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ABSTRACT

An investigation of the corrosion of aluminum in boric acid solutions
was made., The total immersion, contimuous agitation method of testing was
used.

Commercially pure aluminum and two aluminum alloys were exposed to
various concentrations of boric acid solutions at various temperatures.
Metal samples were removed at selected time intervals and the corrosion
rate was measured by a change in weight.

The corrosion rates obtained were compared for the various alloys,
boric acid concentrations and temperatures.

Several photomicrographs and photomacregraphs of the aluminum
specimens were prepared as an ald in determining the type of corrosion

encountered.



SECTION I ~ IRTRODUCTION

Corrosion, the destruction of a metal by chemical or electrochemical
reaction with its environment, is the diz;eet cause of lmmense squipment
replacement costs every year. The ihditect cost of corroslion, such as
that ‘resulting from plant shut-downs for repair of corroded equipment
increases the cost still further. »

In many cases the service 1ife of metallic equipment in contact
with a corrosive environment could be materlally increased through the
Judicious use of a different alloy. Also, & slight variation in-
operating conditions such as temperature or contentration is often
Justified because of a resultant incrsase in corrosion resistance of the
process equipment.

The industrial plant with no corrosion problems is indeed a rarity.
Even a non-chemical plant using relatively inert chemicals is frequently
plagued by corrosion of equipments. Such is the case with many miclear
reactor installations.

Because of the high neutron sbsorbtivity of boron, boron and its
compounds are used in the control of nuclear reactors. Boric aeid in
solution is a convenient means of supplying boron for this purpose.

Alumirmm, however, exhibits low neutron absorbtivity. Therefore,
repairs may be made on slumimum equipment used in a miclear reactor
installation without fear of lingering radiation.

Hence, aluminmum tubing is often used to convey the boric aeid
solutions into the miclear reactor. The damage to the nruclear reactor

resulting from a failure in the aluminum tubing within the reactor would,



of course, be very great. Were the tubing to fall outside the reactor
efforts to control the reactor by means of the borie acid solution would
be seriously impaired if not futile,

It 1s of importance, therefore, to have a knowledgs of the corrosion
reslstance of alumimmm and ite alloys to boric acid solutions of variocus
concentrations and temperatures.

The purpoge of this research was to investigate the corrosion of
commercially pure alumimum and two alumimam alloys in boric acid sclutions.

The metals used were Alcoa 2S-Hl4, Alcoa Alclad 3S-0 and Alcoa 24S-T3.
The first two characters in the metal desigration refer to the alloy,

23 is commercially pure alumimum, Alclad 38 is a surface layer of a

copper, menganese, zinc and aluminum alloy on a differemt aluminum alloy of
copper, silicon, iron and manganese, The letters and numbers after the
dash in the code designation refer to the temper of the metal. HL4

refers to a cold-worked temper, O an annealed temper, and T3 a temper
produced by an initial solution heat treatment followed by cold-working,
For a more complete discussion of these designations, reference is made

to "Alcoa uu@m &and Itg Alloys", a publication of the Alumimim

Company of America (1).

Throughout the remainder ef this thesis the alloys used will be
designated by 25, 38 and 24S.

In order to duplicate closely actual plant conditions, the total
immersion, contimious agitation method of testing was used.

Several baths, each at a constant tempsrature, but covering a range
of temperatures from room temperature to 90°C were employed. In

addition, boric acid solutions in concentrations to saturation were



prepared for use at each temperature chosen.

A number of metal samples were prepared for each bath., Samples
were removed from the baths at sslecte& time intervals and examined
for corrosion by mea%luring the change of weiébt.

The corrosion rates obtained were camparad for the various alloys,
boric acid eencentratit;ns and tsmparaturea.'

At the outset of thip work it wase hoped that an examination of the
experimental data would help to throw light on the préssnt theories of
aluminum corrosion. 7 It 1s believed that Vths work-contained in thie thesis

1s a plgnificant contribution to the theory of alumimm corrosion.



SECTION II - SURVEY OF THE LITERATURE

Early Studies in Gorrosion

Corroaion phenomena have been a problem to man since pre-historical
times. Man's discovery of metals (the first metal used was probably
copper) eould only barely precede the recognition of corrosion.

For many centuries, however, there seems to have been little
curlosity regarding the causea of corrosion. The first significant
contribution to the theory of corrosion was made in 1819 by an
anonymous French seientist, thought to be Thénard (28). He studied the
corrosion of zinc by acid and attributed the fact that impure zinc is
wore rapldly attacked than the relatively pure varieties to an electrical
effect set up between the zinc and the impurities present.

In 1824 S8ir Humphry Davy (12) in a study of corrosion prevention
of copper ship bottoms suggested connecting the copper with iron or
zinc. This is an early application of the prineiple we know today as
cathodie protection.

Faraday and Schonbein (13) in 1836 studied the effect of the pro-
tective oxide film on iron immersed in dilute and concentrated nitric
acid. They found that a strip of iron was rendered passive to attack by
dilute nitric acid when it was first immersed in concentrated nitric acid

to allow a protective film to form.
Corrosion of Alumimum

Probably the first investigator to study the corrosion of

aluminum was Watson Smith (26) who, in 1904, examined the action on



aluminum by various inorganic acids and salts. FHe noticed that alumirum
dust was vigorously attacked by nitric acid at room temperature, but that
both dilute and concentrated nitric acid had little effect on alumimum
shest below 50°C. He attributed this phenomenon to the formation of a
protective film on the alumirum sheet, and on this basis recommended
aluminum as being suitable for cooking utensils.

From extensive studies, Bailey (8) concluded that the corrosion
of alumlmm by water was increased by the presence of impurities in the
metal or by a rise in temperature of the water. He further stated that
except at a relatively high or low pH of the corrodent, the corrosion
products were exclusively Al,0; or AL{OH);. In a discussion of Bailey's
work Rosenhain (25) added that corrosion of aluminum 1s increased at the
point of suspension of the samples, whether glass or metal hooks were
used.

Waché (32) found that the corrosion rate of alumimm varies
considerably with the content of impurities in the metal and especlally
with their distribution; the lowest rate being when the impurities were
best distributed.

Miller and Léw (20) in their studies of aluminum corrosion by
hydrochloric acid found that the purest al\m;.nu.m available {99.999%)
was extremely resistant to corrosion, being notlceably attacked only at
an acid concentration of 4N er higher.

Vogel (31) comducted immersion tests of alumirmum in various acld,
alkali and salt solutions at several temperatures. He reported that the
rate almost always increased with the temperature and that pure alumimum

was most resistant among the alloys tested.



Hackerman (16) reported that aluminum corrosion rates in water
increase with tempersture, but usually go through a maximm which is
often reached at about 80°C.

Champion (10) shows that for the case of alumimm in a normal
potassium chloride solution, the corrosion rate in the early stages
inereases linearly with the amount of metal corroded and decreases
linearly with the corrosion after a certain loss of metal has occurred.
He stated that the corrosion-time curves are more reproducible on the
basis of the amount of metal corroded than on a time basls,

McKee and Brown (19) studied the resistance of alumimum to
corrosion in solutions containing various anions and cations. They
concluded that the corrosion resistance of aluminum appears to be ine
fluenced to an appreciable extent by thé stability of the oxide film and

by the solubility of the corresion products.
Protective Film on Aluminum

Bryan (9) concluded that the film of oxide or hydroxide was re-
sponsible for the corrosion resistance of slumimum. Since 11(0H), is
relatively inscluble over a wide pH rangs, he surmised that the film
plays an important part in reducing corrosion not onl? in neutral
solutions, but also in weakly acidic and basic solutions.

Jenny and Lewls (17) state that the adherence of the £ilm to
aluminum is so good that it ia scarcely possible to remove the film

by mechanical means.



Pitting of Aluminum

Aziz (7) has contributed greatly to the knowledge of pitting in
alumimm corrosion. He used radloactive cobalt and lead ions in
solution to study the distribution of local cathodes on alumimm alloy
specimens which wers actively pitting, and to study the processes of
£ilm breakdown and repair on aluminum-alloy specimens after introduecing
them into a corrosive environment. In the study of pitting, radiocactive
ions were introduced into the solution after pitting of the sample had
proceeded for a predetermined length of time. The tracer was then per-
mitted to plate out onto loeal cathodes, and, after washing and drying,
autoradiographs of the surface were prespared. Results indicate that
after g pit is a few hours old it im surrounded by a ring of eathodic
surface and outside this is an anmlar ring of passive surface which
prevents lateral expansion of the corrosive attack, the remainder of the
surface being cathodic, His results further indicate that, on contact
with the solution, the surface oxide film breaks dewn and ie then

repaired by reaction with the solution.

Corrosion of Alumipum by Boric Acid Solutions

Various references are available on the corresion of aluminum by
borie aeid asoclutions, In many cases, howsver, contradictory or confusing
statements are given,

Rabald (22) states that 99.5% alumimm ig "practically resistant
to boric acid solutiorn at 20°C and "fairly resistant" at the boiling

point. ¥o mention is made of concentration.



Aceording to Uhlig (29), "Boric acld solutions in all concentra-
tions up to saturation have negligible action on aluminum alloys". It
1s noticed in this reference no mention is msde of the effect of
temperature.

In one of its publications the Alumimum Company of America (2)
atates thant boric acid has 1ittle effect on alumirum and that alumimm
ip used as a material of construction in boric acid plants. However, the
concentration of the boric acid is not given, and it is possible that
dry boric acid isg the substance in question since no mention of a solution
ia made.

Ritter (23) states that very pure alumimum (99.5%) in concentrated
borie acid solutions is not attacked at 20°C and only slightly attacked
at 100°C, He gives a quantitative rate of 0,03 grams per square meter
per day for.commercially pure aluminum in a 4% beric acid solution at
20°C,

Andrews (5) indicated that some attack is encountered in using
boric acid solutions im aluminum tubing at nuelear reactor installations

and that the rate of attack varied considerably with different alloys,.

Special Effects in Aluminum Corrosion

Several investigators who have atudled the corrosion of aluminum
a8 & function of time have reported significant bresks in the corrosion-
time curves.

Andrews (6) in studying the film formation of alumirum immersed

in water noticed peaks in the curve at about two week intervals,



Vernon (30) in investigating the effect of the film build-up by
different alloys in water reported breaks in the curves at the end of
40 and 60 days.

Strom, et al. (27) studied the reproducibility of data of aqueous
corrosion of alumimum. He concluded that the data were reproducible
except at 12 and 25 days.

