrosion did not proceed from the inclusion outward. 
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Etching to develop cored structure showed that the relation between films and inclusions 
and corI'O ion wa only apparent. The inclu ions act as nuclei for the solidification of the 
magnesium-rich cored centrites, as hown in Figure 30. As the inclusion becomes larger the 

FlO. 29.-Corrosion pits in polishcd spccimen of sand cast 
alloy containing 0.4 pcr cent manganese 

dendrite 10 es it symmetry and tends to branch out at right angles from the edge of the in­
clusion to which it is attached. When the specimen is immer ed in salt water the magnesium­
rich cores are attacked, leaving the inclusion surrounded by a corrosion pit. This type of 
corrosive action is illustrated in Figure 31. 

FlO. 30.-Mag. 100 X . Cored magnesium-rich dendrites surround ing nonmetallic inclusions 

EFFECT OF VARYI G THE MANGANESE CONTENT 

A series of corrosion tests was made to determine the effect on corro ion of varying the 
manga{lese content of the 4 per cent aluminum alloy. The specimens were tests 'bars which 
had been previou 1y broken in ten ile te t , and were machined ' to present a clean surface. 
A 2 per cent sodium chloride solution was used, and the results after five days' immersion are 
shown in Figure 32. 
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~'J(:. 31.- fog. 100 X . Corrosion in area cOlltainiug inclusious, showing relution betwecn piLting 
and cored ~trucLurc 

FIG. 32.-Effect of varyiug the manganese content of the 4 per ceut alumiuum alloy 
I. 0.10 per cent 1I1nl 
2. 0.22 per cent lIIn 'II 0 d I' fI d ' . . 2 0 N CJ 1 o' 3. 0.36 per cent In" as ex,ru C(, ve ays Immersion, pcr cen, a so u,lon 

4. 0.66 per ceut Mn 
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It is evident from these tests that a critical amount of mangane e is neces ary to produce 
a ma:x.'lmum inhibiting effect. The alloys low in manganese were badly corroded. A few 
hundredths of a per cent will make 1111 the difference between an alloy which corrodes rapidly 
and one which is re istant. In order to determine more accurately the effect of small variations, 
a series of alloys was made in which the manganese was varied by approximately .05 per cent 
intervals. The specimens were the standard corrosion test pieces, 3 x 1 VB inches x h inch. 
After five days' immersion in 2 per cent sodium chloride solution the pieces were acid cleaned 
and weighed. 

LOSS IN WEIGHT OF CORROSION TEST PIECES CO TAl ING VARYING AMOUNTS OF 
MANGANESE 

1
_- Loss in 

Composition 

I Per cent 1 weighL , 

.10 Mn ( I per cent AIl ______ I 19. 1 

.],;__________________________ 14.4 

.19 __________________________ , 11. 3 

.2-1 _________ _________________ .9 

.2 ______________ ~__________ 3. 2 

.32__________________________ 2. 2 
,38_ _________________________ I. 7 
.40 ________ :_________________ 1. 9 

These specimens were made under argon and were not ca t in a cold chill mold but were 
cooled fairly slowly. When the specimens were heat treated and quenched those containing 
1,00 littlc mangane e corroded much more rapidly than before heat treatment. The difference 
in varying the amount of manganese wa comparable to that obtained in chill cast foundry 
alloys having a slightly low manganese content as compared with Lhe resistant vacuum-cast 
alloys. It eemed probable that the difficulty in obtaining a resi tanL foundry alloy was due to 

the presence of too little manganese, so that the mangane e content was raised to 0.35 per ccnt. 
When thi was done, the corrosion test on the foundry alloy showed the metal to be practically 
as resistant as that made under vacuum or argon. 

It may be concluded that the mangane e conLenL hould be at leasL three-tenths per cenl, 
and preferably four-tenths per cent, to allow for difference in thermal treatment and the small 
variation usually encountered in preparing the alloy. 

CORROSIO TEST OF THE ENTIRE SERIES SHOWING THE EFFECT OF VARYING BOTH THE 
ALUMINUM A D MANGANESE 

Tests similar to those made with the 4 per cent aluminum alloy 'werc nm with alloys con­
taining 6, ,and 12 per cent aluminum. The re ult are ho'\m in Figure 33 to 35. The 
pecimens were end of broken te t bar which were machined again to present a fre h surface, 

and all ample 'were immer ed for 4 hour in 2 per cenL odium chloride olution. At the 
conclusion of the te t the specimen were acid cleaned by dipping for 20 econd in dilute 
nitric acid. 

A the aluminum content was increased it was e,ident that the amount of manganese 
must also be increased to as me an inhibiting etrect in all tages of thermal treatment. Even 
the 12 per cent alloy, which ordinarily corrode very rapidly, could be made a resistant as any 
of the other by the addition of a sufficient amount of mangane e. 

