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ABSTRACT

7The rate of dissolution of aluminum in 2N HF upon the ad-
dition of nobler metallic salts was studied, Aluminum corrodes
in HF due to the acid‘'s ability to dissolve the protective oxide
present on the surface, Rates were measured by the hydrogen ev-
olution method. .

Salt additions of AgNO

CuSO, , HAuCl, , and PtCl, to alum=

3’ L’ 4
inum dissolving in 2N HF resulted in the electroless deposition
of more or less coherent metals(from the salts mentioned)on the
aluminum surface., The dissolution rate initially decreased in
all of the cases and was attributed to the "blanketing effect®
of the deposits, Ensuing increases of rate after the initial
decrease was probably due to the uncovering of local cathodes,
‘beneath the inhibiting deposit. All experiments involving PtCl)
were carried out in nitrogen atmospheres which caused a greater
dissolution rate due to the absence of strongly protective layers.,
Additions of the salt solutions of NiClp, FeSO), and CusO) gave'
similar rate fluctuations, but no visible deposit. It was suse
pected that thin invisible layers electrolessly deposited were
present on the aluminum surface, Qualitative testing was per-
foﬁmed in many of the cases to observe fofmation of various pre-
cipitates. |

Electropotential measurements of aluminum showed that the

anodic potential increased in the salt solutions}mentioned above
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and thus supported the measured rate decreases.

Microhardness tests were performed and showed harder
surfaces on the aluminum dissolving in HF with added nobler me=-
tal salts, because of Ag, Ni and Co layers present on it, These
facts substantiated the theory of thin layers electrolessly de-
posited on the aluminum surface which inhibited the rate of dis-
solution.

Electron microscopy showed a difference in the etching be-
.havior of a sample of aluminum etched in HF and an aluminum

sample etched in HF in the presence of NiCl,.
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CHAPTER I
INTRODUCTION AKRD LITERATURE REVIEW

Alumiﬁum is lower (more negative) in the electrochemiéal
series than most other common metals, As a result of this, its
| property iﬁ corrosive environments 1s greatly influenced by
other more noble metals which are in external contact with it.

The depositiqn of a metal upon the surface of a less noble
meial in an electrolyte without cgthodic current is known as
electroless deposition.1 The mechanism by which this occurs is
a simple replacement of the less noble material in the electro=-
motive series by the nobler metal, TFor example: a zinc plate
immersed in a solution of copper sulfate will ionize (Zn) into
the solution aﬁd copper will be replaced hy it:

Zn + CutTeeez ZnT+ Cu  (deposited on excess zinc) (1)
By the law of electroneutrality, a net charge cannot exist in

the solution, Copper ions will therefore discharge upon the
only metal surface available--the zinc plate. The copper atom
’deposits upon the zinc surface.at preferential spots where nu-
cleation is easier. Thus the electrons needed by the cupric

ions come from the zinc atoms which ionize, The surface consists
of innumerable corrosion cells with copper as local cathodes{
Under certain conditions, thé copper may appear as a very con-

" tinuous film on the zinc surface. However, the layer contains

" pores since some zinc always dissolves while the copper film



is forming.

Electroless plating is a somewhat new method of industrial
applicatioﬁ of coats. By far the most common method of electro-
less nlating of aluminum is the zinc immersion proéess.Q The
principal functions of this process are to remove the oxide film
and replace it with an adherent layer of metallic zinc. A common
commercial solution is a caustic soda, sodium zincate, to give
a highly alkaline solution, zinc oxide, and water. Upon irmmersion,
the oxide layer is removed, the underlying aluminum is dissolved
and simultaneously replaced by an equivalent weight of zinc,

. When the aluminum surface is completely covered with a layer of
zinc in a reaction similar to Eq. (1), action virtually ceases.

A zinc layer is commonly deposited in this manner before other
plating operations are carried out upon that layer, which pro-
vides an excellentvsurface for deposition, In 1958 Steinberg3
reported tight adherent coats of many metals more noble than
aluminum could be produced without cathodic current on the latter.
De Longh (1960) put an adherent (non-electrolytic) coat of nickel
upon aluminum uéing a fluoride-hypophosphite bath. He noted that
the use of fluoride salts substantially increased the rate of
coating formations., TIn 1962 electroless'gold plating upon alumi-
num was achieved by Heilman.5 MacCormack® received a U.S. patent
for electroless plating of nickel, cobalt, and copper on alumi=-

num in 196l,



Obviously a series of more noble metals can be deposited
from their solutions non-electrolytically upon aluminum. Of
particular interest from the viewpoint of corrosion is the de-
position in acidic solutions. Electropotential and dissolution
rate studies of aluminum in hydrofluoric acid were made by Wang?
in 195L. He also studied the effect of nobler metal salt addi-~
tions, but in very little detail., The various effects produced
by these additions will thus be discussed in this thesis. The
only acid in which very pure aluminum will dissolve at a con-
siderable rate is hydrofluoric. This acid, therefore, was used

throughout this work,



" CHAPTER II
DISSOLUTION RATE OF ALUMINUM IN HYDROFLUORIC ACID

The initial Dhase of the investigation involved simply the
dissolution rate study of aluminum in hydrofluoric acid.

Aluminum produces stable trivalent compounds and therefore
ip will react with hydrofluoric as shown:

2 Al + 6 HF ==--> 2 AIF3 + 3 H, (2)

A, Materials
The aluminum used was Super-Raffinal (Swiss, Aluminum-Indu-

strie~Alstein-Gesellschaft) and had the following composition:

Silicon 3 p.p.m.
Iron 3 p.peM.
Copper 1.3 p.p.m.
Aluminum balance

The hydrofluoric acid used was [8-51% specific gravity and
of reagent grade. |
.Certain concentrations of acid solutions (diluted with dis-,
tilled water) were prepared and checked by titration with a
standarized solution Qf sodium carbonate, using methyl orange

as an indicator.

B. Apparatus, Procedure, and Calculations
Fig., 1 is a pictufe of the entire dissolution rate apparatus,
consisting of a constant temperature water bath, a stirring .

mechanism with a mercury seal, a reaction flask for holding the.



Figure 1

Dissolution rate apparatus
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reactgnts, and a gas.bufette for collecting and measuring the
-amount of hydrogen displaced.

The constant temperature water bath (Fig. ?2) consisted of
a two gallon glass container filled with distilled.water. A
tubular quartz infrared lamp was used to heat the water, while
a copper coil in the bath was for the passage of coolant (tap
water if necessary). The temperature of the bath was controlled
at 25°c ¥ .1°c by means of a mercury thermoregulator connected
to an electronic relay and  the heater,

The 500 ml. gas reaction flask had three ground glass fit-
i\ping§, one to allow entrance of reagents through a funnel, another
to hold the stirrer and mercury seal, and the final one to allow
passage of gas to the burette. The flask was submerged in the
bath to assure a constant temperature. A beeswax coating was
put on the inside of the flask to prevent reaction of the acid
with the glass.

The belt-driven stirring mechanism with a mercury seal had.
a ﬁolyvinyl-chloride specimen holder at the bottom of the stirrer
(inside the flaék). The drive was supplied by a constant spged
motor and a constant rate of 200 rpm was maintained by means of
a rheostat and reduction pulley setup.

The gas burette had a capacity of 100 ml, but could be used
for collecting more by openiﬁg the three-way valve (b, Fig. 3)

and forcing the hydrogen out into the atmosphere by raising the



&

Ho O Ao o

M S S S S S S

——
B 3 |
b— l @ s_?
NIE ﬁ’ﬁJO
2 i a ;L4>
ef ) S v
]
d—
o0 § il e £
c— /
- {
1
h U
g ‘
- &)

cooling coil

stirrer

infrared quartz heater

mercury thermo-regulator

thermometer ‘
electronic relay

rheostat

water bath

line voltage, 11l0v,

Figure 2
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funnel for introduction of reagents
three way valve

valve .

reaction flask with beeswax lining
mercury seal with ground glass stopper
ground glass fittings
polyvinylchloride spvecimen holder
pulley with drive belt attached
constant temperature water bath

gas burette

leveling bulb

Figure 3

Reaction vessel and volumetric equipment



leveling bulb and then returnineg the valve to the initial nosi-
tion. Since hydrogen is not much absorbed by water, collection
was made over distilled water. Nagualization of hydrogen and
atmospheric vressure was maintained with the leveling buld so
as the two water levels were of the same height (when reading
the burette). Square specimens were cut from the aluminum sheet
and accurately measured to the nearest .1 mm with vernier cali-
pers for the surface area calculation. The aluminum was then
mounted in bakelite-~leaving only one surface exposed. Prepara-
tion of the surface consisted of rough grinding followed by fine
polishing on a wheel with levigated a2luminum oxide. Then the
clean, dry specimen was fastened to the polyvinylchloride hold-
er with beeswax and inserted into the reaction flask. Care was
taken to see that all ground glass fittings were clean and had

a thin layer of vacuum grease on them to assure air-tightness.,
The flask was inserted into the water bath at 2S°C and held there
with a clamp., One hundred ml of hydrofluoric acid were poured
into a waxed Erlemmeyer flask and alsoc placed into the vath so
that the acid could assume water temperature, The belt was
connected to the stirrer and the constant speed of 200 rpm was
maintained and checked by means of a tachometer. The ground
glass fittings of the reaction flask between. the burette and

funnel were placed carefully in their proper positions and the

entire system was then checked for air tightness by raising the
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leveling bulb several inches above the water level in the burette.
If the level changed (after 30 minutes or more) the ~round glass
fittings were taken apart, cleaned, and regreased until the system
was alir tight. The acid was now added to the flask and the water
level in the burette adjusted to zero. The valve (e, Fig. 3)
'waé opened to allow entrance of acid to the flask while at the
same time the three-way valve (b, Fig. 3) was moved to & posi=-
tion so as to open the flask to the atmosphere. This operation
was to pfevent the entrance of displaced air from the flask because
acid flowing into it pushed down the level in the burette. As
soon as the acid was all in the flask, the valve (¢, Fig. 3)
was closed and the valfe (b, Fig. 3) was opened permitting the
passage of hydrogen into the burette. A timer was started and
the measurements hegan. Readings of the water level were taizen
at certain time lapses (usually every 10 minutes)., The leveling
bulb water was always keot sliqhtly below that of the burette,
éxcept during readings, so that no pressure would tend to expel‘
the hydrogen. At the end of the experiment the belt drive was
removed and the stirrer taken out of the flask., The aluminum
specimen was carefully separated from its holder, washed with
distilled water, dried, and observed. The condition of the sol-
ution was also observed and recorded.