Thus it is seen that while many aspects of corrosion have been

studied, mich needed research remains to be performed in this fleld.
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SECTION ITI - THEORETICAL CONSIDERATIONS

General

The tendency for meials to sorrode may be explained thermodynamically.
Whem most metals form compounds there ip an ensuant decrease in free
energy. In other words there is every reason to anticipate that most
metals should seek a more stable form, i.e. to corrode. Therefore, the
question is not, "Why do metals cor;rode?", but rather, "Why are common
metals relativelyr inert and non~reactive?’,

While all corrosion is essenmtially electrochemical in nature., a
distinetlon will be made in thia thesis between chemical attack and
electrochemlical attack., An attack which invelves only the metal and
corrodent will hereafter be referred to as chemical. An attack involving

the metal, oxide film and corrodent will be referred to as electrochemical.

Protective Films

Most getels have the characterlstic of forming adhering and
mechanically strong surface films of oxide or occasionally hydroxide.
In the case of aluminum the protective film thickness is of the order of
1x 1076 em. (17).

The rate of reaction of metals depends, therefore, on the permeabllity
of the coating to the reactants, presupposing a £ilm which is inscluble
and non-reactive with its enviromment. A porous film is certainly leas
protective than a non-porous one. Piling and Bedworth (21) showed that
for oxidation if the ratio Mi/mD (where M is the molecular weight of the

oxide and D its density, m is the atomic weight of the metal multiplied
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by the number of metal atoms in the oxide formila, and d 1s the metal
density) is greaty than unity, the oxide coating is protectivey when
less than unity it is non-protectivey i.e., a value of the ratio greater
than unity indicates a non~-porous oxide film.

Several values of the ratio Md/mD were caleulated and are given in

Table I for comparison.

TABLE I
PORDSITY OF METALLIC OXIDE FILMS
I\ﬁ*
Metal Oxide =3
Calcium Cal 0,64
Alumimun 41,0, 124
Chromium Cr,0, 2,03

¥ Refer to page 10 for a description of this ratic

Although a coating may be protective when first formed, a limiting
thickness is often reached at which the coating cracks. In some imstances
fragmenting of the coating occurs becsuss the lateral stresses in the
oxide eventually exceed the binding force of the coating., This is trus
in the case of aluminum. Since aluminum oxide, if unconstrained, would
occupy & mich larger volume than the aluminum destroyed in producing it,
the film may remain in a stressed state, liable to fracture.

From these consideratlons it may be deduced that the corrosion of
alumimm (and other metals whose oxide films exhibit similar properties)
1s brought about by a repeated breaking down of the protective oxide film,

This exposes the bare metal to the oxidant and the process recommences.
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\ If the oxidant 1s aqueous an equilibrium moisture concentration
would be expected in the protective film, Jemny and Lewis (17) show
that for the case of aluminum the water content of the film produced in
aqueous soclutions of weak aclds 1s about fifteen per cent.

It 1= reasonable to suppose that as the lateral stresses mentioned
above increase an occasional water molecule will be driven out. If
enough water molecules are driven from a particular lecality in the £ilm
there will result a fissure at that locality. Thils, too, would expose
the bare metal to the corrosive agent.

Therefore for aluminum in contact with aqueous oxidizing agents,
there are two contributing causes of chemical corrosion, viz.

(1) The mechanical break-down of the oxide film
due to lateral stresses in the film
(2) Expulsion of water molecules in the protective

film, creating a fissure in the film

Electrochemical Attack

In the previous discussion it was assumed that a break in the film
permitted corrosion of the exposed metal by chemical attack. In an
aqueous solution this is not completely true. Actually an electric
current will flow between the oxide scale as cathode and the bare metal
a8 anode. The current will remsin strong only if oxygen has access to

the cathodie surface, where 1t will react in the following manner:

1 0, + H,0 + 2 —= 2(0H)"
2

At the anodic area the metal (using aluminum as an example) will pass

into solution according to the equation

12
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o —=att + e
Finally, when the lons meet, the aluminum ions combine with the hydroxide
ions to form the insoluble alumimum hydroxide,

It is interesting to note that while this electrochemical corrosion
ultimately will bring about a combination of aluminmum with oxygen, it
differs from direct oxidation, The aluminum goes into solution at one
place, the oxygen is taken up at a second place and the oxide or
hydroxide 1s formed at a third place. Thus the solid corrosion products
do not form a protective film. Consequently the electrochemical corrosion
begun at a break in the film tends to proceed unchecked until finally it
1s brought under comtrol as a result of direct protective oxidation. As a
general rule electrochemical corrosion and chemical corrosion oceur
concurrently at a break in the film.

Eleectric currents are also genmerated at the junction of two different
metals in corrosive media. In general the less noble metal acts as the
anode or corroded metal while the more noble metal is the cathode or
protected metals

The contact of two dissimilar metals producing a galvanic action
may be due to & coating of one metal on another as in the cases of
galvanized iron and clad alumirum, or to nonhomogeneity in the metal
itself, frequently observed in alloys.

Aluminum is anodic to many of the other common metals. This means
‘that galvanic attack is likely to occur on aluminum when it is in centact
wlth dissimilar metals, whether the metal contact 1s a result of alloying

or clading.
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Consideration should also be given to incomplete physical homogeneity,
for parts under stress show a different electrochemlcal potential from
those free from stresses. This explalns the accelerated corrosive
action often observed at cold-worked areas of metals.

Electrochemical action on the metal, regardless of the cause, has
the effect of localized attack, When these areas of locallzed attack
are smell as compared with the whole metal surface, they are referred to
amp plts., This localized corrosion will proceed unchecked until the csuse
of the galvanic actlion has been eliminated.

Thus a galvanie action resulting from a coating of one metal on
another will continue until the coating has been removed.

Similarly electrochemlical attack on a locallzed area of metal

inhomogeneity will contimue until the area is homogeneous.

The Effect of Joint Action

Corrosion is understood to be the destruction of metal by chemlcal
or electrochemical actlons., Erosion; on the other hand, refers to
destruction by mechanlecal agents. In practice both forms of attack
are frequently associated, the result being that the wear is accelerated,
As an example, lead at 25°C in stagnant 10% hydrochloric acid is reduced
at a rate of 63 mils per year. When the acid is stirred at a linear tip
speed of the blade of only 6.5 feet per mimte the loss increased to
260 mils per year, other conditions remaining the same.

Throughout the remainder of thie thesis the term corresion will be

used to mean the jJoint action of corrosion and erosion.
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SECTION IV ~ DESCRIPTION OF APPARATUS

General

The basic design of the testing apparatus followed that suggested
by the American Society for Testing Materisls (3), The testing
apparatus ia shown in Photograph 1., Photograph 2 shows the panel
board, temperature recorder, and relay cabinet, With the exception of the
temperature recorder and relay cabinet, the entire apparatus was assembled

on a wooden table 108 inches long by 33 inches wide and 30 inches high.

Tegting Baths

Twelve earthenware crocks were used as testing baths. The ten
gallon size crock was found to be an ideal size, but six and eight gallon
crocks were also used. The test samples, stirring system, and tempera-
ture controlling and measuring devices were positioned in the baths as
shown in Figures 1 and 2, . To lessen evaporation losses the baths were
fitted with removable pressed wood covers, These covera are not shown

in the Figures.

Suspension of Samples

The suspension system originally employed consisted of four pressed
wood dimes mounted on a wooden shaft. The diameter of the discs was
approximately ten inches. Projecting radially from the periphery of
the disecs were a mumber of one-sixteenth inch tapered wooden dowels.

The discs were so positioned vertically than the distance betwsen the

twe top diacs and between the two bottom discs was the same as the



PHOTOGRAPH 1
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PHOTOGRAPH 2
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distance between the two mounting holes in the specimens, The coupons
were held in place on the tapered dowels by a rubber band stretched over
the two dowels. To further aid in holding the specimens in place a
length of cotton string was used to encircle each tier of specimens.

The rack was rotated through the test solutions.

To make the suspension system impervious to water all wooden
parts were painted with three coats of Tygon paint.

This system was found to have faults in both the design and the
materials of comstruction used. In the event of a power failure to
the heating element of one of the hot concentrated acid baths, the
boric acid would begin to crystallize. A4s the cooling process contimued
the erystals would bulld up to such a degree as to hinder the movement of
the samples through the baths. Finally the samples would be swept off
the pressed wood discs. Such a serles of events actually occured in
two of the baths. Since the samples in the baths were identified by
position only, this necessitated the preparation, weighing and measuring
of new samples for the two baths. Also, the Tygon coated pressed wood
was unable to withstand the combination of heat and moilsture encountered
in the testing baths.

Therefore, after fourteen days of operation the testing was
interrupted to permit the rebuilding of the suspension system. The
system finally employed is shown in Fipure 2.

The samples were threaded on cotton string with a one-fourth inch
by one-fourth inch length of fire-polished glass tubing as a spacer
between successive coupons. 4 length of glass tubing approximately

twelve inches long was threaded on the string as an aid in keeping
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the samples separated, The samples were suspended well below the liquid
surface in the crocks, and the string was passed under the pressed wood
cover and fastened to the table. The samples were easily removed by

untying the string, This system was very satisfactory in all respecta.

Stirring Mechanism

Figﬁre 1 shows the shaft, pulley, and bearing portion of the stirring
system. Originally the pressed wood discs described earlier wers
fastened on the lower portion of the shaft. After the final suspension
system was installed this same shaft was fitted with a propeller as shown
in Figure 2. This propeller was made from a 1" x 8" x é‘z" strip of
stainless steel.

An angle iron and wooden support was constructed to support the
stirring system. This support, which is shown in Photograph 1, was
fagtened to the table with C-clamps, The wood member of the support was
about thirty-six inches above the table top. Ball bearings were mounted
in pipe fittings which were screwed into the floor flange on the wooden
support. A three and one-half inch Micarta aircraft type pulley was
fastened to the wooden shaft above the top ball bearing.

The twelve stirring pulleys were connected by means of a one~
fourth inch round contimuous leather belt, This belt passed around
various guide and idler pulleys to the motor pulley. The belt and
pulley system is shown in Figure 3 and Photograph 1.

The motor used was a one-third horsepower gear motor with a shaft
speed of 7.5 revolutions per mimute. A smaller motor would undoubtedly

have been adequate, but no other motor of the proper slze and speed was
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available. This motor provided a stirring shaft speed of about twenty-

two revolutions per mimute.

Temperature Controlling and Measuring System

Figure 2 shows the placement in the baths of the controlling and
measuring system. A wiring dlagram of the control system is shown in
Figure 4.

The heater was made of a thirty-one foot length of 24 B&S Nichrome
wire. This wire was wound into & coil and placed in a four foot length
of Pyrex glass tubing. The tubing with the coil of wire inaside was
heated and bent to a convenlent shape to £it into the teeting bath. This
heater provided a power output of about 250 watts at 117 volts. Two of
the heaters connected in parallel were placed in the 90°C baths.

The thermoregulator used was a Fenwal cartridge type, adjustable,
normally closed Thermoswitch, catalogue no, 17000, This regulator is
manufactured by Fenwal, Inc., Ashland, Magsachusetts.

