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I. INTRODUCTION

Aluminum coated metel has the merits of good appear-
ance &nd nigh resistance to oxidstion at &1l temperatures.
Thus &luminum coated metels combine the deslrasble mechani-
cal properties of the base metal and the chemical resis-
tance of aluminum.

Various metnods prowvesed for the production of thess
aluminum coatings are: electrodeposition of aluminum on
the base setal, rclling ths sheet of the base metal and
sneat of aluminum together =nd theredby welding tosgether,
casting the base metal in an aluminum-lined mold and roll-
ing the product, caleorizing, spraying, dipping, thermal
svaporation and cathode sputtering.

Hoviever, there sre deficlencles in all these nethods,
with the exception of electrodeposition method. It is
very difficult to obtain a zood bond vetween the motals
when the base is an aluninum &lloy, & bond which will
have gatisfactory mechanical properties under bendiang,
and stresses. A further disadvantage of these methods is
that, 1In the case of an object of complex form, it is 4iffi-
cult to obtain & uniform coating, Evaporation and cathede
sputtering, because of the high vacuvum requlred, are enly
used for coating special mirrors.

On the other hsnd, e¢lectroplating method possessse
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the advantaze of giving 2 mere mechanically stable coat-
ing of even and easily controlled thickness. Also, owing
to the high purity and rezulsrity of electrodseposited
m@tal,‘its resistance &zainst corrosion 1s excellent,

“The reason it is difficult to electroplate with alumi-
nun from aqueous seolution is that aluminum hes a much lower
molar electrode potential than that of hydrogen, and 2lumi-
num compounds are amphoteric in cheracter. When an aQuéous
splution of aluminum salt 18 electrolyzed, hydrogen g28 is
evolved, vl thout depesition of 2luminum.

All methcds proposed for deposition of alﬁminum have
not been cemmercially succsssful. Aluminum halides, o8-
pecially alumlnum chloride, are the most frequently used
solutes. Aluminum chloride is one of the strongest pep-
tizing agents for aluainum oxlide and 1ts hydrate. The de-
cisive factor in the corrosion of sluminum is the behavior
of the system of aluminum and sluminum oxide which is al-
ways present as a surface fillm. The articles plated freom
the bath contelning aluminum chloride always have aluminum
chloride occluded on their surfsces. Therefore, severe
corrosion of the articles plated frem the bath contalning
aluminum chloride is expected.

Furthermore, hecause of the moisture-absorbing pre-
perty of aluminum halides, all processes centalning them

require special precautions to exelude wmolsture in order
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to maintain the 1life of the electrolytic bath.

For these reasons, investigation of the use of aluminum
salts other than halldes ag solute for the preparing the
electrolytic bath appears to offer advantages.

The purpose of this investigetion wes to study the pos-
sivility of using, as the electrolyte for the deposition of
aluminum, systems containing aluminum phosphate dissolved

ia fused borate and phosphate mixtures.



II. LITERATURE REVIZW

It is preoposed to review the literature with the
following objectives: the principal papers dealing
with the svaluation of various methods of eclectrode-
pesition of aluminum will be reviewed. The lliterature
on the phase relations of sluminum salts with other salts,
electrochemical studlies of the nonaqueous solutions of
aluninum salts snd the properties of electrodeposited
aluninum cecating will be surveyed and information on ex-
perinental techmiques and aepparetus pertlnent to the

provlem will be sxanined.

History of Electrochemlstry of Aluminum

To trace the story of aluminum it 1s net necessary to
go back very far, siance 2luminum is a recent develerment.

It was 1809 that an atteﬁpt to separate 1t from 1its
oxide was made by Sir Hunohry Davy(42). This attempt was
made vy passing an electric current from a veltalc plle
througn & fused bath of iron snd sluminum oxide. The pre-
duct was an alloy of aluminum alley which could not be
separated. This is the esrliest report of an experiment
using electrlicity to produce aluminum.

(148)

Oersted preduced the first aluninum in 1824 by

gently heatlag potessium smalgam with alunminum chleride



(212)

and then distilling off the mercury. Wohler changed

Oersted's method by using metallic potassium instead of

potassium amalgam in 18B27. Dev1119(48)

further improved
Wonler's method by using metallic sodium instezd of potas-
givm as a reducing agent in 13854, The successful prepa=-
ration of aluminum by electriclty wasvalso accomplished

(34,44) .
obtained the aluminum

in 1854. Bunsen and Deville
independently by the electrolysis of fused aluminum chlor-
ide and sodiun chloride wixture. The preseat process of
commercial production of alumlinum was developed simul-

taneously &nd independently by Charles M. Hall and C. S.
(79,31 )
v )

(82)

Bradle in the United States and by Paul Heroult

in ¥rance. The essential of the process was the use

6f the cryolite &8 the electrolyte in which pure aluminum
oxlde was dissolved. An electric current of low voltage,
high smperage was pessed through the fused bsth.

Deapite its spparent simplicity of operation and other
advantages, Hall's preceés has the fellewing serious drawe-
backs: use of ths comparaiively high temperature (1000 ?C),
high purificetion cost of the bauxite ore, veryjrapid rate
¢f consumption of specially prepared high grasde carben
anodes (0;6 t® 0.8 pound carbon per pound sluminum produced),
high corrosive nature of molten cryolite end impure nature

of primary metal and 1ts subsequent costly refining to ob=-

telin a high purity product. Tor these reasons, Bunsen and
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Deville's method wes varied by Plotnikov end co-workerss )

Tntema and co-workers§217’218’219> Wasilewsalkl and co-~
worke's(zol). Fink and Solanki(67)claimed success in pro-
Gucing 100 per cent pure 2aluminum crystals from & i'used
bath of 1 te 1 melar ratieo of sluminum chleride and sodium
chleride et 400 9C with a cell veltage § to 8 volts, snd
current density 10 ampcres per squere decimeter. Johannes
Brode e&nd co-workers(sz) were successful in preducing alumi-
num by using @ rotatlng cathede 'in a low meltiag peint fused
mixture of aluminum chloride and less thian equimolecular
amount of & chloride of alkall or alkaline earth metal.
Another attempt to solve the production of metellic
aluminum was the slectrolysis of aluminum subsulfide. Paul

(178) gshowed that 1t seened best

Rontgen andéd Heins Berochers
to use & wixture of 60 per cent aluminum svosulflde and 40
per cent sodium chloride which had goed fluidity at 700 ©C,
Preliminery experiments disclosed that the aiectrolysis of
thls system should be cheaper than that ¢f sluminum oxlde~
cryolite, because the decomposition potential of aluminum
subsulfide was one volt lower, the current efficiency was
25 per cent’higher, the attack en carbon anede was 1less

end the operating temperature was_lowera According to
Khazanov and Belyaevggg) the current efficiency for elec=

trolyzing a fused mixture of aluvminum subsulfide dlssclved

in 70 per cent scdiurm chloride end 30 per cent -cryolite st



800 9 was 55 per cent. Addition of alumina did not in-
fluence the current efficiency, but the zddition of fer-
rous sulflde reduced the efficlency sharply.

Another way of preoducing aluminum was patented by
Go L. w111iams(210). He used an "opleum" comprising sul-
furic aecid containing 85 per cent of sulfuric anhydride
as electrolyte to dissolve saluminum suifate. The anode
wag graphite and the cothode wes sluminum. When current
was passed, alumlnoum was depnoslited &t the csthode and the
sulfuric anhydride was generated at the anode. The latter
dissolved in the "oleum" electrolyte vehicle. As “oleum
vehlcle" became depleted of aluminum by its depcsition
through 1ts electrolysis, aluminum hydroxide or hydrated
oxlde was added to the “oleum".

Alunlanum produced by Hall's process seldédom hes &
purity higher than 92.7 per cent. Hoopescas) developed
e process for refining aluminum electrolytically to pro-
duce a preduct that is 92.992 per cent pure. The aluminum
to be refined is alloyed with copper and silicon and rests
in the bottem of the cell nnder a layer of fused mixture
of cryolite, aluninum flveride, barium fluerlide, end alu-
mina, Floating on this is & layer of melten refined alumil-
num, serving as cathode. The eperating temperature of the
cell is between $S00 to 1000 °C. A thick crust that 1s rich

in aluming solidifilies on the walls of the cell, Insulating
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it electrically and thermally. The c¢sll operstes at 5

to 7 volts and ghoul 20,000 auperesd.

Phvsieal Pronerties of Alvainum

Physical properties of aluminum arc reviawed under

the toplics of color, density, freeszing polnt, clectvrlicel
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reslastivity and meechanical prop
Color, The pure metsal is silvery white In coler, but

the aluminum of comsnorcial purity has & bluish tinge ro-

aulting from the presence of iron and silicon.csnstitu@nts.
Pensity. With the exception of nagnesium and bery-

4

1ivm, eluninum is the llghtest metel used structually,.

=3

ihe density of & sanple of aluainum of 99,371 per cent

rity was 2.6989 grous per cubic centimeter ab 20 YC when

e

;“_.
]

in the rolled condltion and 2.6996 grsus per cublic centl

{55)

meter aiter annealing.

. 35 )

=
freszing Peint., The Ifresezling point(‘ for a sanple

of nmetal having 99.60 per cent purity i3 653 “C, The purest
metal testsd {99.97 per cent aluminum) hed a frsezing peint
of 652.8 °¢, By extrspoletion from the aveilable date, the
freezing point of substantislly pure sluminum would bLe close
to 660 “°C., Commercial zluminun haviang a purity of about
29.2 per ceat hag a freezing point of 657 °C.

Blectrical Hesistivity. deasurvenents &t the Dureau of

.. t1i1e)
Stendords on wire mede

i)
-
l')
..1

srolyticelily refined



aluainum (99.988 per cent) showed @ resistivity at 20 °C
of 2.688 and 2.674 microhms per centimeter cube for hard
drawn and annesled wire, respectively. The tempersture
coefficient of resistsnce at 20 °C was 0.00421 per degree
Centigrade for the herd drawn wire and was 0,00423 for
the ennealed wire.

The resistivity of licuvid sluminum at the freezing

, and 27,1
microlms per centimeter cube accerding to different workers,
For commercisl aluminum cenductors ef 99.5 per cent

purity, hard drawn saaples are specifled at an electricezl
resistivity of 2.828 microhms-centimeters at 20 °C with

8 reslstance temperature coefficient of 0.00403 per degree
Centigrade(lz).

WMechanical Properties. FKlectrolytically refined alumi-

nua eof hizh puplty possesses mechanical properties appre-
ciably different from thcese usually assoclated with commer-
. (s8) . :

ciel grades of the metal « The vslues of mechanical
propertles oi refined grade of the metal were obtained by
extrapelation of curves obtalned from tests of 929,98 per
cent pure metal and other samples of less purity. Commer-
cial 2luninumn alwsys has lilzher tenslle strength, shesring

strenath and Brinell hardness than the correspondinz pro-

perties of t® refined aluminum.



Chemicsl Preperties of Aluminum

Chenical prceperties are reviewed under the topics
of composition of commercial aluminum, electrolytic
solution potential, behevier toward oxygen and water,
ections toward aclds and alkalies, acticns towzrd fused
alkelies and fused salts, snd miscellanecus reactions.

€31
Elsctrolytic Solution Potentisl, Generally, alzminum(“q)

is conslidered to ve electrecpositive te msgneslium gnd elec-
trenezative te suchh metals as manganese, zinc, cadalum,
iron, nickel, end copper.. Some writers, however, spesk of
“aluninum ss being "electropesitive®™ to such elements ss
nickel and cepper.

The determination of solution potentisl of aluminum
by different cbservers shows considerable varietion. _The
errstic behavier of aluminum is usually sscribed to the
formetion of 2 filnm of oxide onAthe surface of sluminum. &7)
The classic results are these of Neumann£146) who moasﬁred
the potentisl of cluminum Immersed in neormel sclutions of
2luminus sulfate, aluminum chloride and aluminum nitrates;
when referred to the normsl hyérogen clectrode as zero of
~veference, Neumann's vélues are -1,31, =1,29 sand -1.05 volts
respectivelye.

(114) have calculated the elsc-

Istimer and CGreenfslder
trede potential of zluminum from gpprepriate thermal datsa

to be -1.69 # 0,01 velts at 25 ©C.



In most naturel waters, in dilute, neutrsl salt
solutiens and in weak acid solutiens, zinc 1s anodic te
aluminum, wiereas ln stronz alkaline soluticns, the re-

(101) .
verse is true . However, the heavy metals, particu-
larly, copper and nickel, have much leower solutlen poten-
tials than 2luminum, and thelr contact in presence of an
electrelyte usually'results in definite slectrolytic
attack on aluminum. The fact that zinc 1s ancdic te alu-
minum can be uscd In the protection of aluminua.

Attack on aluminum(g) occurs only.when in direct con-
tact for appreciable length of time with metels that are
considerably more cathodic, with an electrolyte present.
Thus galvanic sttack can e preveated by sseparating the
adjoining surfaces by usse of Ditumineus paint, by keeping
the contacting suriace dry, by electreplating, or by
painting the contacting surfaces with aluminum psint to
cut the difference in solution petentisls of the adjoining
metal surfaces.

Another type of attackfloz) may result from centect
of aluminum with solutions conteining salts of hesvy netrls
such &8s copper, nigkel, cobalt and mercury. For cxamplc,
coprer in solutien may deposit on aluminum by raplsceanent,
an equivalent amount of eluminum going inteo selutlion. The

precipitated copper acts aa the cathode In 2 short circult

electrolytic cell, 8o that the aluminum anode continues to
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dissolve and pitting resuvlts. The action can be mini-
mized by reguler cleaning of the surface with an abrasive
cleaner, which removes the heavy metal deposits.

Behavior Toward Oxygen and Water. Although aluminum

stends high in the electrolytic potentisl series with an
electronegative potential, it 1is resistant to atmospheric

atteack and water (102>.

A freshly exposed surfsce of &lu-
minum does oxidize instanteneously in air, but the oxide
£ilm which 1s formed 1s hizhly protectiwe snd stable, so
that oxidation ceases under ordinary condltions as soon

as the protective film is formsed.

The film of aluminum oxide is so compact and none
porous(sg) that it can prevent the aluminum from oxidatlon
with dry oxygen even at 600 °C. Even molten aluminua is
protected by the oxide film. This is the reason why molten
aluminum can be tapped from the reduction cell without any
evidence of burning. It 1s impossible to ignite sheet
aluminum, even with an oxyhydrogen flame; the metal melts
but does not burn.

When sluminum is in contact with pure water, the oxide
film on alumlnum becomes completely protective, so that
nc apprecisvle corroslion or solution of aluminum occurs.
The action of water contelining dlsesolved salts may or

may not be corrosive, depending on the quantity end

character of the dissolved materialcsg).



Salts composed of strong acld redicsls, sxcept the

halides, and weak bese radicals have very little effect
. {137) N ;

on aluninum « The halegen bvearing salts, such as
ammonlum chloride, are very corrosive unless used in
connection with an inhibitor. Ammonium nitrate and am-
' 37
monlum sulfate sre used satisfoctorily with aluminum.(l )

Salts compoéed of weak acld radicals and strong base
radicals, which on hydrolysis form pseudo-alkaline solu-
tions, should not be used with slumlanum unless suitable
corrosion inhibitors, such as sodium or potassium chro-

137

mate, are employed( ).

