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I. INTRODUCTION

Magnesium alloys, the lightest of all the structural
metals, became leading strategic materials in the early days of
the recent war, and are mow firmly established in American indus-
try. Their major advantage is a very high strength-weight ratio,
supplemented by toughness, high resiliency, good durability,
excellent machinability, and ease of fabrication. The peak mag-
nesium wartime production capacity of nearly 600,000,000 pounds,
attained in 1945, left a plentiful supply of this material avail-
able for peacetime uses, but the demand for the metal has dwindled
to about one~tenth of the peak production capacity.

It would appear logical that the demand for these re-
cently developed alloys would be increased by overcoming the prob-
lems which tend to discount their advantages. The major problems
preventing many designers from selecting magnesium alloys for pro-
posed construction are (1) their lack of corrosion resistance,
especially in the presence of most acids and salts, (2) that their
yield strengths are lower in compression than in tension, and (3)
their low thermal capacities. The important problem of corrosion
is of vital concern to the chemical engineer, since in the selec~
tion of materials of construction for the chemical industry, corro-
sion resistance is absolutely essential.



Many forms of corrosion can destroy magnesium alloy
assemblies. One of the severest types of attack is stress-corrosion
oracking, which ocours under a condition of high stress in the form
of residual stresses due to fabrication, or other stresses caused by
externally applied loads. Wherever such corrosion takes place, the
metal usually fails completely. Studies of stress-corrosion crack-
ing have been made in both the United States and in Germeny, but
nearly all of the research has been carried out on the sheet metal.
Extrusions are also subject to high design and fabrication stresses,
and study of these would therefore appear necessary.

The purposes of this investigation are (1) to develop
an accurate but simplified method of accelerated stress-corrosion
ocracking testing of magnesium alloy F8-1 extruded rectangular bar,
1/8 x 3/4~inch nominal cross section, using standard temsion test
speciment having a two-inch gage length; (2) to determine the effect
of pH on the stress-corrosion oracking limits for the alloy when
exposed to an accelerated sodium chloride-potassium chromate solu-
tion; and (3) to determine the characteristics of the testing
method.



Useful scientific and technical literature on magnesium
and its alloys is limited. This is evidently due to the slow prog-
ress made in the production methods and technology of these metals
in the United States prior to World War II, and later to wartime
security measures which prevented publication of information during
the period of the most rapid advancement. Since the recent war, an
increased amount of information has appeared in the technicsl jour-
nale and trade literature.

Magnesium, Magnesiun is a silvery waite metal having an
atomic number of 12; atomic weight, 24.32; isotopes, 23, 24, 25, 26
and 27; valence, 2; specifie gravity, 1.74; melting point, 651° ¢.;
and boiling peint, 1100-1120° .47 48) 14 1oy recognised by
Black as an element in 1755, isolated by Davy in 1808 and prepared
in a pure metallic form by Bussy in 183149}, me first practical
means of separation is attributed to Bunsen who, in 1852, derived
pure magnesium by electrolysis of the fused chloride. This type of
electrolysis is a basic process in the production of magnesium today.

Magnegium is the eighth most abundant element and the
sixth most ebundant metal found in the earta's crust, comstituting
about 2.1 per cent of the total. Dolomite and magnesite are the
prevalent natural forms of the mineral. In sea water the availability



of magnesium is about 5.5 pounds per 1000 galloms, occurring pre-
dominantly as the chloride. Various subterranean brines are more
highly concentrated.

It is used primarily (1) in the finely divided form or
at high Wntm in flares, pyrotechnics, Grignard reaction and
desulfurization of nickel, copper, sine and aluminum alloys, and
(2) as an alloying ingrediemt(3%),

: : Magnesium was first produced

commercially in Germany about 1913 and until World War I was pur~
chased in the United States for about $1.65 a pound*™¥), At that
time its prineipal uses were in photegraphic lighting. American
producers began pioneering in 1915, when the price of ingots had
risen to $5.00 a pound and the war demanded new sources. The ten
years following World War I marked the transition of megnesium

from its principal use in flash bulbs to a dependable light alloy
for use in strustural forms and decorative applications, and from
that time through World War II, the production gradually increased
annually, with the exception of the periods 1930-1932 and 1935-1936.
Stooking and Watkins(’") blame cartel arrangements for retarding the
growth of the young industry which might have grown even faster.
During the recent war the aviation industry made such great demands
for the metal that the Governmment contracted with tem companies for
its production, which reached a peak capacity of 586,000,000 pounds
in 1945(1“). Table I, page 5, gives the production of magnesium
for specified years between 1915 and 1944 and Dow Chemical Company's



TABLE I

PRODUCTION OF MAGNESIUM AND DOW CHEMICAL COMPANY'S
AVERAGE PRICES FOR MAGNESIUM INGOTS
IN SPECIFIED YEARS, 1915-1945.

Year

1915
1918
1920
1925
1926
1927
1928
1929
1930
1931
1932
1933
1934
1935
1936
1937
1938
1939
1940
1941
1942
1943
1944
1945

mﬂutioa(”) m«u(”)
v. 8., Germany, To AMCY,| To Other Domes-
cents tic Customers,
1000 1b 1000 1b per 1b | cents per 1b
38 - e -
m I - . -
m - - =
u’ - - -
322 ue - 3
366 - 55 (£
521 - 49 78
1,330 - 49 81
1,174 - 48 76
581 - 42 54
2 - 32 37
1,435 5,000 28 35
4y 250 - 23 28
by241 17,000 19 28
3,”3 i 20 27
4y 540 26,576 20 27
6,415 31,020 20 25
6,700 36,300 19 26
12,522 55,000 18 26
32,500 77,000 16 26
97.936 - 18 22
367,168 - 21 22
336,674 - - %

*American Magnesium Corporation.




annual average ingot prices for the years 1927-1945.

Commercial magnesium ingots are graded as No. 0, contain-
ing 99.99 per cent magnesium minimum; No. 1, 99.85 per cent mininum;
and No. 2, 99.0 per cent linim(n).

Magnesium is resist-

ant to attack of most alkalies, alkali metal arsenates, chromates,

dichromates, fluorides, ammonia, pure chromiec acid, concentrated
hydrofluoric acid (5 to 60 per cent), and of most organic chemicals
including hydroecarbons, some aldehydes, ketones, alcchols, phenols,
amines, esters and most aih(z) . Commercially pure magnesium resists
the attack of most atmospheres more satisfactorily than does mild
steel(1) | aue essentially to the formation of the protective hy-
droxide or carbonate, and unless molsture is trapped in crevices

or low spots, no structurally serious corrosion will oc:ur(" .
Marine and seacoast locations are more corrosive and may cause
severe nttuk“) (12) .

The proteetive film is not impervious but retards sub-
sequent attack'®®), It is preferable to supplement thls natural
coating with additional surface protection provided by paint sys-
tems, resin finishes and chemical Sestians AN,

Upon ordinary atmospherie
exposure, a primary oxide film forms on the surface of magnesium

but this is readily converted, thouga probably mot wholly, to such
products as the hydroxide, basic carbonate or basic m&to(” )(33)

(87)(”). The film is almost as protective as that on aluminum in




atmospheric exposure but is much less protective when in contact
with water containing carbon dioxide. Salt water penetrates
these films and renders them m—proto%ivo(u) (26) (88) (89) (%0) .
Bushroa‘®5) found that the hydrexide was destroyed at pif 6 or
lower. Boyer(2>) studied the behavior of this film in salt water
and found that pure magnesium immersed in sodium chloride evolved
hydrogen rapidly at first, with visible evolution of hydregen con-
tinuing for 26 hours. It may be considered that the retardation
of hydrogen evolution is due to a slowing down of the rate of
supply of the reactants through the film to the surface of the
metal 1tnlr(“) . Boyer concluded that the overveltage of magnes-
ium coupled with the protection offered by the film was sufficient
to stop hydrogen evolution. The effect of the oxide is to slow
down diffusion rates and so ald in the change in nature of the
solution.

iffect of Impurities on Rate of Corrosion. Hamawalt,
Nelson and Polnht(“) (44) prepared "super-pure" magnesium by dis-
tillation and carefully alloyed this metal with alloying constitu~
ents, which were likewise specially purified. Their conclusions
were that copper chloride, ammonium ehloride, ammonium fluoborate,
sulfur, magnesium nitride, magnesium oxide, magnesium oxychloride,
carbon, helium, nitrogen, carbon disulfide, acetyleme, carbon mon-
oxide, carbon dioxide, hydrogen, hydrogen sulfide, hydrochlorie
acid, chlorine, methane, sulfur dioxide, oxygem, natural gas, air,
and flux inclusions heve "no significant effect" on the corrosion



of the high-purity magnesium and its alloys, provided certain
metallic impurities were not introduced.

Tolerance Limits for Various Impurities. These investi-
gators drew conclusions on tolerance limits for their alloys, find~
ing thet limits for iron, nickel and copper were 0.017 per cent,
0.0005 per cent and 0.1 per cent, respectively. These limits are
markedly changed by the presence of commercial alloying comstitu~
ents. Ihlig(u) gives the effect of certain impurities on the rate
of corrosion of magnesium as shown in Figure 1, p. 9; and states
that in salt water pure magnesium corrodes at about 0.012 inch
penetration per year, whereas the rate for commercial magnesium
is 100 to 500 times greater.

Fortunately, iron does mot combine readily with magnesium
or megnesium~base alloys and is precipitatod in the production of
practically all the magnesium slloys except the lg-Mn type used in
this comtyy'®), therefere 11t41s danger is ineurred by irea ia
combination., However, exclusion of free iron and iron oxides from
the metal during production and in subsequent handling is essentlal.

The reason for these

higher corrosion rates due to impurities is attributed to the
theory that cathodie areas are produced by the impurities, thus
producing solution of the ancdic nagnesium'?®) . Henawslt and his
associates(43) (44) ove somewha’ justified tais theory, slthough
their data are of limited scope, by measuring the inmcrease in
potential of the external circuit, using the various metals whioh



FIGURE 1

EFFECTS OF VARIOUS IMPURITIES ON THE RATE OF CORROSION

OF MAGNESIUM IN 3 PER CENT SODIUM CHLORIDE SoLurzon(84)
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cause accelerated corrosion of megnesium when serving as cathodes
in an electrolytic cell consisting of s platinum anode and a 3
per cent sodium chloride solution. The resulis iandicate that
the corrosive effect of the impurities is in the same relative
order as that determined by the corrosion experiments.

Mx(” ) cautions that meny of the accepted conclusions
on the effect of alloying constituents on resistance to corrosion
are probably masked by the presence of unknown quantities of im-
purities when tests were carried out, and it is likely that the
principel effect of the alloying elements may be the indirect
effect on the tolerance limits of the impurities.

HMagnesium Alloys. Like other pure metals, magnesium
does not possess sufficlent strength and corrosion resistance to
warrant its ui as a structural utor:ia.l(n) . Its elagtic limit
1s only about 2,500 psi‘®), However, when alleyed with such ele-
ments as aluminum, manganese and zine, strength is added to light-
ness %o produce a very high strenmgth-weight ratio. Table II, p. 11,
compares the strength-weight ratio of magnesium slloys with those
of other metals and alloys. Corrosion resistance is greatly im-
proved by certein alloying elements. Commerclal magnesium alloys
are available as sand castings, permanent mold castings, die cast~
ings; forginge; rolled sheet, strip, and plate; extruded sections
incduding Nre, shvwetwrel shepes snd spostial shapes; and Sdibng' ') .
Alunminum, zine and manganese are the ehiof-nonngmtahhng-
nesium alloys, and all commercial alloys contain one or more of these.



TABLE II
STRENGIH-WEIGHT FAGTORS OF VARIOUS marrRiaLs’®®)

Tensile Average Strength-

¥sterial Strength, | Specific | Weignt

Steel, plano wire, cold drawn 400,000 7.84 51,0
Steel, very high alley 250,000 7.85 31.8
Stesl, 18-8 stainless, cold-rolled| 200,000 7.9 25.2
W\n unw, J=lh 47,000 1.80 25.9
s 248RT 68,000 3.‘” 2.5

mm for sireraft 10,000 0.4,)5 23.0
Duralumin 58,000 2.9 20.8
Aluminum, cold rolled 24,000 2.7 8.9

Iron, ingot 40,000 7.87 5.1




Aluminum. Aluminum is used more exclusively than any
other metal and practically all of the alloys contain an amount
of this element. The maximum solublility of alumimum in magnesium
is 12,1 per cent at the eutectic temperature of 436° ., and 2.6
per cent at room tupontm(a) + The dociouiu solubility makes
these alloys amenable to heat treatment and am(”) o Aluminum
enhances both mechanical and corrosion-resistant properties, and
in quantities up to 10 per cent it facilitates heat treatment(?),

Zing. Zinc is added in quantities up to 3 per ecent to
increase the resistance to salt water corrosion and to improve
mechanical properties in the heat-treated cenﬂitioa(z) » This ele-
ment stabilizes magnesiume~aluminum alloys if small amounts of irom
and nickel are present, but if these are absent zinc is not re-
quired. Also, in the ternary system, zinc improves the elonga~
tioa(z) .

Manganese. Manganese improves corrosion resistance
when alloyed in quantities up to 0.3 per cent, although it has
prastically mo effest on physisal properties'®>). It is added %o
commercial alloys to the extent of 0.1 to 0.5 per cent to improve
eorrosion ruiltanu(z) and 1.0 to 2,5 per cent produces an alloy
with superior welding properties. Manganese, according to
Honawa1t(4) (44) | 4os not 1ncresse the tolerance limit for iren
and copper but does raise the limit for nickel from 0.0005 per
cent to 0.001 per cent with 0.2 per cent manganese and to 0.015
per cent with 2 per cent manganese. Although it does not raise
the tolerance limit for iron, manganese apparently does minimize
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the undesirable effects of this impurity.
Silicon. Silicon is not soluble in magnesium and is

;i‘m present in the alloy as l(zli whieh; preeipitated in the
form of lamellar erystals, inereases the hardness, while tensile
strength resches its maximum value with approximately 1 per cemt
silicon(®

: mts. Tin, sireconium and cerium
are employed to a limited extent as alloying metals. Alm(z)
gives, with references, the primary effects of other metals when
alloyed with magnesium, These include antimony, arsenie¢, barium,
beryllium, bismuth, cedmium, calcium, cobalt, copper, lead and
silver.