The regulators were originally enclosed in a rubber tubing sleeve
as shown in Figure 2. This sleeve was used to prevent the acid solution
from entering the certridge. It was later found desirable to use a
100 ml. glass (Nessler) tube as a well, Transformer oll was used in the
well as a heat transfer medium. This arrangement afforded a temperature
control of I 20¢,

To provide flexibility in the selection of a thermoregulator in
future operation of the equipment a double-pole, double~throw relay was
used between the heater and the Thermoswitch. The relay also served to

1imit the current to the Thermoswitch, The relays were placed in a
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cabinet atop the temperature recorder as shown in Photograph 2,

The temperature of each bath was contimously recorded by a twelve
point Brown "Electronik™ Recorder. The iron-constantan thermocouples
connected to this recorder were placed in the baths as shown in Figure 2,

Mercury~in-glass thermometers were placed in each bath as an

additional temperature measuring device.

Panel Board

The panel board is shown in Photograph 2. This board contained
the pilet lights and switches for each heater as well as a motor
switch, a master switch for the heater circult, a master switch for the
control ecircuit, and an ammeter for measuring the current to the heater

and control eircuits.
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SECTION V - EXPERIMENT AL PROCEDURE

.

Preparation of Samples

The test samples were cut from 35-0 Alclad, 24S5-T3, and 2S-HL,
sheet aluminum. The nominal composition and density of each of these
metals is given in Appendix I. The alumimm was cut into strips with
a treadle operated sheet metal shear, The approximate size of the
samples was three inches by three-fourths inch, Those samples which
deviated from this size by more than 0.05 inch in either length or width
were digcarded. Approximately ore-fourth inch from each %" side and
midway between the 3" sides a j’;" mounting hole was punched using a
sheet metal punch. A minimm of three hundred coupons of sach of the

three alloys were prepared.
Cle: Weighing and Mea; of Samples Prior to osure

4s recommended by Uhlig (29), the coupons were degreased by immersion
in acetone followed by a ten mirute dip in a phosphoric-chromic acld
bath. Finally the coupons were washed with distilled water and dried
with acetone.

Since it was desired to duplicate closely actual plant operating
conditions, the specimens were given no mechanical treatment which might
alter the original surface of the metal,

The coupons were weighed on a magnetically damped analytical balance
which had & sensitivity of 0.1 mg.

The length and width of each sample was measured to 0,01 inch using

an engineers' scale. The thickness of each alloy was measured at several
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pointe with an indicating thickness gage which measured thickness to
0.001 inch and the average of these measurements was taken as the

thickness of the alloy.

Identification of Samples

After being weighed and measured each sample was placed in &
mmbered envelope. As each sample was removed from its envelops and
placed on the suspension system 1ts position was noted, Other than the
mumber appearing on the envelope the position of the coupon was the only
means of identification employed.

Sixty coupons (twenty of each of the three alloys) were placed in

each bath,
Record. of Data

Appendix II contains copies of the original data sheets.* The copies
are presented in the same form as that used in the original data sheets.

The first column is the sample mumber, This mumber corresponds to
the one on the envelope mentioned sbove. The data ars arranged in,
mmsrical sequence. The absence of a mumber indicates that the sample
in question was swept off the suspension system, The identification of
the samples placed in each of the baths is shown ir Appendix II.

The second column identifies the sample as to alloy,

The third, fourth and fifth columns contain, respectively, the
length, width and thickness in inches of each sample,

The sixth and seventh columns contain the welght in grams befors

* A microfilm of the original data is on file in the Cushing Memorial
Library, A & M College of Texas, College Station, Texas,



and after exposure, respectively. The eighth column 1s the welght loss
in grams,

The ninth and tenth columns contain, respectively, the date on which
the sample was introduced into the acld solution and the date of removal.
The eleventh column shows the time of exposure in days. In all cases
samples were introduced to and removed from the acid aclutions at eight
o'clock p.m. so that only whole (24 hour) days were involved,

In computing the exposure time allowance was made for the period of
suspended operation necessitated by the replacement of the original
suspension system. All samples wers originally exposed to the solutions
on July 1, 1955. On July 15, 1955 all samples were removed except those
whieh had previously been removed for examination and those which were
swept from the two baths as mentioned in Section IV — Description of
Apparatus.

The remaining original samples were again placed in the acid
solutions on September 1, 1955, New samples for the two baths mentioned
above were introduced to the acid solutions on September 4, 1955,

The twelfth column is the surface area of each sample in square
inches. The area of the edges of the specimen was ineluded and the area
lost due to the mounting holes was excluded from the surface area
measurement.,

The last column gives the corrosion rate in mils per year. The

rate waz determined with the ald of the nomograph in Appendix III.

Corropive Splutipns

The solutione were prepared using USP XIV grade crystalline boric
acid produced by the Pacific Coast Borax Company, The analysis of thia



borie acid is given in Appendix IV,

The necessary amount of acid for each bath was weighed to 0.01
pound and placed in the crocks. Five gallons of distilled water was
then poured into each crock.

In order that a constant amount of water in the bathe could be
maintained, a depth gauge was made for each bath. The liquid level was
checked at frequent intervals and distilled water was added as needed.

The temperatures chosen for the baths were 40°C, 50°C, 70°C and
90°C. Three baths wers kept at each of these temperatures.

The concentration of the solutions used in the various baths were
fixed by taking a fraction of the concentration at saturatlon at the
temperature of the series. The amount of boric acid dissolved at
saturated conditions was determined from the Solubility Tables of
Lange's "Handbook of Chemistry" (17). The fractions used throughout
were uniformly % and § of saturation as well as saturation at each
temperature.

A tabulstion of &1l bath temperatures and concentrations 1s given
in 4ppendix II,

Cle and_Wei; of Samples After osure

In order to remove corrosion products from the corroded specimens,
the cleaning procedure recommended by Champion (11) and Robertsom (24)
for alumirmm and alumirum elloys was used. The coupons were firat
immerased in concentrated nitric acid at room temperature for ten mimtes,
Next they were immersed in a phosphoric-chromic acid solution at room

temperature for ten mimites, Finally the coupons were washed with
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distilled water and dried with acetone.
Fach sample was then weighed to 0.1 mg. The weight was recorded
and the sample was returned to its numbered envelope for possible future

references

Preparation of Photomicrographs and Photomacrographs

Photomierographs and photomacrographs were made of several specimens
according to the procedure outlined by the American Society for Testing
Materials (4). These photographs are contained in the Discussion of
Results.

The photomicrographa were taken using a Bausch and Lomb laboratory
microscope squipped with a vertieal illuminator. A Leitz Miero-Ibsc
attachment and a Leica III F camera completed the photomicrograph
equipment. A photograph of this assembled apparatus is shown in
Appendix V. Magnification was determined by photographing through the
microscope the opening of a micrometer caliper and measuring this opening
on the final print.

The‘ photomacrographs were taken with a Leica III F camera fitted
with a Leitz "BOOWU" close-up attachment, Oblique lighting was provided
with photoflood lamps in reflectors.

Operating Difficulties Encountered

As mentioned under Sectlon IV - Description of Apparatus the
original suspensien system had to be replaced, This was the major

difficulty encountered.
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As previously mentioned round leather belting wes used to transmit
pover from the motor to the stirring shaft. The ends of the belting
were originally joined together with a staple-type belt hook. The belt
hook was inserted in two small holes punched near the ends of the belt.
These holes so weakened the belt that the tension on the belt caused
the hook to tear loose occasionally. When this happened the stirring
system remained inoperative until a repair could be made. For this
reason another type of belt fastener wae needed. After experimentation
with several types of fasteners it was found that Moran's steel belt
couplings were ideally suited. Ne further difficulties with the belt
system were encountered after installation of the Moran's couplings.

In one bath (the bath operated at 50°C and an acid concentration
of 0.32 pounds per gallon) the glass tube used as a well for the Thermo-
switch broke near the bottom of the tube. Therefore » the transformer
oil used as a heat transfer medium entered the bath. This fact was not
noticed until after the conclusion of the testing.

In the bath operated at 90°C with a saturated boric acid solution,
the corrosive conditions caused excessive damage to the miscellanecus
apparatus in the bath. The wood shaft of the stirring mechanism dis-
integrated and the pressed wood covers warped badly., Alpo, the insula-
tien on the elsctrical wires.leading to the heating elements was
destroyed. Testing was therefore discontimied in this bath after seven
days of operation.

The effect of the above operating difficulties on the experimental
results will be diseussed under Discussion of Results.
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SECTION VI - DISCUSSION OF RESULTS
General

The purpose of this project was to determine the variation of the
corrosion rate of aluminum in boric scid solution with four independent
variables. The four variables wers time, temperature, boriec acid concen-

tration and alumimm alloy.

Varlation of Corrogion Rate With Time

The variation of corrosion rate with time is presented graphically
in Figures 5 through 16. Eaeh Figure representa one alloy at one temperatmure
with acid concentration as the parameter.

The corrosion rate was obtained from the expression

= 22280W
M.P.Y. Y

where the corrosiom rate, M.P.Y,, i8 in mils loss of metal per year over

the entire expesed surfacej the welght less, W, in gramsj the density of the
metal, D, In grams per cubic agntinter} the surface area of the coupons, A,
in square inchegy and the tiuer of attack, T, in days. A nomograph relating
thease varisbles is given in ,A!}c};endix III,

The corrosion rate as expressed above is an aversge rate over the peried
of attack up to the time of ramoving the specimen, This method of expressing
the rate of corrosion is recomsnded by Fontana {14) and is becoming more
universally adopted as a method of expressing resulta. Although the instan-
taneous rate ceuld be dotexﬁ.ned from the data obtained, the average rate ism
employed in this thesis as more qnﬁﬁnient and according to the trend in
technical jJournals. It will horeiﬁer be referred to ag rate.