As a preliminary precauﬁion and also to become accustomed

to the equipment, the following experiment was performed. ‘A
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preweighed amount of zinc was completely dissolved in the
reaction flask, charged with hydrochloric acid and the hydro-
gen displaced (Eq. 3) was measured. Several such determina-
tions were performed.
. Zn. I+,,,2 HY ===> Zn" + Ho (3)
According to Eq. (3), one mole of zinc (65.38 g) must dis-
place one mole (22,412 ml) of hydrogen from HCL: hence, 1 ml
Hs will be produced by 65.38/22,112 or .002917 g Zr(all vol. STP).
A tabulation of these results appears in Table I. The de-
viations between experimental and theoretical values are seen
to be small in all three experiments. Now attemptis of duplicating
pas£ results of Wang? involving dissolution rates of aluminum
in hydrofluoric ﬁere made. The hydrogen displaced was measured
every ten minutes for rate calculations. The length of the ex-
periment depended upon the time required for the rate to pass
a maximum. A plot of rate vs. time yields a curve with three
hasic stages typical of faster reactions. As can de seen from .
Fig. L, at first is an induction period of increasing rate
followed by a maximum, leveling off. Finally is a declining.
period in which the rate drops slowly below that of the maximum.
At this\point the experiment was stopped.’
The equation of rate of hydrogen evolution is:

R = . 1000AV/AtA | ’ ()
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TASLE I
Theoretical and experimental displacements

of hydrogen from HCL by Zn

Run Wt. of Zn Hp produced Hp produced®* H, cale., %

() ' (ml) (m1) (ml)
1 . 2086l 81.2 70,38 71.52 1.59
2 .20757  80.7 69.89 7L.L5 2.18
3 .2136 8.3 73.08 73.79 .96

*  reduced to STP

Avg. % deviation--1.58
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where:
R= rate of Hy evolution in ml
"A V= the difference in the volume of the two hydrogsen
readings for a particuler length of time in ml
A t= the time interval in min
A= the area of the reacting 41 surface in cm?’
Data taken from Table IT show that between 80 and 90 minutes
a Av of 5.8 ml was recorded. Multiplying this by the STP con-

version factor:

1l.6x _273
760 29h.1 = .B69

will oive a volume chance of 5.0, ml at standard conditions.
The rate of flp~evolution for this time period is now calculated
(knowing A is 1,065 cm?):

c.0r 1,000 ‘
R =10 x 1.065 = 1;73.2 mm3/cn2min

These calculations were made for every 10 minute period and
recordea. Finally the plot (Fig. L) was drawn using Tables II and
III. From Eq. (2) it is evident that 2 moles of aluminum (2 x 26.96g)
produces 3 moles of hydrogen (3 x 22,412,000 mn3),

3 ' 2 x 26.96 x 1,000
Therefore 1 mm”7 of Ho corresponds to TX 52,112,500 or

.0008020 mg Al. This is the conversion factor of mm3 of Ho to
mg Al. For the previously calculated example, the rate may be
expressed as:

1,73.2 x .0008020 or .3795 mg Al/min cm?



TABLE II

Hydrogen evolution rate of Al in 2N HF at 25°¢C

Avg, room temp: - 21.2°%
Avg. corrected pressure: | 711.6 m Hg
Speed of stirrer: 200 rpm
Area of reacting Al surface: 1.065 e
%Ijnjzg ) H%m‘{gl. &X) N Ym%? (mm3§ int%min)
20 1.60 , 1.60 1.39 131
30 3.60 2.00 1.7h 163
L0 5.90 | 2,30 2,00 138
50 9430 3.10 2.95 277
. 60 13.90 L.60 L.00 376
70 19.h0 5.50 L.78 L99#
80 25,00 5.60 4.87 LT
90 30,80 5.80 s.ob L73#
100 36,50 5.70 L.95 L65#
110 L2.00 5.50 - L.78 - LLo#
120 47.60 5.60 4.87 LST#
130 52.60 5.00 4.35 L08
14,0 57.70 5.10 bh3 - 116
150 62.80 5.10 L3 116

# Avg. maximum rate: L58 mm3/cm2min



TABLE III

o
Hydrogen evolution rate of Al in 2N HF at 25 C

Avg, room temp: 21, 3°c
Avg. corrected pressure: 7i3.7 mm Hg
Speed of stirrer: | 200 rpm ,
Area of reacting Al surface: 1,070 cm
%‘:ﬁ}g) H%ngl‘ élz) & \(rmi’l)i‘P (mm3§ fﬁmn)
10 1.80 1.80 1.57 147
20 4,00 2,20 1.92 179
30 6.80 2.80 2.5 229
40 10,50 3.70 3.22 301
50 14,70 3.80 3.11 309
60 19,70 5.00 h.36 107
70 25.10 5.0  L.70 o L39
80 31.30 6.20 5.0 505#
90 38,00 6.70 S.84 SL6#
100 Ll.LO 6.40 - 5.57 521#
110 51.00 6.60 5.75 537#
120 57.50 6.50 5.66 529#
130 63.70 6.20 5.40 505#
140 69.140 5.70 ho96 L6l
150 k.70 5.30 4.70 L31
1560 80.40 5.70 L.96 L6k

# Avg. maxinmum rate: 3524 mm3/ cmémin . 3 .
Avg, maximum rate for both runs: L91 = 33 mm /emnin
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Ce - Results

Only one concentration of acid was used--2N HF, As an
average of the maximum of the curves (Tables II, III and eight other
Tables) a value of (491 % 33)mm3/cm2min was obtained. Wangz re-
ported a somewhat higher value of (SLé % h8)mm3/cm2min(10 runs). The
length of time to achieve a maximum is noted to be somewhat
shorter in Wang's thesis. Both discrepancies could be due to
Wang's aclids being stronger than 2N,

Thus, the maxdimum deviation from the average is not more
than % 33 mm>/cm2min(6.7%), Considering the difficulty of repro-
duction in corrosion experiments, this deviation is acceptable,
especially if considered that Wang's deviation was £ L8 (8.8%).
Uneven distribution of impurities may be one cause of the fluctu-
ations,

Following careful washing with distilled water and drying,
the aluminum surface.ﬁas noted to‘have a white precipitate at
the edges of the bakelite-aluminum interface. This white pre-
cipitate is aluminum fluoride, which is soluble in 2N HF to the.
extent of 2g AlF3 pér 100g saturated solution at 25°c8, 100 ml of
2N HF (S.G. 1,017) will weigh 102,7g. Since 100 ml of HF is used
in the experiment, over 2g of A1F3 may be dissolved. For every
three moles of hydrogen produced (Eq. 2) there will be two moles
of A1F3, Thus, 3(22,413 ml) Ho corresponds to 2(83.96g) AlFj3
or 1L ml of Hy corresponds to .00249L5Sg AlF3., Since never more

than 200 ml of hydrogen was displaced in any one experiment; a
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2

maximum of 200 x .002,,9L5 or L9990 g of AlF3 was ever in solu-
tion,well beneath the solubility limit. IHowever, it 1s feasible
that some of the AlFB formed on the surface during the reaction
would not dissolve in HF as fast as it is formed, so that some
: would remain and build up at the aluminum-bakelite interface
where the effect of stirring is less. This could also explain
the fluctuation in rate,

Microscopic observation of the samples after dissolution
showed a shiny. but irregular surface with gentle vpeaks and valleys

typical of strongly etched aluminum.
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CHAPTER III

THE INFLUENCE OF NOBLER SALT ADDITIONS UPON DISSOLUTION RATE

This investigation involved the change in the dissolution
rate of aluminum in hydrofluoric acid to which additions of no-
bler salt solutions have been made.

A, Materials, Apparatus, and Procedure
In addition to the acid and aluminum as mentioned, solutions

of AgNO HAuCl and PtCl were

3, h’ h
used, All metallic salts were at least of reagent grade. Solu-~

Cus0), FeSO), NiCl,, CoSO

tions of .01l M and .1 M were prepared by diluting with distilled
water the proper weights of salt or pure metal (in the case of
Pt and Au). The Pt and Au were dissolved in-aqua regia before
dilution to correct concentration. The apparatus and calculations
weré the same as described in Section B of Chapter II. The only
difference in the procedure was the addition of the salt solu-
tion when the dissolution rate had begun its decline (in Fig, L)
and appeaied to be almost constant. Before the addition was
made, the valve (b, Fig. 3) was opened to allow, by raising the
leveling bulb, the level of water in the burette to return to
zero (by expulsion of the collected hydrogen). The salt solu-
tion (4 ml) was premixed with the same volume of LN HF so that
the final concentration would still be 2N. The addition, at

the water bath temperature, was made exactly as the acid was

originally poured'in (ppe 9-10). Addition of 4 ml .1 M salt



20

plus ) ml LN HF to 100 ml of 2N HF resulted in a solution with
a concentration of (.1) (L)/108 or .0037 M. Similarly the re-
sultant concentration after the .0l M addition was found to be
. 00037 M.

Two concentrations of each salt(,01M and .1M) were used.
The concentrations of the Pt additions were, however, .00l M
and .01 M. Fach experiment was at least duplicated, For the
PtClh additions, the air in the flask was initially displaced
with nitrogen‘to prevent the Pt deposited on the aluminum act-
ing as a catalyst in the combination of hydrogen and oxygen to
.water, The initial percent in rate change dﬁe to the addition
was calculated by use of the following equation: (5)

(Rate at which add, was made)-(Rate 10 min, after add.)
% change = 100 (Rate at which add. was made)

B, Addition of AgNO3

Tables IV-VII (appendix) and Fig. 5 show the effects of
.01 M and .1 M AgNO additions. Fig. 5 shows that the rate
initially decreased in both cases and then increased again
slowly. In the case of thé weaker concentration; the increase
was above that of the previous maximum (in plain HF). A dark
i;ﬁfeéibitate was seen on the aluminum surface, while white flakes
accumulated in the acid solution. Fig. 6 is a picture of the
aluminum under magnification of 1740 X showing the dark layer

which covers the aluminum surface in places.
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To observe the formation of the white flakes and the dark
precipitate qualitative experiments involving Ag were also per-—
formed. A piece of Al was dropped into a Polyethylene beaxker
containing 100 ml of 2N HF and was allowed to dissolve for a
period of time (one hour or more). The addition of AgNG 4 (h ml
AgNO3 plus it ml LN HF) caused an immediate dark layer to cover
the entire surface and the evolution of hydrogen bubbles almost
ceased. After several seconds this layer would peel off the
aluminum in chunks, due to the hydrogen evolution which now
again increased. As this peeled off, the precipitate floated
(because of hydrogen bubbles adhering to it) until it separated
completely from tﬁe aluminum. It then turned into = white flake
and dropped to the bottom of the Beaker. A very interesting
phenomena occurred when this flake resumed even loose contact
with ﬁhe'aluminum. It turned again darker and bubble formation
resumed causing it to float until such time when contact was lost.
BEvidently there is an electrical contact throughout the precipi-
tate. Samples of the white precipitate could be easily made,
washed and dried for microscopic observation and x-ray analysis,
which showed that it was pure silver consisting of fine mevaliic
needles. However, the black precipitate proved much harder to
gather. The only way this could be achieved was by careful re-
moval of the aluminum with thé dark deposit on it from the acid,

washing, and drying of the precipitate in contact with the Al.
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If the contact was lost even momentarily before it was dry, the
precipitate turned white. The more brittle black precipitate
seemed to be a white salt (probably AlFB) with many black part-
icles and Ag needles embedded within it. X-ray pictures were
made of each precipitate., The particle size of the dark one

was smaller than the white, according to the resulting x-ray
patterns,

Further explanation for the formation of the dark and white

precipitates will be given in the "Discussion,"

c. Addition of FeSOh

Tables VIII-XI (appendix) along with Fig. 7 show the effects
éf FeSOh additions. The weaker concentration of the salt caused
an initial decrease followed by a rapid, substantial increase to
a maximum which surpassed the initial rate of dissolution and a
slower decrease once more.