Heat Treatment. Mechanical properties of some of the
nagnesium alloys can be improved by heat treatments, whose fumctions
are (1) to harden and strengthen, (2) to relieve internal stresses
as in castings, (3) to soften objects for further working, or (4) to
anneal objects previously deformed 002a?®)

Solution heat treatment for

magnesium alloys is earried out at temperatures between 500° and
800° 7., depsnding on the alley sosposition'’!, The purpess of
sush treatment is te throw as much of the materisl ss possible
into solid solution in order to give higher tensile strength and
maximum elongation or dustility,

Aging Heat Treatment. Aging heat treatment(62) takes
place in the range of 300 to 500° F. after the solution heat
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treatment and is given to increase the yield strength and hardness
of the alloys.

Stabilizing Heat Trestment. Stabilizing heat treatment!®?)
involves treatment from 425 to 550° F. and therefore falls under the
same type of treatment as does the aging treatment., It is distin-
gulshed from that treatment since it may be applied to the as-cast
metal or after solution heat treatment in order to obtain rapidly
a complete precipitation., The fumetion is to give almost complete
stress relief and freedom from growth due to aging in service.
Indications are that creep strength is highest in the stabilized
heat-treated state.

Gorrosion

Corrosion has been defined as the destruction or deterio-
ration of a metal by chemical astion of its enviromment!’®),

Annual costs of corrosion and its prevention have been
estimated to be in the neighborhood of §3,000,000,000, which marks
it as a problem demanding continued investigation as to its causes
and prevention. Whoever it was that first called it a "major
industry - in reverse," put it well. The problem exists, more or
less, wherever there are metals or alloys present. Variables which
affect the susceptibility to amd the rates of corrosion are numerous,
and the problems become inereagingly complex where many variables
are active simultaneously. This is usually the case in service.
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Data and literature on the subject are exceedingly volu-
minous, and only the most important and related subjects will be
brought out in this review.

f the Fle ; The electrochemi-
cel thoory‘“) (52) 1s the gemerally ssoepted theory of corresicm.
Other explanations have been offered but the superiority of this
theory is seldom questioned,

According to the electrochemical theory, the complete
corrosion reaction is divided into an anodic portion and a cathodie
portion occurring simultaneously at discrete points on the metal
surface. The anodic portion carries out the destructive action~-the
metal enters the environment as ions with the loss of electrons. At
the cathode there is a gain of electrons, usually by hydrogen ions
which are discharged as hydrogen gas, or as water upon reaction with

dissolved oxygen or with hydrogen acceptors.

The flow of electricity may occur from local cells set
up on a single metal surface or between dissimilar metals. It may
also be externally applied, accidentally or deliberately.

The general mechanism of corrosion is shown by these
simple equations'”!) imvolving the formation of rust by iren in water
in presence of air;

(1) Fo + M " ——Fe"" +
followed by either

(22) 2 -&-io2 —Hy0 (Destruction of film of hydrogen)
or

(2b) 21 — Hy (Removal of hydrogen as gas bubbles).
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These allow (1) to proceed with accumulation of Fe'' in the solu~
tion, followed by

(3) 2re*’ 4+ do,+H,0 — 20"+ 208 >Insoluble

ferrie

The rate of this corrosion process, as a whole, is deter-
mined by the rate of the slowest of these reactions under the partic-
ular conditions. In neutral or alkaline solutions, (2a) controls
the rate of corrosion; in strongly acid solutions, (2b) usually pre-
dominates, Numerous other factors affect the corrosion rates, how-
ever.
According to Speller'™,
corrosion is controlled by (1) primary factors which affect the
tendency of the metal toward solutiom and (2) secondary factors
having to do with the subsequent rate of corrosion, Primary factors

are associated with the metal; secondary, with the environment. The

rate factors are the more important. He sums up the principal fae-
tors as followss
Primary factors having to do mainly with the metal or

alloy:
1. Effective electrode potential of the metal in
solution
2. Chemlcal and physical homogeneity and texture
of its surface

3. Its inherent ability to form an insoluble film
4. Overvoltage of hydrogen on the metal surface
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Factors which vary with the environment:

5.
6.

8.

9.

10.

pH of the solution

Effective supply of oxygen in the solution adja-
cent to the metal

Distribution of available oxygen on the metal
surface

Specific nature, concentration, and distributioen
of other ions in the solution

Effective rate of flow of the liquid past the
metal surface

Presence of solid particles (dirt), or of a coat-
ing of any kind as mill scale, on the metal sur-
face, or contact with other condueting material

in the presence of an elestrolyte
Temperature

Whether the metal is under static stress condi-
tions or exposed to cycles of alternating stress
(the so-called ecorrosion fatigue)

Ability of environment to build up protective
films on the “m.

MicKay and lorthhgtu(“)(”) congider these same points
to be the most important in controlling the corrosion processes.

prineipal factors comtrolling corrosion are briefly explained as

follows:

ion concentration favors the tendency of the formation of atomic
hydrogen, therefore metals tend to corrode more rapidly in acid
ulmm(n) . An opposing effect, though less apt to oeccur,

is that in some cases the hydrogen-ion concemtration changes
the solubility of corrosion products (such as hydroxides) and
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therefore the nature of the protective film. For irem or
steel, the dividing line between rapid corrosion in acid
solutions, and moderate or slow corrosion in nearly neutral
or alkaline solutions, oceurs at about pH 4.5. For the
amphoteric metals, such as aeluminum and zine, highly alkaline
solutions may be even more corrosive than acid solutions,
causing profuse evolution of hydrogen'>®) . It has been dem-
onstrated that the initial rate of corrosion in alkalies may
be as great as that in solutions of lower pi, but the coat-
ing is built up very repidly to decrease this rate.

Hydrogen. On most surfaces hydrogen
has a resistance, termed "overvoltage”, to overcome bafore it
can be evolved as & gas. The magnitude of this overvoltage

depends mainly upon the nature and condition of the surface,
and also upon temperature, pressure, nature and velocity of

the corroding medium and the size and number of the hydrogen
bubbles tomd(n) . Bmcroﬁ‘”)

to be due to polarization by eleetrically neutral monatomie

considered the overvoltage

hydrogen which must react to form molecular hydrogen in order
for it to be discharged as a gas or dissolved in the solution.
Electrical contact of dissimiler metals (ome high and one low
in the electromotive series) breaks down the protection of
high overveltage on the first metsl and allows evolution of
hydrogen from the mou(n) . The rate of corrosion under-
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water, in most cases, is directly dependent upon the rate
at which some oxidizing agent can depolarize the hydrogen.
Oxygen Concentration. Dissolved oxygen may act as
a promoter or inmhibitor of corrosion. An increase in oxygen
concentration generally causes a decrease in the area or
probability of attack but tends to increase the intensity of
any attack which does oocur(n). One of the two main ways
of removing hydrogen from the system (other than evolution as
bubbles) is the reaction with dissolved oxygen to form water,
The rate of corrosion in natural waters is determined by the
rate of depolarization of the cathode areas, and therefore by
the rate at which dissolved oxygen reaches the cathode sur-
taco(n) « According to spollcr(n) s "The effective oxygen
concentration at the metal surface is determined by many fac-
tors including (a) the concentration of oxygen in the solution
as a whole which is influenced by the partial pressure of oxy-
gen above the solution, the area of contact with the atmos-
phere ..., the rates of solution and diffusion of oxygen, the
viscosity and the motion of the solution; (b) the temperature
veej and (e¢) the degree of permeability of films or coatings
8 have a very important effect

on the rate of corrosion: two areas, as shown in Figure 2,

P+ 19a, having different oxygen concentration, cause
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High Oxygen Concentration

Low Oxygen Concentration

Figure 2. Localized action due to oxygen conecentration cell effect.
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Figure 3. Localized action due to metal-ion concentration cell effect.



localized corrosion or pitting at the ares whieh is less
agcesaible to oxygen.

Metal-ion Gongentration. As previously mentiomed,
the tendency of a metal to enmter solution is greatly influenced
by the concentration of the ions of that metsl already in the
solution adjecent to the metal. The lower the ion concentra-
tion, the grester is the tendeney of the metal to dissolve.
Therefore, any effect shich removes the metal ions from the
surfage, such as flow of the liquid, will cause more repid
carrosion in those areas.
shown in Figure 3, p. 19a, are set up between areas of high
and low metale~ion comtent, causing localiszed corrosion at the
points of low consentration. The presence of ions of other
wetals influsnces the rate mainly by affecting tae nature and
distribution of corrcsion vrodusts. They often break down

protective films already formed.

Some metals, in~

eluding aluminum, megnesium, curomium, silicon and stainless
alloys, form a very thin film over their surfaces under many
conditions'™), tais fila is presticslly impervicus and
taerefore protects the metal from further action by the corro-
sive environment; the metal thus becomes passive. The film
is invisible and is thought to be made up of one or more
layers of oxygen atoms atteched to the surface metsl atoms
by ordinary forces of chemicel valense(4%)(71)  gnis



condition can be brought about by oxygen or other oxidising
agents such as nitric acid, chlorates, and chromates. The
physical and chemical charscteristics of metal films are
factors of very great importance with respect to the life of
the metal(49)

Yelogity. An increase in the velocity of the corro-
sive medium past the metal surface tends to accelerate corro-
01’ (P) taly bosanss 10 sanses nere cxygen S0 Do hrovght
to the surface of the metal, Notion alsc tends to thin the
liquid film on the metal surface, reduecing the barrier for oxy-
gen to eross. In the absence of oxygen and if velocity is not
uniform, the area subjected to the higher velocity becomes
anodic., This situation with oxygen present is reversed. Veloc~
ity can be sufficient to cause mechanical erosion, mot of the
motal itself, but of the cerresion produste’’®) (93)

Temperature. The major effeet of temperature is to
inerease the rate of corrosion. The relationship between rate
and temperature is seem in the following equation:

logR = A+ B
T

where: R = rate of corrosion
A and B are constants
T = absolute temperature
Temperature also has secondary effects on the solubility of gases,
such as oxygen, which often results in a decrease in the oxidiz-
ing power of the .olnt&n(”) » Also, temperature somewhat affects

the solubility of corrosion products.
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Galvanic Corrogion. Two-metal galvanic corrosion is
rapid corrosion of a metal due to its being electrically connected

to another metal in corrosive conditions(®), The effest depends
entirely on the different chemical properties of the two metals.
The cireuit muet be complete through conducting metals and solu-
tions.

Prineipal factors influencing galvaniec corrosion are
the resistance of the solution and the metal~to-metal mﬁnt, the
potential set up between the metals, polarization of the anode or
cathode, relative areas of anode and cathode, and the geometrical
relationship between the two metals'’),

Pitting. Pitting or localiszed corrosion may result from
a mumber of situstions. Mears and Brown'®®) attridute this type
of attack to the followlng possibilities:

1., Impurities

2. Grain boundaries

3. Differential grain sisze

4. Differential thermal size

5. Surface roughness

6. Local seratches and abrasions

7. Differemce in shape

8. Difference in oxygen

9. Differential concentration of solution;
also composition

10, Differential aeration

11, Differential heating

12, Differential illumination

13. Differential agitation

14. Contaset with dissimilar metals

15. Externally applied potemtials

16. Complex cells



Gorrosion Testing

speller(™?) warne that designing a ratiomal system of
corrosion tests requires a good working lmowledge of the corrosiom
reactions and of the various factors involved. These have been
(52) caphastis that no e Sest son
be expected to evaluate accurately the "life® of the material ex~
cept under conditions similar to those of the test itself. There

discussed. Borgmann and Hears

is no standard or preferred way to carry out a corrosion test.
Alnmg of Corrogion Tests. The type of corrosion test
%0 be used should be governsd by the end desired(®2), veste are
employed to achieve ome of five different aims. These are:
(1) To study the mechanism of corrosion

(2) To select the most suitable material for
resisting a certain environment

(3) To determine environments suitable for a
given metal

(4) To develop mew alloys
(5) To serve as a control test
Types of tom can be classified in general as laboratory
tests, plant tests, field tests and service tests(?),
Yalue of Accelerated Tests. The most reliable method of
determining the resistance of a material in a certain environment
is to test 1t under exact service conditions to destrustien’’),
Such tests can seldom be carried out, primarily because of the cost
of unsuccessful experiments and the long time usually involved.



Quick tests are essential even though the results do nmot always
parallel those of service tests,

Accelerated tests are deemed permissible when they in-
clude all the important factors and conditions found in servige,
and these factors are related to one another as they are in ser-
vice. Controlling factors must comtrol; unimportant factors must
remain unimportent., This can be attained by accelerating all the
factors equally.

Different accelerated tests for different types of corro-
sion can usually be devised and can often be carried out to advan-
tage in the laboratory, where the factors can be comtrolled. Such
tests should be calibrated against serviee results wherever possible.

Submerged Corrosion Tests. The most important factor to
be considered in an lmmersion test iz the oxygen concentration. In
most cases, oxygen concentration is l.tnihd by the saturation value
under atmospheric conditions. The rate of absorption in quiet water
is not great enough in most cases to insure complete saturation of
the 1iquid®), Aeration is ususlly desirable im immersion tests.
Results are also dependent upen veloeity, temperature and composi-
tion of the 11@1(!.

For systematic testing these conditions and other factors
such as slight mechanical abrasions, impurities and temperature fluc-
tuations most be gonmd(”) (52)(67) .
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Stress-Corrosion Cracking

Stress~corrosion cracking may be defined as cracking
resulting from the combined effect of temsile stress and corro-
s1on{19) .| It 1s a specific case of the more gemeral subject of
stress corrosion in which a condition of high stress accelerates
the corrosion of metals.

Perhaps the most familiar example of thls type of
ecorrosion is the so-called "season cracking®” of ecold-formed brass
articles, a phenomonon brought about by the combination of high
residual stresses inherent in the metal and presence of ordinary
atmosphere or a mildly ecorrosive atmosphere of an ammoniacal
‘ nature. "Caustic embrittlement® found in boller plates at stressed
rivet holes is another common example., However, in recent years
more and more types of stress-corrosion eracking have become evi-
dent where failures were thought to be of a purely mechanical
nature, and it is probable that investigators will find solutions
which will cause cracking of any known metal or_alloyuo) .

g. It

29 Lresg~Uorrosion LIac

et e

has been pointed out by mx(”) that in order for accelerated corro-

A e e S

sion by high stresses to take place there must exist two conditions.
These are (1) susceptibility of the alloy to selective corrosion
along more or less continuous paths, as for instance, at the grain
boundaries, and (2) a condition of high streses acting in a direction
tending to pull the grains apart. Therefore, those metals which

are subject to intergranular corrosion are usually susceptible to



stress-corrosion cracking; and with few exceptions the path of
stress-corrosion failure follows the grain boundaries. Mechanical
failures due to overleoading at room temperature are opposingly
intragranular and can usually be distinguished from the corrosion
type by this difference.