A EH ] ! B
- [ N B a T 3
L | " L33
f
i ! -
, S I R T R
! .- | PR " [ ' o
) _ oo lo U el
N [ dal a Tl 7
S o | P i . H - It et
|2 I @] P < ! . D‘ _ '
g o |« a) , ”
[N < I N : R S (s S
g a < |
W m < o
i = ‘ [¢]
- B A
1 ' .
R on
i b
AR ” q
3-B5 B ¥ d
e -3-1-3 ,
] ~e-
BB .
| 15 )
| X
I B P A
‘ B 33
e it
g ond
L -  E—p— - -
g
o}
L g
' &
. g
% ﬁ * . T <
& q - el -t 4‘ — '
i
U e :
IBBX /ST g 8784} UOTSOIIVD
: ﬁ ” j 1
! - B T
, ' T | ﬂ
! | i RS Shat e
| |




i | :
- H i W . .
b i ' : L. _
: i \
t B e S - 4 S S —
\ o ;' 4 o |
B | h
! g 71 gl 7 T oy e
i =] ; o
Lk W 4 w o o]
; M ﬁ 40 _ o f
R G 4~ @ R
2 , q <’ u}
o ,
R : :
Y = T =3 a
3 &
B : -
E
2k
R & g-—
: 2R gge g
: AN
P N mmm E
I
AR ¥ ¥ %
; Y 8
¢ F aRdgl 3
' . ? /*F.; B
N SN
' H o0«
. o
- = = |
3
2]
D | .
B | i ! S < N
B X | ~ N
, | | TNy
: S H O T !
! - - o+ o .,. - A S 3 :
| W_ T ; _
: I
Hmmw\m ?Alovg neﬂmeuhoo | '
——— - - 1 W — - - - SE——
" | |
i L [




g}

&

/}‘00(:&: B
/100¢c Sl

O 2. 18

A— 6.6) gns,

B3}

A

o

(B}

;
TGURE. 7 _

ES

L —— -

L4t -

.Qow\nﬁw: -Av...lounh UOTEOIION I

— b

— . ”




T 7 T , ] T
ﬁ ni ol i ! .3
, : 1 ; . :
I . i ! ' i
" A W W .
: - - : < of
, 40
- . . 13 .
< d !
W 4 ﬁ
I A g
W p
; oc
| Dolg
— I, . 1R —m - —
bl &
afe ﬂ,
| O H
! 11l &
, 5 m
288 ho
g¢¢ B
Log o9 o
“mm, o
. k& alolR- o
|
, I S ol *
: g1 ; R
m - on4 op L
; ot - ﬁnﬂ 2
i '\
m ,_—
© Tl
! TR N N ] /WO -




: i ‘ I T I
b ? 5 oo P
- | | S - : S .
-‘] } i | rmoES ! i | -
| . | : '
" T 7T UrgTROSION RATE VS, TN OF 35 ALUMINUM IV RORIC| ACID SOLUTIONS AT 50°C
i ! * ’ ‘
| ' ' A L | B
O+ 3.84 gms/loNce : .
. O+ 7.68 gms/100cc : i
g . .._A+lL5 gns/100cc LA i
! I
H . | |
N oA : i
i g - — — A 1 - -
P
f Ei s °
- g a ? B
A ?y }
. - i -
2 i ‘
=4 % ! A i
I g a 8 i :
= ;
& - A ‘ I B : —
ke / 1 i
g ‘ | a ! o
S / : w ... 0
q o =] i 8o ‘
/ g O = emm=lanu} oo '
S, |8 o] T i
o i B T -0 8] 0o v b ‘ - i‘_
P . o ;
4 o P o° © o 1
b o H B B s b ?
. 4o {_ | Tim of Hposurh -—t~Deyk | . | ; B . 3 —
i | , Lo ' I :
: . . | i | i i i




Mu T T i
[ Ta¥ N " I
PR :
S —_ o R m m - -
B |
- I ' : g q m
: i o
B B i ! ! ool T
S S B - 73 i . i '
h . ; ol s st
o b b .
,, e s ST o R =S -
n [ M , 4 e
iani a7 e T
, a4 ] : . , D d

B

LA

A

3. 100cq
68 100ce

07 '
A-11.5-p gas/100ee

u]

| O—3.84 gnrg

& P

i uoTHoII0)

|
b
b
| S




T
'

‘ : i
| " FIGUE 11

t

4

TCOFPOSTOY T TN VE, TIME,OF 25 ALMTHUN TN BORKC ACTD $OLGTI
: | i '
O =~ (.2) gms/100ce % ) ) o i
' 0--12.4 gus/if0ce
. p—18.5 gns/100cc

!

4 - 1 i

wE—- ey - -

Corrosion Rate —b= Mils/Year

o
o9
D -
A
| aa A
S ¢ o
SUNET o TR
o]
40 30




L — T B
: i ' ! .» } :
| i e [ 4 -y
i : i PIGURE 12 | a
T #1 CORFOSION HATE VS, TIME OF 38 ALIMIMUM Iy BORIQ ACID SOLUTHOKS AT 77°C | [
! ‘ i ! i I
i sl  O=- 6.27 gms/10ce Lo : [ .
i Bl 9750, fe/100ee | i , o g i
| . A--18.6" gms/200c ; ' o ;
f i i .
S e = aa e ——— - e - ,,%‘,77 — - T
o ; |
s - R
8 'O d? i T
3 ‘ D l |
—F 32 e - :
i B | 6 4 |
. ; (o] H
b o e -
'8 Po ol Ul
I ﬁg EPESE—'S § A ‘A,A b .‘5 A —A—— -
15 —6 :
b : 4
o H g
1° -
ey : —
! -2 - T - ——
: -
j 9 10 ) o p o £y o
I | ' ) __Time of Tixposure —P Dags i R Ai - o 'é o
' | ; i
- ' - ; i 1 ’ §y]




i
FIGUPR 13

- pAmeasTa-RAR TS, TTR 0P 245 ADR{ES

1
TH T 40 TD -SOLURTONSAE © 000

T T T
| 1
, i Lo 0 -
, ﬁ ! A
| . ;
e T e .
4 , | f c Lo
| k , . i
: | e .
.9 , L o
. o 5 R ]
a4 oo B
; | o #_ , |
i e g . I “
| | ' ! .
A, , A_ = ,
¢ , fE—
, q o ,
4 . o e “, B
< o [=1
4 oo ﬁ
' X , «
.- — H— [ & —8
! | <1 Oo i w
< o) . rmw |
G
5
- ».m\‘ri
288 a
s8¢
o
TR
BEE
el
3dd,
N
oG4
3
h@mw\mm«z <~ B7B]| UOTSDIIO) I
— . . U S —
| o | M
. ! | i
1
|




. , ; _ , w
i , |
Wv ' (Y -
| ol
; | |
: ——— : V
[ 5 , ”
i 2 _ i _,
ey . . ! e
5
& ,
g N P
T 1 ¢ |
B 92 -
L'o o
R 11 990 ! ] s —
& mwmm : i
S | SR 4
I < ey !
- g [=H b ﬁ
a3 b o .
- BN ~'{= . U B Aog
2 IS , %, m
hoOB | D
. e , B
s , Ploy
e D &g
ot g
& , !
. - 8= ' : ,\ PO
: g | | |
b2l i o !
I R -
-y
e
e -~ \
) vlllllllliilllllllll./llrdv,,
‘ ¢ & 2 E 1 S
_ | A R R B
, H ' .Em.w\mﬂT -3 8781] zOﬂmmkpoo
i [_w A ” - m
- | | | |
A i i
: _ [ R .




: ' ' ' ! , i
-7 i ! i i | P
‘.,ﬁz i ~ 3 ‘ P
: ; ! ; | w |
H 1 4 I~
M.O, B - R it S i|.1“||l
14‘T. Iilwwmw wv - , 1 - L .
i . B8 | . . O o
LT B g8 e
=31 T m T ]
- m o i S apo a -
IR O ¥ p 10
& ok ,
3 wm.ﬂ ' e - an—u& — -l
5 11 ” m @ g
L oQd @ @ w
—acl
! 1 , , o M|l |
| ol o
| 2 :
- o oo &
i i | AR
v o PP 5
. o & 8

2
B
3
s
b
=
4
k2
2
e
(e}

B ¢

{ UOTSOII0])




T T T T ‘ i
T T 1]
Rt il Lo
H L o B _
| g | : : e ._ O
- S oo i |
| g BeE R . :
U e | E8E : |
B d | W
ClE ] OEER i ,
' m PN :
g P o
M - AAOQA - . R T ,
8 | . ' O
o ! i B :wb :
IR § = I . B H , . o
! =] ! i _ ”,
RN _ .
= ! |
) ;
3 ! M..ufvl
g m g
: ) o & |
B - o i i 1]
B ! ,,
W &
H I
5 - u .
i) e e A, _
i i .
: b R S
[ DS 1
i . It
m , d. |
T A F q

e o —

TBGS /TR, G wic UCTHOLIO




45

In most cases in Figures 5 through 16, the rate showed a gradual
incresse with time up to about twenty days. After this initial build-up
period the rate levelled off to a falrly constant value. This constant
.value of rate, represented by the straight line portion of the curves was
calculated by the method of least sguares.

In ali\canu the curves were sxtrapolated to the origin, which assumes
a corropion rate of zero at zerc tims.

It should be polnted out that if the individual points were connected,
an almost cyclic curve would result. This cyelic curve would oscillate
around the stralght line curve which is shown., This cyclic variation seems
to be characteristic of alumimum corrcsion and will be discussed in further
detall in a later paragraph of this section.

As mentioned in Section IV - Description of Apparatus, the suspension
gystem was replaced after fourteen days. Since no sharp breaks in the
rate-time curves could bs discerned at fourteen days, it is concluded that

the interruption of testing necessitated by the repl it of the ol
sion system had very little, if any, effect on the corrosion rate,

Similarly, no breaks in the curves corresponding to the periods of
1noperation of the stirring mechanism are evident. It is concluded,
therefore, that this operating difficulty also had a negligible effect
on the corroeion rate.

In several cames (Figures 11, 13, 14, 15 and 16) there was a high
initial attack followed by a decrease in rate and a final levelling-off.
This phenomenon seems to be present only at the higher bath temperatures
and acid concentrations. It is possible that this high initial rate is a

result of an oxide film which initislly is not impervious to the higher
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acid concentrations and temperatures. As the attack of the metal continues,
however, the film will thicken and become relatively impervious.

In the case of 25 alumimm at 50°C in & saturated borlc acid solution
(Figure 8), the rate-time curve decreased with a reasonably uniform slope
throughout the attack period. A possible explanatlon for this phenomenon
will be presented in a later paragraph of this section.

The constant rate values obtained from each alloy at each concentra-
tlon and temperature are presented in tabular form in Table II. For the
2S aluminum at 50°C in a saturated boriec acld solution (Figure 8) the
constant rate value was taken as the initial value of the rate. Constant
rate values for the three alloys at 90°C and saturated conditions ars not
given. As explained in Section V - Experimental Procedure, testing in the
bath at the above conditions was discontinued after seven days of operation
due to the partial destruction of the testing apparatus by the severse
corrosive conditions. Therefore, there was insufficient data from which

to obtailn a constant rate value from this bath.

Variation of Corropion Rate With Temperature and Acid Concentration

The constant rate values for each alloy are plotted as a function of

concentration with temperature as the pa ter in Figures 17 through 19.

It is noticed that the rate generally increases with temperature up to
70°C. In all capes there is & marked decrease in rate at 90°C. This iz im
line with the observation made by Hackerman as mentioned in Section II -
Survey of the Literature.