Neutrzl salts have little effect on aluminum 1f
: (137)
heavy metel salts are absent.

Action Toward Acids and Alkalies. In zeneral, alumi-

nun is more resistant to attack by acids rather then by
alkalies(sg).

A1l dilute minersl acids attack aluminum et an appre-
ciable rate. Generally speaking, the attsck increases

(100)
with the concentration of the scid and with the tempersture,

7
}iitch.ell(l3 ) has given a2 qualitative description of

the actien of different acids and alkalles con alumlnum
and its 2lleys:

"Concentrated nitric acid, 95 per cent by weight,
does not atteck high purity aluminum. The rate of attack

is very slow for concentrations eabove 80 per cent or below
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5 per cent, but the attack 18 considered excessive for
concentrations vbetween & to 70 per cent by weight,
Fuaing nitric acid is commenly handled in sluminum
tanks and druns.

"The attack by sulfurlc acid 1s grester than that
by nitric acic, but high purity aluminum can be used with
soplutions centaining up to b per cent sulfuric acid. High
purity alloys have been used wlth solutions up to 185 per
cent sulfuric acid., Tuming suliuric acid has a low rate
of attack, but any appreciable amounts of water cr water
vapor cause serlious attack.

"Hydrochleric acid, hvdrofluoric ecid and hydrobromic
acid solutions readlly stteck the aluminum 8lloys. Per-
chloric scid is decldedly corrosive tc gluminum alloeys.
Phosphoric acid solutions are usually used to clean and
eteh aluminum surfaces, and therefore, should not be used
in lengthy contact with aluminum.

A1l strengths of boric acid solutiens have very
limited effects on aluminum. Veak solutions, less than
5 per cent, of chromic acig have little effect on alumi-
nuny the rate of attack is excessive fer concentration
ebove 10 per cent.’

"Dilute acetic 2cid has a very low rate of attack
on aluminum and zglecial ecetic gcid hes neglicible rate;

cither hot or cold. lest of the other erganic acids,
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except feormic acid, have little sction on aluminum at
room temperature, a2lthough the rate incrsases somewhat
at high temperatures. The presence of a few tenths per
cent water in orgeanic acids will inhibit the action be-
cause of the film formetion "

Edwardscel) showed thet 2luminum dlssolves energetl-
cally in caustic alkali solution and 1s attacked with
less rapidity by hot solutions ef scdium carbonete. The
presence of se@ium sillcate largely inhilbits the action
of sodium carbonate upon aluminum but 1s hardly effective
with sodlum and petassium hydroxide unless the solutien
is very dilute. Ammonium hydroxide, however, appears to
form a protective coating on 2luminum so that it bhecomnes
relatively inseluble.

Actions Toward Fused Alkalies and TPused Saltse.

(45)

Deville showed that fused sodium hydroxide did not

19)

attack aluminume. Beketaff( showed aluminum reacted with
fused potassium hydroxide at high temperature, some potas-

sium was formed and volatilized.
B {122) . . .
According to KMallet s calcium, strontium and
bariuvm cxlides are partially reduced st high temperature by

aluminum and the reducsd metals asre volatilized, Weston

(2086)

and Ellis found that zluminum reduced lime when hest

was applied, but it dld not reduce magnesia.

(72)

According to Goldschmidt , practically 211 metal
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oxides other than those discussed above are reduced by
heating them with aluminum peowder. The metal sulfides
are more caslly reduced than the oxldes. The metal sul-
fates resct more vigorously than sulfides., Violent ex-
plosion may occur when sulfates and alumlnum are melted
together. lietal chlorides are not sultable for high
temperature reduction by 2l uninum on aceount of their
volatility. Deville(4v) seld that aluminum could be
fused with potassium nitrate without the least change,
even at roed heat., If the temperature be high enough teo
decompbse the nitre, the metal forms potassium aluminate
with the liberated pctassium oxide, and the rezction is
sometimes accompanied by deflagratien,

Potassium carbanats(lgs) i3 less vigorously reduced
by aluminum than the sulfate, some carbon and aluminate
being formed. There is no derlazgration. If g mixture of
aluminum and dry sodium carbonste be heated in a carbon
and lime crucible, cr in graphite crucible lined with
lamp black, sodlium 1ls formed and volatilized, and there
remeins a regulus of aluminum, erystal of slumina, alumi-
num nitrlde and carbon;

According to Richards(176), when fluorspar is melted,
it gives a 1little hydroegen fluorilde vapor, produced by

a reaction with hygrecsceoplic molsture, thus forms a little

aluminum fluorlde; otherwlse, the melten flueride has ne



actiocn on sluminum. Cryolite attacks flnely divided
aluminum at & temperature exceeding 1,000 0C, but the
metal en masse 18 not attacked,

{195)

Tissier observed no chanze when a mixture of

calcium priosphate and aluminum foil was heated to white-

. . (1%9)
ness, Jdosdsel and Praak found thaet meny phosphates,
for example, ammenium sedium hiydrophosphate, scdivm meta-
phosphate, bone meal, phosphorite znd maznesium pyro-
phosphate, when heeted with aluminum, alumlawn phosphide,
alumina end sluminate werc formed, and phosphorus was
volatilized., If silica was simultaneously present, whole
pnosphorus in the compound was velatilized as shown by
the fellowing reactlon:

6HsPOz + 10A1 & 3510 ——— 3iepS33i0z + 5A1003 + 6P

L. - o (60)
Y iscellaneous Rescticns. Pure nitrogen doeés not

appear to reect with sluminum below its melting point. It
can be bubbled through molten aluminum at 8 temperature

as high as 800 °C with very 1little reaction taking place.

lHowever, finely divided aluminum, such as a&luminum powder,
willl resct energetically with nitrogen, once the rezcticn

is started by heating.

Sulfur( 60)

has very llttle reaction upon aluminum, even
in the molten stete. A salient chsracteristic of aluminum,
which makes it quite useful in many Industries, 1s its re-

gsistance to sulfur, sulfur fumes snd hydrozen sulfide,



Aluminum powder can be safely stlrred into melten sulfur
somewnat aveve the melting peint of sulfur; such & nix-
ture has an appesrsnce of cast. aluminum, &nd hss been used
te patch defects of 2lumlinum castings, But 1f sulfur and
aluminum mixture is burned with magnesium ribben, the re-
action is "lively but harmless", If it is ignited with
a mixture of nragnesium and barium peroxide, however, it
rescts explosively. |

‘According to Mellor(lsz), silicon dees not umite
with aluninum when the twe elements are heated together,
but 17 & third element 1s present, mixed silicides are
formed. Aluminum vapor attacks porcelain liberating sili-
con, which is absorboed by the melten aluminum. ¥olten
alwainum wezs found by Smith(lgo) to blacken glass. If
the metal be nelted in a2 fireciay crucible, there is a
risk of contamination. Hagnesizc lined crucible or furnzce
beds cen vbe used satisfactorily for melting aluminum.

(44)

"Deville mada an alloy of sluminum with boron by

melting the metal with borax, beric acid or potassium

¢
Tluoborate., Wohler and Deville‘215)

further showed thst
the so-called "graphliferming Bers" was really A1Bg or
AlgB4, and they made 1t by hesting a mixture of boron and
aluminun, cor of borlc oxide and slumninum for a short time
a2t not teco high tempersture; by paszing boron chloride

over heatsd aluminumy or by heating a mlxture cf potas-

sium fluoborate (8 parts), potassium and sodium chloride
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(16 parts) and sluminum (5 parts) at the melting point
of silver. The exceses of sluninum wes removed by treat-
ment with hydrechloric acld, sodium hydroxide sné hyéro-

(206) reduced boron tri-

fluoric acid. Weston and Ellis

cxide with slumlinum powder by the thermite reaction, snd

boiled the preduct with hydrechloric or hydroflueric

scid, or fused it with borax snd extrscted with water,

L residue seild to contein alumianum borlde and alumina re-

mained. Iampe(Bo) sald that the crystals of the diboride

looked as red copper plates, and he showed that the

crystalline boron by VWohler and Deville wes really & mix-

ture of AlByg or AlgBy, ond aluminuvm borocarbide. He

made it by fusing sluwalioum with boric oxide and cryolite

or fluospar asnd by passing boron fluoride over hested

aluminum, The first process gave the best results, the

most impoertant condition for the success belag the absence

of carbon; the temperature of melting lron mainteined

for two tc three hours was suificient to produce the crystals,

but the yield wss larger at high temperatures. According
(22) |

to Blitz ', the black crystals, heiung specifically

lizhter, could bc separatcd from thiose of aluminum boro=-

carbide by flotatlion in & mixture of CHyIs and CgHg.

Hampe(ao) stated that the crystals were black or in very

thin laminae dark red, and yielded a borwnilsh red powder;

they belonged te the moneclinic system. The hardness is



=20

greater than that of corundum, and less then that of
diemonde. . The crystals becouwe steel-blue when heated in
air, ond do nect change when heated in oxygzen at the temp-
erature at winich the dlamond burnsi they are not attacked
by aqueouvs selution of potassium hydroxide, or boeiling
concentrated sulfuric acid; greduvally dissolved com-
pletely by hot cencentrated nitric aecid, with the pro-
ducticn of some 2luminum hydroxide; oxldized with incan-
descence by molten potessium hyéroxide or lead chromatfes
net attacked by molten potssium nitrate; and slowly dis-
sclved by molten pyresulfate. Thls boride forms a Tusible

alloy with platinum."”

Electrochenistry cof ¥elten Electrelytes

The electrolysis of fused salts is of considerable

importance technically. The chief work in this field hes

(118,119,120,121)
been that of Lorengz and nhis pupils. Holl-

r7
Heroult's process('g’SO)

ef manufectwing aluminum is a
good example of its applicetion te industry.

Glectricsl Concductivity. liolten salts are gecd con-

éuctors of elsctricity, and their conductivity is elec=-
trelytic. At anede and cathode are liberated the products
as expected. Thus lead chiloricde glves lezd and chlorine,
sodium nitrate glves sodium together with oXyzen and

nitrous gases. The specific conductance of the west con-



centrated aqueous solutiens, but the equivalent conduectance
is comparatively small on account of the hizh concentration
of the electrolyte. As with aqueous solutions, the con-
ductance increasges conslderably with riss of temperature,
indeed for moderate temperatures slmcst linearly. At
high temperatures the lncrease of cinductivity falls be-
hind the rise of temperaturc. In most cases, the effect
of temperature can essentlially be sccounted for by the
decregse thereby produced'in the viscosity of the melts
The conductivity eof & fused salt mixture 1s usually
rather less than what would be calculated from the mix-
ture law, and sometimes falls below the conductivity cf
eny of the pure components(lgs). Impurities in the salt,
however, scmetimes give an abnorxally large conductance.
The messurement of the cenductivity of fused salts
usually offers nc pasrticuler difficultices. Ths arrange=-
ment used 1is essentially that for aqueous solutiong.
Unplatinized platinum electrodes must be employed, as
platinum black at high temperatures quickly chanzes 1itis
structure, With salts of psrtlcularly high conductivity,
the electrodes must be separated by & capillary tube, in
order to Increase the resistance to a convenient anmount,.

Current Brf7ficiencyv. The causses which lower the current

efficiencles at room temperature sre far morec active at

high temperatures. Velecity of chemical resction and



velocity of diffusién are both much greater. Hencs,
unless anodic and cafhodic products are carefully
kept separated from one 2nother and from the action of
the electrolyte and the air, the ylelds obtained will
be less than those calculated from Faraday's law.
"Thus Lerenz and Helfenstein(lzl), in the electrolysis
of lead chloride, obtained the fellowing figures for
the cathodic current efficiency at 520 °C: 2znode pro-
tected from electrolyte, 97.95 per cent; cathode pro-
tected from electrolyte, 29.46 per cent§ both electrodes
protected from electrolyte, 99.98 per cent'as cited oy
Allmand and Ellinghaﬁ(s).

The chief facters in low cathodic efficiency in the
electrolysls of molten salts are velatility, diffusion
of anode products to cathode, formatlon of "metal fog"
and action of atmospheric oxygen. With increase in temp-
erature, the yileld must therefore fall rapidly. The effect
of increased current density on surrent e¢fficiency depends
on the fact that, while the absolute losses of csthodic
product @6 increase to s certain desree owing to increased
diffusion from the enode, vet the quantity‘produced in unit
time increases still moré quickly, and the current effi-
ciency rises. At very low current densities, the quantities

of product formed in a given time may nct exceed the amount

abgorbed by different losses, and the curreant eificiency



may consequently fall to zere. The smount of increase

of current density 1s only limited by censiderations of
voltage and development of Joule heat near the electrodes,
and by the entrance of an "anode effect", which results
in larze rise in voltage. Occasionally, losses may occur
because of the formation of & subsalt between the pre-
cipitated metal and the melt. This can happen under
certain cenditions in the electrolysis of calcium chleride
where red crystals of calcium subchloride are produced,
or, again, the melt may sctually dissolve the metal,
forming a true solution, &8s occurs during electreolysis of
molten sodium hydrexide. However, such cases.are;rare;:

iietal Fog, If 2 metal such as zine or lezd be melted

under cne of its own fused salts (for example, zinc chlo-
ride or lead chloride), the meclten salt will remain un-
affected 1f the temperature be kept low. But if it 1s
raised, derk clouds rise up from the metal and. spparently
dissolve in the melt, and this continues until & state of
equilibrium is reached. When the tempersture falls, the
clouds settle down slowly, and finally re-enter the metal.
If the excess c¢f the massive metal be removed and 8ir ex-
cluded, then the coclored melt appears stable, but 1f the
oxygei be admitted, or a trace of oxlidizing agent addegd,
the coleor disappears.

On the other hand, metsl fog can be produced in the
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apgsence of the messlive metzl by the addition of e small
guantity of a reducing aczent. Essentially the same
phencnens rmust oceur during the electrolysis of melten
salts, and will adversely affect the yield, since the
metal preseant in that form is far nore resdily attacked
chenically than the massivo metsal.

That these metal fogs are colloldal in nature would
naturally be ponjectursd, and has beeﬂ rreven by the work

o 120
of Lerenz and EiteI( ). It is neot, however, precisely

certain whet forces regulate thelr density and stabilitygllg)
In this connection, 1t is interesting to notice the effect
on the metal fog formation of sddition eof certain neutral
salts to the originsl welt. These lar:zely prevent fog
formatlon, just as the addition of electrolytes to an
aquecus colloldal solution mey precipltate the celloid..
The mocde of actlon in the vwe cases can hardly be the same,
however, It has been suggested that when fused metal and
fused sa2lt come into contact, a certain amcunt of complex
cation is produced, thuss

Pott ¢+ Pb —3 Pod¥ (1like the mercurous ion).
The metzal fog would then represent wmetal dissoclated
from this complex and in equilibriwa with it. The effect

of added salts 1s explalned by assuming that they remove

the catlon of the first salt from the melt as complex
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enion, thus perhaps:

Pott & 2017 + EC1 — X* » POC13”
The concentration of the complex cation, and hence the metal
fog, wmust decrszase.