A theory to explain the inter-
granular corrosion of certain types of heat-treated Al-Cu alloys,
which is typical of most all the metals, was developed by Weber
and Dix(?®) about 1930. It is based om two facts: First, the

microstructural condition of the alloy was found to contain dis~
erete particles precipitated from the Al-Cu solid soclution and
that precipitation at the grain boundaries was in a more advanced
stage than within the grains®}), second, in enloride solutions
pure aluminum is electronegative to many of its anmo“). The
theory advanced stated that there is a differemece in solution
potential between the material composing the grains and that com-
posing the grain boundaries, and that the direction of this poten-
tial is to cause the solution of the metal at the grain boundaries
to be greatly accelerated. The solution of a very small amount of
umummnukupmndnpimmmom
solution would be drawn by capillary action farther and farther
below the surface, following the more amodie grain boundaries.
This causes the ductility end strength of the alloy to be rapidly
destroyed .
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poLen L Heasy nts ol Grains ang Grain boundaries.
Brown, Fink and Mears'?®) proved that in am Al-Gu 4 per cent alloy
given artifieial aging (to make it susceptible to imtergranular
corrosion) the grain boundaries of one sample were amodic to the
grain areas of a sample from the same sheet, the difference in
potential being 0.044 volt. Brown made further studies on this
alloy and found that a differemce in potential between the graim
centers and grain boundaries in one sample averaged 0.20 volt.
These notable experiments were performed with very exacting tech~
nique in which either the graims or grain boundaries were coated

with Bakelite varnish for insulation and water-proofing; while

the other was exposed to the solution and its solution potential

The presence of general corrosion lessens the chance of eracking

taking place. It has been observed that as the number of localiszed
paths of corrosion starting on the surface of a metal increases,
the time required for complete failure is likewise increased(l),
Experinents’®®) nove shown that the intensity of sorvesien et any
one point decreases as the number of corroded points in a given
area increases, hence concentrated attack along a single path is
less likely to occur in the event of general action., If there is
sufficient general corrosion, stress-corrosion cracking may not
occur at all, Another factor waich lengthens the time to eracking
due to a large number of amodic paths is the mutual effect of a
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number of notches tending to decrease the stress of any one noteh.
It has been demonstrated by photoelasticity that the stress is
concentrated around the base of the notdl(“), and that this stress
concentration can be reduced by the introduction of similar notches
in the vicinity of the original noteh.

The Role of Stress. Onee corrosive action has begun
along a selective marrow path, it is quite obvious that a component
of tensile stress acting normal to the path would set uwp high stress
concentration at the base of the path. The deeper the attack and
the smaller the radius at the base of the crack, the greater would
be the stress mutnum(u) » This action exposes bare metal
to further corrosion, sinee this bare metal is smodie(®4) and as
long as the condition of high stress exists, this corrosion will
continue, accelerated, until failure of the metal occurs, provided
anodie polarisation is mot large., Read, Reed and nomthal(“)
recommend that in elloys where no solution precipitation has been
observed microscopically, amy electrochemicel measurements indi-
cating that the grain boundaries are anodic should be carefully
serutinized.

Internal Stresses. The stress required for stress-
corrosion eracking may be intermally or externmally applied., Inter-
nal stresses (also called "initial*, "locked-up", and "residual")
are produced by cold-working, wnequal cooling and intermal strue~
tural rearrangement involving volume changes'?8), Practically all
cases of stress corrosion encountered in service have resulted



from :l.ntcmgl stresses caused by fabrication or during the assembly
of structures'®)) quring wnich & piece is bent, straightened, or
otherwise deformed. Common examples are stresses induced by inter-
nal structural changes, quenching, cold-forming or "simking® of
tubing{®) | Stresses induced by sssembly include those from weld-
ing, press or shrink fits, wrapping of sheet to fit a structure
without preforming, or the joining of poorly fitting parts. The
magnitude of these stresses can be determined by a tedious pro-
cedure, but except in simple shapes much uncertainty exists regard-
~ ing their local intensity and direction.

Welded Materials. Welded areas are very susceptible to
stress-corrosion oraciking. Snith(®?) has pointed out that eracking
occurs in are-welded samples of 248 aluminum alloy im the "over-
heated zone® which contains emlarged grains after cooling and in
the "precipitation sone" on either side of the weld bead. Experi-
ments indicate that heat-treated welds are more resistant than
as-welded specimens. In heat-treated samples the welds themselves
received greater attack than the two sones mentioned above.

External Stresses. Operating stresses (external) are
not ordinarily dangerous since most designs specify stresses lower
than those required for stress corrosion to ococur, but these can be
decidedly influential when added to the intermsl stresses'2°)(30),
The magnitude of the tensile stress in a purely externally loaded
piece is the mt important factor contributing to failure due
to stress~corrosion cracking. Frequently, a difference of 1000 psi
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can mean the difference between cracking within 2 few minutes or
no cracking at all. Usually there exists a criticel stress below
which no cracking will take place, or at which the curve of Applied
Tengile Stress vs. Time to Fallure levels off sharply, asymptotie
to the Time axis. The level of this oritical stress differs be-
tween alloys and for different corrosive media. It is often sgtated
in terms of per cent yleld strength, or simply as the minimum ten-
slle stress read off the curve.

Yalue of Laboratory Tests. Dix(%®) and Meaden(*?) agree
that in order for stress-corrosion cracking tests to have any prac-
tical value, the test conditions must be selected with due regard
to the service to which the metal will be subjected. Correlation
between laboratory tests and service demands is difficult to cbtain
and often requires several years. Dix believes that stress-corro-
sion tests are warranted if they give satisfactory results shen
exployed in comnection with the following:

(1) In determining which elley compositions are
markedly susceptible to stress corrosion

(2) For alloys susceptible, in determining the
fabrication conditions required to reduce
or limit the tendency

(3) As means of technical contrel to insure
proper fabrication treatment

(4) By comparison of tests with those of metals
in general use which have good service
records, the use of speeific alloys can be
determined .

jority of investigators agree that stresses imposed on the specimens
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subjected to tests should be determined, since most of the pub-
lished information includes tensile stresses in data. Inddn(”)
agrees, and aptly bases his statements on the facts that stress
greatly affects the results and that it is susceptible to fairly
accurate determination. As previously brought out, 1000 psi can
be the difference between cracking in a short time or none at all.
In order to determine critical stresses, therefore, the maximum

applied stresses of the sections tested must be known.

and Barbian(%) believe that from a consideration of the practical
aspects of interest to designers two main objects should direct
stress corrosion research. One is determining the lowest constant
stress at which stress corrosion could occur over an extended
period of time (the oritical stress), and the other is finding
the stress-time curve under conditions of residual stress where
ereep and other factors may influence the results. Sager, Browmn
and lears(®5) are more general in stating aims of useful stress-
corrosion eracking tests. These are (a) to study the mechanism
of the cracking, (b) to select suitable material for a specific
application (from the user's viewpoint), (e¢) to determine those
applications in which a speeific metal or alloy can be satisfac-
torily used (the metal producer's viewpoint), (d) to help guide
the development of mew alloys, and (e) to serve as produet con-
trol tests., Certainly no one test can satisfy all the objects and
it is up to the research man to design his tut_s to suit his
specific aims.
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Iypes of Loeding Used in Tests. For testing, specimens
can be either internally or externally stressed or a combination

may be used, Externally applied loads are easier to control and
evaluate®), and therefore are extensively used. As far as it
can be determined, there are no standard methods or equipment for
stressing the specimens, and it would seem that the choice again
lies with the researcher. In external loading, test pieces may
be subjected to either constant load or constant deformation.
Constant loadings must be applied with springs or with suffi-
cient quantities of weights, and generally such tests produce
accurate results at the expense of high cost and buny apparatus.
Loads may be applied in direct tension or ss in loading simple
beams., Apparatus required for constant deformation or constant
deflection, on the other hand, is inexpensive and simple in addi-
tion to producing very good results. Specimens have been deflected
as colums or simple beams, deformed by fitting them in place
against curved surfaces and in numerous other ways. Usually the
stresses can be caleculated by use of suitable formulae, but if
they cannot the maximum surface temsile stresses are determined
by use of elestric strain gages'>4)(59)(66) 1, 4osts where the
applied stresses are within the plastic range, ordinary formulse
do not hold and strain gages are employed so that direct measure-
ment of stresses can be made. Strain gages are now widely sccepted
in M\utry(rn .
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Pure magnesium metal has not been known to stress-
serrosion eraek’®®) bt whon aluninem 1s alleyed with 48, stresse
corrosion cracking emsues. Precipitation takes place within the
grain body and probably also along the grain boundaries, and
therefore the theories on stress-corrosion oracking offered by
Dix and his co-worhu(“) (29)31)(62) are applicable to these
alloys. All of the commercial magnesium alloys, except those
eontaining 1.5 per cent manganese, are subjeet to this type of
eracking under ordinary stmospheric conditions(19)(50)(54)(59)(68)
1 the presence of distilled water'41) (M) wnt 4o assslerated
eracking in the presence of NaCl (or 1‘2504) - K0r0, (or Ky0rp0q)
lolutim<“)(”) (61)(65) and in several other ltdh(“) .

Service results according to Loose and Barbian(%4) indi-
cate that stress-corrosion failures are due mainly to residual
stresses and not to stresses applied during the use of the fab~
ricated articles. However, in aireraft structural materials,
Madden(59) reporte that the stress corrosion problem is serious
not only because of fabrication stresses, but also because of
higher design stresses which must be used in aireraft. He also
has stated that reluctance to use certain wrought magnesium alloys
is justified by the fact that some have failed on weather exposure
in 43 to 672 hours when stressed to 90 per cent yield strength,
while aluminum alloys under the same conditions did not fail after
3600 hours.
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The possibility of stress-

corrosion cracking is regarded to be a fumctiom of its corrosive
environment. Much work has been dome on wrought magnesium
alloys(19)(41)(51)(54)(59)(68), and only a few verrosive emviren-
ments, including those mentioned above, have given pesitive
results.

Atmospheric Tests. Atmospheric-exposure tests have
been extensively employed(4){59) in evaluating the susceptibility
of magnesium alloys, and in general they have given very reliable
results(™), The main disadvantage of such tests is the com-
paratively long time roquirod for their completion, but this is
offset by the practical value of such tests. No standard appa-
ratus has been employed and specimens have been subjected to
loads of both the constant-stress and constant-deformation
typea(5L) (54)(59)(65) | pests show that both rural end coastal
exposures produce nearly identical stress~time curves for the
same allay( 54) . Factors econtributing most to eracking are weather
conditions. Rain, high humidity and high temperatures have posi-
tive effects.

Accelersted Tests. Accelerated tests commonly employ
& solution composed of 20 grams per liter of potassium chromate
and 35 grams per liter of sodium ehlorido(sl)(“)(”)(“). This
solution normally preoduces cracking in a short time when speci~
mens are stressed above a certain eritical stress or no cracking
at all at stresses slightly below this threshold point. It is
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very useful in the investigation of commercial alloys, experie
mental alloys, and in examining methods of preventing stresa~
ecorrosion cmkiu“’) . Ordinary chloride containing solutions
employed in corrosion tests for magnesium proved to be inadequate
for stress~corrosion work because of the presence of large amounts
of general corrosion, The chromates in the sali-chromate solution
render the metel surface passive to extensive corrosion, allowing
only localized corrosion %o take place under the action of the
chloride.

Mechanical Properties. Wechanical properties of mag-
nesium alloys affect its siress-corrosion eracking characteristiecs.
Creep or stress relaxation is a major factor which prevents the
maintenance of constamt stress in dending'34), The ereep rates
are higher in these alloys than in most structural materials, and
the factors affecting this property are not well enough knmown to
quantitatively sccount for it im time to failure tests on these
alloys. Most wrought magnesium alloys have compressive yleld
strengths lower than the tensile yield stremgths. Therefore, in
bending tests in which high tensile stresses must be obtained,
the stresses on the compresgion side of the metal will be
strained in the plastic range. Ordinary formulse used for cal-
eulating maximum bending stresses are workable only when the
piece is strained in the elastic range, and therefore are useless
where the compressive yield strength has been exceeded. FElectrie
strain gages give direct indications of surface strains, and when
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strains so obtained are used in conjunction with stress-strain
curves, the desired stresses can easily be determined.
Test Results. Several cxporimtn(“) (65) on mag-
nesium alloys have produced the following results:
(1) No failures reported in alloy M.

(2) J~1 is the most sensitive commercial sheet
alloy composition; FS~1 next.

(3) No eracking has occurred on FS-lh or J-lh
when clad with alloy M.

(4) Percentages of failures in atmospheric
tests are less than the percentages in
accelerated tests.

(5) A tensile stress of about 100 per cent of
tensile yield strength is required for
eracking of FS~l in salt-chromate tests.

(6) Stress-corrosion limite are usually lower
in stmospheric exposure than in accelerated
testing. Alsc the curves level off more
gradually in the atmospheric tests.

(7) Types of loading have produced different
stress-corrosion limits.

(8) No stress corrosion caused by rivets in aire
eraft structures for exposures of 1l years.

(9) Painting greatly extends the time to crack-
ing. Non-painted non-stress-relieved welded
structures failed in 5 weeks, similar painted
structures started to crack after 5 months.

(10) Specimens stressed to 100 per cent yield
cracked when bare in about 10 days; when

painted with four-coat system cracking
occurred in 6 months.

(11) Rapid stress~corrosion of J-1 as-welded
panels (5 weeks in rural and 12 weeks in
coastal). Good protection by painting,
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(12) J-1k boom (made from sheet), not stress-
relieved, cracked at every tack weld; seam
welds eracked at right angles to direction

of welding.

(13) No eracking in stress-relieved boom after
8 months.