For the case of 2S and 3S aluminum at 70°C, thers is a sharp decrease

in rate at saturation concentrations. This ias probably due to a precipitation
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TABLE II
CORROSTION RATES OF ALUMINUM AND ALIOYS IN BORIC ACID SOLUTIONS

Alloy Temperature Acid Concentration Rats *
°¢ gma/100cc mils/yr.
28 40 2.18 1.22
28 40 4,37 .60
28 40 6.61 (sat.) 1.21
28 50 3.84 .18
28 50 7.68 <34
25 50 11.5 (sat.) 2.85
28 70 6.20 5.50
28 70 12.4 9.58
25 70 18,6 (sat.) A
28 90 10,1 .87
- 28 90 20,2 4594,
38 40 2,18 3.16
3s 40 4037 141
38 40 6,61 (sat,) 2.70
38 50 3.84 1.27
38 50 7.68 1.60
33 50 11.5 (sat.) 6,71
3s 70 [ 975
38 70 12,4 14.83
3s 70 18.6 (sat.) 6.49
38 90 10,1 4a50
38 90 20.2 5.79
248 40 2,18 1.17
248 40 4037 1.05
245 40 6,61 {sat.) 1.50
248 50 3.84 .15
245 50 7,68 N
248 50 11.5 (sat.) 5,16
248 70 6.20 5032
245 70 12,4 5.22
248 70 18,6 (sat.) 9.50
248 90 10,1 .80
248 90 20,2 5.09

*For a discussion of how this value was obtained, reference is made
to page 45.



L :
: e . : ,
. . s i X
i i | I
R B
X & !
H 958
BN VTSR S -
@ RRES !
¥ g g
. & igt Pt '
f et O QS - .
: ] . : ]
! L) .
L. |-~ S S B - :
1 . & :
m . m [ S S -4
H W i
5 | B
g0 |
b e - f -
i m ; t
B [ : i
i R e g
H v 5 : - o o
S W LA . m i
i ; 3 _ E T £ ) .
, T ey Mo Bl MY, WOTEOLY B
- —— . — - l‘Wv i “




H T i ]
| [ !
b ' i
: ” M
S R RN
! ! i N
: , T
— -t ;,— [ SR —
" ]
- . - = e “ —
! o PR I
- i
1 ; - 1
' =l H
L ,_ _
»“y f B ; o
! b~ o %T\},,
: :
, B -
: o &
: = m
T =H i
- ! ﬂm/‘ ? w
Sl NG 1
H 2 .. B
i TH o
ClEE el
T . mﬁ
: 2 e
W g :
oo -4 4‘.L,” - - e
: wl
g | -
Ll .° G o
i [ |
;] ! e ,
T = SRS UPTEOIIPY T i
. : i : ,,
1 T - - T S
i i i 1 t




EQOC
i

I
T
S T

O ~+ 4000

5. B
i

B

_ b= 7000
v—- 9?°C
i

i
00¢e

1

,FG

1

R

TRE.VS
TH

ation

i
|

nt.rat

3 ,,Csjmgr

. |
o R i . b
RN B | i R i ;
! R I - - J) ! [ T S : [— , I
: xm ﬁ ‘ , AN L W
1 T i | [ e e ’ — i
i : - V _ =1 , L o N
I I X ; - :
- ; P 1 P 4 : e S
H N haJ_w\EE{A..:‘mﬁm dopsorfos | T .
; FI e SR et Sl S R R -
R .
RN : C !




51

of borlc acid on these metals as a result of minor temperature fluctuations. ‘
As the bath temperature decreased slightly, a precipitation of boric acld
would oceur on any rough surface. The corroded coupons presented a rough
gurface for this precipitation. The boric acid which was precipitated on
the metal would tend to protect the surface from further attack. As the
surface contimued to be further roughened in the corrosion process, more
boric acid would precipitate onto the roughened portions. It is believed
that this effect is responsible for the negative rate-time slope of 25
alumimm at 50°C and a saturation concentration (Figure 8).
The rate-concentration curve for 24S aluminum at 70°C does not show L
this decrease with concentration. A possible explanation for this will
be given later in this section.
It 18 noticed that the rate for all alloys at 50°C and 4 saturation
18 lower than would be expected. As mentioned in Section V - Experimental
Procedure, the glass thermoregulator well which was filled with oll broke
in one of the baths, permitting oil to enter the molution. Obviously this

oil afforded a degree of protection to the aluminum in this one bath.

Digcussion of Photomicrographs and Photomacrographs

Various photomacrographs and photomicrographs of the aluminum specimens
are presented in Photographs 3 through 11. These photographs are not
intended to represent average or typical specimens, but rather to indicate
the type and the severity of attack encountered. In all photographs of the
specimens all three alloys are shown. In all cases the three alloys shown in

each photograph were exposed to the same conditions for the same period of time.
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EXPOSED FOR 47 DAYS AT 70°C AND 6.20 gms/100ce (X150)
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PHOTOMICROGRAPHS OF CORRODED SPECIMENS
EXPOSED FOR 7 DAYS AT 90°C AND 20.4 gms/100ce (X150)



PHOTOGRAPH 6

PHOTOMICROGRAPHS OF CORRODED SPECIMENS
EXPOSED FOR 50 DAYS AT 70°C AND 12.4 gms/100cc (X150)
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PHOTOGRAPH 7

PHOTOMICROGRAPHS OF CORRODED SPECIMENS
EXPOSED FOR 50 DAYS AT 70°C AND 6.20 gms/100cc (X150)
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28 38 248
EXPOSED FOR 13 DAYS AT 40°C AND 2.18 gms/100cc

Y
3 o .
| -
o L 53 e}
28 38 248

EXPOSED FOR 7 DAYS AT 90°C AND 20.2 gms/100ce

PHOTOGRAPH 8
PHOTOMACROGRAPHS OF CORRODED SPECIMENS (actual sise)



2s 38 248
EXPOSED FOR 47 DAYS AT 40°C AND 6.61 gms/100ce

248
EXPOSED FOR 47 DAYS AT 70°C AND 6.20 gms/100cc

25

PHOTOGRAPH 9
PHOTONACROGRAPHS OF CORRODED SPECINERS (actusl size)




l 5
28 245

EXPOSED FOR 13 DAYS AT 70°C AND 12.4 gms/100cc

24s

38
EXPOSED FOR 50 DAYS AT 70°C AND 12.4gms/100cc

PHOTOGRAPH 10
PHOTOMACROGRAPHS OF CORRODED SPECIMENS (actual size)



28 38 248
EXPOSED FOR 47 DAYS AT TO°C AND 12.4 gms/100cc

28
) . EXFOSED FOR 47 DAYS AT 70°C AND 18.6 gaa/100ce
|

PHOTOGRAPH 11
PHOTOMACROGRAPHS OF CORRODED SPECIMENS (actual size)
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Particular notice is directed to the photomicrographs of 24S alumimum
in Photographs 4, 6, and 7. It sppears that the grain of the metal is
discernible in these photographs. This grain is not apparent in the
photomicrographs of the other two alloys studied.

As & means of comparison, reference is made to Photograph 12, The
upper photograph is a reproduction of a photomicrograph showing intercrys-
talline corrosion in sheet alumimim as given by Fuss and Anderson (15).

The lower photograph of Photograph 12 is a photomicrograph of the 245
sample of Photograph 1l. Several points of similarity between the two
photographs of Photograph 12 are visible. From an examination of Photograph
12 it appears that the corrosion of 24S aluminum is intercrystalline in
nature.

There may be less of a tendency for boric acid in saturated solutions
to erystallize out on the smoother surface of 245 aluminum where there
appears to be intercrystalline attack than on the 2S5 and 3S aluminum where
there is pitting attack. If this were the case there would not be the
protection offered by the boric acid crystals to the aluminum surface as in
the case of 25 and 3S aluminum. This possibly explains the absence of the
drop in the rate-concentration curve of 248 aluminum (Figure 17) as

mentioned above.

Special Considerations

As previously mentioned the individual points of the rate-time curves
are of a cyclic nature. It is believed that this cyclic effect 1s due to
local areas of film break-down. As discussed in Section III - Theoretical

Considerations, fracturing of the protective film is likely to occur when



- . - " :'
- op o >
ian vy P,
2; v :.o. ¢ ‘.-'"Y.'
Q.‘.-’ X .0 w' . ’e ‘."_‘. ‘:c
* “ . . -’

.‘...'.. - % o . d
- e » ' . . '.’
i - Ve y

.‘ ..0"’ - : 'f‘ . '-- "‘

. ) ’ - X
., r'.'-’: . -~ ’ ‘:*
p : ' ’ ™ v "" . .
L » . T

= - i '.: - 9
IUMINTY INTERCRYSTALLINE CORROSION
P4OTO.LICROGRARI OF FUSS AND ANDERSON

-

PHOTOMICROGRAPH OF 24S ALUMINUM EXPOSED FOR 50 DAYS
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PHOTOGRAPH 12
PHOTOMICROGRAPIS OF CORRODED S>ECINENE (X200)
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the lateral stresses of the film force out water at local reas. It is
reasonable to assume that these local areas of exposed metal are responsible
for the cyclic varlation of the rate-time curves. As the protective film
is fractured, a local area of metal becomes unprotected and undergoes rather
severe attack until the break in the film can be repaired,

Also noticed on examination of the rate-time curves of Figures 5
through 16 are several pronounced peaks. In most cases these peaks occur
after about 29, 41 and 55-60 days of exposure. As mentioned in Section II -
Survey of the Literature, other investigators have observed similar peaks
after approximately the same exposure time, even though different condi-
tions and corrodents were used. It is believed these peaks are due to
accelerated attack brought about by a rather extensive film break-down.

It would seem that the time of this break-down 1s not influenced by

temperature, alloy or the chemlcal characteristics of the corrodent.



SECTION VII ~ CONCLUSIONS

A8 a result of the experimental investigation of the subject of

Corrosion of Aluminum in Boric Acid Solution, the following conclusions

were reached:

1.

5.

The corrosion rate generally increases with
temperature up to about twenty days and then
levels off to a constant rate.

The rate increases with temperature up to 70°C

and decreases to 90°C.

The rate increases with concentration. Howsver,
the rate in a saturated solution is often less
than would be expected, which is probably due to
a precipitation of the acid crystals brought about
by minor temperature fluctuations.

The 35 and 243 alloys are attacked more than the
23 aluminum at all concentrations and temperatures
investigated.

While the 25 and 35 alumimum suffer chiefly
pitting corrosion, it appears that the 24S aluminum
undergoes intercrystalline attack.

The testing apparatus used in this investigation
provided a convenient means of corrosion testing

by the total immersion test.
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PPENDIX T
NOMINAL COMPOSITION AND DENSITY OF ALUMINUM ALLOYS

The nominal compositions for each alloy used in the investigations

are given in per cent. Unless a percentage range is shown, the figure

15 the maximm per cent of the alloying element.