The effect of this addition of neutrsl electrolytes
cain be studled by messuring its effect c¢n the cathodie
current efficiency during electrolysis, 48 the feg for-
metion ie one of the chiief sources of leoss in the pre-
paretion of metal, the two effects will run.umore or less
parallel. In other cases, where the electrolysis losses
vnder normal conditions are greaster, the effects produced
are even wmoere marked. But not every addition to the
electrolyte increases the current efficiency.

Voltaze Relotlons, With pure fused salts, the rece-

versible electrcmotive force of a primary cell depends
simply on the nature of the electrodes and the electrolyte
and on the temperature, as does the corresponding de-
compositlon veltage., With mixtures of gslis, however, it
cen be snown thet the electromontive forces depend upon the
concentration of the salt correspoading te the metal used
(74)

as electrode., Thus Gerden measured the voltage of

cells made up as fellows:e
LglOz 1a s | AgNOz in a
Ag mixture of 1 mixture of kg
KNOS + NaNOs . KNOz + NaNOs
thiec ceoancentration of silver nltrate in the melts surround-

ing the two electrodes bLelng different. He found that the
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electromnotive force of such cells could be expressed by

-

the well-known Tcrmula for conceantraticn cells,

g = _0.0002T c1
n C2

in

where n ig, of course, one in this casse, and Cy and Cq
are the molecular concentratlons of the silver nitrate.

(4)

Irreversible voltage effects s ére far less lm-
portant with molten ssltse than wilth agueous sclutiens,
Such effects ultimately depend upon the lcow veloclty of
scme stage of electrode process, and, in view of the known
effect of temperature on reaction veloclty, 1t is natural
that at higzh temperstures they should ve 1n general very
slight. But nevertheless, when the current density be-
come3 excesalve, they make their appesrance; and particu-
larly what is known &s the “"anode effect" is observed at
the carbon enodes in fused metallic halides. The elec-
trodes became covered with a film of zas, chlorine, fluor-
ine , bromine or icdine, through which the current can
cnly pass &s en arc discharze. The voltesge rises very
censideresbly and the sncde appeears to glow, 28 a conse-
quence of the nuvmber of tiny arcs which are passing. It
iz mest proncunced with flueorides, least so with iodides.
Stirrinz, raising the anode from the melt for & moment,

or reversing the current--in other words, removal of the

ges layer--cause the effect to disappear,
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The only other appreciable irreversible effect is
the concentration polarization which occurs at hish
current densities(4). Apart frow the formstlion of a
z8s layer on the electrode, the voltage of the working
cell incresses with increasing current density, Jjust
as in aqueous electrolytes. In the latter case, the cause
of increesling voltase 1s the exhsustion of the lcns nesr
the electrode, and if the presence of lons in the molten
s2lts is assumed, the ssme cause can be assumed to be
active in the case of wmolten salts.

The rewersible olectrometive force of & cell can
be determlned by either the decomposition voltage or the

A
polarization dlscharze method(‘). In the latter case,

the curve cbtalned falls Ter more rapldly than a similsar
curve obtalned with an gqueous electrolyte, because of

the high temperature &nd raplid rate of diffusion of products
away from the electrodes.

Through the differences in decomposition potential
showa by different salts(é), a separation of the several
metallic constituents from a nixture is possible in a
molten state, Jjust a&s in aguecus sclution. The relations,
of course, may be rendered rather complex by the varying
tendencies of the metals to alloy among themselves, and
thus to depolarlze one asnotherts dilscharse.

Hzll-Heroult's Procesa. The connection between the

exasct compositicn of the electrolyte and its freezing pcint



in the process has been studied by several workers, whose
results are not very concordaent. Cryolite 1s reported to

"~ have a melting point of 977(150), 1000(65), and 1025(175)90.
Its melting point is lowered by the addition of eilther

sodium fluoride or 2luninum flvoride as shown in Figure 1(17§)
On the addition of sodium fluorlde, the meltinz points of

the eutectic are reported to be at: 885 °C, 14 mole per

cent aluminum fluoride and 86 mole per cent sodium flue-

. 65
ride( ); 886 °C, 13.6 mole per cent aluminum fluerlde
118
and 86.4 wmole per cent sodium fluoride( ); or 935 °C,

18.5 mole per cent aluminum flvoride and 83.5 mole per
cent sodium fluoride(lvs). The forma tion of & compound Iin
which the content of 2luminum fluorlde is richer than that
in cryolite, commences to solidify at 740(175), 725(65),
and complete solldification takes place at 685 OC with
a composition 46.4 mole per cent aluminum fluoride and
53.6 mole per ceant sedium fluoride,

The solubility of alumina in cryolite 1s shiown in

(65)0 The

Flzure 2 2s determined by Fedetieff snd Iljinsky
lowest freezing point, 935 %, is cbtained at an alumina
content cof abeut 15.5 per éent. Excess of sodlum fluaé
ride increases the solubility of slumina, while excess of
gluminum fluoride diminishes it.

(150)

Pascal and Jounilaux have studlied the effects of

addition of fluorsper to the eutectic mixture of cryoclite
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and aluminum oxide, and have shown thet it is possible,
by additlon of one part of fluespar per three parts of
cryolite, to reduce the solidifying polat of a melt con-
teining 20 to 25 per cent sluminum oxide and 75 to 80 per
cent crjolite by ancther 30 to 40 °C. 1In practice, the
temnperature of the bath is slmost Inveriably kept at 900
to 950 ©c,

The specific conductivity of the technical bath has
been glven as 5 reciprecal ohms per inch-cube , or about
1.9 reciprocal ohms per centimeter-cubeaillg). Addition
of sn excess of socdlum fluoride raised the specilfic con-
ductivity. The conductivity decreases linearly as the
alunina content increeses., It is clear therefore that
the voltaze rise acress the technic2l cell when its aluml-
num content becomes low is caused by electrode polarization
phenomena, @nd not by resistance change in the electrolyte.

The decomposition voltage of solutions of alumina in
fused cryolite lies at 2.1 to 2,2 volts(GS). If celculated
by Helwmholtz~Thomson rule, the result is shown by Allmand

7
and Ellinghsm( ) a

st scdium fluoride, 4.7 veoltss zaluminum
fluoride, 4.0 volts; end alumina, 2.8 volts. These values,
though fer from being absolutely correct, will stand In the
right order, and alumianum exide wilill mest easily underge

decosposition. When a very high current density is used

at the cathode, the liberatlon of sodium has been observed.



Fluorine can be formed snoeodically 1f the aluminum oxide
content of the electrolyte has become very low, or if
the current density used is teo high. In that case,
there is & marked "anode effect" and the voltage rises
considerebly.

Waen the anode effect takes plece, the voltaze across
the cell rises suddenly from 6 te 7 volts up to 40 er 80
volts, and the carbon anodes are surreunded by a gaseous
envelope. The liould electrolyte does not seem sctually
to touch or "wet" the anodes so that current passes from
the anodes to the electrolytes as a multitude of tiny
sparks or'arcs. The gas'evolved at the ancdes during this
time 1s carvon monoxide, wheress during normal operation
the snode zas contains well sbove 50 per cent carbon di-

xme(lo‘r’),

The formation of metsl fog or cloud is 2 commen
phenomenon, etaellic aluminum in extremely fine particles
becomes suspended in the electrelyte. Because of the cir-
culation of the eleetrelyte caused by thevelectromagnetic
forces zcting on it, some of the metallic foz comes in con-
tact with anode where it is reoxidized to alumina, resulting
in lew current efficiency(los).

During normal oparation the voltage drecp per cell in-

cluding that of connectiocng variles between 5 to 7 volts.

Forty to cne hundred cells are conanected in series requiring



a line c¢lectromotive force from 200 to 600 volts, and
each line of cells will take frem 8,000 to 30,000 am-
peres(los);

'The power required per pouad of aluminum produced 1s
generally between 10 to 12 killowatt-hours, and there is
enode cerbon consumption of 0.6 to 0.8 pound per pound of
eluminum. The current efficiency varles between 75 to
90 per cent(loe).

The study of the preduction of aluminum has been the
subject eof several laboratcr investigations.(ve’193’145’177)
The results of these investigations confirm the advisability
of using low anodic current densities. WNot only is "ancdic
effect" thereby excluded, but both veoltage and anode con-
sunption are decreased in the reguler course of work,

The excessive anede losses observed by Harber and Gerpert(78)
are directly attributable to their very high current den-
gitles. There can be 1little doubt that the snode effect

which cccasionally appears 1s not due to a layer of oxygen

cr oxldes of carben but to cne of fluorine gas, which is

formed because electrolyte has become depleted of alumina. High
anodic current density thus falls inte line with all sther
anode effects attributed to evolved halogens, particularly

(144)

with that notliced by Muthmann, Hoffer and Weiss in

the electrolysis of pure meclten ecryolite, which was very

marked at & current density of 4 to 5 amperes per square

centimeter,



Survey of Literature on Deposition of Aluminum

Attenpts to deposit aluminum from aqueous solutions

{212) (45)

and Deville in 1854.

(131)

‘,weré first made by Wohler
Since then, numerous other triazls have been made
These include the electrolysis of freshly precipitated
aluming or alum 1n a sclution of potasssium cyznilde, &

mixed solution of alum or aluminum sulfate and calcium

or sodium chloride, warm dilute solution of aluminum
hydroxlde in hydrochloric acid, saturated aqueous solution

of ammonium 2luminum chloride. Several of these processes
have been challenged by Wohler and‘Deville. Though there
were many claims of success, deposition of alumlnum was

not achieved. Dbubt wes also thrown on Tucker and Thomssen's
'deposit(lg6) which they claimed to be obteined by carrylng
out electrolysis in an aqueous sluminum chloride paste

with a rotating cathode at the rate of 20,000 rotations

per minute. After 1915, P.'Marino(124) ocbtained & patent
covering an electrolyte of strons solution of pyrophos-

phate to which has been added 10 per cent phosphoric zcld

and 5 to 10 per cent sulfanilic scid; Quintin Marino and

{125)

Darlington Wire ¥ill, 1td. , claimed to get a deposit

of saluminum from an agueous solution of sluminum tertrate,

(197)

parstartrate or oxslate; Tumanov utilized a diaphragm over



the cathode ¢n the bLottom of llquids imuiscidle with water
guch 23 aniline or chilorcform to prevent the resclution
of the aluninum deposited from aqueous solution on the
cathods,

Enother attempt to deposit alurtnum is fron non-
aquecus inorzanlc solvents, Thus, Taft snd Hareld
Barham(lgl) electrolyzed a solution of a2lumiaum aiteate
in 1liguld smmonis st a temperature ranzge of =33.5 O to
=57 9, 1In no case wos the slizhtest deposited aluminum

~Y

chtained, but goasing elways occured at beth electrodes.

i ¢ 28)

Booth and ¥Herliub-Scoel clectrelyzed aluminum

indide sclution in liguid ammonia. With the variocus
current denslties trlsd, there was vijorous 2asing and
3

a blue~black film seemed to {orm on the cathode, but this

deposit, 17 such it was, disappearced whenever the current

Three cther possible methods for sclving the problem
of depositing alunlinum remaint Lo clectroplate from a
path of fused inorganic mixture, fused onium salts, and
fromorronic solveants, Hosgt investizations were in these
three flelds. They will be discussed separately in sone
detail,

Electrocinenistry of Sslutions of Aluminum ia Fused

Tnorzanic Bath. Some aluminum salts and other salts fuse

tozether Lo form a liguid vath of melting volint below thet

i rY =



of sluminum., ¥any such liguid mixtures possess high
electrical conductivity, and can be used to deposit
aluminum. In the literature, the aluminum salts used

are nearly always limlted to slwninum halides, especlally
&luminum chloride.

Prediction of Solubllity of Fused Inorgenic Mixtures.

4 good method for predicting the solubility of fused
(96)

mixtures does not exist. James Fendeall a&nd co-workers
studied the solubility behavior, which is attributed to
the following nine factors.

Diversity Factor. Sclubllity and formation of

compounds depend primarily upon the diversity of
the constituent radicals. PFor example, bromides of
metals much more positive than aluminum provide the
most complex and wmost stsble compounds with aluminum
bromide, Alkall bromides are all extremely soluble
in aluminum bromide at a tewpersture only slightly
above its melting polnt; at 130 °C, 30 to 40 mole
per cent, With bromldes of alkalins earth metals,
the solubllity is less than one mole per cent at
the same temperature., The same low solubillty 1is
found for magnesium, manganese, cadmium and lead

romides, while silver bromide again shows & solu-
bility of wmore than 30 per cent.

The Valence Factor. The salts of univalent

metal, in general, give seversl compeounds with
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either z2luminum chleride or slusinum bromide, the
uaimoleculsr type being particuluarly stable.
walts of dlvalent metals, for example: those of
calcium, borium, megnesiuma, seldom furnish more
thzn one compound with aluminum chloride or bro-
nide e2nd even th&t ig scmetimes unsteble. Salts
of trivalent metsls zive highly dissoclate com-
pounds in the liquild state. Antimony tribromide
and bisnmuth tribromide are two examples. No
formztion of compounds et all weas obtained for
selts of quzdrivalent redicsl, such as stannic
chloride.

The Unsaturation Factor. The szlt in which

the radical is unssiursted shows far grester com-
pound formstion than the s2lt in which the maximum
valence is excerclsed, For example: stannovs chlo-
ride forms compounds with aluninum chloride, but
stennic chloride does not form cowpound with aluni-
num chloride,

The Position Factor. The tendency towards the

formaticn of compounds with aluminum hsl ides in
general decresases as one goes down the slectrode-
potential series.

The Teaperature Factor. Nany of the compounds

in the cluminun bromide series crysta

{4

lize at tempers-
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tures far belew the availables experimental range
for zluminum chloride mixture, and the feilure to
isclate compounds In the lstter serles must fre-
gquently be due to the Impossibility of securing
sufiiciently low teupersture fer their separetion
es sclid phese from scluticns containing them,

Internal Pressure Diifference. Hildebrana(ss)

showed thaet In nonpolsr system, solubility or
freezing peint deprescsion are dependent primerily
upoa the relative values of the iInternal pressures

cf the two compounds. The internal pressure 1s

the ferce which, teogether with the external pressure,
oppoeses the thermal pressure which 1s due to the
cinetic energy cof the molecules., Where Internal
pressuvres are equal, the course of the curves

ey be calculated dircetly from Ideal solution

)

B

theory. &As internal pressures diverge, solubility
iiminishes and when the divergence lg& very lerge,
two liquid layers may occur, .

(85)

Molecular and ftomic Volumes., Holmes

showed that when the retio of molecular radiil ex-
ceeds 1.818 tc 1, partial miscibility will occury
whereas a ratio higher than 2.414 to 1, will in-

duce complets immiscibility. In aone of the mix-

twes studied by Kendall and co-werkers does the
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neclecular velume ratic of the components ex-~
ceed the lower limiting valuve of the cube of
1.618 to 1, yet psrtisl miscibility is very
feequent.

In fused sslt systems, indeéd, where the
polarity of at least one coaponent is generally
marked, to consider the actien of atomic volume
or radical vclume 8s the fsctors that directly
affect compound formatlon and solubllity appears
more logical.