(14) FS~1h booms cracked in many places during
welding

.

(15) F8-lh booms, stress relieved, gave no crack-
ing in & months.
(16) In aireraft structures fabricated by welding,
riveting and bolting:
Ailerons: no cracking after 1} years on
any of four tested.
Two failures: one in non-stress-relieved
tip section of elevator, having
dichromate treatment and zine~

chromate primer; another on leading
edge of stabilizer exposed bare.

Effect of pf in Accelerated Tests. In sccelersted
tests(®5) carried out on alloy AM-G578-H (JI-1n) stressed as simple
beams to 100 per cent yield stremgth by dead load, the effect of
pamtiutofaumindhatdmtpﬂzpmtdlmhubm
2.5 minutes, pH's of 4 to 12 produced failure in 5 to 8 minutes and
pH 13 produced no fallure im 980 hours. This indicates that when
the solution is sufficlently basic, cracking is inhibited. Hunter(’L)
showed that pH 6.2 initiated cracking in sbout a tenth the time re-
quired using pH 8.2 at various stresses on alloy J-1.
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III. EXPERIMENTAL

Burpose of Study

Most of the stress-corrosion testing of magnesium
alloys has been carried out on the sheet metal, although extru-
gions are also subjected to high design and febrication stresses.
The purposesof this investigation are (1) to develop an accurate
but simplified method of accelerated stress-corrosion eracking
testing of magnesium alloy FS~-1 extruded rectangular bar, 1/8 x
3/4~inch nominal cross section, using standard temsion test speci-
mens having a two-inch gage length; (2) to determine the effect
of pH on the stress-corrosion eracking limits for the alloy when
exposed to an accelerated sodium ehloride-potassium chromate
solution; and (3) to determine the characteristiocs of the testing
method.

Plan of Investigation

The following plan was used in this investigation:

curve of strain vs. deflection for a standard test specimen of mag-
nesium alloy FS-1 extruded rectangular bar (having a 3/4 x 1/8-inch
eross-section), placed in the bending jig was obtained by using
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SRe4 type electric strain gages and strain indieator. Creep
values were obtained during the celibration.
A tensile stress-

strain diagrem was obtained for the alloy, using a standard A.8.T .M.
(95)

tension test specimen. The accepted A.S.T.M.
used, and data were obtained using a 10,000-1b testing machine.

procedure was

A stress vs.

deflection surve was obtained for the range including most of the
stresses used in this investigation by correlating the strain-
deflection and stress-strain curves.
Preperation of the Test Solutions. Stock sodium
chloride-potassium chromate test solutions were prepared by dis-
solving the chemicals in distilled water. This stoeck solution was
separated into several sample bottles and the pH of each was ad-
justed with hydrochloric acid or a potassium hydroxide solution;
pi adjustments varied from 0.5 to 12 for the different solutions.
The tests were made
with from one to six specimens placed in the jig. After bending
a specimen the desired deflection, a short seetion of ll-mm
glass tubing was sealed to the specimen at the point of maximum
deflection with paraffin wax, A corrosive medium of a certain

pH was placed in the tube, and the time required for failure of
the specimen was recorded. Several specimens were run at differ-
ent deflections with the same solution until the increment of
deflection (usually 0.010 inch) was found above which eracking



would take place in a short time (usually less than 10 minutes),
or, below which cracking would not take place after an extended
period of time {one hour or more). Within this increment of
deflection was the critical deflection. This critical point was
determined in terms of applied maximum tensile stress from a
curve of maximum applied tensile stress vs. time to failure.

Materials

The following materials were used in this investigation:
belia . : & "1 & s e C AEALETD . mr“d.do
1/8" x 3/4". No surface treatment. couponiticn(s)a eluminum,

3.0 per cent; manganese, 0.2 per cent; sine, 1.0 per cent; silicen,
0.3 per cent (max.); copper, 0.05 per cent (max.); nickel, 0,005
per cent (max.); iron, 0.005 per cent (max.); other impurities,
0.3 per cent (max.); magnesium, remainder. Physiscal properties:
minimum tensile strength, 32,000 psi; tensile yield strength,
22,000 psi; compressive yleld strength, 13,000 psi; modulus of
elastieity, 6,500,000 psi; elongation, 8 per cent. Used as
stock in cutting and milling of test specimens. Obtained from
White Metal Rolling and Stamping Co., Brooklyn, N. Y.

Test Specimens. (208). (Cut from the magnesium bar).
Standard 4.8.7 .M. Tension Test Specimen'’%). Dimensions: overall
length, 8 inches; cross section of ends, 1/8" x 3/4"; cross sec-
tion of reduced sectiomn, 0.125" x 0,500"; length of reduced see-
tion, 2-1/2"; gage length, 2.000"; radius of curved portions,
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2-7/16", Cut and milled from random lengthe of rectangular FS-1
alloy magnesium bar in a universal milling machine by Comas
Cigarette Machine Works, Salem, Va.

Potassium Chromate. Lot No. 112732, C. P. reagent.
Meets A.C.8. standard. Used in preparing salt-chromate corrosive
solutions. Manufactured by J. T. Baker Chemieal Co., Phillips-
burg, N. J.

Sodium Chloride. Jackfrost Fine Kiln Dried, Evaporated.
Used in preparing salt-chromate corrosive solutions. Manufactured
by Mulkey Salt Co., Detroit, Mich.

Acid, Hydroghlorie, O. P. reagent. HC1l, 37.0 per cent
(minimum) by weight. Specific gravity at 60° F., 1,1878 (minimum),
Used in making pH adjustments of salt-chromate solutions. Manu~
factured by E. 1. duPont de Nemours and Co., Inc., Grasseli
Chemicals Department, Wilmington, Del.

Potassium Hydroxide. U. 8. P. Lot No. 2143. Used in
preparing 1.542 N. solution for use in making pH adjustments of
salt-chromate solutions., Manufactured by J. T. Baker Chemical
Co., Phillipsburg, N. J.

Papers, pil. Hydrion A, pH range 2 - 10 (even) and
Hydrion B, pH range 1 - 11 (odd). Used for determination of
approximate pH of corrosive solutions. Made by Micro Essential
Laboratory, Brooklyn, N. Y.

Hax, Parrafin. "Essowax". Used in sealing solution
tubes to test specimens. Distributed by Esso Incorporated, New
York, N. Y.



Emery Cloth. No. 2/0. "Grit-Lok Bond". Used in pre-
paring surface of test specimens. Made by Minnesota Mining and
Manufacturing Co., St. Paul, Mimn,

Paint, Tygon, White. Code No. TP-6l. Control No.

7154. Used for protecting portions of specimens from corrosive
solutions. Manufactured by U. S. Stoneware Co., Akron, Qhio.

Acetone. Used as thinner for Tygon paint, Obtained
from Phipps and Bird, Inc., Richmond, Va.

Wire, Magnet, Copper. Plain ensmeled. Gauge No. 26,
Used in making leads for strain gages. Manufactured by Philadelphia
Insulated Wire Co., Philadelphia, Pa.

Kit, Cement. For SR-4 strain gages. Contents: One can
each of pre-coat cement, coint, pre-coat solvent and cement sol-
vent; one brush. Used for cementing strain gages on specimens.
Obtained from Baldwin Southwark Division, Baldwin Locomotive Works,
Philadelphia, Pa.

Apparatus

The following apparatus was used in this investigetion:

Bending Jig. (Refer to Drawing No, 1, p. 43). Used for
applying stresses to test specimens. This apparatus was constructed
as follows: :

A 29-1/2-inch length of 5/8~-inch square steel bar (B) and
the same length of 3/8-imch round steel bar (C) were cleaned with
emery cloth and tack-welded together with an arc welder. Care was
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NOTES :

DETAIL A”

Showing specrimen under fest.

/. ALL-WELOED CONSTRUCTION.
2. BEARING SURFACES POLISHED.
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taken to be certain that the round bar was centered accurately
on the face of the square bar. Two 2-1/4-inch lengths of 1/4 x
l-inch rectangular steel bar (D) were cut and 1/2-inch holes
drilled 3/8-inch from one end. These were welded to the bottom
side of the square bar so that the edge of the hole was 1/16-inch
outside the end of the bar. Two 1/2 x 3-1/2-inch machine bolts
(E) were put through the holes and welded in place., Two 30-1/2-
ineh lengths of 1-1/2 x 1-1/2 x 3/16-inch angle iron were welded
at ends, as shown in the drawing, to two lengths of angle iron
bent in form of a U. The vertical portions of these bent pieces
served as legs for the jig.

Holes, 17/32-inch, were centered and drilled in the
horizontal side of the end (bemt) angles for insertion of the
bolts which were welded to the bar. Two l-1/4-inch pieces of
17/32-ineh steel tubing were welded to the lower sides of the
angles, concentric with the holes, and were filed down to allow
about 3/4 inch of vertical movement of the adjustable bar.

Two 1/2-inch round steel bars (F) 7-1/2 inches long
were welded vertically to the two legs on one side of the jig,
with centers 1/2-inch from the end, so that about 6 inches
protruded above the angle iron. Ring stand clamps (G) were
placed on these steel bars.

A one-inch portion, at the emd of each of two 1/2~-inch
round steel bars, was ground off flat on ome side and a 9/32-inch
hole was drilled through the flat surface 1/4 inch from the end.
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Ames dials (H) were bolted on to these with 1/4 x l-inch stove
bolts and the bar placed through the ringstend elamp.

The bearing surfaces (the 3/8-inch round bar and the
lower edges of the long angles) were polished with emery cloth and
oiled so as to provide smooth bearing surfaces for the specimens
waen subjected to bending.

Indicators, Ames. Model 262, Plain bearings, Dial:
0 = 100 with 0,001-inch graduations. Limit: 0.500 inch. Used
on bending jig for measurement of specimen deflection., Manufac-
tured by B. C. Ames Co., Waltham, Mass.

Gages, Strain, Electrig. SR~4, Type A-1l. Lot MH.
Gage factor 2.05 * 1 per cent. Resistance 120. Used in measur=-
ing strain of specimens for strain-deflection data., Purchased
from the Baldwin Southwark Division, Baldwin Locomotive Works,
Philadelphia 42, Pa.

Gage, Strain, Olsen. 2-inch gage length. Used in
measurement of strain for stress~strain data. Made by Tinius
Olsen Testing Machine Co., Philadelphia, Pa.

Indicator, Strain. Baldwin SR-4 type. Model K. Ser~
ial No. D 95374. Used for measurement of strain of specimens for
strain-deflection data. Purchased from the Baldwin Southwark
Division, Baldwin Locomotive Works, Philadelphia 42, Pa. Made
by the Foxbore Co.

Power Supply, A.C. Serial No. 70805-9. 115 volts,
60-cycle a.c. Used as power supply for SR-4 strain indicator.



Purchased from the Baldwin Southwark Division, Baldwin Locomotive
Works, Pailadelphia 42, Pa.

Testing Machine. 10,000 1b capacity. Used in obtain~
ing stress-strain data on test specimens. Made by Tinius Olsen
Testing Machine Co., Philadelphia, Pa.

Electrometer, pH. Model 30. Used for determining
pH of corrosion solutions. Manufactured by Coleman Elestrie Co.,
Inc. Maywood, Il1,

Timer, Electric "Iime-It". One-temth-second indica-
tion. Used in timing short times-to-failure. Purchased from
the Fisher Seientifiec Co.

Hotplate, Elesctrie. 115 v., a.c. Type 40102, Used
for heating paraffin wax. Purchased from the Fisher Scientifie
Co.

Balance, Torgion. 610-gram capacity, 0.l-gram incre~
ments. Used in weighing chemicals. Purchased from the Fisher
Scientific Co.

Used for prepara-

tion and handling of corrosion solutions. :
Milling Machine. No. 1B Universal. Comas equipment
No. 90. 4=7/8-inch side mill with l-inch face used. Used in

cutting and milling rectangular magnesium bar into test specimens.
Manufactured by Kearney and Tucker, Milwaukee, Wis.
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Method of Procedure

The method of procedure used in this investigation was

ag follows:

standard specimens (A and B for convenience) were polished in a
longitudinal direction between the gage marks to remove burrs,
transverse scratches, machine marks, and surface impurities with
number 2/0 emery cloth. The polished surfaces were wiped off
with a cotton cloth saturated with acetone. A thin coat of SR-4
pre~coat cement was brushed on each specimen over the polished
surface and given 3 - 5 minutes to dry. A liberal coating of SR-4
cement was brushed over the pre-coat and an SR-4 type A-l (gage
factor 2.05 = 1 per cent) electric strain gage was then mounted
over the cement so that the longitudinal center line of the strain
gage passed through the gage marks and the transverse center line
was equidistant from the gage marks. A cork stopper was placed
so that it covered the felt strip of the strain gage and a one-
pound weight was set on the cork. After the cement became sticky
the weight was removed and the cement was allowed to air dry for
24 hours. Leads were soldered to the strain gage wires with
acid-core solder. These leads were each approximately 20 inches
of number 26 enameled copper wire.

The bending jig was set up near a Baldwin SR-4 tjype,
Model K strain indicator. The center bar was adjusted to the sero



position by placing specimen A and another specimen in the jig,
one near each end, and bringing thg center btr up so that both
it and the parallel angle irons Just contacted both specimens.
The Ames indicators were set at sero. The leads of specimen A
were connected to the poles on the strain indicator marked
"measuring gage". Caution was taken to prevent the wires from
touching any metal objects. Specimen B was placed flat on the
table and its leads connected to the "compensating gage"™ poles.

Standard directions accompanying the strain indicator
were followed for obtaining the initial sero reading at the bal-
anced position of the indicator, and in determining the values
of the subsequent strains.

Data for the strain-deflection curve were obtained by
deflecting the specimen (by simultaneously turning the two nuts
equal amounts) in steps of 0.020 inch, belancing the strain indi-
cator and taking a reading in each step. The deflections were
recorded to the nearest thousandth of an inch, and the correspond-
ing strains, in microinches (millionths). At higher strains, the
effect of creep or stress relaxation was encountered, producing
an unstable reading on the strain indicator, which increased with
time at a constant deflection. In such cases, the initial readings
were recorded along with a reading taken after that period of time
when the increase in strain reached a very low rate (about 10
microinches per minute, or less). The difference between these
values was recorded as creep. Data were takenm up to a specimen
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deflection of 0.630 inch and a plot was made of Maximum Strain
(inches per ineh) vs. Specimen Deflection (inches). This curve
is shown in Figure 4, p. 59.