The photographs of the 6 and per cent erie how the extcnL 1,0 which corro ion was 
inhibited in the pecimen containing . ufficicnt mangane e_ Thc eirect is nOL brought out as 
well in the 12 per cent . cries becall c the laUer are turned black on acid cleaning and do not 
present a polished surface. On visual examination aft('r (,OlTO ion the 12 per ('ent alloy speci­
mens 6, 12, and 1 were found to be unaLtacked by alt watcr except for a black urfacc dis­
colora tion. 
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2 3 4 2 3 4 

5 6 7 B 5 6 7 B 

9 10 It 12 9 10 II 12 

FIG. 33.- Corrosion tests or 6 per ~"clIt aluminwu alloy containing 
varying amounts or mangancsc. 

FIG. 34.-Corro iOI1 tosts or per cent aluminum alloy containing 
varying amollnts or manganese 

Spec. AI Mn No. 
---1---

1 6.1 0.10 
2 6.60 .20 
3 5.91 .35 
4 6.1 .57 I 

Spec. 
No. AI Mn 

-----1---
1 
2 
3 
4 

.61 
7.86 
.49 

8.18 

0.12 
.17 
.42 
.55 

Specimens 5,6,7, and 8 heat-treated and quenched. Specimens 9, 10, II, and 12 heat-treated, 
QlIenehed, and aged. Immersed 4 bours, 2 per cent NaCI solution 



THE ORRO TO ~ OF MAGNESIUM 27 

EFFECT OF H EAT 'J'REATMENT ON THE CORROSION OF THE ALUMINUM ALLOYS CONTAINING 
MANGANESE 

It is interesting to note in the preceding tests that in every ca e where insufficient manga· 
nese is present solution heat treatment makes the alloys much less l'esi tant to corrosion. It 
i evident that corro ion i not a question of homogeneity, a has al 0 been confirmed by micro-
copic examination. The amount of manganese necessary depend apparently on the amount 

of aluminum in solid solution and not on that present as undi olved con tituent. When 
sufficient manganese i pre ent, solution heat treatment has little or no effect. Perhap the 
best test to determine the amount of mangane e nece ary to inhibit corro ion in a given alloy 
under all condition would be to give each pecimen of the series a prolonged solution heat 

2 3 4 5 6 

7 8 9 10 II 12 , 
13 14 15 16 17 18 

FIG. 35.-Corrosion tests of 12 per cent a lu minum alloy containing varying 
amounts of manganese 

spoc. I Al 
No. :MIl 

1 12.05 0.08 
2 12.54 .ll 
3 12.75 .20 
4 12.76 .33 
5 12. 88 .51 
6 12.3 .83 

Specimens 7, ,9, 10, 11, and 12 heat-treated. Specimens 13, 14, 15, 16, 17, 
and 18 hent-treated and aged 

treatment and determine the mangane e content at which the alloy still retained its resi tance 
to corrosion. 

POTENTIOMETRIC I NVESTIGATION 

Metallographic examination showed the nature of the corrosion attack with the aluminum 
alloys, and that the increased corrosive action due to added aluminum was not caused by 
undissolved aluminum constituent. However, it did not show the mechanism whereby alumi­
num accelerated corro ion, or the function of manganese in cOlmteractin·g the effect of the 
aluminum added. 

The tendency of magne ium to corrode rapidly is due to its position in the electromotive 
erie. It has been previously emphasized that the corrosion of magnesium in salt solutions 

is essentially a displacement of hydrogen, and unles the accelerated corrosion of the magnesium­
aluminum alloys i caused by a galvanic couple between the magnesium and the undi solved 
constituents present, any influence which inhibits corro ion mu t tend either to hinder the 
magnesium from passing into the solution, or to make it more difficult for the hydrogen to plate 
out. Granting this as umption, it should be possible· to summarize all the ways in which 
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manganese could inhibit corrosion, and to seek experimental evidence from potential mea me­
ment to prove the nature of the inhibitive action. The pO ible effects of mangane e may be 
ummarized as follow : 

Lowering of the olution tendency of magnesium by: 
(1) Mechanical resi tance due to a more protective in ulating film. 
(2) Lowering the olution potential through solid olubility of the mangane e. 
(3) Lowering the solution potential by the formation of a more protective but not neces-

sarily insulating film. 
Hinderance of the plating out of hydrogen by: 
(1) Rai ing the overvoltage of the metal. 
(2) Increasing the solid olubility of impuritie of low overvoltage from which hydrogen 

could be ea ily liberated. 
(3) Changing the overvoHage of undis olved constituent. 
It wa therefore proposed to inve tigate the following factor by means of potential mea me-

ments: 
(1) Effect of alloying element on solution potential. 
(2) EO'ect of the protective film on olution potential. 
(3) ature of galvanic action. 
(4) Effect on overvoltage of alloying with aluminum and mangane e. 
The term" solution potential" will be used to denote the ingle potential of magne ium 

in salt olutions rather than the potential of the metal immersed in a normal olution of it 
ion. The magne ium electrode is highly in'ever ible and the magne ium ion concentration 
in the solution has little eITect on the value of the potential as measured. 