(1)

The Atomic Number Factor. Abezg has noted

thet addition cempound formation, with a given
zroup of positive radicals in the pericdic systen,
incrceases with ineressing atemlc welght, for ex-
ample; when sluminum bromide was used g&s the
solvent, phosphorus tribromide and arsenic tri-
bromide did not ferm complex compounds; the freezing
point curve of antimony trlbromide indicated sn
equimolechlar compound, very hizghly dissocisted
into 1ts cemponents; with bismuth bromide, a

much more stable complex was iseclated. When
antimony trichleoride was used as the solvent,
lithiun chlerlde and sodium chleride were in-
scluble, but potassiva chloride gave two different

complex compounds., In general, however, the in-



fluence of highly pclar compounds is sufficient to
mask the effect entirely.

Asgociation Factor., In systems consisting

of two similar components, both asseoclated,
cempound - formation may occur by substitution
instead by addition. When both conponents are
highly neolar, disintezration and recoembination.
of various moleccular snd ionlc types will be
present.,

Summary ef Solubility Factors. As shown

previcusly, many factors conflict with each
other, hence these factors can only offer some
help in predlction and are not very reliable.

Phase Diasrams of Fused Inorzanic Bath, The phase

diagrams reviewed in this section include aluminum fluoride
series, aluminum chloeride seriles, slumlinum bromide series
and miscellanseous.

Aluminum Pluoride Series, ¥used mixtures

of aluminum fluoride with sodium fluvoride alone,
and with sodium fluoride end aluminum oxide, and
the effect of calcium fluorlde on the melting point
of latter nixtures was discnssed previously in Hall-
Heroult's process.

(175) ’

Puschin anéd Basgloff msde & thoroush study

of the melting point-composition curve of aluminum
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fluoride with other alkali fluorides.

The melting poeint of mixtures of lithium
fluoride and aluminum {lucride decresses fron
870 ° to 2 sutectlc at 706 OC as the cenmposition
varies from zero to 14,5 mole per cent of cluml-
ntm fluoride; then rises to a maximum of more
then 783 °C, when the mixture correspends with
the formula 3LiF.A1Fz. The temperature then
falls te the eutectic 691 ©®C at 37 mole per cent
gluninum fluoride, The curve was not further
explered.

For aluminim fluoride snd potassium fluoride,
there 1s & eutectic st 837 °C, 7.5 mole per cent

.
gluminum {lucride. Therc is ancther cutectic
st 568 ©C zt sbout 40 mole per cent sluminum
flucricde. DBetween the eutectlc points the curve

rises to a msximum &t 1030 °C with a composition

[&]

approximeting JEF.A1F:,
For aluminum fluoride and rubidium fluoride,
an eutectic exists at 720 % with 6.5 mole per cent
of aluminum fluoride, 2 maximum at 985 ®C corres-
ponding to 3KbF.AlF3 and 2 second eutectic at 570 ©C.
Fof caesium flucride and aluminum fluoridey
an eutectic exists at 685 OC with 5.5 mole per cent

aluminum fluoride; a maximum &t 823 OC corresponding
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with the melting point of 3CsF.AlFg and another
eutectic at 490 °C,

Fedotief and Timofeev' ©%) worked with the
systems potassium flueride-zluminum flucride
end lithivm fluoride-aluminum fluoride. The
data they obtained may be ssid to check with
Puschin and Baskoff's work. The melting peint
of the cryolite type compeund KF .A1Fz and
3LiF.A1Fz are 1025 © and 790 ©C respectively.

In the fused mixture of potassivm fluoride and
aluninuna fluoride, there is probably an unstoeble
cenmpound KF.AIFS with transition point at 575 ©C,
There 1s no evidence of a similar compound of
1ithiuwm fluorlde and aluminum Tluorids.

Aluminum Chlorids Series. This serles has

been subjected to the most extensive study by

(96)
many investizators: Janes Yendall and co-workers R

(38) (188)

André Chretien and Iskild Louils , Shvartsman

worked on two-component systems, whereas Wasilewskl

(201) and Plotnikov and Shvartsmaglqo)

and co-workers
worked on three-component systems. Slight differences
exist among diffsrent reports. The melting points

of bilcomponent equimolar compounds LiCl.A1C1lz,

HaGl,A1C1lz and KCl.A1Clg are 143.5,°152 © and 2579C.

The eutectic points ares for lithium chloride
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and aluminum chloride mixture, 114 ©C and 40

mole per cent lithlum chloride; for sodium
chloride and sluminém chlorlde mixture, at 93,

108 or 123 °C 2ad 34, 39 or 41 mole per cent

sodium chloride; for potasslum chloride and
aluminum chloride mixture, at 114, 128 or 149 ©C
and 29, 33 er 34,5 mole per cent potassium
chlerlide. The eutectic pcint of aluminum chloride,
potassium chloride and sodium chloride mixture

18 reported to be: 70 °C with a composition:
aluminum chloride 66 mole per cent, sodium chloride
20 mole per cent end notessiuvm chloride 14 mole

per cent by Wasllewskl and cc-workers(ZOI)

s and
82 ©C with & composition: sluminum chloride 63.5
mole per cent, sodlum chloride 20 mole per cent
and potassium chloride 16,5 mole per cent by
Plotnikov and co—workersslvo) A comparison of
bicomponent eutectic mixture and tricomponent
eutectic mixtures shows that the latter have
lower melting points than the former.

Aluminum Bromlide Series. In this series,

only bicomporient data can be found in the litera-

ture. The melting points of equimelar compounds

ere reported as: LiBr.AlBrg, 194(154) or 197(96)90,

(o86) '
NaBr.AlBrz, 201 °C , end KBr.AlBrg, 101.5'9%)



(171)
or 170 to 173 °¢ .+ There are still cther

nelecunlar compouncs, such as: LiBr.?AlBrS,

ﬂaBr,7A1Br5 and ¥Br. <ﬂlBr3 with aelting peints

of 114, 95.6 end 65,8 % respectively, &s ziven
 encall snd comworierst o8 m .
by fencall snd co=-workers . Tnoe eutectic
mixtures are reported to be for sodiuvm bromide
and a2luninum bromide, 95 °C and 18 uole per
cnt sodium bromide, and for potassium bromide
and aluminum bromide, 88 °C ané 26 mole per cent
{e6)
potassium bromide .

A comparvison of three halide series shows

}

that fluoride series differs greatly from the
remeininy tweo as expected from the special pro-
perty of fluerine compounds In the halegen Tanily.
Yost Tused fluorides without speclal modificetion
cannot be used for electropleting aluminum, be-
cause of too high meltiny point of eutectics.,

The hizher er lower temperature of the melting
point of the eutectic mixture depends upon the
positive radical of 21lkall salts used., For the
seme halide of the same type complex compound,

the melting point 1s incressed, with the exception
of XBr.AlBrz, LiBr.7AlBrz and WaBr.7A1Brz, zs the
atomic welght of elkell radlcal 1s increesed.

The moere zluminum chloride in the complex molecule,
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the lewer the melting point of the coaplex salt.
A glance at phase diagrams of chloride
series and bromide series shews that on the
latter series, the meltiang pecint-cemposition
curve is much flatter than on the former series.
Henceforth, fused bronides may offer better
regicns for study than the fused chlorides do,

liscellansous. Alusninum chloride snd

phosphorus pentachloride fused mixtures have

(68). The

been studied by Fisher and Juberman
conpound formed at 1 to 1 ratio 1s unexpectedly
stable. Its melting point, 380 °C 1s above
the critical temperatures of both cemponents.
Between the range of 0 to 50 mole per cent
phesphorus pentzchloride, the melting point-
cemposition diagram of the system shows eutectic
formatlon with possibillty of a2 solid selution
rezion btetween 40 to 45 mole per cent phosphorus
pentachleride. BRBetween the range of 50 to 100
mole per cent phosphorus peatachleride, twe
imm:iscible pheses appear, Appsrently, the com-
pound AlPCly is composed of ionic aggregates.
The meltinz peoint of the mixture of alumi-
num chleride and slumlnum bromide slso have been

subjected to study(lgg). The data cover the range



of @luminum chloride from O to 76.1 mole per cent.
The eutectic poiat is 73.1 °C and 34.8 mole per
cent aluminum chlorids,

Llectrochenistry of Fused Aluminum Sslts, LElectro-

chemlstry of fused aluminum selts is studied under four
topics: electrical eanductivity, deposition petential ef
aluminum froa fused liquid, effect on the structure of
sluminum deposit in fused sluminum chloride-sodium chlo-
ride bath and electrodeposition of aluminum from inorzsnic
fused mixtures.

Electricsel Conductivity., The ceonductivities of

the pure 2luminum helides wore measured by Biltz and
Voigt(zs). Of the molten halides, the slumlnum iodide
has the greatest cenductance, aluminum chloride an
intermediate, and aluminum bromide the least cenduce-
tivity., The values at 230 °C are eluminum lodide,
4.lxlo'6; aluminum chloride, 0.9x10"% and eluminum
vremide, 1.5%x107 reciprocal olms.

Dissolving 2lkali nallde in sluminum halide, the
conductivity of resulting liquid rises sharply., TFor
the systems lithium chloride, sodium chloride dnd
potassium chloride in fused aluminum bromide, the

cenductivity 1s zrester, the greater the mobllity of

the alkslil metal ion.
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For the systen aiuminum chleride-sodium
chioride, the 'wolar ocnductivityclll) is
directly proportional o the temperature.
fiaximum coaductivity occurs at equal wuole
anovnts of aluminum chleride snd sodfum
chloride. For aluminum chloride within the
ranze of 53 to 57 mole per cent, Baimokov

17
( ) sheowed thet the current was

and Shelomnv
carriecd by sodlum leng during the transfer
of the current by the sodium ion, there was alseo
scrie solvation of sodlum chloride which was
carried off to the cathode; aluminum chloride
was in complex, end because of its small mo-
billity, ccmplexes did not act as a current carrier.
The conductivity of a ternary system is much
zreater than that of a bilnary system; for ex-
ample: addlition of a 1little calcium sulfate to
aluainum chloride-scdium chloride system iIn-
(167)
.

creases the conductivity 200 times

Depositien Potential of Aluminum from PFused

Salts. Aluminum has never been denoslted satis-
factorlly from fused salts bath. Wost éf the
litersture is 1imited to the determinations of
of slectromotive force of reversible cell made

of slumlinum elcctredes immersed in the fused salts
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bath(153’54’189) end the decompositlon potential

(217,218,219) (219)

of the cell « Yantema and co-workers
heve determined the deposition potentiels of
metals including aluminum from alkall chlorlde-
aluminum chloride tath with reference to plati-
num electrode as zero potential. . The order of
the deposition is the same as that in the voltaic
series in aqueous solution with the exception

of copper in the experiment with the copper 'ion,
nlckel ion, ferric ion, zinc ion, manganous ion,
aluninum ion and hydrozen ion. In sanother peper,
Yntema and co-workers(EIB) showed that in alumi-
num bromide-algali-bromide bath, the order of
deposition potentials of the metals: alumlnum,
zine, lead, blsmuth, sllver, cepoper,mercury and
hydrogen, 1s the same as the voltaic series for
the aqueous sulfate solution of these metals,
except for the interchansged positions of ceopper
and silver and the location of hydrogen at the
noble end of the series. All these investigatlions
showed tﬁat enly in the presence of alkall cr
alkeline earth metals does the fused aluvainum
selt bath favor deposition of pure aluminum,

If other heavy metallic ions sre present in the

bath, heavy metals will deposit before aluminum.
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The decompositicn potentisl of alumninum
chloride in fused alkseli chloride-aluminum .
chleride ksath is 2.02 volts as determined by
Yutema and co-worﬁ?rs(217). At this potential
ralue, swmeoth bright depoesits on the platinum
csthode were obtained. Dendritic or grey de-
poslts were lnvariably obtained at semewhat
nizgh potentlals. Fer aluminum bromide-alkali
bromide bath, the decomposition notential of

(218) When

alwminua bromide is 1.81 volts
chlorlide 1s substituted for ths part of the
brcmidé in the bromide bath, values of potentials
that are latermediste betwesn those for 2 chlorilde
bath and those for 2 bromide bath cnly are ob-

tained(zls).

Effect on the Structure of Aluminum Deposit

in Pused Aluminum Chloride-Sodium Chloride Baths

A8 shown by Gorbunova and Adzhemyanﬁva), the elece

trolysls of three electrolytes with 19, 40 and 52
mole ner cent sodlum chlorlide in the mixture wes.
carried out at temperstures frem 130 © to 210 ©C
with & current density from 0.002 to 0.2 anpere

per square centimeter. Examinetion of the 2lumi-
nuvm deposits indicates: the decreese cf the current

density produces fine crystals end lessens the
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formation of dendritics; the optimum electro-

lyte is approximately the equimolar mixture of
godium chleride and aluminum chleoride; anodilc
solution of the cathode facllitates the formation
of & sclild deposits lowering the temperature
favors s more compact deposit without dendritics;
rediographic exaninstion shows the zbsence of any
special orientation in the crystal growth and

the dimension of the crystel are within the linmits

1x10°2 and 1x10-3 nillimeter. A Germsn patent (220)

further shows that dense znd asdherent coatinus

are cbtained by depositling on the cathode, simule-
taneously with aluwninum, & smell quantity of wetal
pther than iron but less electropositive than
aluminum, for exsmple lead. Compounéds of the

less electropositive metal mary be intreduced in-
to the electrolyte, or awxlliary anecdes of that
metal may be used. The cathode current density
may be less than one ampore per square decimeter.
This method can also Ve applied to a8 mixture of
alunimm halides and 2lkali or alkaline earth halides.

Zlectredeposition of Aluminum from Inormsanic
(149)
»

Fused Mixtures, HAecording to Orlova and lainer

best results were obtained with fused chlerides

o

where the wmeolar ratic of aluminum chloride to
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sedium chloride is 1 to 3 at a ~urrent density
of 0.2 to 0.5 anpere per squsre centimeter at
120 °C, The aluminum chloride is volatile.
Results beceme poorer as the aluminum chloride
concsntration cecreases. The sddition of 0.2
per cent lesd chleride improves the quality of
coating.

Orlova and Leiner's result 1s scmewhat
different from the dste of other workers.

(162,;63) b ve

Flotnlkov and hls co-werkers
previously obtained deposits ef aluminum plated
on copper and iron alloys with the electrclyte
of a fuged mixture of 2luminum chloride and sodiuvm
chloride in the molar ratio of 3 to 2 or 2 to 1
at 200 to 250 ©C at a current density of
pere per square decimeter, Gr&tzian(76) showed
thet alumlnum was plated on nickel by electro-~
deposltion from & sodium chloride-aluninum chloeride
bath with 2 current density of one ampere per sausre
decimeter at 250 °C.

Recently, a thorough investization of the
aluminum ehloride-scdiwm chleride system was made
at the Aluminun kesearch Laboratories(zzl). The
bath for plating varies with the metal to be

plated. In sddition to sluminum chloride and



sodium chloride, 2 small smount of lithium
chleride or & amixture of lithium cnlerilde and
notassium chloride 1s added. Current dcnsltiles

used range from 5 to 25 amperes per square foot,

™

nd the nermal waluve Is anproximately 15 amperes

<

er square foot. Lower curreant densities pro-
duce gmooth deposlts, but adherence iz likely
to he poor. The bath 1is Lept homogenous by

"sloshing"

moticn of the work. The brightening
effect of the plating may be increased by the
addition of the brishtening azent 1ithium chloride
or cryclite or by superimpesing alternsting
current upon the direct current used for plating.