These figures were obtained from the Aluminum Company of America (1).



APPENDTX T
NOMINAL COMPOSITION OF ALUMINUM ALLOYS

Other Elements

Aoy Auminum Copper Iron Silicon Magnesium Manganese Zinc Chromium Each Total
25 99,0% min. 0.20 cess cven aren 0.05 0,10 aees 0.05 0.15
Alelad 38
Core Remainder 0.21 0.70 0.60 cres 1.0-1.5 0.10 vees 0.05 0,15
Cladding Remainder 0.10 vees soeas tese 0.10 0,75-1425  4aea 0,05 0.15
245 Remairder 3.8-4.9 0.50 0.50 1.2-1.8 0.3-0.9 0,10 0.10 0.05 0.15
DENSITY
Alloy gms/em®

28 2,71

Alclad 35 2.74

243 2,76
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APPENDIX IT

EXPERIMENTAL DATA

The copies of the original data sheets are presented in the same
form as that used in the originals.

The first column is the sample mumber, This number corresponds
to the one on the individually numbered sample envelopes mentloned in
Section V - Experimental Procedure. The data are arranged in numerical
sequence. The absence of a muber indicates that the sample in question
was swept off the suspension system. The sample numbers exposed to each

set of conditions are ag follows:

Numbers Temperature Acid Concentration
(inel) og gms/100cc
1-30, 361-390 40 2.18
31-60, 391-420 40 4e37
61-90, 421450 40 6,61
91-120, 451-480 50 3.84
121-150, 481-510 50 7.68
151-180, 511-540 70 6.20
181-210, 541-570 70 12.4
211-240, 571-600, 721-780 90 10.1
241-270, 601-630, 781-840 90 20,2
271-300, 631-660 90 30.%
301-330, 661-690 70 18.6
331-360, 691~720 50 11.5

The second column of the experimental data identifies the sample
as to alloy.

The third, fourth and fifth columns contain, respectively, the
length, width and thickness in inches.

The sixth and seventh columns contain the weight in grams before and
after exposure, respectively. The eighth column is the weight loss in

grams.
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The ninth and tenth columns contain, respectively, the date on which
the sample was introduced into the acid solution and the date of removal.
The eleventh column shows the time of exposure in days., In all cases
samples were introduced to and removed from the acid solutions at eight
o'clock pom. so that only whole (24 hour) days were involved.

In computing the exposure time allowance was made for the period of
suspended operations necessitated by the replacement of the original
suspension system. All samples were originally exposed to the solutions
on July 1, 1955, On July 15, 1955 all samples were removed except those
which were swept from the baths as mentioned in Section IV ~ Description
of Apparatus.

The remaining original samples were again placed in the acid solutions
on September 1, 1955. New samples for the two baths mentioned above were
introduced to the acid solutions on September 4, 1955.

The twelfth column is the surface area of each sample in square
inches.

The last column gives the corrosion rate in mils per year. The

rate was determined with the aid of the nomograph in Appendix III.
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Alloy Length Width Thick,

RS

sluBunBunBunBunBunlunluuly

3,02
3.
3.02
3.04
3,03

Q < f=¥=]
SSRIRBR

o Th
.76
o T7
i
273
o 77
276
.78
»75
.76
77
.76
o777

<74

2034
-074
035

APPENDIX II

EXPERIMENTAL DATA

Wee 1

3,2710
6,2237
3.4168
3.3085
6.2916
3.3079
3.2669
6.2783

Who 2

3.2638
6,2164
3.4140
3.3046
2.379%
3.3035
3.2561
6,2430
3.5458
3,2527
6.1629
3.4828

6,3109
3.549
3,2202
6.4072
3.5376
3.3587
6.3687
3.5569
3.2539

Loss

7/1/55
7/1/55

7/11/55

Time Area
3 4.804
7 5,146
7 4.813

10 4.897

10 5,225

10 4.645

17 4.881

17 5,180

17 4.919

20 4.743

20 5,180

20 4.842

23 4.820

23 5,241

23 4.Bh2

26 4.73

26 5.304

%6 4.979

13 4.560

13 5.287

13 4.736

29 4.92

29 5.180

29 4.8

32 5.287

32 4.919

35 4727

35 5.304

35 4.868
7 4881
7 5.304

10 4.874

10 4.865

k2



Mloy Length Width

38

wuRunlunlusbunBuzBunbunlunbunlunh

3,03

Thick,
2074
2035
2034

APPENDIX II (continued)

Who 1

Whe 2

6.4039
3.4709
3.1386
6.2453
3.4536
3.3045
6.3007

6,4010
3.4679
3.1334
62337

7/8/55
7A1/55

Time Area
10 5.287
10 40092
17 4.636
17 5.180
17 4.781
20 4.865
20 5,304
20 4.919
23 4.560
23 5,117
23 4,902
26 4.865
26 5,304
26 4477
13 4.682
13 5.366
13 4.736
29 4,759
29 5.349
29 4.890
32 4.865
32 5.304
32 4.874
35 4,881
35  5.304
35 40781

4 4,959
4 5.366
7 4.868
7T 4.881
T 5.225
7 4874
10 4.820
10 5.304

€l



APPENDIX II (contimued)

JIT W035  3.4915 3.4832 .0083  7/1/55 7/11/55 10 4.874  1.40
V75 .034  3.2585 3.2503 L0082  7/1/55  9/4/55 17 4.759  .831
.78 L07,  b.2882 6,2606 .0186  7/1/5%5  9/4/55 17 5.287 L.70
77 .035  3.5070 3.4943 .0128 7;1;55 -7/ 55 13 }.868 LZZ
.75 034 3.0877 3.0802 .0075  7/1/55  9/7/55 20 4.T59 645
.79 J07h  buak67 B.4241 L0226 7/1/5B 9/’// 2

‘lidth Thick, Wt. 1 Wt, 2 Loss In Qut Time Area Bate

.72 L034  3.1590 3.1586 04  7/1/55 7/8/55 7 4575 ,103
.79 L074L  6.4223 6.4213 ,0010 /1/55 7/8/55 7 5.331 ,221
Wik J035  3,4390 3.4358 0032  7/1/55  7/8/55 L.675  .804
.73 L034  3.1389 3,13 L0011 7/1/55  7/11/55 10 4.636  .302

W77 .034  3.2758 3.2651 ,0008 L
.75 074 6,1707 6.1565 .0142 7&14

YL



Length Width Thick.
3,03 .77 .035
3,02 .77 J03%
3,00 .7 <074
3.00 .78 035
3,03 .76 .03
3,03 .76 W07
3,02 .76 035
3,02 .76 .03
3,03 .76 .07
3,00 .78 035
3,03 .77 .03
3,0, .16 .07
3,01 .77 .035
3,02 .71 .0%
302 W75 074
3,03 .78 035
3,03 .77 034
3,0, .76 .074
3,03 .73 .03
3,02 o7 .03
3.04 <76 .07
3,01 .77 035
3,05 o7h 034
3,03 .78 L074
3,03 .78 .035
3.03 .77 .03
3.04 78 =074
302 . .035
3,02 77 J0%
3.0, .80 074
3,02 .79 L035
3,02 .77 <03
3.0,  <7h 2074
3,00 .74 <035

APPENDIX II (contimued)

W, 1

Who 2

Loss

3.4540
3.2269
6,0340
3. 5287
3.2971
6,2749
34427
3.2580
6.1323
3, 4640
3.3137
6.1619
3.4981

3.4516
3.2243
6,0191
3.5254
3.2960
62722
3.4405

3.3000
6.3777
3.3159
3.1930
6.4188
3,5171
3.217%
6,3867
3.,5326
3,2640
6.4283
3.4931
3. 2472
604701
3.5492
3.2153
6,2316
3.3405

- 0024
.0026
<0149
.0033
,0011

In

v
7/1/55

7/1/55
7/1/55

out,

9/10/55
9/13/55
9413?55

Time Area
23 4.890
26 4.865
26 4.989
26 4,902
13 4.820
13 5.162
13 4.813
29 4.804
29  5.162
29 40902
32 4.881
32 5,180
32 4.868
35 4499
35 5,100
35 4.951

7 4.881

7 5,180

T 4645
10 4.682
10 5.180
10 4.868
17  4.713
17  5.287
17 4.951
20 4.881
20 5,304
20 4,935
23 4.865
23 5
23 4,99
26 4.865
26 5.055
26 4,659

1.37
2943

G



Length Wigth Thick,

<76
.80
.78
76

2034
<074
2035
2034
2074
.035
2034

APPENDIX II (continued)

Hbe L
3,2698

6.4772
3,5046

3.4942

Wb, 2

3,2674
6,4689
3.4953
3. 2747
6,3611
3.5853
3.2471
6,3987
3.5413
3,0000
6,2376
3.4419
3.2220
6,2250
3.5671
3,3498
6.1560

Logg

In

e
7/1/55
7/1/55
e
7/1/55

Out  Time Area

7/14/55
7/14/55
7/14/55
L
9/16/55

4.820

40813

9.19
5042

7,72

9L



e

3,00
3,04
3,04
3,02
3,04

.78
273
276
+78
=75
-75
278
275
278
o77
°75
277
.78
078
276
077
275
.76
o7
oTh
277
273
073
.18
o T7
.78
276
013
276
075
273
=79
o Th
o 75

Length Width Thick.

2034
o074
.035
2034
o074
2035
2034
2074
2035
<034
2074
.035
2034

APPENDIX II (continued)

Wto 1

3.3122
6,0620
3.4602
3.3131
6,1126
304573
3.3387
6,1300
3.5092

Wto 2

3,2120
5.8745
3.3504
3.2319
6,0740
3.3821
3.3292
6.1069
3.4987

Loss

Qut.