It was not xpecLed that the potential mea LlI'ements during the process of corrosion could 
be duplicated 1,0 within more than a millivolt, 0 that extreme precautions for accuracy and 
the use of an expensive potentiometer and sen itivc. galyanom tel' did not seem warranted. 
The in trUl1lent u ed was the Leeds- orthrup student potentiometer, with a range of 2.2 voHs, 
accurate to 0.5 millivolt. A portable cl'Arsonval galvanometer was used, and the sen itive­
nes was found to be ample. The battery current was controlled by a four-dial Leed - orth­
rup re istence box, Yftriable in teps of 1 ohm. The potentiometer circuit wa tandal'dized 
again t an Eppley tandard cell. 

The calomel electrode was of the Fale type, and both normal and tenth normal potas ium· 
chloride solu tions were used. The calomel was electrolytic, pecially prepared for calomel 
electrodes by the LaMotte Chemical Products Co. An intermediate liquid junction of normal 
potassium chloride olut!on was u ed between the calomel electrode and tbe corroding medium. 

THE SOLUTION POTENTIAL OF PURE MAG ESIUM 

The true olution potential of magnesium is difficult to mea ure, and the cau e is usually 
attributed to the formation of an oxide or hydro}.:ide film. In determining the true potential 
an amalgam is u ed, and the values are considerably higher than those obtained by measuring 
the potential of the metal itself against aqueous solutions. The mo t accurate determination 
of the true potential is probably that given by Beck (Reference 1) who obtained a value of 
~ 1.856 to -1. 76 volt in neutral or acid olution of Mg 0 4, in comparison with the normal 
hydrogen electrode. If the potential is compared with the normal calomel electrode used in 
the experiment of this section, the true potential would be between -2.14 and -2.16 volt. 

In the tudy of corrosion the true solution potential is of little practical importance, except 
that the great departure from tbe trLle value under corrosion condi tion may give some indica­
tion of film formation. rapid corro ion i due to the displacement and liberation of hydl'O­
O'en, the important yaILle is the effect1've potenLial, or that available under the actual conditions 
of corrosion to bring about the di placement of hydrogen. 

The single electrode potential of pure magnesium wa mea ured in alt solution and wa 
found to vary from -1.65 to -1.75 volts in comparison with the normal calomel electrode, 
depending on the time of immersion and the condition of the surface. The theoretical potential 
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nece sary to liberate hydrogen from a solution saturated with magnesium hydroxide i ap­
proximately - 1 volt on the ame scale, so that the solu tion potential of magne lum greatly 
exceeds the thcol'eticnJ potential nC'ces ary to plate out hydrogen, C'yen when the solution is 
alkaline. 

THE SOLUTION POTENTIAL OF THE ALUMINUM ALLOYS 

It wa a umed that aluminum owing to it solid solubility would reduce the solution 
potential of pure magnesium. To dC'termine quantlLatively the e£Iect of potential of the addi­
tion of aluminum the series of alloy u ed in a prevlou~ corrosion te3L (p. 5) wa employed. 
The extruded pecimens were annealed at 400 0 

. fol' foul' dnys and quenche,l so a'l to as Lll'C' a 
homogeneo ll st l'uctUl'e. The pieccs were subsequently machined Lo a considt'l'able dC'pth to 
remove surface oxidation, and wcre rubbed with o. 0 Hubert C'1llC' l'y paper Lo obtain a fl'esh 
surface. The spC'cimC'ns were then cleaned with a dry cloth and immel'l:;ed in a 2 per cent 
sodium chlOl'ide solu tion. Readings were taken immediatrly; also the maximum vallie ob­
tained dUl'ingimlllC'l'sion in the salt solution was recorded. 

SOLUTION POTE TIAL OF THE ALUMI UM ALLOY 

Solution potential 

Immrdi-
.\1\0 )' a lr ly "ftpr r,ow('ring 

immrrsiol1 .\La,imum dUt' l o 
'lluminum 

Pure melRL . I. 700 1. 705 

Percent Ai. Millivolts 
2 ___ .-----. ----- I. 640 I. 648 60 
3 ___ I. 619 1. 619 81 
4 -- I. fili 1. 6n 83 
5. I. fil4 I. 61.5 86 6 ___ --- I. G05 1.611 91 
8_ - -- 1.f01 I. 624 99 

EFFECT OF SMALL AMOUNTS OF MANGANESE ON SOLUTION POTE TIAL 

The small amount of mangane e necessary to inhibit the corI'O ion of the aluminum alloys 
was found to have a negligible effect on solution potential. Specimens of the 4 per cent alumi­
num alloy, both with and without manganese, howed inglc potential indentical to within 
101' 2 millivolt. lIence the inhibiting efl'ect of magnane e could not be attributed to a lowering 
of olution potential. The aluminum present in the n,lloy Jow(']'cd the solution potential Lo 
a much greater extent than would be po ible with a comparati\'ely small amount of manganes(" 
and any counteracting crfect of manO'anese in lowerincr the potential h, approximatelyanothC'r 
millivolt would be negligible. A small variation in the aluminum con Lent would cause as 
great or eY('n greater difl'Nence in potential than could be produced b~T thC' addition of man~anC'.;;C' . 