Chittum(57)

obtained a patent on the use of
a molten bath ceomprising aluminua chloride and
lithiuvm chloride for nlatinzg 2luminum cn copper.
The composition of the elesctrolybe consisted of
40.1 mole per cent of lithium chlpride and 59.9
mole per cent of alwrinum chloride; the melting
polnt of such mixture 1s epproximetely 115 °c,
The cethode current density used is 0.2 ampere
vper square centimeter., After the bath ﬁas melted

in the vesgsel, the 2lumimm plece, connected with

]

nede, a2nd object, connccted with cathode, are

lowered into the bhath. The molten bath is an



excellent conductor so thst a current density

of 0.1 ampere per square centimeter mey be ob=-
tained with 2 ¢ércep in the potential of less than
2 volts scross the slectrodes, 1f they are neot
aore than 1.5 te 2 ianches apart.

The comgpositicn c¢f the bath may vary some-
whet with the suvliamatlon of the aluwninum chloride,
vut the melting pelint of the nixture is below
130 ©C over the ranze of composition from 37 te
44 mole per cent of lithium chloride. The maximum
temperaturc deslrsble is 160 ©°C,

.

fur ther extended =2is patent to use aluminum

et
&

1’.
bronide as g solvent with sedium chloride, lithium

bromide zad scdiuvm bromide as solutes.

o~

A meyana and hls co~workers{93),

Q
[¢]
i}
®

oréing to I

Pest results were obtained when the electrolysis

33,

wes carried out with aluminum btromlde plus 16 to

18 per cent potassium bromide at 110 to 130 °C

b

with 2 current cdeagity less than 1 ampere per square

2per. The znode wss cluminum and the cathede

with lead cen Lo used &z the cathnede; copper, zine,
brass, tin, cadnlun, Iron, magnesium and aluminum
catiiodes are also sultable. Superposing alternating

current on direct current gave zocd resultse.e The
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fused salt bath must be free frow iron.
I process waa developed for the deposition
of gluainum from an ether solution of 2luminum

(41)
chlorlde and a metal hydride by Couch @nd Brenner .

The best depesits were obtained frem an ethyl ether
soluticn that was 2 to 3 molar in sluminum chloride
and 0«5 to 1.0 molar in 1ithlum hydride. The deposits
were quite ductile &nd deposition retes of 0.025 to
0.05 millimeter per hour were possible. The bath

is 88ild to be not highly scnsitive to moisture, but
will have a longer 1ife if protected from air.

Blectrochemistry of Aluminum Salts in Orzenic Solutionsg.

Aluminum chloride is expected tu be soluble in a great number
of solvents zs secen from the wide applicaticns of Friedel-

(130) has shown

Craft rezcticn in meny fields. HMeerwein
thet meny weak clectrolytes ave increased in strength by

the formaticn of cowplex ions. The existence of conductivity
has vteen attributed tc the formztlion of solute-solvent come-

(81). Censideration of a2ll these

plexes by Hein and Schramm
fects indlcates a possible means of solving the problem of
electroplating 2luminum from organic solvents.

The llterature reports studiss of the electrochemistry
of alumninum halides in many solvents; including: various
(25), ethyl bromide(94’
(95)

, ethyl lecdide , aand ethyl thlo-

8lkyl halides such ass ethyl chloride
112,135,155,172,215,216)



cyanate(g); aromatic hydrocsrbons, 9s: enzene(153’156’157’
5 o J s TEm
158,215,227) toluenol 152, 187,218)  [1q yogonel162,157,215),

ri vog of aromatic hydrecsrbons, as: nitro-
(13%,159,160,161,165,166,173,183)
b4

<
&)
[y
| d

benzene hreterocyeclie

compeunds, &8: pyridine(141’142’145’169);

[sYry
ether(af); polyhydric alcohols, as: celleosolve

33
glycerin(lob);laldehydes, as: valeraldehvde(205), »

{205)

ethers, 2s ethyl
(18)
2

o 0

S AS
€205), cinnamaldehyde(éoo);

, methyl acetcne(zos), aceto-

« : 4 O
phenone(205); acids, as: =acetic acid(‘g), formie acid(“os);

(24),

zaldehyde , crotcnaldehyde

ketones, as: acetone(gos)

emides, a&s: formemide 0f these, morec detalled In-
formation can be found and will be summarized for ethyl
bromlde, ethyl iedide, othyl thiccyanate, benzene, toluene,
xylene, nitrobenzene and pyridine.

The study in this field 1s further conplicated by
sdding gaother salt in company with a2luminun halldes and
by using mixed solventsg, such as: toluene-nitrobenzene,
ethyl bromide-nitrobenzene &nd ethyl bromlide-benzence-
Xylene.

BEthyl Bromide as & Solvent. IFor the clumi-

num bromide-ethyl bromlde system, the specific
conductlvity of electricity increases with the

concentration of the 2luminua bromidc within



the range of 46.3 to 72.3 per cent(94)..

The maeximum specific conductivity occurs at the
molar ratlio of 0.64 to 0.66 aluminum bromide

te ethyl bromide(94).

The decomposition potential eof alumlnum

promide is 0.98 volt.'9%)

At various current
densities, the lower constant value is 0.74
volt(llz), while the value calculated from
the thermochemicel data is 1.76 volts(llz).
The unper decomposition potentials for 5, 30
and 55 per cent of alum num bromide are 3.25,
2.10 and 2,05 volts respectively‘llz).

For the ternary system, alkall halide~
aluwalnum bromide-slkyl bromide, the specifilc
conduetivity 1s increased by the addltion of
metallic hallides of 1lithium, sodium, petassium
and silver, also bromide of rubidium(135’155’172).

For the system metallic bromide-aluminum
bromide-cthyl bromide(lss), the conductivity
incresses with the concentration of metallie
bromide in the first group in the periodlc system
end decreases with dilution. For different
metalllc salts, the conductivity decreases with
the following order: silver, lithium, ceopper,

potassium and rubidlunm.



i
For lithium bromide-sluminum bromide-ethyl

bromide system(155)

» maximum specific conductivity
13 12.78x10"° reciprocal ohms st 18 °C for the
ratio of 0,832 lithium bromide to aluminum bro-
mide. Tiis value was obtained by holding con=
stant the molar ratio of aluminum brom1d§ to
ethyl broalde equal to 0.28¢, while the ratlo
of lithium bronide to aluminum bromide was varled
between 0,017 za2nd 0.905.

For the sodium bronlde~aluminum bromide-ethyl
hromide system(172), the speclfic condvc%ivity
of solutlon incrcases #s the concentration of
sedium bromlde increases. The iancrease in
conductivity is zreater for solutions of;greater
eluminum chleride concentratiens. Addition ef
0.5 gram mcle of scdlium bromlde per gram mole of
aluminum bromlde to a solution with a raéio of
aluminum bromide to ethyl bromide of 0.27 rsises
the conductivity five times. The increase is
tenfold for sclutions containing less aluminum
bremide, i

For alkall chloride-aluminum brOmidé-ethyl
bremide system(lss), the incresse in coanductivity
ls more rapld for the metel of zrester atounic weight,.

The increase in conductivity with temperature was



noted in the case of lithium chloride and sodium
chleride only. During electrolysis with a plati-
nua anode, a red yellow coloration was observed
in the egnode regloen. This coloretion wes abhsent
when aluminum end silver anocdes were used.

For the pot ésium iodlde~aluminum bromide-
{o4)

ethyl bromide system the increase in conduc-

44

tivity depends cn the concentration of aluminum

bromide in the sclution to which potassium iodide

is added. The cenductivity, upon the addition of

potassium iodide, increases with aluminum dbrounide

up to a melar ratio of 0.3 for sluminum bremide

to ethyl bromide. ©Beyond the ratio . of 0.42, the

conductivity upon the sdéition of potessiuvm iodide

cdecrcases &s zlunlnum bromide crncentration incresses.
In the termsny system, alkyl bromide-aluminum

bromide-metalllce halide<155), when the metallic

chloride added is lithium, scdium, potessium or

rubidiuvm chloride, & deposit of aluminum ferms on

the cathode; but when it is silver chleride, silwer

is deposited on the czsthode.

The decocmposition potentia15(155)

Tfor 1ithium
bromide, rubidlium bromide snd silver broamide are
2.0, 1.66 and 1.5 velts, respectively. A decomposition

potentiel of 1.88 volts 1s cobtalned for the follewing



two systems(lvz): 2,51 mole per cent sodium bromide,

28.49 mole per cent aluminum bromide and 58,927 mole
per cent ethyl bromide; 6.9 mele per cent sodium
bronide, 38.8 mele per cent sluminum bremide and
56,3 mele per cent ethyl bromilde,

Por the sodium chlorlde-aluninum bromide-

ethyl bromide System(135),

the sddition of sedium
chlorilde to the aluminvm bromide-ethyl bromide
systen causes the diseppearance of the lower de~
composition potential, Additlon In larze amounts
also causss an increase of upper decomposition
potential to 4,05 to 4.25 volts for the molar ratioe
of 1 to 1 for sodium chloride to aluninum bromilde.

(215) show a decomposition

Current-voltage curves
potential of 2.0 volts when"x"1s 0.5 nor less, a de-
composition potentiel of 2.0 to 4.0 volts when'"x"is
0.6 to 0.2, and a decomposition potentlal ef 4,0
volts when"x"iz 1; the symbol "x" represents the
aumber of moles of sodium chloride in & solution of
one mole of aluminum chloride and ten wmoles of
ethyl bromide.

These dsta show that =t small values of"x! only
sluminum bremide is decomposed; at medium velues of

"x! both 2luminum bromilde and sodium chloride are de-

composed; and at hich values of"x! only the decome
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positien of sedlium chloricde takes place.

For the systems sluminum bromide-sodium bro-
mide-ethyl bromide snd aluvmlinum bremide-potassium
bromide-ethyl bromide(216), only the 2lkalil salt
is decomposed 2t 2 1 to 1 molar retie of aluminum
bromide to alkall bromide: only the aluminum bro-
mide decomposes at molar retios of alksll bromide
to sluminum bromicde that are much less then 1.

For the aluminum bremide-ethyl bremide-
potasaium ieodide system(94), the decomposition

potentlial is 1.28 volts.

Ethyl Iodide as a Solvent. Upon the investi-

zation of the snlubllity of alksll bhalides in an
aluminum bromide-ethyl 1odide solution, Katsnel'son

(95) ghowed that the solubllitles of

and Alzenberg
alikali halides incresse with the concentration of
aluninum bromide in the sclution. For a definite
alvminum bremide concentration, the solubility of
halides decreases in the followina order: lithilum,
godium and potessium halides.

Condvetivity 18 sffected by the acdition of
32l ts at dlffereat molar ratios of aluminum bromide
to ethyl bromide. For s molar ratio of 0.23 to 0.24,
the 2dditlion of halides decreases the conductivity.

For a molar ratio of 0.44 to 0.46, the a2dditioen of
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chlorides or bremlides raises the conductivity,
but the addition of iodides lowers it. For =
nolar ratiovof,O.GV.to 0.71, the conductivity
rises in &ll ceses cexcept for the d€dditlon of
notessium iodide.

The decomposition rotential is 1.26 to 1.29
volts for the e2luminum bromide-ethyl iodide-alkall
helide system rezardless of which halide 1s used.
Electrolysis of these systems results in aluminum
crystals that adhere to the electrode peorly,

(2)

Bthyl Thiecyanste &8s & Solvent, The specifiec

conductivity of thiccyanate solutions is similer teo
the absolute values and in the character of curves

to that of ethyl bromnide 2nd ethyl iedide for the
éystems: aluminum bromide-ethyl thiocyanate, potas-
sivm bromide-zluminum breomide-ethyl tuleccyanate and
roteegium 1lodide-aluminum bromide-ethyl thilocyanate
and potassiwvi thiocyanate~aluminum bromide-ecthyl thio-
cyanate, There is 2 closer similarity in the pro-
vertles of ethyl thiocyanste and ethyl lcdide than

for those cof ethyl thiocyanate and ethyl bromide.

Benzene 58 a Solvent. The specific conduc-
(156)

tivity of aluminum bromide or aluminum chleride
in benzene risses with 41lution &end with Increasing
21lall halide, but falls with increzsing aluminum

halide. Here alkzll metal represents chlorine or
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bromine.
When ammonium hslides are sdded to the system

(158), wthin a molar ratio

of aluminum bremide-~benzene
of 0.15 to 0.25, sevsral effects are obtzined. In-
cregse in the ccncentration of smmonilum halides in-
crecses the speclific conductivity; upon 4illutien,
the specific cenductivity decreases. The specific
conductivity decreasesin order of chloride, bremide,
and lodide. Within the range of 18 te 50 °C, the
cecnductivity increases proportionally with tempera-
ture. The meximum conductivity of all three systems
occurs at the wmolar ratlo of 1 mele of ammonium
halide to 2 moles of aluminum bromide,

The mexiwun specific conductivity for the
sodiuva lodide-sluminvm bromide systom ocecurs at
C.5 mole sodium iedide and 1 mole aluminum bromide(zzmﬁ.

‘The maximun 8pecific conductivity of lithium
bromide in benzene sclution of aluwminum bromide is
5.72x10°° reciprocsal ohms(lsv).

The specific conductivity of the systen of
£1.5 per cent benzene, 41.5 per cent aluaninum bro-
mide end 7.0 per cent potassium bromide is 8.1x10"%
reciprocal ohms(ISS).

The decomposition zotentlals for the systems

mzoniun helide-aluminum bromide-benzene are 1,95



volts for chloride, 2,00 veolts for bromide, but no
constant walue is obtained for iodldetlss).

The decocmpesitien nobtemtiel for the system

lithium bromide-aluninun broszide-benzene is l.€0
\ olts( 157) .

The decompositlon potential for the system
sodiun icdide-2lurminum bromide~henzene shows two
discoentinnities at 1.08 and 1.78 volts as determlned

by Plﬁtnikﬁv(zzv). But Yalubson! 215)

gave two values
et 1.1 To 1.2 and 1.9 to 2.0 velts. The feormer

value corresponds to the decompositlon notentisl of
aluninmum ledide, and the latter value corresponds

to the decomposition potentiasl of 2luminum bromide.

Toluene end Xyvliene s8s Solvents.e The maximum

conductivity of the system lithiuvm bromide-aluminum
broaide-toluene is 5,28x109 reciprocal ﬁum(lsv)
With the incrzase in concentration of bromlde of
lithium, copper and gilver, the conductivity in-
creases and changes sbruptly when the molsr ratio
corresponds to complexes of thie compositions:
LiBr.2A1Brs, CuBr.2A1Br3 and AgBr.AlBral157),

The specific conduectivity of aluainum broaide-
xylene system and the ternary systems aluminum Vroe

nide-xylene with potassium bromide, sodium bromide,

armonivm bromide, rpotessiuvm chloride, sodium chlo-

IS



.y

ride, anmonlum chloride and sarmenium lodide very

th time(lsz).