In order to correct the strain-deflection curve for ecreep, the
summation of ereep up to and including a certain deflection was
subtracted from the final reading taken at that deflection., The
difference was recorded as "Corrected Initial Creep®. Corrected
values were obtained at each deflection and the curve was cor-
rected for ereep by plotting these values against the correspond-
ing deflections, as shown in Figure 4, p.59 .

specimen was lightly polished with number 2/0 emery cloth on top
and bottom between the gage marks to remove surface irregularities.
Average width and thickness of the gage length were obtained with
a micrometer to the nearest thousandth of an inch, and the average
eross-sectional area was calculated.

The specimen was fitted with an extensiometer attached
to the gage marks. The specimen was clamped between the jaws of
a 10,000-pound testing machine with more than 2-3/4 inches of
the ends of the specimen between the grips. The machine was
manually operated. The crank was fitted to the low~ratio gear
chain and was turned, for application of tension until the dial
on the extensiometer indicated a slight, but positive tensien.



The dial was set at zero and after the weight on the machine was
balanced, a reading of applied force, in pounds, was taken off
the machine. The forece was increased by operating the crank and
setting the weight in steps of approximately 100 pounds, and
readings in thousandths of an inch strain were simultaneously
taken off the gage when the weight was balanced. This stepwise
operation was continued until the applied tensile stress was
approximately 33,000 psi, which is well within the plastic range
of the alloy (yield strength of FS-1, as given in utcuturo(” ’
is 22,000 psi minimum).

Again creep was apparent and in order to obtain corres-
ponding readings of forece and strain, readings were taken simul-
taneously with as little time as possible being lost between
readings. From the data obtained, a plot was made of Applied
Tensile Stress (psi) vs, Strein (inches per inch). This is
gshown in Figure 5, p. 61. Stress, in psi, was obtained by divid-
ing the average ecross-sectional area of the reduced section into
the force. After fitting the curve it was necessary to move the
stress axis to the left in order for the curve to start at the
origin, sinee the first point obtained was a positive stress
against sero strain,

A correlation

was made between the strain-deflection curve and the stress-strain
curve, between deflections of 0,360 and 0,600 inch, and plots of



Stress vs. Deflection were made covering this range. These curves
are shown in Figure 6, p. 63. To show the effect of creep, one
curve was drawn using the original recorded initial strains, the
other, using the corrected initial strains.

Preparation of the Salt-Chromate Solutions. Twenty
grams of potassium chromate (C.P.) and 35 grams of sodium chloride
were weighed to the nearest 0.1 gram and placed in a eclean 1000-ml
volumetric flask. The solids were dissolved by adding about 500 ml
of distilled water, then the flask was filled to the mark. Two
such stock solutions were prepared.

Eleven 200-ml samples of the stock solution were placed
in sample bottles. The pH of these samples m ad justed with
1.542 potassium hydroxide solution and/or 23 per cent hydrochloric
acid to approximately 0.5, 2, 4, 6, 6.5, 7, 7.5, 8, 10, 11.5 and
12, These values were estimated with Hydrion pH papers. Accurate
pH values (to the nearest 0.01) for the solutions were established
with a pH electrometer. The standard buffer solution used con-
sisted of 40 ml of 0.1N sodium hydroxide solution, 50 ml of 0.1M
potassium acid phthalate solution and distilled water to make
100 ml, and was used in contact with a glass electrode. Adjust-
ments of the pH were made by adding acid or base, as before, so
that the values would be within 0.25 of the desired pH.

g Tests. Two kinds of tests

were carried out. These can be distinguished by the type of
curves plotted from the data obtained, which were (1) Stress



(maximum tensile stress) vs. Time to Failure and (2) Time to Fail-
ure vs. pi (at a constant stress). The specimens were prepared by
polishing a portion of about one inch at the center with number
2/0 emery cloth and wiping off the loose particles with a clean
cotton ¢loth. Two specimens (A) were placed im the jig (See Draw-
ing No. 1, p. 43), one near each end, and the adjustable center
bar, (B) and (C), was raised until both it and the parallel angle
irons contacted the specimens, The Ames dials (H) were set at
gero.

The specimens were subjected to bending by simultane-
ously turning the control nuts with two end wrenches until the
deflection corresponding to a desired stress was obtained (as
taken from the Stress-Deflection Ourn) . Parrafin was melted in
a small galvanized tray on a hotplate. Two and ome-half-inch
lengths of 1/2-inch glass tubing (K) were sealed with wax (J)
vertically on the specimens at the point of maximum deflection,
The lower surface of the specimen adjacent to the center bar was
coated with Tygon paint. One<half milliliter of the salt-chromate
solution (L) was put in each of the tubes through a graduated
pipette. The timer was started as soon as the liquid contacted the
first npoc:l-oi; the solution was put on the second specimen approxi-
mately 30 seconds later, When cracking %ook place, the time re-
corded was the moment when the first visible crack appeared.

The lpm were removed from the jig after cracking was evident
across the width of the specimen. Some were left in the jig until
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they failed completely. Others were removed shortly after crack-
ing began.

Due to relatively rapid evolution of hydrogen from the
specimens exposed to pH 2 and 4, 2.0 ml end 1.0 ml of the solution,
respectively, were used instead of 0.5 ml samples. After 10 min-
utes these were mlnepd with fresh solution., The 0.5 pH solu-
tions were used in 3-ml quantities and the solution were changed
every 5 minutes.

Test (1) was carried out with each of the solutions of
pH 0.5, 1.92, 3.91, 6.2, 6.6, 6.87, 7.7, 8.25, 10.25, 11.4 and
11.85. Specimens were run in duplicate. The procedure given
ebove for bending the specimens was followed. The deflection ap-
plied to the first specimen subjected to pH 1.92 solution corres-
ponded to a stress well above the yield stremgth. If eracking
occcurred within a short period of time (usually less than 10 min-
utes), subsequent runs using the same pH were made at lower deflec~
tions, the interval between successive deflections usually being
0.010 to 0.020 inch. This order of runs was made until a deflec~
tion yielding no cracking after an extended period of time (greater
than 60 minutes) was found. The last two runs, in which a specimen
subjected to one stress produced cracking in a short time and a
specimen subjected to a slightly lower stress gave no cracking
after a relatively long period of time, determined approximately
the range of the eritical stress. This coritical range was more



definitely fixed by applying a deflection bBalf way between these
last two.

Two or taree checks were made of the "boundary" deflee-
tions on either side of this critical range. The eritical range
determined was an interval of 0.010-inch deflection difference or
about 150 to 250 psi tensile stress difference (depending upon the
magnitude of the stress).

In case the initial run did not give short-~time failure,
larger deflections were tried until one did produce quick cracking,
and the remainder of the procedure for determining the critical
range was similar to that given above.

Curves of Maximum Tensile Stress vs. Time-to-Failure
were drawn from the data for each pH. These are shown in Figure 7,
P. 65. The portion of the curve asymptotic to the abscissa was
drawn approximately half way between the points terminating the
eritical range. A curvs, shown in Figure &, p. 67, was drawn of
Critical Tensile Stress vs. pH, the critical stresses being taken
as the stresses mid-way between the lowest which produced short-
time cracking and the highest which did not. (Assuming a 200-psi
eritical range, which was the average, the eritical stresses
determined had a maximum deviation of 100 psi.)

Test (2) involved stressing a number of specimens at
the same deflection, exposing them to solutiomns of pH 0.5, 2, 4,

6, 7, 8, 10 and 12, and finding the time to failure of each. Sev-
eral specimens were run at each pH. The deflection used was 0.513
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inck corresponding to a maximum tensile stress of 30,200 psi or
130 per cent of the yield strength. This arbitrary value was
chosen since it was above the critical stresses determined over
mos% of the pH range, and would therefore produce positive results.



Data and Results

In this section the data and results of all experimental
work are presented in tabular and graphical form. Each table is
followed by a corresponding curve.

Table III gives complete data taken while using the
electric strain gage and indicator for the strain-deflection cali-
bration of the jig, along with the calculated initial strains
corrected for ereep. Data for a check calibration are given in
Table IV. Plote of strain vs. deflection (strains taken from
columns (F) and (K) and deflections from columm (A) of Table IIIl)
are presented in Figure 4. The siress-strain data for the alloy
are given in Table V and the stress~strain diagram ig showm by
Figure 5. Table VI correlates stress with deflection from the
data of Tables III and V, and the stress vs. deflection curves
are presented in Figure 6. The lower curve has been corrected
for ereep.

Table VII gives all the data and results of the stress-
corrosion cracking tests. These data were used in plotting the
stress vs, time-to-failure curves presented for various pH values
in Figure 7. OCritical stresses for various pH values, obtained
from Figure 7 and from Table VII, are tabulated in Table VIII

and plotted in Figure 8.



57

‘uoT}V8[Jep STU} 3® pajaeys desap

9082T 63€T S6T S6TTT 00071 v 3 008T S09T 009° 0
et 7611 oY $99€T G29ET v 6 0oLZT 0€2T 085°0
9ETZT 7STT 8L 062ET ZICET Y 8 S6LT LTLT 095° 0
6E9TT 9LOT 26T STLZT €262T ¥ 8 0ZET 81T o%s° o
TOOTT 788 0s G83TT GETL A4 L 00LT 0591 025°0
TLLOT €8 () 4 SO9TT GO6ETT Y L otet 000T 005°0
TL20T 29 (0 $680T S780T Y 9 00ST 0s¥T 087'0
1636 LS 0% 9701 ST70T v 9 0LOT 0zZ0T 097" 0
w6 res 94 $666 0566 \ S 0091 GesT o770
s o7 & oés | <ees v y | ot | ooro
8

9€T3 78€ 0s 02s8 oLY8 A Y T4 SLOT 08¢’ 0
ERVE SRR | e
9TYL [4 00LL 9 A/ 0 ‘0
9Z69 yee S0T 09TL GS0L v 4 S9LT 0991 02ZE' 0
7379 621 (014 €199 €659 Y 4 8121 86TT 00€°0
9409 60T o€ $819 Ge19 v 2 06L 094 08z’ 0
1955 6L o€ 0%795 019 0 ot 00LT 0L91 092’0
8005 6% Le LG0S 0£0% 0 0T LTTT 060T (o) £AN0]
81sY7 (44 LT orsY €25y 0 6 0091 £85T 02z’ 0
- g B 066€ $86€ 0 6 050T (0] *002° 0
- - - - So%¢ 0 8 o S9vT 08T° 0
- - - - 0962 0 8 - 020T 09T 0
- - > - 0Lse 0 L - 0£91 oYT' o
- - - - ooee 0 L 7 0921 (874 o}
- - - - €3LT 0 9 = €781 00T* 0
= - - - 8071 0 9 - 8971 080° 0
- - - = GLOT 0 9 s SETT 090° 0
- - - = CEL 0 9 - T6L 0%70° 0
- B - - GYs 0 9 = S09 0£0°0
- - = = 08T 0 9 - o7z 0T0°0
- - - = 0 0 9 - 09 000° 0

— —— — —— —

out Jed Jad
gout xad mumw “MQ noﬂmﬂ w“ IO TAS 4 mwaoca noww aoma seyout
S8UouTOIOTH uout Jed gout xed e iy SRpaeyy UOFEAS ~0J0TH -0J0TW ‘usuyoedg
‘ 2 e Pt s e3usy [|eousisgey Freadindl | : Jo uot3oeTjeq
pe3sTNOTE) | S8USUTOIOTE | SeUDUTOIOTW ‘reutg | ‘reraTur (@) @ Teutd | ‘TeTaTuI
‘utea3s TETITUI .Qoﬂuo P .Emo.wo ®) (1) ) (2) (@ | (v)
(x) r) H 1
g3u s3utpesy 1®1q
UTBJI3S T338S J10380TPUT aoyeotpur urens |

40 NOILVHEITVO NOILOZTIIA-NIVMIS 40 SITASTY ANV YIVT

T-S4 XOTIV NAISINOYW 40
NINIOEdS LSIL TUVANVIS ONISN DIf DNIANIE

I I1aYL




TABLE IV

DATA AND RESULTS OF CHECK STRAIN-DEFLECTION CALIBRATION OF BENDING JIG

USING STANDARD TEST SPECIMEN OF MAGNESIUM ALLOY FS-1 COVERING RANGE
USED IN CRACKING TESTS (0.400-0.600-INCH DEFLECTION)

Cheeck Calibration First Deviation
Calibration®*
Strain Indicator Indicator (K)
Dial Readings Sattings Strain Initial
- Strain, (L) (m)
(B) (c) (F) (@) (2) (J) Calcu~ Initial Initial (N)
(a) Initial, | Final, (D) () Initial, | Final, Creep, Creep, | lated, Strain Strain, |[Initial
Deflection micro- micro~ Renge miero~ micro- nicro- miero~- |miero- Calculated,| miero~ |Strain,
of Specimen, | inches inches Reference | Extender| inches inches inches inches |inches licroinchoq inches |Per
inches per inch | per inch| Switch Switeh | per inch| per ineh | per inch | per inchiper inech per inch per inch|Cent
0.000 1700 - 0 - - - B - - - -
0.400 1800 - A A 8555 - - - 8555 8541 14 0.16
0.450 1820 - A 9575 - - - 9575 9682 ~107 1.17
0.500 1980 1112 6=7 A 10735 10867 132 132 10735 10771 -36 0.30
0.550 1390 1520 8 A 12145 12270 125 257 12013 11888 125 1.05
0.600 1420 1500 9 A 13175 13255 80 337 12918 12806 112 0.88
0071"1

*From Table III, column (K), p. 57.
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TABLE v
TENSILE STRESS-STRAIN DATA FOR
MAGNESIUM ALLOY FS-1"

Applied Tensile Strain,
Force, Stress, in, per in.
1ib pei
m
211 3,400 0.00000
37 6, 0.00040
494 7,970 0.00055
683 11,000 0.00125
801 12,920 0.00160
900 14, 500 0.00205
983 15,850 0.00275
1092 17,600 0.00345
1160 18,700 0.00410
1270 20,480 0.00465
1360 21,920 0.00505
1460 23,550 0.00555
1550 25,000 0.00620
1650 26,600 0.00715
1750 28,210 0.00860
1850 29,820 0.01060
1950 31,430 0.01320
2050 33,050 0.01700

*Standard temsion test specimen, having 2-inch
gage. Dimensions of reduced section:
widta, 0.495 in.; thickness, 0,1232 in.;
ares, 0, 8g. in,
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TABLE VI

DATA FOR STRESS~-DEFLECTION CALIBRATION OF BENDING JIG

USING STANDARD TEST SPECIMEN OF MAGNESIUM ALLOY FS-1

Strain Tensile Stress
(B) (c)
Initial Initial
(4) Reading, () (B) (¥)
Deflection | micro~ (Corrected)| Initial, Initial |Differ-
of Specimen,| inches microinches (Corrected)| ence,
inches per inch| per inch psi psi psi
e e e——
0.360 8000 7700 27,200 26,700 500
0.380 8550 8150 27,700 27,200 500
0.400 9050 8600 28,300 27,700 600
0.420 9550 9050 28,700 28,300 400
0.440 10050 9500 29,000 28,600 400
0.460 10550 9900 29,400 28,900 500
0.480 11050 10350 29,800 29,300 500
0.500 11550 10750 30,100 29,600 500
0.520 12050 11200 30,500 29,900 600
0.540 12550 11650 30,800 30,200 400
0.560 13050 12150 31,100 30, 500 600
0.580 13550 12500 31,400 30,750 650
0.600 14000 12950 31,600 31,000 600
Av.520
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TABLE VII

DATA AND RESULTS OF STRESS~CORROSION CRACKING TESTS

ON MAGNESIUM ALLOY FS-1 IN SALT-CHROMATE SOLUTION

Initial Time
Maximum Exposed
Specimen Solution Deflection Tensile Time to Without Remarks
Ne. pH of Specimen, Stress, Failure, Fallure,
inches psi min. min.