ATURE OF THE PROTECTIVE FILM 

It was planned at !-ir. t Lo make a crie of accurate]'e i tance measlirement· \\'ith the films 
formed on various alloys to compare their degree of pl'otectiYeness, but the. e experiments have 
not been completed. Rough mea Lll'ements hayc shown that the film forllled on pure metal 
and the re istant alloys has a comparatively 10\lT elecLrical 1'e istance, at least in the early stage 

of corrosion , 
When a reactive metal become covered with an adherent film of corrosion product, 0 that 

it is protected from further corro ion, thc e.ITect is madc e"idcnt in the mcasurelnent of oluLion 
potential. Thus aluminum is above zinc in thc electromotiye serie , but when the olution 
potentials of the two metal are mea ured in aIt solution the potential of aluminum i u ually 
lower than that of zinc by everal tenth of a yolt, The alumin um i made" passive" by the 
presence of the protectivc film. The actiye urfaee of iron i also anodic to the ' llrface of the 
same metal covered with an oxide film, The phenomenon is quite general, and the low value 
obtained for the olution potential of magne ium compared with the true potential is probably 
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due to a similar cause, although here the liberation of hydrogen adds another complicating 
factor. 

If the corrosion resistance of the magne ium-aluminum alloys containing manganese were 
due entirely to the formation of a protective film, the solution potential hould be lowered to 
a greater extent than with the alloys containing only aluminum. After corrosion had proceeded 
for some time the alloys without manganese should be anodic to the more resi tant alloys, 
owing to the former presenting an active surface. Potential measurements howed that in 
every case the reverse was true. The manganese alloys were always anodic to the aluminum 
alloys containing no mangane e. A the corI'o ion product accumulated on the alloy which 
wa rapidly corroding, the olution potential dropped off corre pondingly, but the potential of 
the resi tant alloy still retained its high value. 

The effect of film on the solution potential of pme metal was al 0 mea med over a period 
of two weeks' immersion. The values of the ingle potential with respMt to the normal calomel 
electrode are given in the following table: 

EFFECT OF FILM ON THE POTE TIAL OF PURE MAGNESIUM 

'l'imo after imlllersion Potential 

Instan taneous read ing.... 1. 700 Rapid evolution 
1 minute......... .. ..... 1. 703 of hydrogen 
5 minutes. ... ........... 1. 705 

15 minutes.......... ..... 1. 704 
30 minutes............... 1. 700 
1 hOUL.. . ..... ......... 1.697 
2 hours.. . ............... 1. 687 
4 bours .................. 1.687 Slight evolution 
8 bours............ ...... 1. 683 of bydrogen 

24 bours .........•........ I 1. 675 
2 days....... ......... .. . 1. 670 
1 week............. .... . 1. 668 
2 weeks..... . ... . ....... 1. 663 

Although all visible hydrogen evolution ceased after the first day, the potential was till 
much higher than that theoretically nece ary to plate out hydrogen as a gas, namely, -1 volt. 
This could mean only one of two thing: Either the film wa sufficiently insulating to top 
chemical action and the high potential wa exerted merely through a few pores of high electrical 
re i tance, or el e the film had lowered the solution potential to the point where it no longer 
exceeded the theoretical hydrogen potential plus the over voltage of the metal. Experiment 
were undertaken to determine which of the e conditions obtained. 

Two machined electrodes from the same piece of magnesium ingot were immersed in 2 per 
cent salt solutuion until covered by the protective film. After about 26 homs all visible evolu­
tion of hydrogen had cea ed, and the potential were the ame to within a millivolt. An ex­
ternal E. M. F. of 0.2 volt wa applied across the two electrodes; when the circuit wa clo ed 
hydrogen wa immediately liberated from the magne ium cathode, even though covered with 
the film which stopped further action in salt o~ution. ince the total E. M. F. applied wa 
only 0.2 volt, the depression of the cathode potential below that which it normally had before 
application of the cmrent wa Ie than thi , and probably less than a tenth of a volt. Hence 
·by merely depre ing the potential from the original value of -1.70 to that of -1.80 volt 
(making it "higher" in a negative sense) vigorous evolution of hydrogen re ulted. The potential 
was already 0.7 volt higher than the theoretical value nece ary to displace hydrogen, and yet 
no hydrogen was liberated until the additional tenth of a volt wa applied. When the circuit 
was broken and the additional potential removed, the evolution of hydrogen ceased. 

Thi lead to the assumption that the film reduces the solution potential to a critical value 
where it i no longer able to displace hydrogen. If 0, the overvoltage of magne ium mu t be 
comparatively high. 

Another evidence that the corroded pecimen i able to fun tion as cathode in pite of the 
protective film i hown by the current generated when it i merely connected to a piece of 
the same metal having a clean urface. Here the differences in potential are small, but a 
current of from 2 to 3 milliamperes may be obtained. The amount of hydrogen liberated 
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cathodically is negligible compared with that liberated from the fre h piece, but this is to be 
expected because of the small difference in potential and the high electrical resistance of the cell . 

II the overvoltage of mngnesium is high nnel the film is not protective in the sen e that 
it i insulating, then hydrogen should be readily libernted by merely connecting with a metal 
of low overvoltage. 