Microscopic examihation of the surfaces failed to reveal
anything but a few specks at high magnification which could have'
simply been impurities. Therefore, qualitative testing was per=-
formed here also to show the precipitation of iron on aluminum.
Each experiment involved three phases. Three aluminum pieces
were dropped into separate beakers each cantaining 100 ml of
2N HF and allowed to dissolve for one hour or more., U4 ml of

JOL M FeSOh plus -y m1 LN HF were added to one while the same
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solution with .1 M FeSOh was poured inte another., Etching con-
tinued for several more minutes and all three specimens were
removed, carefully washed in distilled water, and dried, Ferr-
oxyl indicator was then applied to 2ll three pieces and allowed
to set, The experiment was repeated in this manner several times,
Never did the indicator prove the presence of iron (by turning
blue) upon the aluminum etched in plain HF or in HF plus .1 M
FeSO,. However, the aluminum etched in the HF with .OL M FeSO)
did give an indication of some iron, but in only two of the six
experiments. It is possible that the iron on the aluminum was
cathodically protected hy the latter from corroding in the ferr-

oxyl indicator.

D. Addition of CuSOh |

| The results of CuSOh additions are given in Tables XII-XV

(appendix) and Fig. 8. The .01 M salt addition shows an initial

decrease followed by an immediate increase. The stronger con-

centration of the salt addition also showed a decrease followed ‘

by an increase but differed from the lower salt concentration

in that ; maximum was reached and a subsequent decrease occurred.
A red precipitate (presumably Cu) appeared on the aluminum

surface and in the solution at the end of fhe experiment. Micro-

scopic observation showed the presence of copper on the surface,

_especially in the stronger salt concentration, shown by Fig. 9.
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Figure 9

Red precipitate on aluminum surface dissolving
in 2N HF with addition of .1 M CuSQ)
Magnification 1740 X
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E. Addition of Nill,j

The effect of NiCl2 additions were much the same regardless
of salt concentrations., A substantial decrease (Tables XVI-XIX
in appendix and Fig. 10) occurred immediately and this rate
became somewhat steady at this lower value,

No orecinitate was seen in the solution at the end of the
experiment, The surface was observed microscopically, but this
revealed nothing but the apparent highly reflective surface of
aluminum, Qualitative testing failed to prove the presence of

nickel.

F. hAddition of CoS0

CoSOh additions created effects similar to those produced by
NiCl,. That is, an initial decrease occurred always, after which
the stronger salt caused the rate to level off, while the weaker
one brought about a substantial increase past the original rate
of dissolution., The surface showed nothing upon it, and no pre-
cipitate of any kind was visible in the solution. Tables XX-

XXIII (appendix) and Fig. 11 illustrate these results,

G. Addition of PtClh

In order to study the effect of PtCl), additions, it was
necessary to perform all these experiments in an atmosphere of
nitrogen as already mentioned (see p. 20). Fig. 12 and Tables

XXIV-XXVII (appendix) show the effects of PtClh additions. Fig. 12
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also reveals a very sporadic dissolution rate of the alwainum
in the nitrogen atmosphere even before the PtClh was added. O
conéistency could be attained, except that 211 the rates were
higher than in the air atmosphere experiments. Wang7 recorded
the same higher rates, but failed to mention them, It would

seem the opposite should be true, namely that the rates in ni-
trogen would be lower, However this may possibly be explained
by the presence of a weaker protective layer and will be treated
in the " Discussion."

It can be seen that a very large rate decrcase was observed
when the ,001l M Pt salt was added and a still larger one with
the stronger addition., Furthermore, this decrease does not rep=-

resent the true value. As soon as the salt was added, a very
slightly negative rate was observed for a minute or two beafore
recovering to a positive rate., ZEvidently the hydrogen was cone
sumed faster than it was liberated., TFor stronger concentrations
of Pt salts, the negative rate was even greater, Although care
was taken, there probably was some oxygen left either in the
system or it was present in the nitrogen. t is impossible to
say whether the return of the positive rate was the point of all
oxygen consumption or thers was an increase in hydrogen evolue
tion to such a rate as to overcome the loés. Another experiment
was performed without the nitrogen atmosphererto see if oxyzen

in the system would indeed have an effect. When the Ol M Pt_ClL



solution was added, the rate became very negative and continuad
as such for 10 minutes before becoming positive azein, Even then
the rate stayed at a very low value, There was, of course, plenty
of oxygen to combine with the hydrogen, In all probability the
Pt salt caused the rate to decrease initially (&lthough not as
much as shown) and increase slightly in the further stage of dis-
solution., The ,001 M addition probably did not contain enoug!
Pt for a fast combination of the hydrogen and oxygen as the 0L
M solution. Therefore a more truthful curve is given in the first
case,

There was a fine black precipitate formed immediately on the
aluminum upon salt addition., Microscopic observation of the

surface at 1740 X showed on uneven distribution of black particles.

4. Addition of HfiuClh

The results of gold additions proved to be erratic, shown by
Figs 13(Tables XXVIII-XIXI,app.)e For both concentrations, one
run showed a small increase and the other a small decrease. In‘
all instances, ﬂowever, a leveling off occurred at the increase or
decrease, It is thus difficult to predict what will happen. The
results of Wang7 showed an increase in the rate,

A yellowish-red precipitate (probably Au) appeared on the
aluminum and in the solution after dissolution., It should be
noted that the addition of salts wiaich create avvisiyle_pref

cipitate generally caused more sporadic results to occur., Thails
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was probably due to the covering of the surface by the precipitate
to a greater extent at some times than at other times, HMicro-
scopic examination revealed the presence of an uneven distribution
of yellowish-red specks throughout the aluninum surface. The strong-
er salt concentrations showed coarser and larger covered areas

than did the .0l M additions.
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CHAPTER IV

THE INFLUZNCE OF NOBLER HETAL SALTS ON THD

ALUGINUY £LECTRODE POTENTIAL

To find the reasons of inactivity of some salts of nobler
metals upon aluminum and since corrosion of metals is generally
electrochemical, electrode potential measurements were made.

The corrosion rate expressed in Eq. (L) is a function of the
potential as shown by:

R= v/ tA =kz'(n - E')/r (6)
where:

R = corrosion rate (in mm3/cm@min) of displaced H,

z'= average number of local cathodes per square unit

k = conversion constant

n = potential of the local cathode

E'= anodic potential of the dissolving metal

r = average resistance of local cells

The resistance of the electrolyte is a functiion of concentra-
tion and therefore may be considered consitant at low corrosion
rates. There is no way to measure the number or potential of the
local cathodes. The anodic potential of the dissolving aluminum or

the mixed potential of the metallic deposit-aluminum surface can, how-

ever, be measured directly with a calomel reference electrode,

A. Apparatus and procedure
The calomel half cell (Hg/Hggclz, 1N KCl) was prepared and

checked against a saturated calomel electrode (Beckman) and found
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to be +,231 v against the normal hydrogen electrode. Therefore,
subtraction of .281 from all mcasured values (with the calomel
electrode) will yield a potential in the hydrogen scale. The
potential differcence of the cell:
A1/HF, 1N XC1, Hg2012/ Hg
will thus be measured by means of a potentiometer. Fig. 1L is a
schematic of this set-up. A salt bridge of 3.5 N XCl was utilized
to eliminate junction potentizl.

The aluminum electrode was prepared by placing a sqguare
piece of aluminum with a screw on it (overlappinz on one side)
in the mounting press. Bakelite was poured on this and the mount
was made. The bakelite was cut away frcom the screw and electrical
~contact between it and the aluminum was checked with an ohm-meter.
After arinding and polishing the aluminmum surface, a copper wire
was soldered to the .exposed screw and encased in a glass tube,
The finished electrode (Fig. 15) was now ready for measurements
after a coating of museum jar wax cement was avplied to eny metgllic
areas, besides the aluminum surface, still exposed and to as much
of the glass as would be in contact with the HF,

After making the connections as illustrated in Fig. 1L,
100 ml of 2N HF were poured into the Polyethylene beaker. The
aluninum electrode was irmmersed into the acid and placed in contact
with the wax-coated capillary tube from the salt—bridgé. By means

of the potentiometer, the potential was measured every few minutes.
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@, copper wire soldered to screw (d)
b, glass tubing
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Figure 15

Aluminum electrode used for potential measurements



&Tter observing a somawhat stable potential, the salt(ly ml noble
metal salt solution plus L ml HF) was added and the fluctuation

observed,

‘B, Results

In all cases the addition of the salt caused a positive

increase (or from more negative to less negative) in the measured
potential. it was interesting to note that the more noble was
the metal in the salt, the greater was the potential increase, as
shown by Table IV. This lends belief that the surface of the
aluninum has a "mixed potential' of some kind. The averaze
potential of the aluminum before the salt addition was found to
‘be =1,210 v £ L) mv (Wang7 noted an average of =1.220 v). The
increase due to the salt addition was larger with the higher con-
" centration of salt.. Tables XXXII-XXXV (appendix) and Figs. 16-22
summarize and illustrate the effects of these additions on the
potential.