{-0

w1
The deccaposition potential of aluminm bro-
nide~-xyleae solution, as well as the ternary systenm
alwiinun bromide-xylene with alkell halldes is 1.64
to 1.68 volts, which correspond with the valus cal-

152)

culated by Thomsen cquation® Dense and shiny

deposits of aluminum were cbtained from Xylene

9]

solution of ;lumiﬁum bromide containling additions
of potasasium chloride, sodiwm chlorlde or smncnium
iodide(lsg). Puring electrolysis of aluwiinum bro-
mide-xylene with the addition of pstassium chlorids
using an anode of silumin, pure meiallie aluminum
was deposited on = copner cathnde(lsz).

The dascomposltion potentials of the system
sodium 1ndide-aluminum bremide-tolnence is 1.1 to
1.2 and 1.9 to 2.0 volts, corresponding to the de-
compnosition peotentials of aluminum lodilde and alumi-
nun bromide raspectl (215)

Nitrobhenzene as a Solvent., The specific con-

guetivity of =zluminum chleride ln nitrobeonzene in-

creases with the concentration of alumlinum chlorilde,
with a maximunm coﬁductivity of 1l.46x%10"9 réciprocal
ohm at 14 perbcenﬁ e2luminum dhlorida(leo). There 1s

2 similar increase in conductivity with zluminum bro-



mide solution, with meximum specific conductivity
at 18 per cent alualinum bromide(lsg).

The addition of metallic helides incresses the
specific conductivity of the solution of alunminu
chloride or alunminum bromide in nltrebenzene to s
maximun at & molar ratio 1 to 1 fer elusinum chlo-
ride to metallic halide(lss), whe re metal represents
arimoniun, »otassiuvm, rebidium and lithium; and hallde
represents chioride, Lromide and icdicde. Aluninum
bronide may be substiftuted for aluminum chloride,
ach speciflic conductivity-conceuntration curve of

gluminum broxide in the nitrobenzene shows 2 maximu&161).

At 50 9C, the specirlic conductivity of 28.3 per cent

aluminum bronide solution 1s 2,528x10%Y reciprecal
; 8
omﬁl lﬂ
Thne wolar conductivity of sluminum chleoride in

nitrovenzene iluacreases with dilution and reaches a

1init of 4.5 reclprocal ohms(16o).

" 21kall halides mixed with

o
Le]
e
]
(0]
-
o]
Q
it
o]
0
s
e
[ 33
e
2
}—k

aluminum halides in nitrobenzene solution, alkall

metal is depesited st the cathede and halegen is de-

. . 1218) N
posited at the enede « The decomposition potential
P

is 5 volts for potassium Geposited at nbe copper

ccthodel 180),  wor sedium ¢eposits, the decomposition
. : . - 183
potential is 4.5 voltsf ).
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Upon electrolysis of an alunmlnum bromide-

-

potassium chioride~nitrcbenzens system wlth plati-

o

-

auim electrodes, the metallic slumianum is denosited

. .. (160)
en the cathode and broxlae on the ano

The decomposition potantial is 2,12 volts‘lGO).

A1l of the wmixed seolvents containing nitro-
bengene forming solutlions with alkalil nalildss and

gluminum halides gsve 2112211 metal derno
(165 166 173)

‘..Jc

tg upon
electrolysi

Pyridine 28 a Solvent. The conductivitiecg of

aluminum bromide ia oyridiane and in beazenitrile were

measured with hizh fraguency bridge(l41). With

pyridine, careful measurswents were made at 25 °C
for soluticns from saturation {1 mole in 123 lilters)
to a dilution of 1x10 5 liters. The cond wetivity
at infinite dilution iz found by extrapeclation to

reciprocal chms.

[$1]

be 82,
The potentisls of pure alumlnum snd a 2 per cent

aluninun amalgan in sstureted solution of aluminum

bromide in pyridine were mecsured at 25 °C against

3
the electrcde, Ag, AgNOS, 0.1N 05H5J(14 ) The

&

lectronotive force of the latter wes practiesall
&
equal to thet of o normel caleomel electrofe.
The vealuves of the electrcde poteatial referred

to the normel calonel slectrode are 0.8287 volt for



pure aluminum and 1.16 volts fer 2 per cent aluminum

{143)
amalgam .

(142)

¥uller and co-workers were unable to de-

pesit aluminua frem & sclution of 2lumninum bromide in
. ' (169)
enhydrous pyridine. TFowever, Pleotnikov snd Balyasnuil

made a thezrmel analysis of the system: sluninum bro-

2

o

o
b7

nide-pyridine and three eutectlic prnints. Using

a mixture wnich melted below 45 ©C, ther were able to
sepasrate aluwminume.

r 49
¥ilscellaneocus Sclventg. Dirls s snd Eriscoe( )

succeedad in deposlting treces of aluminum from ethano-
amine solutions of alusinum salts, but wers unsuccess-
fvl with ascetamide, aniline, beazoyl chleride and glecial

her(24)

acetic zeld sclutions. Blue znd ¥at found that

rmare a2lwninum could not be denosited from a solution

Fy

of #luminum chleride in feormamlide, but that alloys
of alualnum with iren end with 2inc could be deposited,
if the concentration of 2luminum in 81loy reachlng

17 per cent. Beal and ﬁenn(le)

failed to deposit
alvminue perchlorate zclutions in the monoethyl ether
of ethylene slycel.

Comparative Studv of Conductivity of Different

Solvents. The conductivity of aluminum helide solutions
made by dissolving it in different solvents depends on

its reaction with solvents(zos). In the case of Ccro=-



tonaldehyde, benzsldehyde snd clnnamsldehyde,
aluminumn chloride solvates In these solvtions are
salt-1llke so that rmolar conduetivity incresses with

(205). As the 2aluminum chloride 2ddition

Allution
products are not salt-like, the molar conductivity
of aluminum chlori ée seiutions in acetone, mesityl
oxide gnd methyl acetcne is small

The conductivity of e2luminum hallde solution
in a2 sonlvent always increesaes with “3met204)

The a2ddition of ancother =solwent te an sluninum
halide solution always increases the specific con-
dvetivity of the solution, because of the formation

f additlon coupounds., TFor example, the conductivity
of aluminum bromide in ethyl bromide 1s increased
by the addltlon of benzenc, the increase beinz sreater

"‘16(204)-

with The increzse 1s because of the

sreater 2bility of the hisgher cyecliec hydrocarbons

(204) o

to form additions] compounds ne behavior

of naphthalene is siniler, but the increased con-
ductivity with Z2-methyl butylene-2 can be sttributed
to polymerization..

The a2ddition of polar compounds te the eluminum

nalide solution causes an increase in conductivity

of the snlution becsuse of the formation of cemolex
assoclated compounds. Tor example, the cryosconie



investizetion of LiBr.2AlBrz, AzBr.2AlBrz and
CuBr.A1Brz in benzene shows that the complexes

are very much asscciated znd the desree of ossoci-
atlen Increases with concentraticn{ISV).

The addition of nonpolsr cempounds to solutions
of 2luninum halide lowers the specific conductivity
of the snlutians(75). Conpounds such as stennice
bromide, stannic chloride, carbon tetrachloride
and so forth, do not form complexes with aluminun
galts 2nd probably decompose the complexes alrecady
exlsting between the eluminum halide snd the solvent(752
They 2lse increase the viscosity of the solution.
Even 2 8lightly polar compound such o8 arsenious
bronide causes 2 decre2se n speclilc cenduetivity,
Tor exemple, at the melar ratio of 5.8 feor arsenlous
bronlide to alwminum bromide and 0.19 for aluvainum
brenide to ethyl bronide, the specific conductiviiy
ig less than one-third of tre conductivity Tor the

g3are scolution of aluminum bromide in ethrl brouide

(168).

but in the absence of arsenlous bromide

Comparative Studyv of Deconvositicn Potential of

Aluminum Salts in Differont Scolvents, The mamitude

of electronotive force and order of deposition of

. 156
metals 1s different fer different solvents( ).

Tpon electrelysis of alksll halide-aluninum hellds-



' O

nitrebenrzene system, the slkali netal deposits on

et 156) R
the cathode « DBut upon electrelysis of alkalil

-

helide-cluninoum halide-henze

)
0

svaten or 2lkall

=y
]

Ie-glvninun helidew-athyl h2llde systen, results

vided the concentraticn of elkall salts iIs low 2s
corpsred with that ol aluainum salts.

freong three sclvents; benzene, teluenc and
xylene, the bYest deposits of aluminum are obtained
from the use of xylene(gs).

Lddition of 2 solvent to & sclutlon of aluminum
halide-2lkeli helide may Influence the transference
of aluminum(204). Epprozimately equal amounts of
aluninun are transferred to the anode and cathode in
the electrolysis of solutions of sluminum bromlde in
ethyl bromide, but when in hexsethyl benzene, nost
ol the sluainum goesz to the enode and nost of the
71 benzene oes to the catbcée(204).

The magitude of the decompositicn potentizls of
different systems cireg an insight into the streagth

of complexes snd solvatcece in solution sand it cen be

nsed as zn anslytical tool .
The electreodepesition of 2luminum 2lloys from

haliide solubtions in benzene is cesler than from squeous

acluticns because the deposition peotentials of other



w71l

metels aro ncarsr that of aluminum in benzene then
. 24

in water solutions( ).

Fxcept for the al%alil metal salts, 211 other

metal salts added to the 2luminum helide gzsve the

corresponding metel depogit on electrolysis but
g g 04_(24)
no aluninum dcneslt .

Yest heavy metals can be codenosited with
aluminun ag 2llov fron 2luminun halide orranice
nath, but the best-loockinz slloy denosita are generally
(24)

®

Th in aluninum

Eiectredeposition of Aluninum From Orzsnic

Seolutions. Ialbin(lls) obtalned & patent for the

~

devosition of 2luwinum at 1

S

v tenperat vre from a

3]

sclution of bHinary salt in lignicd contalning no

)«.a

oxygen and preferably no clement other then carbon,
hydrogen and nitrogen, as toluene, xylene or acet-
onitrile. A 10 per cent soluticn of aluminum chlo-

ride in 2cetonitrile 1 suitable., To incresse the

conductivity of the electrelyte, a substance such

vhoanhorvs triflvoride or vhosphorus
ventaflveoride, wes sdded to the smount of ebout 1

per ceat. The tesperature of the bath misht very

from O to 200 ®C and uwowards but wes proferably

110 °C. £ cathode curcent density ol 2 to 3 amperes
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per square decimeter was suggested.

(98)

Eeyes and ce-workers cotalined a patent for
the use of a mixture of tetraethyl emmonium bromide
and eluminum bromide as electrolyte. The voltage
was 22,6 volts and current density was 0,088 ampere
per square centimeter of cathode surface. The pro-
cess is sultsble for plsting steel economlizer tubes,
Yeys and co-worksrs(97) @lgo devised a me thod of
electrecdeposition of zluninum by the use of alumi-
num Griznard compounds in ether sclution,

ﬁoller(lse)

obtained & paitent for the use of

an electrolytic bath conteining an elcohol with a
beiling point considerably hisher than 100 °c &na

an &luainum salt. The temperature of the bath during
treatment was maintained sbove 100 °C; pH velue was
5.8 to 6.,0. The bath nirht contain zlycerol and
alcohols of the glycol group. Among different slumi-
num salts, s&lumlaum chloride wes preferred. £&n alumi-
num ancde might be used instead of zluninum selt,

Gray @nd co-werkers(77) obtained & patent fer the
use of an aluminum selt of an amincobenzensesulfonic
acld as the clectrolyte. A msterial to be coated was
used as cathode snd z2luminum 28 snode,

According to Blus gnd Mather(25), aluminum of

nigh purity can be deposited eaally in bright finely
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.1e in adherent form frem & solutlon mede by

ai

|3

solving metallic sluninum in ethyl bromide and
benzene. The vest precedure for preparstion of
the bath is &s Tollowst 2.5 grams of aluminum
foll, 0.1 centimeter thick warmed with a2 few drops

of bromine in & dry srlenmeyer Tlask equipped

with 2 reflux condenser until £11 the bromine has

)

ct

reacted. After cooling te room temperature, 10

¢

milliliters of ethyl brouide are added and the mix-
ture is 2llowed to digest for approximateiy 5 minutes,
Becauge of the reaction of aluminum with ethyl brom-
ide 1s exothernic, no externsl heat 1s necesssry to
stert or centinue the resction. Then 25 milliliters
of benzene are added carefully over & peried of 15
minukes. At first benzene 1s added a few dreps at

a time because of its vigorous reactlon and the
evolutioen of the hydrogen vromlde zas. Then 15
milliliters of ethyl bromide 2re added in S5-milli-
liter portions 2t intervals of 3 to 5 minutes,

Benzene and ethyl bromide cen thean be zdded in equal
porticns to mske sny desired velume of plstinz solution,
No care is necessery in addiang the benzene except for
the initial additicns as an excess benzene is used;
but othyl bromide has te be added cerefully in each

5-m111liliter portion,



As the digestlen proceeds, the mlxture sepzsrates
into two layers; the lewer containing the sluminum
compounds is deep red, while the uvoper 1s a nearly
cclorless layer of benzene. The excess henzene
upper laver protects the lower laver quite well
irom contact with the moeilsture in the alr,

After electrolyzing solutlon Tor six hours,
with an aluminum anode end a platinum cathode at a
current density of 1l.25 amperes per square decimeter,
aluminum bezins to deocosit at the cathede. The
deposits at first are dull, oray sand finely crystasl-
line. With contianued electrelysls, the deposits inm-
proved, end after operating sbout 10 hours, the de-
vosits sre bright, adherent, shite and finely crysatel-
line., The deposlt on copper, which is free from oxide,
is very edherent and cenunot e loosened or stripped
off by bendliag back and forth. Any oxide film on

the copper causcs the deposits to peel easily. The

®
2

eluminum deposits on »nlatinum are very adherent an

O

con e stripped only with 4ifflculty. Grezsing th
cathode does not decresse the =sdherence of the deposits,
hecause the zrease 1s dissolved by the benzene layer on
the bath. The 2luminum adhered well to the steels
eluminum coated steel can be heated to redness without
the deposlts reeling. The aluminum can also be adnered

well to cast iron, but not to magnesium 2nd aluminum.



The bath has e current efficiency of 60 per cent

and more at beoth electrodes and a throwinz power

as high as 28. The heth does not deteriorste and

can be operated Indefinitely if moisture is excluded.
‘Toluene, xylene, B-tetrahydrenaphthalene and

keroscne may be substitubted for benzene under certain

conditions as can ethyl chleride, methyl chloride

and cthyvlene dichleride feor ethwl bromide,
1 - (214) [ A T A M ] 2
Wyllie gpeated Blue and Mather'!s experi-

4

ment with 2 pure alwminum anode‘and 2 steel cathode.
Using a curreﬁt lensity of 1 ampere per sguars deci-
meter, st room tempersture, he obtained goed, ad-
herent, oright deposits after the eledétrolyte has:
been worked some time. Mo perceptible stress, either.

xpensive or contractive was observed on the ccating.
X-ray diffraction showed thet the danoaits vere of
srain size of 102 tp 10~3 centimeter and were random
in orientatien.