An electrode made from magnesium ingot was allowed to stand in 10 per cent snIt olu­
tion for a week to a ure the protective nature of the film, and all sign of hydrogen liberation 
had appnrently cea ed. The electrode was then connected to a platinum rod immersed in the 
same beaker. Hydrogen was liberated vigorou ly from the platinum, and a current of from 
30 to 40 milliampere wa obtained. Thus the film wa not protective in preventing nnodic 
action when an area of low overvoltage was exposed for the liberation of hydrogen. 

The preceding experiments how thnt magnesiuUl when covered by n protective film cnn 
function either cathodically Oiberating hydrogen) or anodically (pa ing into solution) when 
potential or overvoltage relations are altered. That the corro ion of the magnesium when in 
contact with platinum was due to the low overvoltage of the platinum and not to the difference 
in potential between the two metal owino- to their position in the electromotive series will be 
proved in the following section. 

The older idea of corro ion involved the formation of a galvanic couple b.etween the 
more reactive metal and noble impuritie , and the driving force of corrosive action was sup­
po edly the difference in potential between the two metals, which in turn depended on their 
po ition on the electromotive serie. According to this view resistance to corrosion implied 
homogeneity; alloy pos e ing a heterogeneous structure and having phases or parts differ­
ing in solution potential from the remainder should function as galvanic cells, at least in the 
case when hydrogen is liberated. The following experiments show that galvanic action 
depend on overvoltage rather than a difference in solu tion potential between the two metals. 

It has been empha ized that corI'o ion is essentially a displacement of hydrogen. If the 
olution potential of the metal i higher than the theoretical potential necessary to liberate 

hydrogen plus the overvoltage of the metal, hydrogen will be liberated on the u;.·face of the 
metal irrespective of the pre ence of impurities. When this condition obtains with magnesium, an 
external connection to a piece of copper immer cd in the arne olution only lightly accelerate 
corrosion. The greater part of the hydrogen is still liberated from the magne ium surface, 
even in the case of very pure metal. 

When the overvoltage is high and the olution potential i not ufficiently great to di place 
hydrogen on the surface of the metal, then the total hydrogen di placement will take place 
from such impuritie of low overvoltage a the metal may happen to contain. If the impur­
ities have an overvoltage a hio-h or higher than that of the metal itself, then hydrogen can 
not be di placed as a ga no matter what difference in solution potential exi t between the 
reactive metal and the impurity. As the cell i hort circuited the magne ium merely impart 
it high solution potential to the impurity; if the overvoltage of the impurity is low enough 
o that hydrogen can be liberated at thi high potential, then gaseous evolution will take place 

and current will flow; if not, current will only flow momentarily until the elentrode polarizes 
and acquire the same potential with re pect to the solution as the surrounding magnesium, 
whereupon action will cea e. 

An experiment wa made to quantitatively verify the e as umptions. Platinum and mer­
cury, which are close together in the electromotive series but differ greatly in overvoltage, 
were chosen as cathode of a hort-circuited corro ion cell which wa set up as shown in Figure 
36. A magnesium electrode was used as anode; the electrode had been previously immersed 
in 10 per cent alt olution for everal days and all visible igns of hydrogen evolution had 
cea ed. The metal was covered by the o-called protective film. 

The overvoltage of mercury is higher than that of any other metal which ha a yet been 
measured, while the overvoltage of platinum i known to be low. Hence, unless the protec­
tive film in the magnesium were in ulating and prevented anodic action, we hOllId expect a 
current to flow and the magnesium to di olve when connected to platinum; on the other hand, 
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only a momentary current hould be produced with mercury, and the magnesium anode should 
remain unattacked, even though there is a difference in potential between the two metals of 
nearly two volt when measured OIl open circuit. 

The differences in potential between magnesium and the two cathode metals were mea _ 
ured on open circuit with the potentiometer and were found to be almot identical: 

• Volls 
i\Iagnesium-pJatinum_ _ _ _ _ _ _ _ _ _ 1. 62 
i\lagnesium-mercury _ _ _ _ _ _ _ _ _ _ 1. 64 

The latter potential dropped to 1.59 volt merely due to polarization by the mall current 
which flowed through the galvanometer. 

When the cells were short-circuited through a milliammeter the one having a mercury cathode 
gave only a momentnry current which oon dropped to zero. The platinum cell wa sti ll giving 
quite a high current after 48 hours when the experiment wa discontinued. 

Current 

Time 

I 
Mercury 

Milliamperes 
Initial currenL___________________ 4 
] minute________________________ 2 
2 minutes_______________________ 1 
5 minutes_______________________ 0.5 

]0 minutes__ _ _ ___________________ .3 
30 minutes _ ________ ______________ . .3 
2 hours _______________________________________ _ 

24 hours _______________________________________ _ 
48 hours _______________________________________ _ 

Platinum 

Milliamperes 
G 

25 
30 
30 
30 
34 
40 
40 
31 

The platinum cathode was only a one-eighth inch rod and furni hed much less area than 
the mercury, but after 10 minutes it produced nearly 90 times the current which flowed when 
mercury was u ed as cathode. The cell was carefully tested for external resistance, particularly 
with respect to the mercury column used for connection to the mercury cathode. When this 
column was introduced into the circuit while the magnesium was connected to the platinum 
no change in current resulted. 