Salts of metallic elements less noble than aluminum were
added to the 2N HF to see if any potential changes would occur,
Solutions of .1 M NaCl and KCl were added in separate tests, re-
sulting in an insignificant change of potential. Therefore,
apparently, nothing formed on the surface,

Some potential measurements were extended for longer periods

of time to see how the potential changed. The potential of aluminum
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TABLE IV

Comparison of notential increase of aluminwm upon addition of me-
tallic salts to the nobility of the metallic element of the salt

Metallic Pot. increase(volts) Pot. of metallic element
element O1M o 1M (volts)
Au 105 «517 +1,35
Pt 107 - +1,20
Ag . 307 364 + .80
Cu 385 B2 + o3L
Ni LO0L8 189 - .25
Co «220 #2837 v - .28

Fe 134 .162 - Ul
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in HF plus separate additions of .01 CoSOh, NiCl _, and AgliC

was observed., Table V and Fig. 23 show that the potential o

then the decrease was slight., The original potentizl of aluminunm
even in plain HF was never reached again in any case,
Some deposit must be on the surface of the aluminum to czuse

the rate cdecrease and potential increase., The following experi-

electrode was immersed in HF and set up for poteniial measure~
ments in the previously described manner. After several minutes,
N1012 (.1 M) was added as before and the potential increased
immediately. After an interim, the electrode was removed, washed,
and then immersed into a2 beaker containing plain 2N HF, The
potential measured was considerably lower in the very beginning,
but kept decreasing with time. Then the electrode was put back
into the solution of HF and ’iClz. The potential immediately
increased to the approximate previous value. Again the aluminun
was removed, washed, and this time & fine brush was used to scratch
the surface, Placing the electrode back into the soluticon of HF
resulted in a potential close to that of the beginning of the
experiment, In other words, the return was faster when the sur-
face was scratched than it was when not scratched before immersion

into plain HF. As a further test, the aluminum electrode was
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Figure 23

Txtended aluminum electrode potentials in 2N HF upon
«*addition of ,Ol1 M CoSQ), NiCl,, and AgNO3 to the acid
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TABLE V

Extended aluminum electrode potentials in 2N HF upon
addition of .OLM CoSO), NiCl,, and AglO_ to the acid

Po;:.c.):IM CO§O fe PO*E.(.ILM Nigg\}%e Po;,(.):m Agl’g?.x%e

(volts) (min)  (volts) (min)  (volts) (min)
% =1.189 %  =1,227 % =1,199

- 299 0 -1,038 0 - o919 0
- .978 5 -1,010 10 - 909 20
- 962 o' -1,007 20 - .8L8 30
- .960 65 . =1.06k L5 - .918 65
- 981 85 ~1,037 65 ~1,103 110
- 994 135° ~1,117 110 -1,101 130
1,005 170 -la3L 120 -1.0% 150
=1.009 205 ~1.121 135

-1,020 235

% addition of l ml .OIM salt plus L ml LN HF
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removed from the solution of HF and NiCl2 and washed., It was
then treated with HN03 (to remove to possible Ni layer on the
surface, if present), Upon immersibn in a solution of plain

HF, the potential was the same as that of the pure aluminum in
plain HF at the beginning. Therefore, there was evidently some-

thing was formed on the surface of the aluminum after the NiCl2

was added.
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CHAPTER V
MICROHARDNESS TESTING OF THE ALUMINUM SURFACE

AFTER DISSOLVING IN 2N HF WITH NOBLER METALLIC SALTS ADDED

Formation of Pt, Ag, Au, and Cu layers on the surface of
the aluminum, which has been dissolved in HF with the respective
metallic salt added, was visibly evident. However, no layer of
any form can be detected upon the aluminum surface dissolved
in HF in the presence of Fe3G , CoSQ),, and NiClz. It is clear
however, through dissolution rate and electropotential measure-
ments that something should be present. Therefore, microhardness
tests were performed.

Pure aluminum is a very soft metal, If even a very thin
layef of another harder material were on the surface, a micro-
hardness test might reveal it in the form of increased hardness
 values,

Strips of pure aluminum were cut and placed into Poly-
ethylene beakers containing 2N HF, After some time equal amounts

of ,1 M NiCl,, CoSO), AgNO3, NaCl, and KCl were added to five of

2,
‘the beakers while nothing was added to the sixth, NiCl, and CoSO),
were added for pbssible detection of Ni or Co layers on the alum-
inum. NaCl and KCl were added as a precaution to see that nothing
formed on.the aluminum, as exhibited' by the electropotential mea=

surements, The purpose of the AgNO3 addition was to measure the hard-

ness of those areas where no massive Ag deposit was evident to see
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if perhaps a very thin layer of Ag was present but invisible,
After dissolution for several more minutes, all five pieces were
renoved, carefully washed, énd dried. They were now ready for
microhardness testing, which was performed on a Reichert Micro-
' hardness Tester with a pyramidal diamond indenter.

Hardness values were expressed as Vickers Hardness Numbersll
(Hy in kg/mm2), which were calculated using the formula:
Hy = 1.85LL P/a2 | (7)
where P is the load in kg and d is éhe length of the diagonal
of the indentation in mm, The load chosen within the tester
was 18,2 g in all cases, while the diagonal of the square-based
pyramid indentation was measured with the optical micrometer,
For each specimen, 10 indentation méasurements were made, and the
Hy for each was calculated. An average of these 10 measurements

was made and the standard deviation was calculated using the

formulazs

)

Standard deviation = \EZA ¢/(n-1) | (8
where A is the difference between the average and individual
Hy and n is the number of measurements (10). The results are
summarized in Table VI and given in more complete detall in the
appendix (Tables XXXVI-XLI).

The results show that it is credible that a layer of Wi,

Co, and Ag are indeed present as the hardness values are larger



TABLE VI

Hardness of Al corroded in HF in comparison with
Al corroded in HF in presence of metal salts

. Specimen Stand, dev,
(kg/mn?)
Al in HF 32.1 2.9
AL in HF with NiCl, 4.6 *3.8
ATl in HF with Agno3.' 110.5 2.3
Al in HF with CoS0) 1.6 2,1
AL in HF with NaCl 31,9 Z 2.
A in HF with KCL . 30.6 21



(since Ni, Co,‘and Ag are harder than Al) within the realm of
the standard deviation. That is, the highest hardness value
of aluminum in plain HF (32.1 + 2.9) was still lower than the
lowest hardness value of the aluminum in HF plus NiCl, (h2.6 -
- 3.8), CoS0), (4l1.6-2.1) and AgNO, (40.5-2.3). The hardness of
aluminum dissolved in HF with NaCl added (31.9 % 2.4) was seen
to be much the same Wwithin the limits of error) as aluminum
dissolved in HF alone, showing that nothing was distorting or

present on the surface,

58
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CHAPTER VI

DISCUSSION AND CONCLUSIONS

When a metal corrodes in an acid, ions of that metal go
into solution while an eguivalent amount of hydrogen is dis-
placed from the acid and evolved at an adjacent site of low
hydrogen overvoltage, This site is commonly a very small me-
tallic particle (of different composition than the base metal),
The dissolving metal is thus the anode, while the particle is
the cathode and a current is set up between them. Thus, there
is an innumerable amount of'these small irreversible cells.

The effect of these local cathodes upon the corrosion rate is
expressed in Eq. 6. The emf of such a cell is n - E!, where

n is the potential of the local cathode and E' is the dissolu=-
tion potential of the anode., If these local cathodes are active
and exposed to the corrosive medium, it is expected that the
corrosion rate would increase. However, 1f some metallic oxide
or salt layer is covering these local elements, they would not

- contribute to the dissolution rate. In faét, if these layers |
were adherent enough and not too porous, rate of corrosion of the
base metal indeed would be expected to decrease, If these layers
broke down, the corroéion rate would increase as the underlying
local elements would be exposed. Furthefmore, if the bLroken

down layers have a low hydrogen overpotential, they would in-

crease still more the rate of dissolution of the base metal.



60

A, Dissolution of aluminum in hydrofluoric acid

A thin but very adherent layer of A1203 is always present
on an aluminum surface., This layer gives aluminun its desirable
property of corrosion resistance. However, 7 will dissolvel
this protective layer and hence, 2luminum is corroded in this
acid. The layer continuously forms during dissolution, pro-
vided oxygzen is present and can diffuse through the corrosive
medium to the aluminum surface. As the layer dissolves, more
and more local cathodes are exposed and thus the dissolution
rate increases. A maximum 1s reached where the local elements
contribute to the rate as much as possible, The elements then
begin to break off because of mechanical effects, lowering the
rate so slowly that a constant value appears to have been reached.
The rate also lowers to a certain extent due to the depletion of
the acid. A "poisoning" of the local elements by corrosion pro-
ducts could also cause this. The presence of a white precipitate
showed that A1F3 was present and could be expected to affect the
rate-of corrosion., This could explain some of the experimentalz
deviations as the JL'!.F3 could have partially blanketed the surface
‘and thus the local elements.
B, Dissolution rate of aluminum in hydrofluoric acid with other

additions

Aliminum ﬁould be expecied to displace any metal that is
more electropositive from the salt solution of the latter. Thus

reactions of these salts with aluminum should occur as listed:
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AL + 3AgNOy —--> AL(NO5), + 34g - (9)
2A1 + 3FeS0) ===> A1,(SO))3 + 3Fe | (10)
21 + 3CuS0), w==> Alz(SOh)3 + 3Cu (11)
241 + 3MiCl, --3> 2A1C1, + 3Ni | (12)
LAL + 3PtCl), --» LA1Cl3 + 3Pt (13)
241 + 3C0S0) ==2» 11,(50),)3 + 3Co (1h)

AL + AuCl3<HCL --3> A1C1; + Au (15)

When AgNO3 was added to the acid, the corrosion rate decreased
simultaneously (Fig. 5) wiﬁh the formation of a dark layer of sil-
ver on the aluminum surface, This layer evidently coveresd the ac-
‘tive local cathodes and was not active itself, However, the layer
was not staying in the original place itself and began to peel
qff, uncovering some of the local elements as noted by the rate
incresase. It was, however, observed that the layer kept reform-
ing: the dark precipitate turning fo white flakes when separated
from the aluminum. This phenomenon was investigated by x-ray an-
alysis. Within the limits of error, the diameter of the Ag (333)
ring (Cu radiation) for both deposits showed no difference, prov-
ing both precipitates to be silver. However, the grain size of the
black precipitate was smaller than the white, as evidenced by
broader lines on the x-ray pattern. This black color is POS=-
sibly caused by impurities within the silver; absorbing some
~aluminum, and thus creating a distortion in the lattice. This

dark silver displays a decreased hydrogen overpotential, As
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soon as contact with the aluminum is lost, the impurities (alum-
inum) dissolve and the flakes turn white (recovery of the ideal

10 reported a very similar pheno-

lattice). Straumanis and Fang
menon with silver deposited upon zinc in HQSOh. They reported
that zinc and silver co-deposit on‘the zinc surface. The black
color was attributed to the fineness of particle size, The same
could have occurred here with the aluminum co-depositing with the
silver, When the deposit separated from the aluminum, the alum-
-inum in the deposit dissolved immediately, allowing the recrys-
tallization of the silver to occur, yielding a larger grain size
and thus the white color. Qualitative experiments showed clearly
that upon contact of these flakes with aluminum, they turned darkx
again, probably due to deposition of more Ag-Al on the surface,
Additions of FeSOh and CoSOh and Niq1? all showed very sime-
ilar effects to the resultant rate changes (Figs. 7, 10, and 11).
. In all three casés, the rate dropped considerably at first with
ﬁhe addition of both concentrations of salts., However, in con-
trast to silver, no precipitate was formed as nothing could be ;
seen on -the surface of the corroding aluminum. Therefore, there
must have been a tight adherent layer of iron, cobalt, and nickel
electrolessly deposigéd on the aluminum in so thin a layer that
it could not even be microscopically detected. The .0} M ad-
“dition of nickel also retained the lower rate, but the cobalt

and iron showed very sharp increases right after the initial

drop. The increase continued to values higher than even the
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previous maximum showing that the layers evidently were active
themselves and, upon partial separation from aluminum, also per-
- mitted theylocal elements on the aluminum to contribute to the
increase of the dissolution rate,

Copper additions all decreased the rate initially, but then
thé rate increased considerably especially with the lower concentra-
tion salt addition-{Fig. 8). Copper was visibly deposited on the
surface, but probably not too adherently, thus increasing the rate,
as mentibned.