9/19/55
9;19;55

Time Ares
32 4943
32 4928
32 4829
35 40943
13 5,084
35 4.767

T 4959

7 5117

7 40951
10 4.865
10 5.117
10 4.868
17 4943
17 5.287
17 4.797
20 40881
20 5.117
20 4.813
23 4.881
23 4.989
23 4874
26 4o651
26 40992
26 42902
13 4.865
13 5,304
13 4781
29 4o65L
29 5.146
29 4,920
32 40651
32 5.366
32 4690
35 4774

Rate

5,22

Ll



3s

3,04
3.02
3,03
3,04
3,02
3,04
3,04
3,01
3,04
3,04
3,00
3,02
3.03
3,00
3,03
3,03
3,00
3,03
3,02
3.00
3.02
3,03
3.02
3,03
3.02
2.99

3,03
3.03
3201
3,04
3.02

APPENDIX II (continued)

276
77
o772
279
76
+70
»70
o Th
.78
- 78
272
77
279
077
276
o Th
°76
276
<72
o76
77
o 76
.78
o713
.78
S77
+75
273
76
276
.78
.80

2074
.035
.034
074
.035
.034
o074
.035
034
.07,
,035
034
.07,
035

Loss
22562
-0970
- 0054
.0082

In

e
7,

e
7/1/55

out

9/22/55
9/22/55

7/9/55

7/8/55
7/11/55
7/11/55
7/11/55
7/11/55

7/8/55

Time

Area

5,180
4,874
40575
50366
4,813
4okb7
54304
4.675
40959
50304

4.959
5.393

Rate

1.6
4,67
1..39
1.79
1,47
1,06
1,74
1.57
1.76

8L



Alloy Length Width Thick,

.78
o7
276
272
76
78
<78
»78
279
77
76
277
o 77
o 78
=76

2035
2034
2074
2035
2034
<074
2035

APPENDIX II

303535
6,0327

(contimed )

Loss

-0739
20632
+0858
20921
20459
. 0586
21323

In

7/1/55

Rate

17.7
10,7
13.7
16,7
26,2
22.7
55.8
17.9
2.1
48.0
8.19
7.95
12,7
To47
7.72
1.8
7,66
6.80
10.4
10.1

8.62
9.85
7,05
8.22
10.4
6,72
10.4

8.10
9.30
6,84
9.58
8.61



Hlloy lesgth Width Thisk,

3,00
3,04
3.04
3,00
3.03
3.03
3,02
3,04
3.03
3,02
3,02
3,00
3,04
3,04
2,99
3.04
3,02
3,02
3,03
3,02
3,04
3.02
3.04
3,04
3,03
2,99
3,01
3,02
2,99
3,03
3,03
3.01
3,04
3,03

275
o7
o7
<78
o735
275
<78
o776
o T€
T
o715
-T8
o 7%
o773
.76
276
.76
276
W72
o 78
oT7
o7
273
oTd
o7
al7
275
o h

2035
2034
~ 074

APPENDIX II (continued)

Wb 1

Wi 2

3.3776

3,2202
3.1743
3-5030
3.2655

6.2586

Qut,
9/16/55

Time

FEEED RSB BRRRELEEREEEEEREEEqvavrraB

Rate

9.84

3,93

08



Length Width Thick,

3,00
3.03
3,02
2,98

3.04

3.00

3,0C

2035
.034
4074
2034
2034

APPENDIX II

Wee 1

3.5195
3,282%
6.3660
3.4649
3,1370
6.2584
3.3978
3,1635
6,1722
304662
3.1653
6,2262
304317
3.267L

305627

e 2

3.4889
3.2473
6.2677
3.4313
3.1016

{continued’

Loss

.0306

In

7/1/55
7515 55
7/1/55
Vi
7/1/55

Time Area
4 4781
47 4o943
4T 5.331
47 4.870
50 40636
50 5,117
50  4a781
53 4651
53 5,055
53 4.825
56 4865
56 5.084
56 4829
59 4943
59 5.287
59 4.813
62 4.926
62 5,411
62 4.752
65  4.881
65  5.349
65 40886
38 4.820
38 5,180
38 4.825
41 4.836
41 5,241
41 4oBA2
4 4881
A, 5.366
4 heTBL
47 4.959
47 5,304
47 40902

8



b

Mloy Length lkidth Thick,

3.03
3.04
2.97
3.03
3,03
3.02

.034
.074
.035
5034
2074
2035
2034
2074

APPENDTX II (contimued)

Whe 1
3.2605
63560
3.4624,
3.2455
6,351
3,4345
3,0960
6,4369
3,4881
3,3637
623479
3,5634
3.2476

3.3053

Loss

In

Qut

10/7/55
10/7/55
10/7/55
10/10/55
10/10/55
10/10/55
10/10/55
10/13/55
10/13/55
10/16/55
10/16/55
10/16/55
10/19/55
10/19/55
10/19/55
10/22/55
10/22/55
10/22/55
9/25/55
9/25/55
9/25/55
9/25/55
9/25/55
9/25/55
10/1/55
10/1/55
10/1/55
10/4/55
10/4/55
10/4/55
10/7/55
10/7/55
10/7/55
10/10/55

Rate
o434

.831
693
1,65
1.24
2612
1.34
+803

1.61
.826
2554

1.36

1.04
2595

. 606
1,20
2.35
1,24
2,18
3.45
1,69
1.64
2,71
1.75
1.13
2,17
1,06

2983
2,49
1.19
1,16

28



. b A—— et

P
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APPENDIX II (contimied)

Length Width Thick,

3,04
3,01
3.04
3,03
3,00
3,03
3.03
2,99
3.02
3.04
2,99
3,03
3,04
3,00
3,03
3,03
3,01
3.04
3,02
3,01
3,03
3.02

.76
278
o777
.76
.78
.78
.78
o T7
o T2
o 77
.78
77
.78
o 77
o T7
o Th
.76

3,3771
6.3912

Wt 2

6,1674
3.5057
3.2637
6.1845
3,5132
3.2454
6.2152
3.4999
3.0199
6.2013

Loss

In

7/1/55
7/1/55
7/1/55
7/1/55
7/1/55
/1/55
e
i/

7/1/55

out

10/10/55
10/10/55
10/13/55
10/13/55
10/13/55
10/16/55
10/16/55
10/16/55
10/19/55
10/19/55
10/19/55
10/22/55
10/22/55
10/22/55

av5s

25,
9/25/55

10/10/55
10/10/55

€8



3,02
3.04
3.03
3,00
3,04
3.00
3,02
3204
3,02
3,02
3,03
3,00

2035
2034
074
2035
2034
2074
2035
.034
2074
<035
-034
«074
2035
2034
2074

APPENDIX II

Mloy Lemgth Width Thick,

3.4973

(continued)

Loss

+ 0040

In
7/1/55

Qut,

10/10/55
10/13/55
10/13/55
10/13/55
10/ 16/55
10/16/55
10/16/55
10/19/55
10/19/55
10/19/55
10/22/55
10/22/55
10/22/55

9/25/55

9/25/55

9/25/55

10/13/55
10/13/55

Time Area
53 4,935
56 4.897
56 5.349
56 4.78L
59 4.836
59 4.989
59 4.935
62 4.897
62 40156
62 4.874
65 4o943
65 5,051
65 4,902
38 4.959
38 5,304
38 4,902
41 4.897
41 5,146
41 4.951
44 4e88L
44, 5,366
b 4e935
47 4.959
47 5.304
47 4q868
50  4.820
50  5.162
50 4,963
53 4.865
53  5.411
53 40902
56 4.88L
56 5,129
56 4.902

8



527

530

532
533
534

APPENDIX II (continued)

Alloy Length Width Thick, Wi, 1

3,03
3,03
3,03
3,03
3,03
3,00
3.04
3,03
2.9
3,03
3.02
3,01
3,04
3,03
3,00
3404
3,03
3,02
3.02
3,02
3,02
3,03
3,02
3,02
3.04
3.04
3,02
3.02
3.04
3,00
3,04
3,02
3.02

.78
.79

6.4258
3.5505

Whe 2

3.2603
6. 3844

3.1392
6,1022
304194

Lossg

In

7/1/55
e
7/1/55

Qut

10/16/55
10/16/55
10/16/55
10/19/55
10/19/55
10/19/55
10/22/55
10/22/55
10/22/55

/a5

9/25/55

9/28/55
9/28/55
10/11/55
10/1/55
10/1/55

10/10/55
10/10/55
10/13/55
10/13/55
10/13/55
10/16/55
10/16/55
10/16/55

Tims Area

59
59
59
62
62
62
65
65
65
38
38
38
4
41
41
by
b
4h
47
47
47
50
50
50
53
53
53
56
56
56
59
59

4e943
5+349
40829
4a943
5.225
40659

5,180
44935
4,987
5,304
4,902
42897
5.331
4,935

Rate

0344
1.92
670

1.89
612
2269

1.44
<452

8,50

9,26

5.96

8,68
hebB
3455
10.3
4068
5,00
8.32
2,83
4,70
8.86
3.19
4aT8
10.1
6,06
5,15
10,5
3.43
ha2h
8.45
3.7

98



APPENDIX II (continued)

Hloy length Width Thick, Wi, 1 Wbt. 2 Loss In Out.

25 3,02 .76 L034  3.2490 3.0426 .2064  7/1/55 10/19/55
38 3,00 oTh 074 6,0013 5.5722 L4291 7/1/55 10/19/55
245 3,00 .78 035 3,5237 3.3571 L1666  7/1/55 10/19/55
25 3,04 .78 J034  3.3508 3.1232 .2276  7/1/55 10/22/55
38 3.0, .77 074 6.4313 6.0234 L4079 77/1/55 10/22/55
248 3.0L 78 J035  3.5664 3.3999 L1665  7/1/55 10/22/55
25 3.7 .73 .03, 3.1816 2,948, .2362  7/1/55 9/25/55
38 2,04 .75 J074 6.2015 5.8340 L3675  7/1/55 9/25/55
248 3,02 .72 .035 3.2788 3,1501 1287  7/1/55 9/25/55
28 3,03 o T4 .034  3,2006 3.0026 .1980 7/1/55  9/25/55
35 3.03 .78 .07, 6.3605 6.0160 3445 7/1/55 9/28/55
S, 3.03 .75 .035 3.4563 3.3505 1088  7/1/55 9/28/55
25 3.04 .74 .034 3.2000 2.9557 L2443 7/1/55 10/1/55
38 3,02 .80 .07, 6.4347 6.0372 L3975 7/1/55 10/1/55
S 2,00 .78 .035  3.5243 3.3924 L1319 7/1/55 10/1/55
25 3.04  o73 034 31545 2,946 .2399  7/1/55 10/4/55
35 3.03 .79 J074 6,324 5.9233 L4011 7/1/55  10/4/55
248 3.01 .78 035  3.5522 3.4638 L0864  7/1/55 10/4/55
25 3.0, .70 .034 3.0066 2.7536 .2530  7/1/55 10/7/55
38 3.03 .79 .07, 6.3512 5,9107 L4405 7/1/55 10/7/55
248 3.00 .78 J035 3.5613 3.4507 L1106  7/1/55 10/7/55
25 3.04 W98 035 3.2989 2.9274 L3715 7/1/55 10/10/55
38 3.03 .78 .07, 6.3587 5.7600 .5897  7/1/55 10/10/55
245 3,00 .73 .035 3.3337 31747 1590  7/1/55 10/10/55
25 3.04 .77 034 3.2752 29268 .348,  7/1/55 10/13/55
38 3,03 .78 074  6.4501 5.8326 L6175 7/1/55 10/13/55
245 3,01 .78 035 3.5626 3.,4189 L1437  7/1/55 10/13/55
25 3.0 .77 <034  3.3355 2.9760 .3595  7/1/55 10/16/55
38 3,03 .76 .07 6.,2988 5.6778 .6210  7/1/55 10/16/55
%S 301 .76 J035  3.4482 3.2946 1536 7/1/55 10/16/55
28 3,04 .78 034 3.3129 2.8704 4425  7/1/55 10/19/55
38 3.03 .76 .07, 6.2124 5.4579 7545 7/1/55 10/19/55
248 3.0L .75 .035  3.4251 3.2224 2027 7/1/55 10/19/55