There was no evidence of hydrogen evolution from the mercury, but hydrogen was evolved 
vigorou ly from the platinum. At the end of 4 hours the electrode connected to the platinum 
~as badly corroded and reduced to about two-thirds its original ize, while the electrode con­
nected to the mercury was unattacked except for the small amount of pitting due to the normal 
action of salt water. The two electrodes together with a reference electrode which had been 
immersed merely in the same depth of alt solution for the same length of time are shown in 
Figure 36. 

The experiment showed that polarization i the controlling factor in galvanic action rather 
than difference in solution potential. This, in turn, depends almost entirely on overvoltage. 
The mechanism of the action may be pictured as follows: 

The electrDlytic corrosion cell is short circuited and there i practically no drop in potential 
through the metal. Thus the second metal or impurity tends to as ume practically the same 
high potential as the magnesium. However, if the overvoltage is low, it can not keep thi 
potential with re pect to the solution, fol' hydrogen will plate out before the potential can be 
built up to this value. The impurity then functions not as a metal electrode but as a hydrogen 
electrode. If the inlpurity has no overvoltage it assumes practically the true hydrogen poten­
tial. If it has approximately two-tenths volt overvoltage it will assume a potential two-tenths 
volt higher than this. If the overvoltage equals or is greater than that of the reactive metal 
no current will flow unless the potential of the reactive metal is high enough to displace hydrogen 
on its own surface. Under any condition there is only a few tenths of a volt difference in effective 
potential between magnesium and the impurity. This effective potential difference may even 
be zero, whereas the difference in potential on open circuit may be from one to two volts. 
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I 
2 3 

FIG. 36.-Electrolytic cell and electrodes used in overvoltage experiment. (I) Im­
mersed in 10 per cent NaCl solution 7 days. (2) Connected to mercury 48 hours. 
(3) Connected to platinum 48 hours 

T/me 
FIG. 37.-Current. Time curve (or electrode connected to platinum 

I\, 
Tt"me 

FIG. 38.-Current. Time curve (or electrode connected to mercury 

33 
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ACTIVATION OF THE PROTECTIVE FILM THROUGH THE FORMATION OF A GALVANIC COUPLE 

In the experiments on galvanic action in which magnesium was connected to platinum it 
was noted that some hydrogen came from the magnesium as well as from the platinum rod 
acting as cathode. All libera,tion of hydrogen from the corrosion specimen had ceased before 
the two metals were connected so that there was evidently some activation of the film by 
elec trolysis. 

In subsequent experiments using other metals than platinum an effort wa made to decrea e 
the re istance of the electrolytic cell by employing larger cathode, and it was found that 
immed' ately on short circuiting these cell hydroO"en was liberated vigorously from the magne­
sium anode as well a from the cathode. In some cases it seemed that more hydrogen wa 
liberated from the magnesium than from the second metal employed in the galvanic couple. 
When the circuit wa broken the rate of hydrogen evolution from the magnesium decrea ed 
rapidly and finally became inappreciable, but when the circuit was again closed the evolution 
of hydrogen immediately became vigorou. The phenomenon could apparently be repeated 
as often as desired. 

The e observations howed the presence of an unusual condition which i not present in the 
COITO ion of less reactive metals. Although corro ion may be cau ed entirely by the electric 
current which i set up when magne ium is connected to an impurity of low overvoltage, the 
actual current which flows may account only for a small portion of the metal which dissolve. 
The film of corrosion product which would protect the anode unless current were pa sing i 
activated so that additional metal is di solved owing to a displacement of hydrogen directly 
on the magne ium surface. 

If the liberation of hydrogen were due to an activation of the protective film, this should 
make itself eviden.t on measuring the olution potential immediately after the circuit is broken. 
Potential measurements showed a rise in potential of approximately 10 millivolts which dropped 
rapidly to the normal value, whereupon the liberation of hydrogen practically ceased. 

In all electrolytic corro ion in chloride solution where the anode and cathode are separated 
by an appreciable di tance, the primary corro ion product i magne ium chloride and not 
magne ium hydroxide. Previous inve tigatoI' have hown that magne ium chloride i more 
corrosive in its action toward magnesium than either sodium or potassium chlorides; Evans 
(Reference 2) has maintained that the peptization of the hydro)..-ide film by alkali chloride is 
due to the magnesium chloride formed during COITO ion. 

In addition to peptization, or the tendency of the magnesium chloride to cau e the hydroxide 
film to pas into colloidal solution, there arc a number of possible reasons for the activation 
of the film by electroly i. One factor which may be of importance and which has never before 
been mentioned is the" acid effect" exerted by magne ium chloride. A aturated solution of 
magne ium hydroxide i slightly Ie s alkaline when a large amount of magne ium chloride i 
present, as may be hown by electrometric titration curve. 

When the hydrogen ion concentration i increased even slightly, the potential nece ary to 
plate out hydrogen is lowered. ince the film on the magnesium i not in ulating and the olu­
tion potential of the metal i now higher than the um of the hydrogen potential plus the metal 
overvoltage, hydrogen will be displaced. 