Gbld‘additions brought about sporadic results, somewnat
typical of all the additions which created visible precipitates
(Fig. 13). The scattering was greater here than any of the other
additions as the dissolution rate both increased and decreased
with both additions. This variable effect was probably caused
by the precipitate. If the layer of gold would adhere well, the
rate decreased, but if the layer covered incompletely, the rate
increased due to the effect of local elements. In either case |
the rate fluctuation was small,

Experiments involving PtClh additions yielded results showing
greater rates of dissoiution even before the PtCl), was added.

The .only difference in these experiments and all others was the
nitrogen atmosphere (see p. 20). This, then, must have been the
cause. It would seem that tﬁe opposite would be true, that is
the rate of hydrogen evolution in an inert nitrogen atmosphere

would be less than one in air. However, this might be explained
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by the A1203 layer always present in the experiments carried out
in air. This layer might be formed by:

bil + 30, ---2> 241,04 (16)
This oxide or a similar surface oxide layer is soluble in HF:
Alp0q + 6HF =--3> 2A1F, + 3H,0 (17)
However, with a nitrogen atmosphere, after the initial A1203
layer is consumed,there would be no oxygen left to combine with
aluminum to make any more of the reistant oxide layer. The only
one which could form would be:

6H,0 + 241 —--3» 241 (OH)3 + 3H2 (18)
Al(OH)3 or AX0(OH) is probably thinner or at least more porous
than that formed in the presence of oxygen, The Al(OH)3 would
combine with HF as shown:

A1(OH)y + 3HF =--3» A1F; + 3H,0 (19)
If reaction (19) were faster than reaction (17), the dissolution
rate would indeed be higher in the nitrogen atmosphere. A simple
qualitative experiment was devised to demonstrate the protective
oxide layer. Pieces of aluminum were added to two Polyethylene
beakers containing 2N HF and allowed to partially dissolve.

A small amount of HNO3 was added to one and chromic acid to the
other. Both are good oxidizers (inhibitors) and should assist
in the formation of a protective coating. HNO3 greatly slowed
the dissolution rate, while éhromic acid stopped i1t altogether,

proving the oxide or a similar layer was instrumental in preventing
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the corrosion. PtClh additions were seen to decrease the dis-
solution rate considerably, but probably not as much as shown
due to the possible consumption of hydrogen in forming water
(see p. )e A black precipitate resulted from the addition.
This deposit probably caused the decrease iﬁ rate, but as soon
as,it began to loosen and drop off in the form of a black pre-

cipitate, a higher dissolution rate resulted.

C. Electrode potential measurements

According to Eq. 6, the increase(less negative) of the an-
odic potential (E') and thus the decrease of emf (n - E') should
cause a decrease in the dissolution rate, However, this rate
reduced because of the protective metal layer formed, covering
the local cathodes on the aluminum, In all potential measure=
ments, there was an ensuing increase in potential upen the ad-
dition of the salts of more noble metals than aluminum, This
supports the measured rate decreases. However, no correlation
between the amount of decrease in rate and the increase in po=- ‘
tential could be made. For example, while 0L M N1012 only in-
creased the potential 48 mv, a larze drop (-35%) in the dissolu-
tion rate was noted, On the other hand, .0l M CuSOh caused a
" potential rise of 385 mv but only a small decrease in rate (-13.3%).
Thus, the protective effect of the cover and not the potential
change is of prime importancé. This change originates probably

as a mixed potential between that of the aluminum in the pores
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rand the cathodic potential of the covering on which hydroren
iéidéﬁeloping. A general trend of the greater potential in-
crease with the lower hydrogen overpotential of the metallic
cover has to be expected. The fact that no correlation between
rate and potential change exists is explained, as already men-
tioned, by the decrease of the number of active local cathodes
(z'), which is greater in one case than in another. The blan-
keting effect could also differ with the various additions, de-
pending on the form of the precipitates present. The mixed po-
tential approach is supported by the fact that additions of NaCl
and KC1l do not cause a significant potential change of the cor-
roding aluminum, because as expected Na and X would not be dis-
placed from their salt solutions by aluminum, Removal of the

invisible nickel layer by HNOB resulted in an immediate decrease

in the measured potential,
D. Miérohardness tests .

Additions of FeS0), NiCl2, and CoSOh yielded no visible
precipitates that could be the cause of the rate decreases. The
electropotential increase gives rise to the belief that a metal-
lié layer was deposited, but so thin that'it appeared to be

ransparent. Since these layers should be harder than the alum-

inum, the microhardness measurements (p.bﬁ) were used as detectors.
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Indeed, the increasea hérdness values showed that a layer was
.present. This layer, although very thin, caused the harcness
of the combined aluminum-electrolessly deposited metal to in-
crease, The thin layer present on the aluminum surface caused
the inhibiting effect of the rate reduction, No changes in the
hardness of aluminum were observed if treated with NaCl or KCl
solutions, because no deposition of the metals could occur,

A combination of electron and optical microscopy was used
to examine the aluminum surface after dissolution in plain HF
and the aluminum dissolved in HF in presence of NiClZ. The
I\electron microscope showed a variation in the two surfaces in

theiform of different etching behavior. The sample etched in

HF with NiCl, added contained many diamond shaped etch nits

2
throughout the surface, while no definite geometric arrangement

in the etching of aluminum dissblvcd in plain HF could be detected.
Careful examination with the optical microscope substantiated
these results. Thus the aluminum surface etched in HF with NiC%z

- was covered with a nickel layer except in certain areas containing

pores where the dissolution continued preferentially and produced

etch pits in the form of diamonds.
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CHAPTER VII
SWMMARY

The dissolution rate of aluminum in 2N HF at 25 C determined
by the hydrogen evolution method was found to increase in

an induction period to a maximum and then slightly drop off,

Addition of nobler metal salts such as AgNOB, FeSOh, CuSOu,

NiCl CoSOh, PtClh, and HAuClh to the HI' as the rate just

2,
passed the maximum decreased the dissolution rate of the

aluminum appreciably.,

Weaker additions of some of these salts created lesser de-
creases in rate and sometimes showed ensuing increases to
points even above the previous maximum due to the uncover-

'ing of local cathodes,

AgNOB, CuSOh, PtClh, and HAuClu additions produced deposits
upon the aluminum surface which acted as blankets to inhibit
the rate, A'gNO3 additions produced a dark precipitate (on
the aluminum surface) which turned white when contact with
the aluminum was lost due to the presence of co~deposited

aluminum within the silver lattice.

Experiments involving Ptcih additions were carried out in an
atmosphere of nitrogen which caused the rates to be higher

due to the absence of a strongly protective oxide layer,
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- Fe30),, CoSOh, and NiCl, additions produced no visible pre-
cipitates, but a thin invisible layer was electrolessly de-
posited, the presence of which was detected with potential

and microhardness measurements.

Electropvotential measurements showed an increase in the an-
odic potential of aluminum upon all salt additions ( except

those of Na and X).

Microhardness testing gave higher hardness values(at points
where deposits were not visible) for the aluminum surface
dissolved in HF with nobler metal salt additions than the
aluminum dissolved only in HF, proving the presence of a

metallic layer.

-Electron microscopy showed a difference in the etching be-
havior of aluminum after dissolution in HF and aluminum af-

ter dissolution in HI with Ni012 added.,
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TABLE I

Theoretical and experimental displacements
of hydrogen from HCl by Zn

Wt. Zn (g)

Avg. temp. (°C)

Avg, cor, press.(mm Hg)
Exp. Hy (ml)

Exp. Hz*(ml)

Theo. H, (ml)

% dev.
# reduced to STP

Sample calculations for Run#l:

Run #1
2086l

21.9
7116
81,2
70.38
71,52
1.59

Run#2

.20757

21.2
711.5
80.7
69.89
71.45
2.18

Run #3
21436

21.9
711.6
8L.3
73.08
13479
.96

Avg. cor. press. = 733.8 = 19.70 - 2,50 = 711,6 mm Hg

Avg, temp. = 21.9°C = 294.9°K

81.2(711.6x273/760x294.9) = 70.38 ml at STP

.2086L g Zn/.002905 g Zn per ml Hy = 71,52 ml

4 dev. = (71,52 = 70.38)/71.52 100 = 1.59%

Avg, % dev, = 1.58%
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TABLE II
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Hydrogen evolution rate of Al in 2N HF at 25°C

Avg, room temp:

Avg., corrected pressure:

Speed of stirrer:
Area of reacting

e Hy vol.
) (m1)
1.60

3.60

5.90

9.30

13.90

19.40

25.00

30.80

36.50

L2.00

L7.60

52.60

57.70

62.80

maximum rate:

Al surface:

)
1.60
2.00
2.30
3.40
.60
5.50
5.60
5.30
5.70
5.50
5.60
5.00
5.10

5.10

1,58 mm3/ cmémin

21.1°¢C
711.6 mm Hg
200 rpm
1.065 cm?

AV STP Rate

(ml) (rm3/cmémin)

1.39 131
1.74 163

2.00 188

2.95 277

4.00 376

L.78 L99#

L.B7 LS7#

s.oh LT3k

L.95 L65H ‘
L.78 Llo#

L.87 L57#

L.35 1,08

k513 U6

L.h3 _h16
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TASBLE III

Hydrogen evolution rate of Al in 2N HF at 25°C

Avg. room temp: : 21.3°¢C
Aveg. corrected pressure: 713.7 mm Hg
Speed of stirrer: 200 rpm
Area of reacting Al surface: 1.070 cm?@
e H, wvol. AV AvSﬂ’ Rate
n) {m1) (ml) (m1)  (mm3/cn@min)
1.80 1.80 1.57 17
11,00 2.20 1.92 179
6.80 2.80 2.5 229
10.50 3.70 3.22 301
14.70 3.80 3.31 309
19.70 5.00 L.36 LO7
25.10 5.40 .70 1139
31,30 6.20 5.10 505#
38.00 6.70 5.84 SLé#
N 6.10 5.57 521#
51,00  6.60 5.7 = 3374
57.50 6.50 5.66 529#
63.70 6.20 5.L0 505#
69.L0 5.70 h.96 - Lok
7h.70 - 5.30 k.70 L31
80.40 5.70 h.96 LéL

maximum rate: 525 mm3/cmZmin . 3o
maximun rate for both runs: L%l - 33 mm /cn min
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TABLE IV

Hydrogen evolution rate of aluminum in 2N HF at QSOC

upon addition of .01 M AgNO

3
Ave, room temn: 20.7°C
Avg. corrected pressure: 739.5 mm Hg
Speed of stirrer. 200 rpm
Area of reacting aluminum surface: .95 cm@
Run #1
Time H'wﬂ. AV A v STP Rag
(min) %ml) (ml) (ml) (mmB/cm min)
230 81.90 ly.7C .1 1136
21,0 86.60 .70 h.13 L36
x O 0 O O 0
10 3.60 3.60 3.16 33l
20 7.70 110 3.60 , 380
30 12.30 L. 50 by, Ol 127
e 17.10 . A0 .22 LL6
50 21,.00 11.90 L.31 L55

3 plus L ml LN HF added

% rate change =-23.4

* |l ml .01 M AgNO



TABLE V

o
Hydrogen evolution rate of aluminum in 2N HF at 25 C

upon addition of .01 M AgNO

3

Avg. room temp: 20.9°C
Avg. corrected pressure: 718.9 mm Hg

Speed of stirrer: 200 rpnm

Area of reacting aluminum surface: .99 cm?