98



APPENDIX II (contimed)

Mloy Length Width Thick, Wi, 1

3,03
3,02
3.00
3,04
3,02
2.99
3.02
3,00

o 77
276
.76
o Th
.76
.78
o Th
272
.76
o775
273
275
275
.80
.76
oTh
o 79
.76
o4
.76
78
.78
.76
77
276
78

+034
2074
.035
2034
2074
.035
<034

3.2900
6.2780
3.4505
3,1767
6,2232
3.5318
3,1661

304652

Loss

In
YL/55

10/4/55
10/7/55
10/7/55
10/7/55
10/13/55
10/13/55
10/13/55
10/19/55
10/19/55
10/19/55
10/22/55
10/22/55
10/22/55

Time Area

42881
5.146
4,781
4e713
5.146
4.886
4,682
4,867
40781
44759
4,928

Rate

13.5

L8



Length Width Thick,

2,04
3,03
3,01
3,04
3.04
3,02
3,03
3.03
3,00
3.04
3,03
3,01

3,02
3,02

073
.77
°75
<7k
276
275
o Th
.78
.73
o Th
.78
271
273
277
T4
276
275
o 77

APPENDIX II (continued)

Whe 1

3.1751
664210
3.4243
3.1843
6,2687
3.4135
3.1416
6.3990
3.3532
3,1923
6,4199
3.2265
3,1590
6,1919
3.4070
3.1993
6,1676
3.5043
3.3126
6.2803
3.4140
3.3472
63641
3,3792
3.1156
6.2826
3.4533
3.3617
6,2627
3.5016

Wt 2

3.1387
6.2730
343440

34844,
3.1631

Loss

»0364
. 1480
.0803
~0343
.1223
<0771
20794
J1411
.0878

<1721
L0131

20138

In

Qut

9/19/55
9/19/55
9/19/55
9/22/55
9/22/55
Ll
9/25,

9/25/55

10/4/55
10/4/55
10/7/55
10/1/55
10/7/55
10/13/55
10/13/55
10/13/55
10/19/55
10/13/55
10/19/55
10/22/55
10/22/55
10/22/55
9/22/55
9/22/55
9/22/55
9/25/55

Time

Rate
2,01

4a37

1.17

88



Length Width Thick,

074
2035
<034
<074
2035
2034
<074
.035
2034
074
<035
2034
074
.035
.034
J074
.035
.034
2074
2035
2034
074
L035
2034
<074
2035
2034
°074
035
<034
<074

APPENDIX II (continued)

Whe 1
6.2585
3.5558

3.3948
3.1472
6,2885
3.4390
3.3456
644303
3.5228
3.0908
6.2727

Wte_2

6.1951
3.5463
3.2396

3.2353
5,9062
3.5470
3.3316
6.2806
3.4982
3.1770
6.1722
3.3781
3.1289
6.1795
3.4221
3.3280
6.3357
3.5103
3.0673
6.1557

Loss

out

9/25/55
9;25/55

10/4/55

10/7/55

10/7/55

10/7/55

i

10/7/55
10/10/55
10/10/55
10/10/55
10/10/55
10/10/55
10/10/55
10/13/55
10/13/55
10/13/55
10/13/55
10/13/55
10/13/55
10/16/55
10/16/55

Time Area
21 5.162
21 44902
24 4.682
24 5.079
24 4870
27 4804
27 5.051
27 4.897
30 4.881
30 5.072
30 4.913
33 4.820
33 5.331
33 4.704
33 4,926
33 4.851
33 4979
36 4.88L
36 5,270
36 4.720
36 4575
36 5.162
36 4.690
39 4.683
39 5.225
39 4.765
39 4.881
39 5.270
39 4.996
42 4575
42 5.270

68



Alloy Length
2248 3,01
25 3,04
38 3,02
248 3,02
28 3,03
3s 3,02
4S5 3,02
28 3.03
38 3.03
243 3.00
25 3,02
35 3.02
245 2.99
25 3.03
38 3,03
248 3,01
25 3.04
38 3,00
248 2.98
28 3,04
3s 3,03
245 2,99
28 3,04
38 3,03
248 2,99
28 3.84
38 3,02
248 3,02
28 3.03
38 3,02
245 3,01
25 3,04
3s 3,03
248 3.02

o 77
273
o72
o7h
.78
276
275
279
o 77
o 77
«77
.73
oTh
073
.80
<77
o Th
o Th
278
o T4
o778
.78
273
o79
.78
o T4
.78
o 78
072
o778
<79
o773
T8
o 78

APPENDIX II

(contimed)

3.4582
3,1669
5.9018

6,3977
3.5658

3.3915

In

out

10/16/55
10/16/55
10/16/55
10/16/55
10/16/55
10/16/55
10/16/55
10/19/55
10/19/55
10/19/55
10/19/55
10/19/55
10/19/55
10/19/55
10/19/55
10/19/55
10/22/55
10/22/55
10/22/55
10/22/55
10/22/55
10/22/55
10/22/55
10/22/55
10/22/55
10/10/55
10/10/55
10/10/55
10/13/55
10/13/55
10/13/55
10/13/55
10/13/55
10/13/55

Time Area
42 4.868
42 4651
42 4.898
42 4,690
42 4o943
42 5.146
42 4.752
45 5,004
45 5,225
45 4o842
45 4,865
45 4.960
45 hob4h
45 4.636
45  5.411
45 4.868
48 4.7113
48 4,989
48 4.870
48 4713
48 5,287
48 4.886
48 4.651
48 5,349
48 4886
36 4.713
36 5.270
36 4.935
39 4e575
39 5,270
39 4979
39 4.651
39 5.287
39 4,996

06



-

Mlloy Length Widuh Thick,

3,03
3.03
3,02
3.03
3,02
3,02
3.03
3,02
3,00
3,03
3,04
3.00
3,05
3,03
3,01
3,03
3,02
3,01
3,02
3,02
3,01
3,04
3,02
3,03
3,04
3,03
3.01
3,02
3.03
3.03
3,04
3.04
3,00

.78
o 77
276
279
- 78
276
)
278
$ 79
272
o775
=79
<73
o7k
76
o T7
276
.78
o4
<78
78
073
77
278
oTh
<77
=78
o6
272
o777
.78

<78
o T7

3.2884
6,3301
35264
3.3153
6.3275
3.4821

APPENDIX

W 2

34705
3,2415
6.2524
3.4080

II {continued)

Loss

1188
<1671

9/4/55
9/4/55

Out

10/16/55
10/16/55
10/16/55
10/16/55
10/16/55
10/16/55
10/16/55
10/16/55
10/16/55
10/19/55
10/19/55
10/19/55
10/19/55
10/19/55
10/19/55
10/22/55
10/22/55
10/22/55
10/22/55
10/22/55
10/22/55
9/16/55
9/16/55
9/16/55
9/19/55
9/19/55
9/19/55
9/22/55
Vi
2/
9/25/55
9/25/55
9/25/55

Time Ares

EESEEEESRERERREER

42943
5,225



Length Width Thick,

3,03
3,02
3,00
3,03
3.02
3.00
3,03
3,03
3,01
3.04
3,03
3,02
3,04
3,03
3,02
3,03
3,03
3,01

2034
<074
2035
<034
074
.035
2034
<074
.035
2034
<074
2035
2034
074
.035
<034
<074
2035

APPENDIX II

Wte 1

3,2760
6,4108
3.4932
3.3359
6.1548
3.5088
3.2737
6.2707
3,3850
3.3292
6.1110
3.4267
3.1672
6.4534
3.4468
3.3065
603713
3. 5428

Wto 2
3.1979
6,3260
3,4183
3,2492
6.0677
3.4354
3,1636
6,1667
3.2956
3.2292

3.1902
6.2234
3.4619

(contimed)

Loss

9/4/55
9/4/55

out

10/10/55
10/10/55
10/10/55

(43



93

APPENDIX ITT

NOMOGRAPH FOF OBTAINING CORROSION RATE

The nomograph relates the variables in the equation

22,289 W

MP.Y. = DAT

where M.P.Y. is the corrosion rate in mils per year, This rate is an
expression of the volumetric quantity of metal removed. W is the
weight loss in grams, D the density of the metal in grams per cubie
centimeter, A the area of the specimen in square inches and T the time
of exposure in days.

Sinee aluminum and its alloys were the only metals to be used in
this nomograph, and since the densities of aluminum allcys 28, 35 and
248 vary from each other by a maximum of 2%, the density was taken as
constant for the three alloys and incorporated in the constant term
of the equation above, This eleminated one scale of the nomograph,
and it is believed the accuracy galned by this scale elimination more
than compensates for the ilnaccuracy introduced by assuming a constant
density for the three alloys.

By way of illustration, a sample problem is shown on the nomograph.
A sample of aluminum with a surface area of 4.9 square inches is exposed
to & corrodent for 25 days. The resultant weight loss is 0,026 grams.
What 1s the corrosicn rate in mils per year? The area exposed (4.9
square inches) is connected with the time of exposure (25 days)., The
point of intersection of this line with the reference line 1s connected
to the weight loss (0,026 grams) and the corrosion rate is read as 1.71

mils per year.
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APPENDIX IV

ANALYSIS OF BORIC ACID

The boric acid analysls was obtained frem the Pacific Coast Borax

Company, producers of the boric acid.



JPPENDIX IV

ANALYSIS OF P.C.B.C. USP BORIC ACID

CONSTITUENT PERCENT
Boric Acid (H;BO5) 99.94

Sulphur Trioxide (S03) 0.009
Sodium Chloride (NaCl) 0.002
Calcium Carbonate (CaC03) 0,000
Ferric Oxide (Fe,0;) 0.0003
Magnesium Oxide (Mgz0) 0.000
Lead Oxide (PbO) Less than 0.0001
Copper Oxide (CuO) L. 0.0001
Arsenic Trioxide (As;0;3) " " 0.0001
Manganese Oxide (MnO) " " 0.0001
Nickel Oxide (Ni0) " " 0.0001
Cobalt Oxide (Co0) L 0.0001
Heavy Metals as Pb " " 0. 0005

(Tested by U.S.P. Method)



APPENDIX V.

PHOTOMICROGRAPH EQUIPMENT

The photomicrograph equipment consisted of a Bausch and Lomb
laboratory microscope equipped with a vertical illuminator. A Leitz
Micro~Ibso microscope attachment and a Lelca IIIF camera were fitted

onto the microscope.



APPENDIX V

PHOTOMICROGRAPH EQUIPMENT
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