159 0.5 0.780 32,600% 1.5 - Vigorous H, evelution

161 0.5 0.730 32,150 5 - 5

162 0.5 0.720 32,050% - 180 "

m 0.5 o.m ’l'w - “ "

15. 005 o-“ﬂ n.w - “ n

157 0.5 0.560 30, 500 - 60 "

156 0.5 0.540 30,200 - 60 .

92 0.5 0.513 29,800 - 180 .

PO T - R plE 1800 oaded ( )
-4 . b - Jig overloaded (27 specimens
67 1.92 0.513 29,800 8 - Slight deflection of adjust-

able bar
“ 1.” OOm 29,“ 1‘ - "
“ 1-92 o.m ”,m ” b "

154 1.92 0.513 29,800 3.7 -

129 1.92 0.440 28,600 3.0 -

131 1.92 0.440 28,600 - 15 Small cracks evident

133 1.92 0.420 28,200 4.0 -

151 1.92 0.410 27,950 4.5 -

152 1.92 0.410 2"’9” 305 -

153a 1.92 0.410 27,950 3 - No. 153 was deflected

to 0.410 inm,

135 1.92 0.400 27,700 - 55

Lz 1.92 0.400 27,700 - 25

153 1.92 0.400 27,700 - 25

139 1.92 0390 27,450 - 1000

137 1092 0.330 27,“ - y & m

120 3.91 0.575 30,700 2 -

121 3.9 0.530 30,050 2.5 -

70 3.9 0.513 29,800 23 - Slight deflection of adjust-
able bar

n 3.91 0.513 29,800 24 "

72 3-91 o.m n’m ‘ - u

155 3.9 0.513 29,800 2.7 -

m 3091 o.m ”’m 1.5 -

127 3.91 0.460 28,950 2.0 -

128 3.91 0.440 28,600 3.0 -

130 3.91 0.440 28,600 3.0 -

132 3.91 0.420 28,200 4 -

147 3.91 0.410 27,950 - 70

148 3.91 0.410 27,950 - 70

149 3.91 0.410 27,950 5 -

m 3091 O.W 27,7@ 5-5 .

143 3.91 0.400 27,700 - 25

1i4 3.91 0.400 27,700 13 -

145 3.91 0.400 27,700 - 100

146 3.91 0.400 27,700 - 40

138 3.91 0.390 27,450 7 -

140 3.91 0.390 27,450 - 100

141 3.91 0.390 27,450 - 100

136 3.91 0.380 27,200 - 660

110 6.2 0.557 30,450 1.5 -

111 6.2 0.557 30,450 1.5 -

9%, 6.2 0.513 29,800 3 -
95 6.2 0.513 29,800 - 1
96 6.2 0.513 29,800 3 -

100 6.2 0.513 29,800 3.7 -

106 6.2 0.513 29,800 1.5 -

64 6.2 0.500 29,600 - 20 Numerous cracks detected after
test, with 24x microscope.

65 6.2 0.500 29,600 A -

66 6.2 0.500 29,600 - 20 Numerous cracks detected after
test, with 24x micrescope.

101 6'2 o.m ”’m 2.2 -

102 6.2 0.480 29,300 2.2 -

m5 602 0.‘” 29,3“ 202 o

108 6.2 0.475 29,200 - 50

104 6.2 0.465 29,050 - 300

103 6.2 0.450 28,750 - 1000
&7 6.6 0.550 30,35 5 -

48 6.6 0.550 30,350 4 -

49 6.6 0.550 30,350 3 -

53 606 00525 ”,m m -

54 6.6 0.525 20,000 & -

55 6.6 0-&5 30'” 7 -

56 6.6 0.513 29,800 4 -

57 6.6 o.m ”’m 5 -

58 6.6 0.513 29,200 5 -

41 6.6 0.500 29,600 - 2640 Minute cracks detected after
test, with 2/x microscope.

42 6.6 0.500 29,600 445 -

46 6.6 0.500 29,600 - 25 Minute cracks detected after
test, with 24{x microscope.

” 606 o.m 29,“ 'm .

60 6.6 0.500 29,600 5 -

61 6.6 O.ﬂ» 29.@ 9 -
9-12 6.6 0.260 i - 85
31 6.6 0.243 % - 1800
() 6.87 0.513 29,800 - 40 Minute cracks detected after
test, with 24x microscope.

7‘ 6.87 O.m ”,m 1‘ -

75 6.87 0.513 29,800 7 -

" 6-” O.m 29,” 13 o

62 6.87 0.492 29,500 - 150

63 6.87 0.492 29,500 - 150

98 6.87 0.450 29,750 - 720

9 6.87 0.450 29,750 - 720

99a 6 .87 0.450 29,750 - 720

” 707 005” 30,3% 12 o

ﬂ 701 005” 3033” 3 e

52 7.7 0.550 30,350 12 -

u 707 9.m 29,@ m -

Ldy 7.7 0.500 29,600 - 2640% Minute cracks detected after
test, with 24x microscope.
Galvanic corrosion at center
load.

163 T7 0.492 29, 500 5.5 -

169 7.7 0.492 29, 500 4.0 -

164 7.7 0.480 29,300 - 180
165 77 0.480 29,300 - 180
166 7.7 0.480 29,300 - 180
168 7.7 0.470 29,150 - 180

13’16 707 GOw *% - m
112 8.25 0.557 30,450 3.3 -

m 802’ 0.530 30’0” 207 b
114 8.25 0.520 29,900 1.5 -

“ 8;25 o.m 29.” 11 -

77 8.25 0.513 29,800 3 -

88 8.25 0.513 29,800 - 720 One small crack visible.
97 8.25 0.513 29,800 - 30

107 8.25 0.513 29,800 - 50
115 8.25 0-513 29’“ 2 -

116 8.25 0.450 29,4350 3 -

117 8.25 0.475 29,200 210 -

118 8.25 0.460 28,950 - 720

125 10.25 0.585 30,800 2 - Very small amount of surface

corrosion.

m 10.25 00575 ”,m 2 -» "

124 10.25 0.560 30, 500 2.2 - d

123 10.25 0.550 30,350 - 160 "

119 10.25 0.530 30,050 - 130 n
7‘ m.z’ O.m ”,m - lm L
™ 10.25 0.513 29,800 - 1980 "

82 10.25 0.513 29,800 - 720 .
” moz’ O.m n.m - m L
84 10.25 0.513 29,800 - 720 -
” 10.25 o.m 29’“ - 1” "
91 10.25 0.513 29,800 - 180 "

17-20 10.6 0.243 il - 1800
36 11.4 0.600 31,000 - 180 No surface corrosion.
21-27 11.4 0.243 * - 1800 .

172 11.85 0.790 32,600 - 60 "

171 11.85 0.750 32,300% - 60 "

170 11.85 0.700 31,900 - 60 "

80 11.85 0.513 29,800 - 1980 "
81 11.85 0.513 29,800 - 1980 "
85 11.85 0.513 29,800 - 720 .
86 11.85 0.513 29,800 - 720 .

#Tensile Stress extrapolated from Figure 6, p. 63.
#*Tensile stress values at dip in Stress-Strain Curve, therefore not dependable. See

Figure 5, p. 61
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TAELE VIII
THE EFFECT OF pH ON CRITICAL STRESSES FOR STRESS-CORROSION
CRACKING OF MAGNESIUM ALLOY FS~l1 EXTRUDED BAR
IN SALT-CHROMATE MEDIUM

Solution Critical Stress,
pH psi
e

0.5 32,000

1.92 27,900

3.91 27,700

6.2 29,300

7.7 29,350

8.25 29,200
10.25 30,350
11.85 32,600




€7

33

W
)

g

CRIT/ICAL STRESS, /000 PS5/
8 $

Freure 8
PLOT OF

CRiTICAL STRESS vs plf

28
G 7
275 4 G 8 /0 /2

PH 0F SOLUTION




Sample Calculations
(1) Caleulation of gtrain from strain indicator readings
and settings (see Table III).
Strain (in microinches) = X + (lz-ll)1000+32- Dl
where X = a constant for change in range extender
switeh setting (for a change from
0 to A, X =+9455; from 0 to B, X = ~9455)
= Initial reference switch setting
=Fipnal reference switch setting
E= Initial dial reading
D;=Final dial reading
At a Deflection of 0.280 inch:

X =0 to A =+9455
‘1‘-‘-6
=2

%=t

Dz=760

Strain =+9455 + (2-6)1000 + 760 -~ 60
= 9455 = 4000 + 760 - 60

Strain = 6155 microinches

(2) Caloulation of ma’nemm
gorrected). (See Table III, column K). :
Initial strain, caleulated (in microinches) =
Final strain (column G) - cumulative creep
(column J)

At a Deflection of 0.280 inch:

Initial strain, calculated = 6185 - 109
= 6076 microinches

(3) Caleculation of temsile stress. (See Table V).

Stress (psi) = Applied load (Ib)
Cross-sectional Area (sq in.)

For an applied load of 900 1b:

str.”--c % .-.—14,500 pli
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IV. DISCUSSION

A. Bending Jige

Apparatus Requirements. As in any investigation, the
objects of this work demanded certain requirements in the design

of the apparatus. The two main requirements to be met were, first,
that the tensile stress applied to a specimen be variable over a
wide range, and second, that this applied stress be measurable.
Other requisites were (1) that an inert material of construction
or a satisfactory protective coating be used for the apparatus if
total immersion tests were to be made; (2) that the jig be capa-
ble of handling several test pileces at a time, since approximately
200 specimens were to be tested, excluding numerous trial test
specimens; (3) that loading the jig be simplified as much as
possible; (4) that stress-corrosion eracking of a specimen be
detectable at the moment it occurred; (5) that the various fac~
tors affecting general corrosion be controlled, viz, temperature,
velocity and aeration; and (6) that the material of construction
be sturdy enough to withstand the foreces developed.

order to meet the two main requirements it was at first thought
that stressing the pieces in direct temsion would be satisfactory.
This method, however, would involve bulky and burdensome apparstus.



For instance, a single specimen of FS~l alloy loaded to its yield
strength of approximately 22,000 psi would require a total force
of about 1,400 1b. Loading with dead weights would require 1,400
1b of weights or an equivalent quantity in case a system of levers
was employed. Spring loading would require a heavy frame as well
as a large spring. OConstruction of equipment to supply such loads
was ilmpractical, since only one or two specimens could be tested
in each unit. On the other hand, subjecting the pieces to bending
stresses held much in its favor; since the problem of bulky appa-
ratus could be eliminated, a number of specimens could be tested
at the same time, and the method of loading the specimens could be
made rather simple. For ﬂlﬁo reasons the bending type of appa-
ratus was docidod upon,

Qriginal Bending Jigs. The bending jig which was used
in this hnitipuon was constructed only after another type was
tried and found to be inadequate. The original jig was designed
for bending the specimens under axial end loads. It was to be
adjustable so that any degree of tensile stress might be applied
and to be suitable for immersion testing. As shown in Drawing
No. 2, p. 71, the jig was constructed of two pieces of angle iron,
between which the specimens were bent, and two, 1/4-ineh rods
threaded at one end and placed through short lengths of 1/8-inch
standard galvanized pipe, which were welded to the angles at
90°, and parallel to each other. The unthreaded ends of the rods
were welded to the pipe; the threaded ends were left free to move.
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DRAWING No. 2

ORIGINAL BENOING JIG
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The welds were ground off smooth on a grinding wheel. Nuts were
screwed on the rods to adjust the span distance between the verti-
cal faces of the angles., 8ix of these frames were made. Each was
given an acid piekling treatment of 30 minutes in 6 per cent by
weight hydrochloric acid at 120° F,, followed by limewater and
tap water dips, drying with a cotton cloth, and final drying over
a hotplate.

the original jigs were constructed, it was thought that the applied
maximum tensile stress of a specimen, bent to a known deflection
or span distance, could be calculated with & suitable formula.
All ordinary formulae, however, are based on the assumption that
the material is stressed within its elastic limit, which was not
the case in this investigation. Magnesium alloys are different
from nearly all other alloys in that most of their compressive
yield strengths are considerably lower then their temsile yield
strengths. The F8~l alloy has a tensile yleld strength of 22,000
psi and a compressive yield strength of 13,000 psi (minima). This
would mean that, in bending, the inner surface of a plece could be
strained within the plastic range while the outer surface was
still stressed within its elastic limit. Such a condition was
expected in this work, since temsile stresses approaching the
yield strength were anticipated. Therefore, ordinary formulae
could not be employed for calculating the applied stresses, and

a direct measurement was required.