Run #2
Time H, vol. AV A v STP o _Rate
(min) %ml) (m1) (ml) (mm3/cem@min)

230 18.10 .30 3.78 332
2L0 22.140 L.30 3.78 382
* O 0] 0 0] 0
10 2.30 2.30 2.02 204
20 6.00 3.70 3.25 328
30 9.20 3.20 2.81 23l
LO 12.50 3.30 2.90 293
50 15.70 3.20 2.81 28L

# 1y ml Ol M AgNOs plus L ml LN HF added
% rate change =U6.7

Avg. % rate change for both runs -35.1



TAgLE VI

Hydrogen evolution rate of aluminum in 2N HF at ESOC

upon addition of ,1 M AgNO3

Ave. room temp: : 20.3o C
Avg, corrected pressure: : 7lh.7 mm Hg
Sveed of stirrer: 200 rpm
Area of reacting aluminum surface: .85 cm?
Run #1
Time' Hs vol, AY A Vv STP Rate
(min) %ml) (m1) (ml) (mm3/cmmin)
290 14,00 11,00 3.56 118
300 18.40 L.Lo 3.67 L31
¥ 0 0 0 0 0
10 2.60 2.60 2.28 258
20 5.70 3.10 2.71 318
30 9.00 3.30 2.89 340
10 12.30 3.30 2,89 30
50 15.90 3.60 - 3.15 370
60 19,90 l1.00 3.56 18
70 23.90 L.00 3756 1,18

¥ L ml 1M AgN03 plus L ml LN HF added

% rate change =37.8



TABLE VII

Hydrogen evolution rate of aluminum in 2N HF at 25 C

upon addition of .1 M AgNO

3
Avg. room temp: 20.9°¢C
Avg. corrected pressure: 715.2 mm Hg
Speed of stirrer: 200 rpnm
Area of reacting aluminum surface: 1.1 em
Run #2
Time H, vol. AV A Vv STP Rate
(min) fn1) (m1) (ml) (mra3/ cmémin)
200 90,30 5.30 L.63 410
210 95,60 5.30 .63 1110
* 0 0 0 0 0
10 3.60 3.60 3.15 279
20 7.20 3.60 3.15 279
30 10.90 3.70 3.23 286
100 39.20 h.15 3.63 - 321
110 L3.70 - 1.50 3.93 3L8
120 L7.70 L.00 3.50 310
130 52,20 L.50 3.93 ¢ 3L8

%L ml .1 M AgNO, plus L4 ml LN HF added

3
% rate change =-32.0

Avg. % rate change for both runs =3L.9



TABLE VIII

Hydrogen evolution rate of aluminum in 2N HF at 2500

upon addition of .0l M FeSO)

Avg, room temp: _ 22,100

Avg, corrected pressures 70L.6 mm Hg

Speed of stirrers 200 rpm

Area of reacting aluminum surfaces 1,28 cm?

Run #1

Time Ho vol, AV A v STP Rat§

(min) %ml) (ml) (ml) (mm3/cnmin

130 76.40 5.80 11,98 389

2,0 82.50 6,10 5.23 - L09
# 0 o o] o) 0

10 h’o?o )-lo?o )-LOOB 315

20 11,90 7.20 6418 1,82

30 19.10 7.20 6418 1,82

ne 25.50 6.0 5.L9 1129

50 30.90 5.L0 L.63 362

60 36.30 5.0 41.63 362

70 L0.70 iy 3;78 295

80 1i5.10 L.LO 3.78 295

% L ml 0L M FeS0), plus I, m1 4N HF added

% Rate change .-23.0



Tim
(mi

210
220
* 0
10
20
30
L0

50

60 .

70
80

TABLE IX

Hydrogen evolution rate of aluminum in 2N HF at 2S°C

upon addition of .01 M FeSO

Avg, room temp:

Avg., corrected pressure:

Speed of stirrer:

I

Area of reacting aluminum surface:

H, vol,
i) %mlg

41.70
18,60
0
6.10
14.80
2L.00
33.20
112,00
49.90
57.00
62.90

AV
(ml)
6.80
6.90
0

6.10
8.70
9.20
9.20
8.80
7.90
7.10

5.90

Run #?

A Vv STP
(ml)

.

5.86
5.95
0

5.26
7.50
7.94
7.94
7.59
6.81

6.13

5.08

% ml JOL M FeSOh plus I ml LN HF added

% rate

change -11.5

Avg. % rate change for both runs

"17 . 3

(o]
21.5 C
708.2 mm Hg
200 rpm
1.3h cn?

Rate

(mm3/cm2min)'

L39
LLS

394
561
594
59l
567
510
L58
1380

80



- TaBLe X

Hydrogen evolution rate of aluminum in 2N HF at 2500

upon addition of .1 M Fe30),

Avgz. room temp: 21.0°C
Avg, corrected pressure: 715.0 mm Hg
Speed of stirrer: - 200 rpm
Area of reacting aluminum surface: .9L5 cn?
Run #1
Time H, vol. AV A Vv STP - Rat%
(min) %ml) (ml) (ml) (mm3/cmmin)
270 29.70 L.70 L.10 L34
* 0 0. o 0 0
10 2,50 2.50 2,18 231
20 . 5.10 2.90 2.53 268
30 7.90 2,50 2.18 231
70 18,00 2.50 2.18 231
80 ‘ 20,20 2.20 1.92 204
150 10.90 2.10 1.83 194

#ml 1M FeSOh plus L ml LN HF added

% rate change =L6.9



Tim
(mi.

250
* 0
10
20
30
e

190

TABLE XTI

Hydrogen evolution rate of aluminum in 2N HF at 25°C

upon addition of .1 M FeSOh

Avg. room temp:

Avg. corrected pressure:

Speed of stirrer:

Area of reacting aluminum surface:

Run #2
e Hr vol. AV
n) %ml) (m1)
93.70 5.10
0 0
2.20 2.20
5.00 2,80
7.80 2.830
10.60 2,80
L,6.60 2.40

A v STP
(ml)

%L ml 1M FeSO) plus L ml LN HF added

% rate change =56.9

Avg. % rate change for both runs -51.9

21.2°¢C
716.8
200 rpm
«957

Rate
(mm3/cmmin)

L66

201
235
255
255

219



TABLE XII

Hydrogen evolution rate of aluminum in 2N HF at 2500

upon addition of .0l M CuS0Q)

Avg, room temp: 20.6°¢C
Avg, corrected pressure: 722.1 mm Hg
Speed of stirrer: 200 rpm
Area of reacting aluminum surface: .99 cm¢
Run #1
Time H, vol. AV A v STP Rate
(min) fml) (ml) (ml) (mn3/cmmin)
150 70,10 5.10 - L.50 h55
% 0 e 0 0 0
10 L.70 .70 holl 119
20 9.60 .90 li.33 1138
30 14.90 5.30 .68 L7h
LG 20.90 5.90 5.21 527
50 27.00 6.20 5.7 553
60 33.80 6.80 5,00 607
70 10.30 7.00 6.18 625
30 8.4 7.60 6:71 679
90 56.60 8.20 7.22 731

# L ml .ol M CuSOh plﬁs i ml LN HF added

% rate change =~7.91



TABLE XIIT

Hydrogen evolution rate of alusinum in 2N HF at 25°C

upon addition of .0l M CuSOh

Avg, room temp: 21.1°¢C
Avz. corrected pressure: 719.3 mnm Hg
Speed of stirrer: 200 rpm
Area of reacting alumimm surface: 1.05 cm?
Run #2
Time Y5 wvol, AV v STP Rate
(min) %ml) (ml) (ml.) (mm3/cmZmin)
215 10.60 5.30 h.65 W3
¥ 0 0 0 0 0
pRy; 4,30 .30 3.78 360
20 9.60 5.30 4.65 LL3
30 1L.60 5.00 Le39 118
L0 20.20 5.60 L.92 .68
170 95.30  5.80 5.09 1,85
180 5.70 5.70 5.00 - L76

%l ml ,01 M CuSOj plus L m1 LN HF added

% rate change -18.75

Avg. % rate change for both runs =13.33



TABLE LIV

Hydrogen evolution rate of aluminum in 2N HF at 25°C

upon addition of .1 M Cus0),

Avg. room temp: 20.6°C
Avg. corrected pressure: 716.1 mm Hg
Speed of stirrer: 200 rom
Area of reacting aluminum surface: 875 en
Run #1
.Time H, vol., AV A v STP Rate
(min) %ml) (ml) (ml) (mm3/cmmin)
290 18.60 1. 80 11,20 480
s O 0 0 0 0
10 L.60 l1.60 L.03 L61
20 9.0 .80 .20 1480
30 14.60 5,20 L.56 521
1,0 19.80 11.80 - L.20 480
50 2L.60 ;.80 L1.20 L80

¥ oml 1M CuSOh plus U ml LN HF added

% rate change =3.96

85



TABLE XV

qyarogen evolution rate of aluminum in 2N HF at 25°C
upon addition of .1 M CuSOh

Avg. room temp: 20.5°¢C
Avg. corrected pressure: 718.8 mm Hg
Speed of stirrer: 200 rpm
Area of reacting aluminum surface: 1.11 em?
Run #2
Time vol. AV A v STP Rate
(min) %m (ml) (ml) (mm3/ cm2min)
250 37.60 5.0  L.7h 126
#* O o - 0] 0 0]
10 5.00 5.00 L.38 39k
20 10.80 5.80 5.09 - L58
30 17.00 6.20 5.3 - L89
1,0 22.80 - 5,80 5.09 L57
70 43.20 5.60 4.90 Lh2
80 L3.30 5.10 LoL7 1,02

90 $3.90 5,60 ;.90 L2

#) ml .1 M CusO) plus L ml LN HF added

% rate change -T7.50

Avg. % rate change for both runs =5.73



TABLE XVI

Hydrogen evolution rate of aluminum in 2N HF at 25°C

upon addition of .ol M NiCl

2
Avg. roon. temv: 20,5°c
Ave, corrected pressure: 720.2 mm Hg
Speed of stirrer: 200 rpm
Area of reacting aluminum surface: 1.06 em
Run #1
Tine Ho vol. AV A v STP Rate
(min) (m1) (ml) (ml) (sm3/cemémin)
24,0 - 2L.20 .70 .17 393
#* 0 0 0 0 0
10 3.00 3.00 2.55 251
20 6.30 3.30 2,93 . 276
30 9.20 2.90 2.57 2112
ol 12.50 3.30 2.93 276
50 15.30 2.50 2.48 234

% I ml .01 M NiClp plus h ml LN HF added

% rate change =36.1



TABLE AVII

fydrogen evolution rate of alumimm in 2N HF at 25°C

upon-acddition of (0L M NiCl,

Ave., room temn: 20.900

Avg, corréched pressure 715.1 mm Hg

Sneed of stirrer: 200 ronm

Area of reacting aluaimun surface: 1.08 an?