It has been hown by the work of Evan (Reference 3) and other that the pitting of iron and 
steel is due almost entirely to differential aeration, or unequal acce s of oxygen to different parts 
of the specimen. Evans succeeded in mea uring the curren t between aerated and unaerated 
pieces of iron, and found that it accounted for nearly 0 per cent of the total corI'O ion. The 
cOITosion of magne ium i entirely different in type but it semed of intere t to determine the 
effect of atmospheric oxygen on olution potential. 

Two electrodes of pure metal were immersed in the same beaker and allowed to corrode 
until there wa no visible liberation of hydrogen. The pieces were connected to a galvanometer; 
one of the pieces was removed from the solution for a moment and then immersed again in the 
salt solution. A current was indicated on the galvanometer. The other electrode was then 
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remo\'ed and. reimmel"ecl, and a current flowed in the oppoc;iLe direction. Thu the aemLioll 
current of Evans were dctected, even when the maane ium wa covered by a protective film. 

Solution potentials were then measured, u ing the magnesium electrode in comparison with 
the normal calomel electrode. After aeration the potential dropped 5 to 10 millivolts, but on 
standing in the salt solution it oon returned to its normal value. This drop in potential due to 
aeration wa ob erved even with piece which had been previously immer ed in salt water for a 
period of six weeks. 

ATUR"t OF PITTING 

Although it was believed that pitting of magne ium was due principally to surface condition 
and to factors e:\.'ternal to the structure of the metal, it wa at first very difficult to formulate 
a theory whereby the phenomena observed in localized corI'o ion could be satisfactorily explained. 
In the fir t place, hydrogen u ually came from Lhe pit. As the pit penetrated more deeply into 
the metal hydrogen continued to come from the bottom of the pit, even when the depth had 
advanced a measurable distance from the point of inception. This in it elf made it difficult to 
believe that the action WfiS due to an undissolved impurity, unle s the entire area in the direction 
of pitting contained this impurity, for the seat of hydrogen liberation changed with advancing 
depth. Microscopic eXfimination howed no egregation of impurities in the pitted area to 
account for the facts observed. 

The investigation with the potentiometer a outlined up to this point furni hes an explana­
tion of pittip.g which i believed to be essentially correct. 

When magnesium is immersed in a alt olution practically the entire outer surface is eaten 
away. During the formation of the film of corrosion product there are bound to be irregularities . 
Anode and cathode areas will consequently be set up. Even immediately on immersion the e 
differential areas will be e$tablished owing to surffice irregulariLie and oxidation films of varying 
thickne . 

It has been shown that a measurable current could be obtained by merely connecting a 
piece of magnesium covered with a protective film to a clean electrode made from the same metal. 
In the overvoltage experiments it was found that electrolysis activated the film on the anode 
area, raised the solution potential, caused the liberation of hydrogen from the anode, and kept 
a protective film from forming a long a the current pas ed. At the bottom of a corrosion pit 
we have such a et of condition. The film of flocculent precipitate protects the anodic area 
inside the pit from the action of oxygen which would tend to lower the solution potential. 
The entire piece may function as cathode; both through the liberation of hydrogen and through 
depolarization with atmospheric oxygen. The anode i cenLered on one point or at the most 
a small area at the bottom of the pit. The magne ium chloride content of the pit become 
high through electrolysis; this has a great activating tendency, probably both through peptiza­
tion of the hydro:-.ide film and through some slight change in hydrogen ion concentration. 
Hydrogen i liberated from thi active surface within the pit, and the process i continuou . 
Metal di ol,es both through electrolysis and hy a direct displacemenL of hydrogen from the 
active surface, and the actual current flo\ving may account for only a small part of the metal 
dissolved. 

This theory a outlined explain why pitting is continuous when Qnce tarted and why 
hjTdrogen comes from the bottom of the pit. Oases have been observed where a pit has started 
from one side of the piece and eaten entirely through it, 0 thaL Lhe pecimen could be broken 
in two with little eITort. The presence of impurities of low overvoltage i not necessary for 
pitting, for experimrnt has shown that the piece iL elf can act as a cathode eyen when covered 
with a protective film. The import.ant point is that in corrosion by electroly is the primary 
product of corrosion is magnesium chloride and not hydroxide. The activating effect of the 
magnesium chloride probably accounts for the extreme depth of the pits in compari on with the 
corrosion of the surrounding metal and the fact that pitting when once started is continuolls. 

The pre ence of impurities of low overvoltage will probably cause pitting if the e impurities 
are segregated, but this is seldom the case. In the copper aUo!s where the constituent i evenly 
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distributed the attack, although rapid, is general over the surface, and the entire piece di -
integrates without the formation of deep pits. If the overvoltage of the impurity is as high 
or higher than that of magnesium, the impurity will have little efrect on either general 01' localized 
corrosion. 