Measurement of bending stresses, due to axial loading,
depend upon very exacting conditions for aoour&éy. Slight dis~
erepancies between the physical conditions of two similar test
specimens and the way they are placed in the bending jig have a
magnified effect on the resulting maximum stresses. In the origi-
nal Jig, it was diffieult to put each specimen between the jaws
in exactly the same manner without adjusting them after bending,
since the ends were not securely held in a fixed position. Also
the Jigs were not made with the precision desired, nor were they
machined; the jaws were not exactly parallel., When the jigs
were loaded with three specimens, the rods tended to bow slightly.
It was declded that all these factors would bring about erroneous
and inconsistent results.

B. Protective Coatings Used on Original Bendin 4

Silicone Treatment. Five of these jigs were given pro-
‘tective coatings of 40 per cent by weight DC 804 silicone resin
in toluene, containing 0.30 per cent cobalt naphthanate dryer
based on the solid resin content. The silicone treatment con-
sisted of applylng three brush coats of D €04 resin to all por-
tions of the jigs except the threaded ends of the rods. The first
coat was thinned to 20 per cent resin by weight with toluene, so
that the resin would impregnate the tiny crevices and pits which
were present in the metal after grinding the welds and piekling
the surface. Bach coat was followed by a 4~hour air-drying period
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mdaléhzo-hmhungpcd&hmhfn-mm”.
The approximate temperature in the oven, as measured by & bi~
metallic Weston thermometer placed above the specimens and inside
the dryer, was 450° F. After baking, the first coating put on
the specimens appeared to be continuous when viewed under a
stereoscopic microscope (24x). However, the second coats would
not completely wet the surface, leaving voids of 1/16 to 1/8-inch
in diemeter, with the first coat exposed. Since the surfaces were
kept perfectly free from grease, lint and other contaminants, the
non-wetting effect was probably due to lack of surface adhesion
between the polymerized silicone surface and the unpolymerized
liquid resin. It was also noticed that the surfaces which were
exposed normal to the direct rays of the lamp in the oven were
also those which would not take continuous second or third coats.
It seems possible that these surfaces could have received a higher
degree of polymerization due to a higher temperature existing on
them because of the perpendicular exposure, and that this more
highly baked portion would not offer a sufficient attraction for
adherence of the liguid.

Tygon Treatment. The sixth jig was given thres brush
coats of the "Tygon" paint. The first coat was thinned to approxi-
mately 50 per cent by weight of the original paint (as received),
and the other two were thinned to approximately 80 per cent. An
alredrying period of about 1 to 2 hours was allowed between
applications.
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Solution. When three specimens were sprung into a coated jig and
the jig was exposed to a medium of 20 grams per liter of potassium
dichromate and 35 grams per liter of sodium chloride (pH approxi-
mately 3) for 24 hours at a temperature of 125° F., none of the
coatings held up satisfactorily. The silicone costings, after
exposure, were affected to such an extent that the top coat could
be flaked off with the fingermail., This indicated agaln the lack
of adiuesion between successive coats of the resin, The base coat,
for the most part, could be removed easily with a lkmife, although
in some portions adherence with the metal was very good. It was
obvious that the solution had penetrated the coatings, possibly
through tiny pinholes which could not be detected under the micro-
scope. The forece of the specimens against the jig broke the coat-
ings, causing subsequent galvanic corrosion at the ends of the
specimens. The coatings appeared to be discolored, especially

at the areas where they could easily be flaked off.

Solution. The Tygon coatings also became discolored, yellowing,
indicating some absorption of the solution. The formation of

blisters ranging from about 1/8 to 3/4 inch in diameter was appar-
ent on the Tygon-coated frames. This was probably caused by some

acetone remaining in the paint due to incomplete drying. The



specimens had broken through the coatings, but a coating applied
at these contact surfaces prevented any galvanie uﬁ.m.

The silicone coatings were scraped off the frames, and
the frames were then given three dip coats of "Tygon" paint.
Six~hour air drying was allowed between coats. Strips of 1/16~
inch Lucite sheet were then attached to the angle irons (with
acetone) to act as bearing surfaces for the specimens. These
coatings held up very well against the salt~dichromate solution,
but the pressure of the specimen forced the Lucite out of posi-
tion. The plastic was also too soft to provide an adequate
bearing surface, and would not stand up under continued use.

specimen holder was cleaned of the silicone coating and given one
dip coat of Valdura "Sarva" corrosion-resistant black paint and
allowed to air dry for 72 hours. This offered poor resistance
to the salt-dichromate solution and the coating broke down in
many places. The coating became hard and brittle after drying,

cracking in many places.

for discarding the original method of testing and seleeting some
other type of apparatus have been discussed in the foregoing para-
graphs. ﬁoy may be summed up as follows:



1. The jigs lacked the precision required for
accurate results in axisl loading.

2. Protective coatings that were used did not hold
up well in the few tests given them. Bearing surfaces,
particularly, were subject to coating failure.

3. The jigs were not sturdy enough for continued
testing.

inal Method. Since the origi-
nal method of testing had been proven inadequate, it was necessary
to devise some other type of apparatus and method of procedure which
would produce accurate results. The difficulties inherent in the
axial-loading methods of stressing could be eliminated by subjecting
the specimens to transverse loads, so it was decided that the latter
type of loading would be used. Variable stress could easily be
applied to a specimen by loading it at three points with an adjust-
able center load and two fixed end loads. This would also hold the
specimen securely in position while tests were being carried out.
Ames indicators could be used for measurement of deflection, and
with the use of an electric strain gage attached to the points
of maximum stress, a curve of strain vs. deflection could easily
be plotted. Correlation between this curve and a tensile stress-
strain curve for the alloy would give a direet relationship be-
tween any indicated deflection and the applied stress. The prob-
lem of protective coatings could be eliminated by providing no
contact between the corrosive medium and the jig itself. Therefore,



it was decided to contain the corrosive medium in & short piece
of glass tubing sealed to the specimen at the point of maximum
tensile stress.

D. The Final Method Used in This Investigatior

The Final Bending Jig. The jig used in carrying out
the stress-corrosion cracking tests served its purpose very well.
Specimens could easily be placed in the jig and almost immediately
be given the desired stress. It is believed that the jig can be
used for testing thin samples of any metal or alloy which does
not require a large volume of solution for its tests. Ome diffi-
culty was encountered in the operation of the jig: the adjustable
bar was not heavy enough to resist bending when loaded with more
than six specimens, taree placed near cach end. Also, there was
a slight convergence between the two amgle irons, and between the
angle irons and the adjustable bar. This, however, was not thought
to be serious since duplicate results could be obtained by testing
specimens near either end of the bar. About seven inches of the
bar at the left end sloped upward, epproximetely 1/8 ineh, and
this portion of the jig was, therefore, useless. It is believed
that welding caused this bend in the bar.

Surface. The advantages of localizing the corrosion as was done
with the glass tubes in this investigation are believed, in final
analysis, to outweigh the disadvantages. The method, however,



would not be recommended for tests of surface corresion. The
advantages are:

(1) Confinement of the corrosive action to the area
at which the stress is known.

(2) Proper selection of tube diameter can keep the
edges out of contact with the liquid. Due to the bending,
the outer surface of the specimens become concave, causing
an unknown concentration of stress on the edge fibers.

(3) No chance of a high stress differential causing
accelerated corrosion can exlst, since the fibers in the
exposed area are all subjected to very nearly the same
atress.

(4) Cracking can readily be detected at the outset,
and 1ts procedure can be watohed.

(5) Elimination of protective coatings required on
the bending apparatus.

Contact Surfage. Some of the possible disadvantages of the final
method are discussed below:

(1) Lsek of veloeity comtrol. In the aceslerated tests
the rate of hydrogen evolution was high with solutions having pH 4
and below; less, with pH between 6 and 8; and almost nil, for pH
above 8, The veloecity of the liquid was meinly a function of hydro~
gen gas evolution, although convection currents mey have given a



slight motion to the apparemtly quiet solutions. It is not be-
lieved that velocity is a controlling factor in stress-corrosion
eracking, since only the minute quantity of metal at the base of
the crack is attacked in the process, and that as separation of
the grains takes place, bare metal is continuocusly exposed and
corrosion proceeds. It is believed that some degree of motion
of the liquid is necessary for cracking, but that the minimum
velocity required is extremely low. This winimum flow can
possibly be initiated by the movement of the metal as the crack
opens, or by hydrogen gas bubbles passing up through the crack.
Veloeity in the bulk of the solution would not necessarily dis-
turb the portion contained in the ecapillary of the erack. It
appears also that the degree of stress and the nature of the
solution are so great in controlling susceptibility to eracking,
that the effect of velocity is thereby minimized. Another point
is that a quiet solution would produce less chance for formation
of concentration cells than would ome in motion, therefore in-
ereasing the surface corrosion which would decrease the poesi~-
bility of stress-corrosion cracking.

(2) Lack of control of seration. The dissolved oxygen
contents of the solutions were unknown. It is thought that they
were near saturation since all the solutions were shaken during
their preparation. The samples were run into the tubes with a
pipette (for the tests) and air was mixed into the liquid at that
time also. However, they may have been subjected to temperatures



high enough to cause a loss of oxygen during the time between
preparation of the solutions and the tests. Oxygen would hardly
affect the eorrosion in the solutions of pH & and below, since
hydrogen in these solutions is readily discharged as gas. Although
aeration greatly stimulates most corrosion, it has practically no
effect when suffieient chromate is present to mut(%) » since
the chromate ion acts as a hydrogen acceptor. From these facts

it would seem that testing in an unaserated solution has more merit
than testing in an aerated one.

(3) Leaks. Leaks developed between the wax sl , at
the bases of the solution-containing vials, and the test specimens.
This oceurred after extended exposure (15 hours or more) regardless
of the pH of the solution.

(4)
As in the case of velocity, the ratio is believed to be unimportant

where the solution pH is 3.91 or higher, because of the small amount
of corrosion products present to contaminate the solution. Before
the tests were made, this wes somewhat proved by wiping a tain film
of the 6.2 pH solution over a stressed specimen; eracking of the
piece tock place in less than five minutes. After extended periods
of time, however, the small volume of solution was certainly in-
ereased due to evaporation. This latter condition might have dis-
torted some of the results. Surface corrosion products did contami-
nate the solutions of pH 1.92 and 0.5, requiring frequent additions
of fresh solution.

(5)
carried out at room temperature, which was 80° ¥ 5° F, No informstion

All tests were




or data indicating the effect of temperature of the salt-chromste
tests was found in the literature(80)(61)(71)  yogt of the pre-
vious investigations were also carried out at room temperature,
although the temperatures were not given.

Effect of Gemeral Corrosion. General surface corrosion,
as distinguished from stress-corrosion eracking, had a definite
effect on retarding the progress of cracking. Some of the speci~
mens which showed no visible signs of cracking during the runs
and were recorded in the data as not failing, were later examined
under a 24x stereoscopic microscope and found to contain numerous
minute eracks, all perpendicular to the direction of stress. In
every case the stress was above the eritical for the respective
pH. Surface corrosion was also present, mainly localized along
seratches caused by the longitudinal polishing before testing.
Many of the tiny cracks terminated at these lines of surface corro-
sion, apparently unable to pass through them. It may be surmised
that this cracking would have resulted in failure had the surface
corrosion been absent, and the cracks allowed to proceed unhindered.
As the number of small cracks increased, the stress concentration
at the base of each was, in all probability, comnpoaﬁing]; low-
ered. This lowering of stress concentration limited the chances
for failure. Also, from a pH of 2 to & pH of 0.5, where surface
corrosion was excessive, the critical stress vs. pH curve increased
very sharply from about 27,600 psi to 32,100 psi. These effects
agree with the ntcntm(5) (72) on the subject.



Deseription of the Failures. The onset of cracking
was evident during the tests when the evolution of hydrogen bubbles

took place along a line perpendicular to the direction of stress.
Gradually, the crack increased in depth and width, with continuous
hydrogen evelution, until complete failure resulted. Usually only
three or four cracks were formed, rarely as many as six or seven,
Occasionally, when the liquid covered the entire width of the sur-
face, the first crack started at the edge of the specimen where a
relatively high, unknown stress existed. This effect would tend
to mask the results since the stresses al the edges of the speci-
mens were unknown.

An attempt was made to determine

whether the failures were transgranular or intergranular by metallo-
graphlic examination. However, the cold work effects caused by
either extruding (during manufacture), or bending past the yield
strength during the tests, distorted the grains too much to allow
any conclusions to be drawn as to which path the oracks followed.
Preparation of the samples for examination involved cutting out
the failed portions of specimens which had been subjected to solu-
tions of pH 1.92, 6.85 and 10.25; casting them in a Bakelite mold
under hydraulic pressure; cutting the mold and samples down in a
lathe; polishing with emery papers Nos. #, 1, 2, 0, 00 and 000
(in this order) using a gasoline-paraffin lubrie;nt , and finally
on a wheel covered with Vel-Chamee e¢loth using a powdered slundum
(grain size 600)-water abrasive mixture; and etehing, rinsing in



distilled water, and drying in a blast of compressed air. (The
air itself was not completely dry, however, for water vapor was
seen in the blast.) Etches used prior to several examinations
vere:

(1) Ddethylene glyecol ;Izi, by volume

Distilled water
Concentrated nitrie

acid 1
(2) Citrie aecid 5g.
Pistilled water 95 ec

(3) Glacial acetic aeid  50%, by volume
Distilled water 50

None of these etches proved satisfactory. They were
given inadequate trial, however, since the attempts were stopped
after the cold-work effect became apparent. The possibility of
the cold-work distortions being due to the polishing procedure
was eliminated, since they were still evident after about 1/100
inch of the metal surface was dissolved with nitriec acid (con-
centrated acid diluted 1:1 by volume with distilled water).

The visible examinations of the samples were made under a metallo~
graphic mieroscope (100x and 500x) .