Run #2
Time Ho vrol, v A v STP tate
(min) (ml) %ml) (m1) (mm3/cmémin)
220 95.70 . 5.10 L. L13
* 0 0 0 0 o)

10 3;&0 3.10 2.97 275
20 6,60 3,20 . 2.80 259
30 10,00 3.40 2,97 275
4o 13,20 3,20 2,80 259
[ ] L] » L] . ] Q
80 26,60 3.140 2,97 275

% ) ml L0l M NiCl, plus L ml LN HF added

2
% rate change =33.l

Avg. % rate change for both runs -3L.8



TABLE XVIII

Hydrogen evolution rate of aluminmum in 2N HF at 25°C

upon addition of 1 M Ni012

Avg, room temns
Aveg, corrected pressure:
Speed of stirrer:
Area of reacting aluminum surface:
Run #1
Time H, vol., AV A v STP
(min) %ml) (m1) (ml)
120 50.60 11,20 3.58
¥ O 0 0 0
10 3.20 3.20 2,73
- 20 6.10 2.90 2,47
30 . 9.00 2,90 2,47
)«LO ‘ 11070 2070 2033
50 14,040 2.70 2033

* L ml ,1 M NiCl, plus L ml 4N HF added

% rate change =~ 23.9

26.1°¢C
710.8 mm Hg
200 rpy

.98 em

Ratg
(mn3/cn“min)

364

o
277
251
251
237
237

89



TABLE XIX

Hydrogen evolution rate of aluminum in 2N HF at 25°C

upon addition of ,1 M NiCl

2

Avg., room‘temp: , 20.8°¢C

Avg, corrected pressure: 713.4 mm Hg

Speed of stirrer: : 200 rpm

Area of reacting aluminum surface: 1.006 cn?

Run #2
Time H, vol. AV A v STP Rate
(min) %ml) (m1) (ml) (rm3/cmmin)
* 0 0] 0 o] 0]

10 .80 L.80 L.21 h18
20 9.0  L.60 L.oh L02
30 14,10 ;.70 k.13 L1l
LO 18.90 .80 L.21 1,18
50 23.60 L4.70 L.13 L1l

* L m 1M NiCl, plus L, m1 LN HF added
%4 rate change =15.9

Avg. % rate change for both runs =19.9



TASLE XX

Hydrogen evolution rate of aluminum in 2N HF at 25°C

Avg, room temp:

upon addition of .01l M CoSOh

Avg. corrected pressure:

Speed of stirrer:

Area of reacting aluminum surface:

Time
(min)

200
kS 0.
10
20
30
e}
50
60
70
80

90

H, vol,
)

49.00
0
5.50

11,90

19,30

27.30

36.30

45.50

55.50

65.60

7L L0 .

Run #1

%ﬁi)

7.00
0
5.50
5.40
7,10
8.00
.00
9.20
10.00
10.10

9.80

v STP
(ml)

6.8

7.08
7.88
8.05
8.75
8.8L
8.56

* L ml .OL M CoSOj plus 4 ml LN HF added

% rate change

-21.5

(mm3/cm

719.7 mm Hg
200 rpm
1.50 cm?

Rat
=3

min)

L0

321
37
L33
168
526
538
585
596
572



TABLE XXI

Hydrogen evolution rate of aluminum in 2N HF at 2500

upon addition of ,0L M CoSOh

Avg. room temp: ' 22.9°C
Avg, corrected pressure: 717.5 mm Hg
Speed of stirrer: 200 rpm
Area of reacting aluminum surface: 1.22 cn@
Run #2
Time Ho wvol, AV A v STP Rate
(min) (ml1) (ml) . (nl) (rm3/ cmmin)
270 76.L0 5.60 1;.B8 400
* 0 0 0 0 0
10 3.60 3.60 2.67 219
20 7.70 : 1,10 3.58 293
30 12,90 5.20 L.53 371
e 18.70 5.80 5.06 15
50 25.50 6.80 5.93 L86
60 32.80 7.30 6.37 522
70 10.30 8.00 6.98 572
30 18.30 8.50 7.41 607

% )y ml .OL M CoSO), plus k4 ml LN HF added

% rate change =L0.3

Avg., % rate change for‘both runs =30.9



TA3LE XLIT

Hydrogen evolution rate of aluminum in 2N HF at 25°C

upon addition of .1 ¥ CoSOh

Avg. room temp: 22.9°C
Avg. corrected pressure: 717.5 mm Hg
Speed of stirrer: 200 rpm
Area of reacting aluminum surface: 1.23 om
Run #1
Time H, vol, AV AV ST? Rate
(min) %ml) (m1) | (rl) (mmB/cm?min)
190 19.00 6.0 5.60 hao
* 0 0 0 0 0
10 11,20 .20 3.65 299
20 8.50 l1.30 3.76 305
30 12.60 ;.10 3.59 292
60 2,.80 .10 3.59 252
70 28.70 3.90 3.41 277
80 32,70 .00 3.50 235
90 36.50 3.80 3233 271
% Qpml L1 K CoS0, plus L ml LN HF acced

!
+

% rate chanse =3h.3
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vorooen evointion rate of aluminum in 2N HFY at 25 C

wpon addition of J1 M CoSOh

Avg, room temv: 22.,°¢C
Avg, corrected pressure: 716.4L mm Hg
Speed of stirrer: 200 rpm
Area of reacting aluminum surface: 1.30 cm?
Run #2
Time H, vol. AV A v STP | Rate
(min) frn1) (m1) (ml)  (mn3/cm®min)
2L0 61.00 6.30 5.49 122
* 0 0 0 0 0
10 ) . . .
20 7.70 3.85 3.35 258
30 11.40 3.70 3.22 248
L0 15.10 3.70 3.22 2L8
80 29.70 3.70 3.22 2L8
90 . . e .
100 37.50 3.90 3.39 - 260

* Lml 1M COSO)_L
%4 rate change -38.9

Avg. % rate change for both runs -36.6
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TasLis LLIV
- . o
Hydrogen evolution rate of aluminum in 2N HF at 25 C upon

addition of .0OL M PtCl) in a nitrogen atmosvhere

Avg. room temp: 21.3°C
Avg, corrected pressure: 717.3 mm Hg
Speed of stirrer: 200 rpm
Area of reacting aluminum surface: .903 cn
Run #1
Time Ho vol. v A v STP Rate
(min) %ml) e%l) (ml) (mm3/cm?min)

320 54,60 6.00 5.25 581
330 60.80 6.20 5.L3 601
% 0 10,40 o 0 0
10 14,50 1,10 3.59 397
20 18.20 3.70 3.2h 359
30 21.,0 3,20 2,80 310
Lo | 2&.70. 3.30 2.89 320

% Iy ml ,001 M PtCl), plus ; ml LN HF added

% rate change =~33.9



Hydro

TABLE XXV

gen evolution rate of aluminum in 2N HF at 25°C upon

addition of 001 M PtClu in a nitrogen atmosphere

Tim
(ml

220

230

% O

10
20
30
Lo

Run #2

‘Avg,., room temp: 21.3°C

Avg, corrected pressure: 720.6 mm Hg

Speed of stirrer: 200 rpm

Area of reacting aluminum surface: .908 cm

e Ho vol, AV A v STP Ratg

) %ml) (ral) (ml) (mm3/cm min)
1,0.70 L.90 L.31 W75
L5.70 5.00 L.39 1183
13.30 0 0 0
16.70 3.0 2.99 329
19.90 3.20 2.81 309
22,50 2.60 2,29 252
25.20 2,70 - 2.37 261
28,00 2.80 2.46 271

50

# 4 ml

.001 M PtCl) plus l, ml LN HF added

¢ rate change =31.9

Avg. % rate change both runs =32.9



TABLE XXVI

Hydrogen evolution rate of aluminum in 2N HF at 2S°C upon

addition of .01 M PtClh in a nitrogen atmosphere

Avg. room temp: 20.5°C
Avg. corrected pressure: 713.6 rm Hg
Speed of stirrer: 200 rpm
Area of reacting aluminum surface: .936 cam
Run #1
Time H, vol. AV A v STP Rate
(min) | %ml) (m1) (ml) (rm3/cm@min)
300 L5.30 7.40 6.47 691
» o 0 0 0 0
10 ‘.0 L.20 .20 3.67 392
20 8.80 .60 L.02 L29
30 12,50 3.70 3.23 345
Lo 17,80 5.30 .63 L9k
50 21.90 4,10 3.58 382

% )y ml .OL M PtCl) plus L m1 LN HF added

4 pate change =h3.3



TABLE XXVII

Hydrogen evolution rate of aluminum in 2N HF at 25°C upon

addition of ,0L M PtClh in a nitrogen atmosphere

Avg, room temp:
Avg. corrected pressure:
Speed of stirrer:
Area of reacting aluminumn surface:
o Run #2
Time Hs, vol. AV A v STP
(min) %ml) (ml) {ml)
220 58.00 8.90 Te73
230 66.80 8.80 7.65
% 0 7.00 o) 0
10 10,90 3.90 3.39
20 16,20 5.30 Ll.61
30 21.30 5.10 L.u3
23 26.20 4.90 .26

h runs

-49.6

slius L ml LN HF added

21.2°¢c
711.8 mn Hg
200 rpm
.935 en?