PROBABLE ACTION OF MANGANESE IN PREVENTI G CORROSION 

Although the experimental work of the corI'O ion investigation has not been carried to a 
point where conclusions can be drawn with ·certainty, the experimental facts seem to point 
to one explanation for the inhibiting action of manganese on the corI'O ion of the mangesium 
alloys containing aluminum. The explanation may be summarized as follows: 

The overvoltage of pure magne ium is quite high. On immersion in salt water the metal 
corrodes with the liberation of hydrogen until the film of corrosion product lowers the potential 
to a critical value. When the potential reaches this value it no longer exceeds the theoretical 
hydrogen potential plus the overvoltage of the metal. Rapid corrosiOJ'l consequently ceases. 
·When alwninul1l is added, especially when in large amounts, the overvoltage is decreased and 
hydrogen plates out at a much lower potential than with pure magnesium. The addition of 
a small amount of manganese raises the overvoltage back to practically that of pure metal, 
and the :film is again protective. 

It is not maintained that the interfering action of the film clue to mechanical· resistance is 
negligible, as this factor is probably of considerable importance. The experimental evidence 
merely indicates that it is not sufficient in itself to stop corrosion at the point where visible 
action ceases. As long as potential and overvoltage relations arc favorable for the liberation 
of hydrogen, corrosion will continue until the piece is disintegrated. 

CONCLUSIONS 

1. Pure magne ium of ordinary ingot grade is quite resistant to corrosion by salt water. 
2. The addition of aluminum increases the rate of corrosion, but the presence of a small 

amount of manganese counteracts to a large extent the effect of the added aluminum . 
3 . No relation can be traced between the presence of undissolved constituents and the rate of 

corrosion of the magnesium-aluminwll alloys. 
4. There is a definite relation between cored structure and corrosion. The magnesiwu-rich 

dendri tes are eaten out as if by direct attack. 
5. Coring is not the eause of corrosion but is merely responsible for the dendritic nature of 

the attack. 
6. Magnesium silicide is inactive during corrosion. 
7. The aluminum constituent, at least when present in small amounts, is inactive. 
8. onmetallic inclusions are inactive during the initial corrosion attack, but the inclusions 

may act as nuclei for the crystallization of the magnesium-rich dendrites. The latter are 
attacked by salt water and give the appearance in the corroded specimen of a relation between 
inclusions and corrosion. 

9. A critical amount of manganese is nece sary to inhibit the corro ion of the magnesium­
aluminum alloys. The amount increa es with the quantity of aluminum in solid solution. At 
least three-tenths per cent manganese should be present in the 4 per cen t aluminum alloy. 

10. Alloys which do not contain the critical amount of mangane e corrode until completely 
disintegrated. 

11. An excess of manganese over the critical amount slightly decreases the resistance to 
corrosion but does very little harm. It is better to have too much than too little manganese 
present. 

12. Heat treatment of the aluminum alloys containing too little manganese makes them 
much less resistant to corrosion. If sufficient manganese is present, heat treatment has 
practically no e!l'ect. ~ 

13 . The protective film formed on resistant corrosion specimens does not stop electro­
chemical action by actual insulation. A change in potential relations of less than one-tenth 
volt will cause the liberation of hydrogen. 
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14. The electrical resistance of the film is small and is of the order of magnitude of a few 
ohms. 

15. When a speeimen covered by a protective film is connected to a metal of low over­
voltage the magnesium corrode rapidly and the film is activated so that hyd rogen come from 
both the magne ium anode and the metal acting as cathode. 

16. Overvoltage of impuritie and not their position in the elect romotive series i the factor 
which determine whether they are active or inactive dLu'ing corrosion. 

17. Pitting is probably due to the activation of the film on the anodic areas by the formation 
of magne ium chloride during electrolysis. As long as current flows the action will be con­
tinuou . 

1 . Aluminum apparently lowers the overvoltage of magne ium. Hydrogen is liberat d 
at a much lower potential during corrosion than is the case with pure magnesium. 

It is concluded that manganese raises the overvoltao-e of the aluminum alloys back to prac­
tically that of pure magnesium . • REFERENCES 
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LongitudinaL __ X X rolling _____ L 
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Z-----+X pitch _____ e v q 
X-----+ Y yaw _____ iF w r 

-

Angle of set of control surface (relative to neu­
tral position), o. (Indicate surface by proper 
subscript.) 

4. PROPELLER SYMBOLS 

D, Diameter. T, Thrust. 
Pe, Effective pitch 0, Torque. 

P!" Mean geometric pitch. P, Power. 
p., Standard pitch. (If " coefficien ts " are introduced 
pv, Zero thrust. units used must be consistent.) 
pa, Zero torque. 1/, Efficiency = T VIP. 
p/D, Pitch ratio. n, Revolutions per sec., r. p. s. 
V' , Inflow velocity. N , Revolutions per minute., R. P . M. 
Vs, Slip stream velocity. 

<P, Effective helix angle = tan- 1 
( ~) 

27l'rn 

5. NUMERICAL RELATIONS 

1 HP = 76.04 kg/m/sec. = 550 lb. /ft. /sec. 
1 kg/m/sec. =0.01315 HP. 
1 mi./hr. = 0.44704 m/sec. 
1 m/sec. =2.23693 mi.jhr. 

1 lb. = 0.4535924277 kg. 
1 kg = 2.2046224 lb. 
1 mi. = 1609.35 m = 5280 ft. 
1 m = 3 .2808333 ft . 
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