. Figure 7, p. 65, shows
the relationship obtained between pH and stress-corrosion cracking
limits, or eritical stress, for standard test specimens of magnesi-
um alloy FS-1 extruded rectangular bar (3/4 x 1/8-inch cross-
section). Specimens were bent in constant deflection as end-

supported, center-loaded beams; and were exposed to a solution of



85

35 grams per liter of sodium chloride and 20 grems per liter of
potassium chromate. The constant eritical stress of 29,250 psi
existing in the curve between pH 6 and pH & indicates that neither
slight acidity nor slight alkalinity has apprecliable effect on the
susceptibllity to attack under these conditions of exposure, How~
ever, it is apparent that sclutions above pi 9 and solutions below
pH 2 tend to decrease the susceptibility to stress-corrosion
oracking., From pf 9 to pi 11.3 (approximastely), the critical
stress increases to 32,600 psi; from pH 2 to pi 0.5 this stress
increases from 27,800 pei to 32,100 psi. It is possible that
above pil 12 this extruded alloy is immune to cracking, since the
ourn.‘cppoar- to become asymptotic to this ordinate, This in-
creased resistance in highly basic solutions would be expected
since both the chromate and hydroxide filus are more protective
against alkaline environments.

The higher critical stress at very low pH agrees with
the findiags in other tavestipnttons AV () i sow et
surface corrosion inhibits the susceptibility to stress-corrosion
eracking. In the tests carried out using a solution of pH 0.5,
surface corrosion was very rapid; tuis was evidenced by vigorous
evolution of hydrogen gas, discoloring (darkening) of the solu-
tion, an obvious deerease in the thickness of the specimen, and
large amounts of corrosion products covering all of the exposed
area. The possibility of the corrosion products protecting the
metal from stress corrosion was discounted when two stressed



specimens which had not cracked after a 60-minute exposure in

a solution of pH 0.5 were caused to fail within two minutes upon
exposure to a solution of pH 3.91 at the same stress (the stress
was 31,200 psi in both specimens).

The fact that the eritical stress begins to decrease
below pH 6, rather than at some other pH, is probably due to the
fact that the protective hydroxide film is destroyed below this
pH. The increase of eritical stress beginning about pH 9, rather
than at some other pi, might be due to the fact that pure chro-
mate (without the dichromate) exists at a concentration of 35
grans per 1iter(%4) and thet this ion is more protective than
the dichromate ion, which exists with the caromate below pH 9.

Minimum Gritical Stress. The greatest susceptibility
of the alloy to stress~corrosion eracking under the conditions of
exposure used in this investigation was at a pH of about 3. This
minimum eritical stress is 27,600 psi, and the minimum oritical
strain is 0.008500 inch. Considering a tensile yleld strength of
22,000 psi for the alloy, this is 125 per cent of the yleld strength.
Other investigators'*) found that for smnealed FS-1 sheet alloy
the critical stress for direct-tension tests in the salt chromate
medium was about 100 per cent of the tensile yield strength
(22,000 psi).

in the specimens was first detected when data for the strain-
deflection diagram were being taken. At a specimen deflection of
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0.200 inch, the strain reading increased sligatly (5 microinches),
although the deflection was held comstant., At higher deflections
the rate of this elongation was increased. The rate of creep was
not quantitatively determined, but it was evident from observation
that it was increased by higher deflections. S8ince the strain
readings were taken during stepwise increases of deflection, it
is apparemt that each successive reading of strain imcluded the
total value of creep obtained in the previous steps. Therefors,
in order to obbtain the corrected value for initial straln, the
final sgtrain reading at each deflection was decreased by the
summation of creep at that deflection plus ereep at all previous
deflections., The initial strain values thus obtained are slight-
ly higher than actual values, since the creep which took place
during the operations of bending the specimens from one deflec~
tion to the next and of balaneing the strain indicator for a
reading, was nof taken into ascount, It is believed, however,
that this slightly higher value for strain would be closer to
that actually present in the specimens at the time of making the
stress~corrosion cracking tests than would the true initial val-
ues, since ereep was taking place during bending of the winm
and in sealing the solution containers on them. In order to
determine accurately the true strain on the specimens at the time
of applying the solutions for the cracking tests, it would be
necessary to obtain relationships between creep and time for each
initial strain.



Stress-Strain Curve. The stress~strain curve obtained
for the test specimens is characterized by a dip between strains

of 0.0025 and 0.0070 inch. Data for two other curves were taken
to determine whether or not some error in data-taking or in test-
ing procedure had been made; but these curves also contained a
dip. This would seem to indicate that the structure of this
alloy gives it thc ability to lose strength at certain strains
but to regain its strength when the strain is inoreased. This is
not uncommon in metals, although the property is not usually
exhibited until after the yleld strength is passed, In this
test, the dip ocourred at a range which prevented accurate deter-
mination of the yield strength, therefore the generally accepted
minimum of 22,000 psi was taken for this value.

Recommendations

The following recommendations are offered for future
investigations:
In order for accelerated

tests to be of value, data obtained from them must be correlated
with thet obtained from exposure to other environments, especially
service environments. Atmospheric exposure of the FS-l extrusions
is recommended since it is the most common type of exposure encoun=
tered in the use of these alloys. MNo suggestions are made as to
the method of stressing to use but it is suggested that several



specimens be exposed at the same time. These specimens should be
subjected to a range of stresses from the highest critical stress
obtained in this work (32,200 psi) down to 30-40 per cent of this
eritical strees. The eritical stresses for weather exposure of
FS~1 sheet have been found to be much lower than those required
in accelerated tests on this alloy.

Heat Trestments. In conjunction with the stmospheric
tests, it is recommended that the effects of various heat treat-
ments on inereasing the eritical stresses be examined, since
annealing is known to reduce stress-corrosion ecracking suscepti-
bility. The reportas of investigations by Hunter and his co~
workers(?) are recommended for reference in connestion with work
of such & mature.

Stress-corrosion oracking
tests on welded magnesium alloy F8~1 extrusions are recommended,
since welding is known to inerease the susceptibility to eracking.
Welding should be done by welders who sre experienced in magnes-
iun welding technique. Poor and inconsistent results in welding
cannot be tolerated, since these would add unknown variables to
the experimental results. Pitting due to flux inclusions and
incomplete melting of the welded joint are two of the more promi-
pent difficulties which should be prevented. Weld tests should
be carried out in both the sccelersted and stmospheric media.
Heat treatment of the welds in preventing stress-corrosion erscking




should be examined, since this is considered to be the most
effective preventive method(28)(30)(50)(51)(54)(59)(61)(65)(69)

Eurther Use of the Bending Jig. If further use of
the bending jig is made, it is recommended that the adjustable
bar be replaced by one possessing greater resistance to bemding
in order that a greater number of specimens might be tested at
the same time. The present bar would not resist bending when
loaded with more than six (three near each end) of the standard
. test specimens of magnesium alloy FS-l1 used in this investiga~
ticn, when deflected to about 0.400 inch cr mere.

' A rela-
tionship between creep (elongation of the surface stressed in

tension of the specimens under constant deformation or constant
stress) and time should be made, for in this investigation and in
othm(“) it was found to have an important bearing on the sccu-
racy of the results. A higher degree of accuracy in determination
of strain at the time of exposure to the corrosive medium would
be obtained if (1) the time at which each strain reading is taken
during a strain-deflection calibration is recorded, and (2) ereep
vs. time curves are obtained for various constant deflections
within the range of deflection used in this investigation, and _
(3) in the eracking tests, the time interval between attaining

a deflection and placing the corrosive medium in contact with the
metal, be recorded. The working range is not definitely known
until after the stress-corrosion cracking tests are made, therefore
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it is recommended that the creep ve. time curves be obtained
only after sufficiemt experimental work has been carried out.

A correlation could be made between the above relationships seo
that the exact strains applied te & specimen at (1) the time of
first contact between the corrosive medium and the specimen, and
(2) the time of cracking would be known.

The bending jig was capable of producing amy temsile stress be-
tween O and 32,600 psi and eny temsile strain between 0 and 16,600
microinches per inch. This maximum stress is near the ultimate
strength of the alloy (36,000 psi) and well above most design
stresses.

The strains at any deflection were known by use of the
previously obtained strain-deflection curve, the accuracy of the
strains depending wpon the accuracy of the equipment used for
measuring the strains and the indicators for measurement of de-
flection. These apparatus used in this investigation were pre-
cision instruments. The stresses at any deflection were deter-
mined by use of a previously drawn stress-strain diagram for
the alloy in conjunction with the strainedeflection curve. The
accuracy of the stresses was therefore dependent upon both the
accuracy of the testing machine and the aceuracies of the
strain- and deflection-measuring equipment. Any determination
of bending stresses near the tensile yleld strength in magnesium



alloys requires this correlation since their compressive yield
strengths are lower than their tensile yleld strengths, causing
ordinary stress formulae to be inadequate.

The jig itself was inexpensive, simple to construet,
and simple to operate and control. With a sturdier center bar,
it could be used for stressing about twenty-five specimens of
3/4~inch width for a single loading. A center bar could be
stair-stepped, with individual bars placed across each flight,
so as to deflect several specimens different amounts. This
bar could be made interchangeable with the straight bar. Speecie
mens of larger cross-sections could be tested if heavier bars
and angle iron were used. The larger jig could be made accord-
ing to the same design, however.

Because of these advantages of the bending jig and
since it is believed that no other type of jig deseribed in the
literaturel2t) (54)(59)(65) 4, .o better suited for stress
corrosion cracking testing in bending, it is recommended that
this basie design be adopted as a tentative standard apparatus
for accelerated laboratory stress-corrosion cracking tests of
magnesium alloys by the American Soclety for Testing Materials,

Limitations

Test Specimens. The only specimens tested were stand-
ard ASTM tension test specimens eight inches long, having a gage
length of two inches. These were cut from commercial magnesium



alloy FS~1 rectangular extruded bar having a cross-section of

1/8 x 3/4 inch. It was originally plamned to test sixty welded
specimens, but the welding job on the pleces was very unsatis-
factory. Apparently the flame used in welding was not hot enough,
sinee incomplete melting of the metal was obvious. The flux was
not removed after welding and this caused severe pitting on the
weld and in the region surrounding it,

Corrosive Medium., The corrosive medium used was an
agueous solution containing 35 grams per liter of sodium chloride
and 20 grams per liter of potassium chromate., Adjustments of pH
to various values between 0.5 and 12 were made with 23 per cent
hydrochloric acid, or with a 1,542 N solution of potassium
hydroxide. One-half ml of the correding medium was used for pH
of 3.91 and sbove; 2 ml, for pH of 1.92; and 3 ml, for p of 0.5.

Stress. Bending stresses were used, and these could
be varied from 0 to 32,600 psi on the tensile side of the test
piece. The maximum deflection of the pleces was 0.790 inch, and
the span (distence between the fixed end supports) was fixed be-
tween 6-3/16 inches, for a specimen without deflection, to
6-1/16 inches, for a specimen deflected to the maximum, Accuracy
of the stresses determined was limited by the accurascy of the
stress-strain and the strain-deflection diagrams.

Temperature. Temperature was not controlled, but
variations were limited to the range of 75° to 85° F.



9%

Aeration. No aeration of the corroding solutions was
used in any of the tests. The solution, however, probably ab-
sorbed some oxygen when shaken during their preparation; and
while exposed to the air during the tests.

Yelocity of Corrosive Medium. No veloeity comtrol
was used, The solutions were quiescent except for agitation
caused by hydrogen gas evolution for all solutions between
pH 0.5 and pH 6.2,

Exposed Surface. The area of the test specimens ex~
posed to the liquid was a eircle of ll-mm diameter located midway
between the gage marks on the surface under temsile stress. This
area included the region of maximum tensile stress.
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V. CONCLUSIONS

From accelerated stress-corrosion cracking tests
employing an aqueous sodium chloride-potassium chromate corrosive
medium and standard test specimens of commercial magnesium alloy
F8~1 extruded bar stressed in constent deflection, the following
conclusions were drawns

1. At pH values of 0.5, 1.92, 3.91, 6.2, 7.7, 8.25,
10.25 and 11.85, the eritical stresses, in psi, were 32,000,
27,900, 27,700, 29,300, 29,350, 29,200, 30,350 and 32,600, respec-
tively,

2. The eritical stress was constant at 29,300 psi
from pH 6 to 8.5,

From the calibration of the bending jig used in this
work, employing a standard test specimen of commercial magnesium
alloy F8-1 extruded bar, the following conclusions were drawn:

3. The bending apparatus was capable of producing
tensile strains from 0 to 16,600 microinches per inch and temsile
stresses from 0 to 32,600 psi at deflections from O to 0.790 inch
(maximum) .

4. Creep of the alloy took place at the region of
maximum stress, on the side of the specimen stressed in tension,
at a deflection of 0.200 inch and higher, and at strains of 3985
microinches per inch and higher.



VI. SUMMARY

An important factor preventing e more widespread
acceptance of magnesium alloys in the chemical industry is its
susceptibility to verious forms of corrosion. Stress-corrosion
eracking, occurring under conditions of residual fabrication
stresses or high external stresses, is a severe localized corro-
sion type which can bring about complete failure in most wrought
magnesium alloys. Previous investigations concerned with stress-
corrosion cracking of magmesium alloys have dealt with its oeccur-
rence only in the sheet metal.

This investigation involved accelerated laboratory
stress-corrosion cracking tests on a commercial extrusion. Stand-
ard tension test specimens of magnesium alloy F8-l extruded
rectangular bar were subjected to bending in constant deformation
by loading them transversely as end-supported center-loaded beams.
The epparatus was constructed of angle irons for end supperts and
steel bars for an adjustable center load. Maximum tensile strains
were measured with electric strain gages and corresponding stresses
were determined from the tensile stress-strain diagram for the alloy.

A corrosive medium of 35 grams per liter of sodium
chloride and 20 grams per liter of potassium chromate was placed
in small sections of glass tubing sealed to the specimen surface



at the ﬁgion of maximum tensile stress. The off‘nfm of the
magnitude of tensile stress and pH on time to failure nn
investigated and the stress~-corrosion cracking limits (eritical)
stresses) were determined at various pH values from 0.5 to 11.85.

The apparatus was ntinfabtory for laboratory testing
and the basic design was recommended to be adopted as a standard.
The effect of creep was corrected to some extent, since creep
rates were very high.

The minimum eritical stress for the alloy was found
to be 27,600 psi, or 125 per cent of the temsile yield strength,
at a p of 3.0-3.5. Values of pH between 6.0 and 8.5 have no
appreciable effect on the eritical stress, although pH values
below 3.0 and above 8.5 increase the stress-corrosion limit.
From pH 6.0 to 3.5 eritical stress is decreased from 29,300 psi
to 27,600 psi. Oreep was evident at strains of 3985 microinches
and higher.
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