Iater, a aew, cheaper and a more c¢fficient bath

vas reperted by Blue and %ather(zs), This bath con-
teined the condensetlon cr reactlion products formed

vhien sluminum chloride 2nd z2luminum bromide gre dig-

solved in athyl breside ead bengenes, Alse, hydrogen
tronide and hydrozen chloride vielded condensation

preducta in benzene wlth sluminum bromide a2nd slumi-



nun chioride from which aluminum could be de-
peslted electrelytically.

The precedure for prepzring aluminun broaide
beth wes 2s felbwa: The cnhydrous aluminum bromide
was dissolved in dry benzene by gently hesting
The solutlion was cooled to room teaperature, and
varying eanounts of dry ethvl brealde were 2ddedy
a deep red condensatlion product resulted. Any
excess of aluminum from the preparatlon of aluminunm
bronide reacted with ethyl bromide znd censlderable
hydvezen tronide was evolved. Approzimately 1 milli-
liter of ethyl Dromide for sach ~rem of -aluminum
bronide formed the most efficicnt bhath., Yo satis-
factory aluminum chlorlde bath ceén be mede, For
nixed erleride snd broaide beth, the oest results
vere obtalined with equal parts of two aluminum sslts.

tgsslvinge saluniaum chlo-
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ride and 2luaminum broride ia benzene, the resistance
¢f the bath was very hiligh, but 1t could be improved
by first fusing together the sluminum chloride and
aluminum bronide sand then sdding the fused salts to
the benzene,

Toluene end xylene 1n the bath have 2 brishtening
effect. Xylene has more of 2 brishtening action than

an eguivalent welsht of toluene. The best composition
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suggested results from disselving 20 grams of
aiuminum chloride in 80 milliliters of benzene aad
adding 40 m1lliliters ethyl bromide and 40 milli-
liters of xylene. The averaze cethode cfficiency

ls above 75 per cent ond the aneode efficiency is
sbove 100 per cent, The conduciivity of the baths
varied conslderably, With continned electrolysis
there was a2 gradval decrease In the cenduetivity
becsuse of the decrease In the concentration of

ethyl bromide, which wes due to the resctlon of ethyl
‘bromide with aluninum anode., This decrease could

be remedied by addinz small eamounts of ethyl bromide.
The bath had z long 1ife. One bath of 50 milliliters
was operated 8 te 10 nours dally for three months
with excellent results.

n of Aluminum TFrom "Onium" Solts, Audrieth

showed that fused emmonium nitrate dissolved
in 2l wminun nitrate, other nitrates and carbonates., The melt
is & good conductor of electricity, but it is toe strongly
acid to permit the electrodeposition 6f metals, This is one
of the exaaples to show that "onium" sslts are acids, as set
(33)

forth by Bronsted . The scid cheracter of "onium" salts
was further shown by the solubility of various metals, oxides
and salts in the fwed pyridine hydrochloride as expected

by Auérieth, Lenz and Edwards(IS). They &lso found that wmany



of these melts . conducted the clectrical current readily,
However, metallic deposits were cbtained cnly in the
followlng instsnces: melts prepared by 2ilessolving lead
cxlde and antimonous oxide in fused pyridine hydrochloride;

melts prepared by dissolving arsenious, bismuth, mercuric,

DJ

plumbus end stannoug chloride in fusged pyridine hydrochlo-

rides; and from the fused deuble salts AsClS.(CSHBM.H01)3’

BiCl;.{C H N.HC1), and Sb0l,.(C I N.HC1), and later (14)

CoC;z.(C N. HCl) The less active metals: arsenic, vilemuth,

5
and antinony could be res

0

geod crystalline deposite' ™7/, Zercury collected oa the
cathice in the form of smell glcbules., Cobalt gave a
lustrous plate while tin deposited in the form of loose,
metallic flakes. Attempts to deposit the more sctive metals,

such &8s aluminum, etc., were unsuccessfml(14).

This diffi-
culty may be solved il the hydrogen atom ccusing aclidity in
fused pyridinium compounds 1s replaced by some other greoup,
such as an alkyl zZroup.

Hurley's patent(gz) shcews that a fuszed bath can be

> o

made cof an H-zlkyl pyridinium halide end an onhydrous fused

-
1

zluminuwz nallcde, preferebly in various anhydérous fused ridi-
>

niuvm compounds, particularly ethyl pyridiniuvm bromide, ethyl

pyridinium chloride, ethylene dipyridinium dibromide and

ethylene dipyridinium dichleride. Generally, the tath com-

pesition snould bLe such that the pyridinlum eation is net



reduced at tihe cathoede. In any case, if the aluminmm
cnlorice concentration is too low, the aforementioned
reduction of pyridinium catlon occurs at the cathode,
whnile if the sluminum chlorlde concentration is too hich,
the plste w11l contain what appears to be occluded alumi-
num chleride., Two wmoles of sluminum chleride te one mole
of halice or nitrogen ater in the pyridiniuwm szlt is the
opiimun ratioc. In the cose of the aluminum chloride and
ethyl prridialum bronide, the content of the lztter com-

pound may vary between 30 and 40 mole per cent.

)

The tenperatuwe of the bath wes slso suvbjedted to

investigation in connection with that pstent. Toc low
a temperature results in low conductivity end produces
spongy depogits. At hizh temperaturces, alumlinum chleride

will distill frﬂm the bath and the decovoositlon of the
electrolyte may occur. Tor ethyl pyridinium bromide and
aluminum chlorlde, temperstures varied in the range from
40 to 150 OC, dependlinzg on the compositien of the bath.
The preferred tcmperature for 2 2 to 1 molar ratio of alumi-
num chloride to ethyl pyridinium bromide 1s 125 og,

The Optimum cethode current density for baths of
this type is approximately 0.5 ampere per square decimeter.
Those ootained at current dengity much lower than 0.5 am-~
pere per sguare docimeter are ususlly white end dull, whergf

as at current denslty somewhat hicher thon this value they

are usually gray snd dull., Only at this preferred value



are bright and shiny plates obtsined. In cells in whiech
the anoce and the cathode are about 1.5 inches apart,

two or thrce volts are empleyed. In genereal, the snode
should be as larse as, or larser then the cathode objedt,

Vieir and COwWOTkCPS(zoz)

cotained a patent for elec=-
troplating with alualnum 2t room tempersture from 2 liguid
mixture of W-substituted 2lkyl pyridiniwn chloride or bro-
mide and ol wsiioum chloride in the presence of an ¢xcess of
benzene or its derivatives.

Gred plates of aluminum can hHe obtained when the nitro-
gen substltuted allyl haelids is the ghyl derivstive. The
proportion 5? aluninun chloride to ethyl cyridiniuwm selt in
ths bath should be suproximetely two moles of aluminum chlo=-

ride to one mole cf either niltrogen or nalide in the pyridi-

niuvm salt.

s

ine an

Sueh a beth is exployed in platiang by provi
aluminum ancde, and & cathede ob ject which ray be of iron,
copper, brass, broanze, lead, nickel, tin or the lilke, Ziac
should not be used because 1t usually reccts with the bath.
When the current 1s psssed between the clectredes, aluminum
disgolves 2t the =nede and is deposited uvpon the cethode,

For example, a wixture of 33.3 mole per cent ethyl
pyridinium bremide cnad 66.7 nmole per cent sluminum chloride

-

g added until the ~ixture is satu-

'y

is prepered znd toluene

rated and excess toluene Tloats on top. The bettom layer
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is the plating solution. Very bright and shiny plates
can be obtained at current densitiss between 0.5 and
1.0 ampere per square decimeter,

Weir(zoz) further snowed that the plates secured
by aluuainum chloride and H-substituted pyridinium halide
bath with or without benzene or its derlvatives, with
direct current alone are brittle and tend to crack, bresk
or flake away from the base, particuvlarly 1f the article
is repeatedly flexed. With the sa=ne bath, 1f a suitable
alternating current is superimposed on thé direct current,
adherence of the plate to the bese metal 1s incressed
with the result that the articles can thereafter be worked
‘and bent to shape., Furthermere, the plate secured is more
waiform and, in addition, its thickness can be increased.
At the same direct current density, the voltage reaquired
is lecwered somewhat. In additien, higher cathode direct
current densities can be used to obtsin plates of the same
general type as with direct curreant enly.

X-ray examlnation of plates msde in accordance with
the present invention shows that when dirsct current alone
is employed, the plates consist cf partly oriented, small
crystals, whereas when the slternsting current i1s impe ed
in addition, the plate is cecmposed of large crystals which
are not oriented. TImproved adherence and other properties

of the plates are probably accounted for In this way.



The best results are obtasined when the rcot-mesn-
square vaelue of the altoernating current 1s 2 to 3 times
the value of the direct current. At lower retios, the

improvement 1n adhereance diminishes until, &t a vretio of

about 1 to 1, the effect is very small, If, howevar, the
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nish, the »nlates beccere burned. The most de-
sirable ratio of zlternating curreant to Girect current

depends somewhat on the deslzn of the cell, the direct

®©

current density enpleyed, and the tyvpe of the plate de-
sired. When hlsh current densities are desired, the
raetio of &#lternatinz current to direct current should be
Increased. Likewise, when thick, nonbrittle deposits are
to be obteined, the retiec should bLe increased. The exact
value cf the ratic is usually not highly critical &nd can
reaedily be deterzlned for a2 ziven set of conditions.

The direct current and slternsting current voltages em-
pleyed are usually lew (of the order of few velts, usually
less then 10) anéd depend vpon several factors meanticned
previcously.

The pletings obtained wnder these conditions were
brishter, wmore sdherent, sndé it wes possible to increase
the thickness to 0.030 millimeter without lowerins the
duvectility. The ususl thickness cf the deposit for direct

although plates of 0.025
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curreat only was 0.00

nillimeter could be obtained. High current densities, os
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much as 100 per cent zreater, could be used with the

superimpesed elternating current.

In a report by Scfranelk, Schickner snd Faust! 184)

cn electroferming methreds for menufacture of wave guides,

an sccount is given of Turther investizetien of the

k]

¥

system sluainum chlorife, ethyl njridinium bromide snd
toluene.

The principal path used for thé eleétroforming of
wave guides was:cmmposed of 35 pafts of the ethyl oyridi-
aivm bromide-zlvminum chleride fusion product dissolved
in 64 parts, by velume, of toluene, corresponcing to 49
parts, by weight, of toluene. B«ths tie t were opersted
continucusly for more than 40 devs, without replenishing
deteriorated so that the electroforms produced were de-
fective in den 1ty and outer surfsce smoothness. To pre-
vent this deterioration, the specific grevity of the bath
wag maintained at 1.11 to 1.135 and the welght fraction
of toluene at 0.4% to 0.48. These conditions were neld
censtant by the replacement of 1.8 per cent of volume with
fresh bath every three days. The new bath sdded contained

1.2 per cent me}hyl tertlary buty% ether which resulted
in a long-lasti%g gncothening of éhe depogits,

The substitution of the fellowing additlon agents for
methyl tertlary butyl ether glso resulted in smooth dc=-

pesits: dlethylaniline, di-o-toclylures, diphenyl oxide,



di-o=tolylthiourea, dichloroethylene, pyfidine, quinolines,
butyraldehyde and ethyl ether, Of these sdditives, only
ethyl ether could e used without seme 9licht degrading
of the deposit such as treeing, porosity, nodularity, or
cracking,.

When electroforming was accomplished wilth the use of
direct current only, the plates were ductile and smooth
but so high stressed that they usually cracked in a short
time,

The superimposition of zlternating current on the
direct current decreased the dislodgement of sludge
particles from the plates, and this decresse resulted in
smoother, less nodulsr sluminum plates, The best ranges
for the cathode current density were found to be 8 to 12
amperes per square foot for the alternating current, TFor
the anode, the best ranges of current densitles were 1 to
S amperes per square foot for the direct curreant and 10 to
12 amperes per square foot for the sltermsting current.
The potentilal differences belween the cathode and the anode
were l.5 to 2.0 volts direct current and 1.5 to 2.5 volts
alternating current, The bath tempersature was maintained
at 83 to 87 °F. HNitrogen, employed for the szitation of
the bath, was used at the rate of 6.5 to B cublec feet

per hour.



General attempts were made to reduce the cost of
operation of the bath contsining ethyl pyridinum dbromide,
aluminum chloride 2nd toluene, OCommercial toluene, which
had been dried over calcium sulfate, was used setisfactorily
In place of chemical purs tcluene, The substitution of
cormercial sluminum chloride for the resublimed cempound
wes not satisfactory for making thick-wslled electro=-
forms, but 1t 1s expected to be usable for thinner coatings,

It was found that recyeling of the anltrogen gas, used
for the agltation of the bath, might be feasible if all
the hydrogen halide vapors would be removed. An acild-
absorbing tower containing sodium hydroxide pellets re-
moved &all but 00,0002 gram of hydrozen chloride per cubile
foot of nitrogen gas. It was not certain whether this
small amount of hydrogen hallide veépors or other impurities
were the cause of nodularity on the slectrolorms. The
substltution of carbon dloxide gas for nitrozen as the
azitating medium resuvlted in powdery deposit of aluminum,
Mechanicel agitation did not prove satisfactory, since the
action of the propeller tended to loosen sludge particles
from the enodes) the sludge particles made the deposits
less ductile and not &8s smooth as those obtained with sgl-

tetion by nitrogen gas.



ITI. EXPERIZENTAL

The experimentsl secticn includes a stetewent of
the plen of lavestigation and an outline of the plan
of experimentetion. The materlals and apparatus used
are descrlbed. The methods of procedure used in the
experimental work, the data obtained 1a the experiments,

the calculated results, and sample of calculations are

presentsade.

Purpose of Investigatlion

The purpose of this investlzation wes to study the
possibility of usling, as the celectrolyte for the deposition
of aluminun, systems containing eluminum phosphate dissolved

in fused horate 2and phosphate mixtures.

Plan of Experimentetion

Iiterature Review., The litersture was reviewed, cover-

ing the follewing items: the principal pepers dealing with
the eveluation of varicus methods of electrodeposition of
aluminum were reviewed; the literature con phase relaticns
of aluminun salts with other salts, ¢lectrochemical studles
of the nonaqueous sclutions of aluminum salts and the »nro-
perties of the electrodeposited sluminum coating were sur-
veyed and information oan experimental techniques and appa-

ratus was examined.



Experimental Work. TFor the system, the first

step in the iavestisation was tc ovbtain the chemicals
necessary elther by purchzse or by synthesis.

The second step was to find the suiteble, working,
"f£luid range" of the system under study.

The third step was to study the corrosive preperties
of the electrolytes chesen, in order to find the suitable
containers.

The fourth step wes the determinztlion of the electro-
chemical properties of the electrolyte which included
electrical conductivity, decompositon potentlal, and elec-
trodepesition work.

The last step in the investigation was to study the
properties of the deposits. ilechanisms of the electro-
chemical resctions were then proposed.

The results obtained from the studies were evaluated
by tebulation, sraphicsl interpretation (where sultable),

and by discussion.



Materlals

The followlnz materials were used in the investi-
gation for the electrodeposition of sluminums

Acig, Boric. U. S. P., lot No. 11, produced by

Pacific RBorax Co., Wew York, N. Y. Used for prepering
electrolytes.