Rate
(mm3/cmmin)

826
818

362
L93
L7h
us5
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TABLE XXVIII

Hydrogen evolution rate of aluminum in 2N HF at 25°C

upon addition of .OL M HAuClh

Avg, room temp: 23,0°C
Avgs corrected pressure: 712.8 mm Hg
Speed of stirrer: 200 rpm2
Area of reacting aluminum surface: .955 cm
Run #1
Time H, vol. AV A Vv STP 3Rat
(min) %ml) (ml1) (ml) (mm”/cn“min)
210 L.50 L.50 3.89 LO7
% 0 0 0 0 0
10 5.40 5,40 L.67 189
20 10,70 5.30 1,58 180
30 15.70 5,00 4a33 453
L0 20,70 5,00 Lo33 L53
50 26,20 5450 478 500
60 31,40 5.20 4.50 L7l
100 52.40 5.10 b | L6l

% L, ml ,0l M HAuCl) plus l; ml. 4N HF added

¢ rate change +16.8
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TABLE XXIX

Hydrogen evolution rate of aluminum in 2N 1IF at ZSOC

upon addition of Ol M HAuClh

Avg, room temp: 22,9°C
Avg. corrected pressure: 713.3 mm Hg
Speed of stirrer: 200 rpm
Area of reacting aluminum surface: l1.2L cm
Run # 1
Time H, vol. AV A v STP BRat
(nin) %ml) (ml) (ml) (mm”/em“min)
250 28,00 S.Lo .68 377
#* 0 0] 0 0 0
10 L.10 L.10 3.55 286
20 8.50 .10 3,51 307
30 12.90 Lo lv 3.31 307
50 22,00 . wu.ou 3.99 321 |
60 26.20 He2U 3.6L 293

#* 4 ml ,OL M HAuClh plus 4 ml LN HF added

¢ rate change -2u.1l



TABLE XXX

' o]
Hydrogen evolution rate of aluminum in 2N HF at 25 C

Avg, room temp:

upon addition of 1M HAuCl),

Avg, corrected pressure:

Speed of stirrer:

Area of reacting aluminum surface:

Time
(min)

2l0
¥* O.
10.
20
30
Lo
50
60

110

H, vol,
)

59.80
0
5.10

10.50

15,70

20.80

26.20

31.00

56.30

Run #1

AV
(ml)

6.30
0

5.10
5.L0
5.20
5010
5.L0
L.80

L.35

23.3°C
711,1 mm Hg
200 rpm
1,12 cm2
- A vV STP Rate
(ml) (rm3/ cnlmin)
Sehi3 L85
0 0
L LO 393
L.65 415
L8 L00
LeliO 393
.65 415
L. 1k 370
L.35 388

% L ml . 1M HAuCl) plus L ml LN HF added

4 rate change -19.0

101



TASLE XXXI

| Hydrogen evolution rate of aluminum in 2N HF at 25°C

upon addition of 1 M HAuClh

Avg, room temp: 22.9°C
Avg, corrected pressure: 703.9 mm Hg
Speed of stirrer: 200 rpm
Lrea of reacting aluminum surface: 892 em?
Run # 2
Time H, vol, AV A v STP Rat
(min) %ml) (ml) (ml) (mm3/cm%min)
220 90,30 410 3.50 392
= 0 0 0 0 0
10 };.80 4.80 11,09 Ls7
20 9.50 .70 ~ .01 LL8
30 13,20 Lo 3475 1,20
LLO . . . °
50 22.60 L.35 3.71 115 ‘
60 - 26.90 h.30 3.67 411
100 © k.20 130 L.30 L1l

# b ml .1 M HAuCl) plus L ml LN HF added.

% rate change +16.6
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TABLE XXXII

Electrode potential of aluminum in 2N HF
and the effect of certain salt additions

AgNO., 2ddition

3
' .O]—M .lM
Time - pot, A pot. uwpon add, Time pot. A pot. upon add.
(rnin) (volts) (volts) (min)(volts) (volts)
O . -102324. O —1.208
5 T 1,206 | 5 =1,202
10 -1,195 10 -1.205

15 -1.154 15  =1,202
| - +436L
t::::::> +,307 ‘838:::::::=»

# O =889 0o -

5 - .926 g 812

10 | - 2910 10 -.775
15 . - 899 15 - .790

FeS0, addition

0 -1,234 0 -1.230

5 -1,239 5 -1,283 :
10 -1.221 10 -1.219

15 -1.208 15 -=1,231
.13L +,162
= -1.069:::::::>

¥ 0  =1.07L 0
5 -1,082 5  -1,019
10 ~1.088 10 =1,010
15  -1.088 15 -1,010

%l ml salt solution plus L ml LN HF added
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TABLE XXLIII

Electrode potential of 2luminum in 2N HF
and the effect of certain salt solutions

CuSOh addition

<01 o MM
Time Pot. A pote. upon add, Time Pot. A pot. upon addition
(min)(volts) (volts) (min) (volts) (volts)
5 -l.242 5 -1.21h
10  -1.240 10 -l.221

15 -1.241 | 15 -1,222
5 \ ::::::>'*-385 i::::::>—+.h82

#* 0 - ,956 # 0 = .7hO

S - .817 5 = 637

10 - .828 10 - .665

15 - .82k 15 - .66

NiCl, addition

0 =1.226 0 -1.179

5 -1.,189 5 =1,169

10 2,166 10 -1.163
15 -l'lgsi::::::>+.0h8 15 --1.158:::::> 189

* 0 -1,110 * 0 = o959

5 -1,069 5 - .839

10 -1.048 | 10 - 811

15 1,028 15 - L819

¥ I ml salt solution plus L ml 4N HF added



105

TABLE XXXIV

Electrode potential of aluminum in 2N HF
and the effect of certain salt solutions

CoS0O, addition

0L | b SN
Time Pots A pot. upon add., Time Pot. A pot. upon addition
(min)(volts) (volts) (min)(volts) (volts)
S =1l.190 5 =1,210
10 «1.186 10 -1,170
15  -1,186 15 -1,170
:::::>+.220 ::>>‘“287
* O - .966 ) %* 0 had 0883
10 - .963 ‘ 10 - 863
15 - .966 15 - ,857
PtClh addition
001 O
0 -1.230 0 =1.219
5 <1.249 5 -1,201
10 -1.271 10 -1.19%4

15 -1.269
+,0L3 +,107
:::::> #0 - .773»:::>

s 0 1,226

5 «l.17h 5 - 813
10 -1.213 10. - 819
15 - ' 15 - 805

% 1, ml salt ‘solution plus L ml LN HF added
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TABLE XXXV

Electrode potential of aluminum in 2N HF
and the effect of HAuClu salt solutions

Time - Pot, A pot. upon addition Time Pot; A pot. upon addition

(min)(volts) (volts) (min)(volts) (volts)
0 -l.242 0 -1.250
5 -1.210 | 5  -1,249

10 -1.184 | | 10 -1.251

15 -1.15L 15 -1,236
> 4o > w17

# 0 - .7L9 * 0 = ,79
5 =798 5 - 650
10 - .Bl1 . 10 - .637
15 =~ .838 15 = L6L9

# Ly ml HAuCl) plus L4 ml LN HF added



TABLE XXXVI

Microhardness of alwminum corroded in 2N HF

Hy = 1.851) P/a2 kg/mm2

P =18,2 g

Measurement diagonal

(u)

=

3h.b
3hohy
33.6
31.6
33.9
31.1
3042
29.4
3h.h
3L.1

0 w 2 (AN S = A VY N

(o
(@]

(diagonal)? Hy

(u?) (xg/mm?)
1183.h 28.5
1183.L 28,5
1129,0 29.9
998,.6 33.8
11h9.2 291
967.2 3Lh.9
912,2 37.0
86kl 39.0
1183.4 28,5
96742 3L.9
£ = 321,.1

2
Avg. H, = 321,2/10 = 32.1 kg/mm

Standard dev. = (78.2/(10-1) = 2 2.9
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A A?
-3.6 13.0
-3.,6 13.0
-2.2 %68
+1.7 2.9
=2.7 Te3
+2.8 7.8
+4.9 2.4
+6.9 6.2
-3.6 13.0
+2,8 7.3 .

£ = 18,2
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TABLE XXXVII

Microhardness of aluminum corroded
in 2N HF on addition of 1M NiClz

| H, = 1.85hk P/a? kg/m®

P =18.2 g
Measﬁrement diagonal {diagonal )2 B, A r?
| (u) (u®) (kzg/rm2)

1 29,2 852.6 39.6 -3.0 9.0
2 26.9 723.6 1646 +4,0 16,0
3 27.6 761.83 k.3 +1.7 2.9
L 26.5 702,3 W8 +5.5 30,3

K 27,7 767.3 Wh.0  +l.L 2.0
6 28.9 835.2 L0 -2.2  L.8
7 29.6 876.1 38,5 -3.9 15,2
8 26,9 723.6 6.6  +.0 16,0
9 30,2 912.0 37.0 -5.6 3l.L

10 28,6 818.0 41,3 1.3 1.7

= = 26,6 = =127.%6

Avge H, = L26.L/1C = h2.6 kg’
Standard dev, -{127.6/(10_1) -* 3.8




TABLE XXXVIII

Mierohardness of aluminum corroded
in 2N HPF on addition of .1 CoSOh

Measurement  diagonal’
(u)

1 27.6
27.6
28,6
28.6

nN

28,2
28,6
29.1

27.7

O (o= TS [SANEENAN A U = ¥

29.6

10 29.2

2
(di?x%g?al) (k};‘/’m%
761.8 Lhe3
761.8 hh.3
818.0 hl.2
818.0 11,2
795.2 L2.l
818.0 h1.2
8L6.8 39.9
767.3 L0
87641 38.5
852.6 .. 'E%%f%”

Avg. Hy = 415.6/10 = 41,6 ke/ma®

: +
Standard deviation =v\38.1/(10-1) = = 2,1

A

+2,7

+247

109
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7.3



TABLE XXXIX

Microhardnéss of aluminum corroded

in 2N HF on addition of .1M AgNO

Measurement diagonal

(u)
1 28.6
2 29.4
3 29.4
L 28.9
5 277
6 29.4
7 30.2
8 28,2
9 27.7
10 29.1

3
B oy
818.0 hle2
86L.) 39.0
86Le)s 39,0
835.2 Lo
76743 e
86L.1 39,0
912,0 37.0
795.2 h2.h
767.3 hheO
86l1.)s 39,0
2 = 505,0

Avg, H, = 05,0/10 = 0.5 kg/mm2

Standard deviation =N 1,9.8/(10-1) = £ 2.3
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A Al
+ .7 .3
-1.5 2.2
-1.5 2.2
- .1 0
+3.,5 12,3
-1.5 2.2
-3.5 12,3
+1,9 3.6
+3.5  12.3
-1,5 _ 2,2

2 = 19,3



TagheE XL

Microhardness of aluminum -corroded
in 2N HF on addition of .M NaCl

Measurement - diagonal

(w)
1 31.L
2 33.9
3 34.6
L 31.6
5 31.6
6 3h.1
7 31.L
8 31.7
9 32,1

10 33.3

(diagonal)2
(u?)

986.0
1149,.2
1197,2

998.7

998.7
1162.8

986.0
1004.9 -
1050.0

1108.9

Avg. H, = 319.3/10 = 31.9 kg/mn®

H
(kg/rn2)

3he2

29 . ’-3-

23,2

33.8
33.8

29.0

3h02
33.6

32.1

30,1y

z = 319

Standard deviation =N51,3/(10-1) = = 2.4

3

A

+243
-2.5
=3.7
+1,9
+1,9
-2,9
+2,3
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TABLE XLI

Microhardness of aluminum corroded
in 2N HF on addition of .1 M XCl

2
Measurement diagonal (diagonal)

(w) BB (k)
1 32,8  1075.8 3l.h
2 33.6 112)4.0 2949
3 33.8 1142,k 29.5
L 32,9 1082.4 31.2
5 31.7 100L.9 33.6
6 3L.L 1183.h 28.5
7 32,9 1082.L 31.2
8 32.9 1082, 31,2
9 33.8 1152, 29.5

10 33.L 1115.6 .. 3%%%%_

Avg, Hv = 306.2/10 = 30,6

Standard -deviation =V17.5/(10-1) = £ L.L

A

+ .8

A2
6
5
1.2
ol
9.0
3.6
ol

ol
1.2

- T7.5
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