Acild, Hycérochloric. C. P., lot Wo., E407014, obtained

from General Chemicel Co., New York, N. Y. Yor miscel-
laneous use.

Lcid, Hvdrochloric, Specific zrsvity 1.19, tested

purity, A. C. S., distributed by Fisher Scientific Co.,
Siliver Spring, d. Used for analysis.

Eeid, Witric. C. P., cbtained from General Chemical

Co., New York, N. ¥. For wmiscellancous use.

Acid, Sulfuric, C. P., lct Ho. BEL406026, obtained

from General Chemical Co., New York, N. Y. For miscel-
laneous use.

Aluminum, iHetal Foll., Thickness 0.13 mm, width 152.4 wmm,

Distributed by Fisher Sclentific Cec., Silver Spring, M4d.
Used fer preparaticn of the black powder.

Aluminum, Sheet. Alloy 3SH1l4, containing 1.2 per cent

mangzaness, obtained frem Keynolds Metal Co., Louisville,
Ky. Used as material to prepare anode.

Aluminum, Wire, B.Z 8. gauge No. 14, distributed by
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Fisher Sclentific Co., Pittsburgh, Pa.

Aluminum Phosphete. Powders, purified, obtained

from Fisher Scientific Co., Silver Spriag, #d. Used in
the electrelyte.

Ascarite. Lot No. 2246, 20-30 mesh, Svpplied by
Arthur H. Thomas Co., Philadelphia, Pa. Used for quanti-

tative determination of carben dicxide.

Barium Hydroxide. Anhydrcus powder, tested purity,

distributed by Fisher Sclentific Co., Silver Sprina, Wd.
Used in the qualitative test for the carben in the black
powder,

Copper ietal, Strip, commercial grade, .8 mm thick,

distributed by Fisher Scientific Co., Plittsburgh, Pa.
Used to make the copper cathode.

Copper, Wire, B. & S. gauge No. 18, distributed by

Fisher Scientiflc Cc., Pittsbursgh, Pa. Used for electrical
cennections.

Lithium Carbongate. Cowmmercial powder, supplied by

Foote Minersl Co., Philadelphia, Pa. Used to prepare clec-
trolyte.

Maznesivm Oxide. Heavy powder, U. S. P. grade, sup-

plied by ierck % Ce., Inc., Rahway, N, J. Used to line
the plumbage crucible.

waonesivm Percnlorate, Anhydreous, manufactured by

&. ¥rederick Smith Cremicsl Co., Columbus, Ohlo. Used in
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the gquentitative determination of carbon dloxide in the
fused electrolyte.

Plaotinum, Feil. hickness C.0%6 ma snd width 152.4 wmn,

“

tributed oy Fis

5

her Scleantific Ce., Pittsburzgh, Pa.

e
4]

a
Used tc prepare electrodes.

Pletinum, Wire, B. & 3S. gauge No. 24, distributed

by Fisher Scientific Co., Plttsbursh, Pe. Used to connect
rlatinum slectrodes to the source of electricity.

Potassium Acld Sulfate. Fused powder, tested purity,

& .

A, C. S., supplied by Fisher Scientific Cec., Silvser Spring,
#id. Used to fuse black powder.

Sodium Carbonate. Aunhydrous powder, C. P., cdistributed

oy Fisher Scientific Ce., Silver Spring, iid., For miscel=-
lanecus use.

Sodiuwm iietsphosphate. C. P. grade, cbtained fronm

3

General Chemical Co., New York, N. Y. Used to prepare the
fused alectrolyte,

Sodium Peroxide. Powder, tested purity, A. C. S.,

obtained from General Chemical Co., New York, N. Y. Used
to fuse hlack powder.

Sodium Pyrophosphste. Crystal, tested purity, A. C. S.,

distributed by Fisher Sclentific Ce., Plttsburgn, Pa. Used

to prepare the fused electrolyte.
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Apparatus

The following appsretus was used in the borate in-
vestigetion of the electreodeposltion of aluminum:

Ammeter. Direct current, 0-3, 0-1% anpere ranges,
model 485, serial number 62894, manufactured by Weston
Electric Instrument Co., Newark, ¥. J. Used to measure
the current in electreclysls circuit.

Balance, asnalytical. Capacity 200 grams, sensitivity

0.1 gram, manufectured by Seederer-KXohlbusch Ceo., Inc.,
Jersey City, W. J. Used to welsh samples and electrodes.

5

Belance, beam. Capacity 1600 grams, cobtalned from

I'isher Sclentific Co., Pittsburgh, Pa. Used for weighing '’
chemicals for electrolytes.

Batteries, dry cell, Eveready, number &, National

Carbon Divislon of Union Cerbide a2nd CGarben Co., Atlants,
Ga. Used for potentiocmeter.

Batteries, storagze. liodel 1724AN, 24 velts, manu-

factured by Delco-Reny Division, General itotors Corp,,
Enderson, Ind. Used as source of direct current.

Crucible, slundum, melting. WNumber C, 70 mm dlameter

of rim end 120 mz high, available from Fisher Scientifie
Co., Pittsburgh, Ps. Used te fuse boric acid with metallie

aluminum.



Crucible, ampco. Self-made from ‘'ampco metel, grade

15, extruded rod', 76.2 mm diametcr gad 127 mm long. The
composition of the metsl: copper, 87 per cent; aluainum,
G per cent and 1ron, 3 per ceat, supplied by the Awupco
#ietel Co., Milwaukee, Wis. Used for determination of the
corrosien of the electrolyte.

Crucible, srmco iron., Extra hesvy, 54 mm diameter

and 36 mm high, supplied by Fisher Scientific Co., Pltts-
bursgh, Pa. Used for the corrosion test for the electro-
lyte.

Crucible, zraphite., Self-made from 'L3 plain acheson

gravhlte', 31.8 mn inside dlameter, 101.6 mm high eand 2.5 mm
thiclz, supplied by MNatlonal Carbon Division of Uanion Carbide
and Csrbon Co., Atlanta, Ga. Used for the determination

of fluid range of the electrolyte.

Crucible, graphite., Self-made from 'L3 plain acheson

graphite', 50.8 mn inside diameter, 101.6 mm higzh and 1.1 mn

[

hick, supplied by HNational Carbon Division of Union Carblde
and Cerbon Co., Atlanta, Ga. Used as the electrolytic
cell.

Crucible, nickel., Diameter at top, 60 mm sad helght,

64 mm, supplied by Fisher Scientific Co., Pittsburgh, Pa.

Used@ for corresion test for the electrolyte.



Crucible, platinum. Capacity, 20 ml, supplied from

J. Bishop & Co., Platinum Works, ialvern, Pa, Used for
corrosion test for electrolyte and for snalysis.

Cruclble, plumbsgo. Dismeter 2% top, 60 mm and

neight, 75 mm, obtained from Iisher Sclentific Cro.,
Pittsburzh, Pa. Used for the corrosion test for elec-
trolyte.

Crucible, porcelain, coors. Wide form, number 4,

81 mm diameter a2t top and 52 mm hish, supplied by Fisher
Scientific Co,, Pittsburgh, Pa., Used as the electrolytic
cell,

Crucible, silica, opaque. Diameter of rim, 58 mm and

heizht, 36 mm, supplied by Fisher Scientific Co., Pitts-
burgh, Pa. Used for fusing the black powders with potas-
sium acid sulfate,

2

Dish, platinum. Capscity, 200 ml, supplied by J.

Bishop & Co., Platinum ‘Yorks, lMalvern, Pa. Used as the
electrolytic cell,

Furnace, crucible, Heskins electric. FD 104, dia-

meter of heating chamber, 127 mm, depth of hesting chamber,
127 mr, 1200 watts, for 110 volts, supplled by Hoskins
Manufacturing Ce., Detreit, ¥ich. Used for heating elec-

trelytes.
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Furnsce,

.

uffle, Heskins. Type FD 204C, serial

E}

54928, 110 volts, 30.2 awperes, wmanu’actured by Hoskins
BElectric Co., Detrelt, idich. Used for fusing metallic
aluminu+: with boric acid, snd for preparinr sluminum-
copper alloy.

Galvanometer, point tvpe. Catalog number 570-201,

manufactured by G. . Lsbeoratories, Inc., Chicege, I11l.
Used for potentlometer,

Hdeater, autenp. Variable temperature, 110 velts,

alternsting current, manufectured by Fisher Scientific

Co., Pilttsburgh, Pa. Used for miscellaneous heating

idlcroscope., Dissectlng, serizl number 1764€5, msnu-

~factured by Spencer ILens Co., Buifalo, H. Y. TUsed to
examine electredeposits,

dillismmeter, Westianshouse. U. S. Nevy type, CAY-

22065, style 1160885A, range 0-250, supplied by %Westing-
house Electric Corporation, dMeter Division, Newark, N. J.
Used for tne weasurement of the current in electrolysis
circuit.

Millisamnmeter, Westinzhouse. Direct curreant, U. S.

Navy type, CAY-22059, style WG-41610-5, type NX-35, range
0~-100, supplied by lViestinghouse Electric Co., Meter Division,
Newsark, N. J. Used for the measurement of the current in

the electrolysis circult.



illscellaneous, laborstory, slasswares and equipment.

Supplied by Fisher Scientific Co., Pittsburgh, Pa.

Oven, electric utility. »odel number OV-8, serial

nunber 8-270, 110 volts, current 5 amperes, a2lternating
current, manufactured by Medera Electric Leboratory, Chicago,
I11. TUsed to dry spparatus and cheaicals,

Potentlomster, Flsher type S. Two rangés: 0-0.017

and 0-1.70 veclts, supplied by Fisher 8cientific Co., Pitts-
burgh, Pa, Used to mea2sure tlhie millivolts senerated by
the thermocouple.

Protection Tube, smpceo. Inside dlameter, 3.2 mu,

outside diameter, .95 mm and leungth, 140 mm. Self-made
from ampco metal grade 15, sextruded rod, the composition
of the metal: copper, 87 per cent, alusinum, ¢ ver cent,
and iron, 3 per cent, supplled by the Ampco ietal Co.,
iillwaukee, Wis. Used to protect the iron-constantan ther-
mocouple.

Protection Tube, oraphite., Inside diameter, 3.2 mm,

length, 140 mm. Self-mede from .95 mm dlameter LG plain
acheson graphite rod, suppllied by National Carbon Division
of Union Carbide and Cerbon Cov., Atlanta, Ga. Used to pro-
tect the iron-censtantan thermocouple.

Protection Tube, porcelein. Diameter, 6.4 mm, length,

305 mm, supplled by Wheelco Instrument Co., Chicego, Tll.

Used to protect the iron-constantan thermocouples.
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Rheogtat. Variable, 110 volts, capacity, 11.8=5
amperes, alternating current, obtained from Flsher
Scientific Co., Pittsburgh, Pz. Used to ccntrol the
Hoskins crucible furnace,

Fheostat., BSliding contact, resistance, 125 ohums,

i3

current capacity, 3 amperes, cbtalned from Phipps and Bird,
Inc., Richmend, Va. Used to control the voltaszes and amperes
in electrolysis circuit.,

Fheostat. Variable, 110 volts, capacity, 30-15 amperes,
alternstiang current, obtained from Fisher Sclentific Ce.,
Pittsﬁurgh, Pa. TUsed to contrel the muffle furnace,

Standard cell, Epplev. Cadmium, unsaturated, Internsl

reglstance less than 500 ohms, manufactured by Zppley
Laberatory, Inc., MNewport, R.I. Used te standerdize the
potentiometer.

Thermoneter. General laborstery, encraved stem,

mercury filled, C.ntigrade, 75 mm immerslen, range: -5 te
200 9, subdivisien 1 OC and 350 mm long, supplied by
Figher Scientific Co., Pittsbursh, Pa. TUsed to measure
the temperature for milscellaneous purpeses.

Thermnocouple, plstinum-13 per ceant rhodlum platinum.

B. & S. gauze 24, 457 ma long, obtained from Vheelco Instru-
ment Co., Chicago, I1l. TUsed to measure the temperature
of the electrelyte.

Thermocouple Insulaters, porcelain. Oval type, bore




diamcter, 0,71 mm, thickness, 2.18 mm, width, 3,56 mm and
length, 76.2 man, supplied by Brown Instrument Division,
Ninneapelis-Honeywell Hezulator Co., Washiagton, D. C. Used

for the iasulation of thermccouple.

Thermocouple Wire, constantan. B. & S. gauge 22, Wheelco

coastantan wire, supplied by Wheelco Instrument Co., Chicago,
I11. Used to prepare the iron-ccastantan thermoccuple.

Thermocouple Wire, iron. B. & S. pouvge, 22, Wheelco iron

wire, supplled by %Wheelco Instrument Co., Chicageo, Ill. TUsed

tc prepare the iron-censtentsn thermocouple.

Method of Procedure

The method of procedure used in this investization wes
as follows:

Analvysis of Raw Matoerials. The ancunt of the materiasl

inseoluble in alcohol and"the materisl nenvelatile with
methenol"in the boric scid used were determined strictly
according to the methods recommended by "A. C. S. Anslytical
Reagents"(lo).
The carbon dloxide content of lithium carbenzte was de- »
termined by the direct method su=zgested by Folthoff and Sandeg%?a)
The phosphoric oxide content in the aluminum phosphate

was determined by the method feor phosphoric oxide in phos-

phate rock azs suzgested by Kolthoff sand Sandell.



The ILimitine Compesition Curve, Boric Acid and

.

Alkall Carvonate Mixture. The limit-composi tion as used

here, meang tne maximum numbar of woles of alkali carbonates
wnich are completely deconposed by one mcle of beric acid.

Yhen the plstinum dish wes used teo fuse 8lkzll carbon=-
2tes wilth boric ascid, ite less in weizht was nezliglible ss
compared with the leoss in weight of chemiecals on-fusion.
One melec of boric acid and one and one-half moles cof
&lkalil cerbonates were used for esch detecmingtion. The
composit ion of the zlkall-cerbonate nixturews 0, 20,

3%.3, 50, 66.7, 80 and 100 mole per cent sodium carbonate
in the sodium csrbonete-lithium carbonate mixture,

The chenicals were welzhed to an sccura2cy of 0.1 gram
and thoroughly mixed on glazed paper. The platlnum dish
was welghed to an accuracy of 0.1 gram and was then put
"into the crucible furnace., The mixture of voric acid and
elkall csrbonates waes then transferred to the platinum
dish in the furnsce with & spatuls, until the dlsh wes
ene~third full, The furnsce was then heated and the rest

of the nixture was crecusl 2dded to the platinum dish
2 A5

k)

1y
efter the contents of the 41

sh had been fused. In this way,
the spattering loss of the fuslon mixture 1s kept at ¢
minumum. Aftor 211 the mixture had been added to the
cruclble, the furnace was greaduclly heated to €00 °c. Vhen

tne mixture was completely fused, the fuvrnace was covered



and heated to 200 & 20 °C snd nsintained st that temperature
for three hours, The furnace was then cooled. As the
temperatiure dropped helow 60 °C, the platlnum dish was

taken out and cooled 1In a desicator. After it had cooled,
it was weighed with an accuracy of 0.1 gram. The platinum
dlsh and its content was reheated to 900 & 20 ©C, cooled

end rewsighed. After & third heating, the pletinum dish
end its contents usuvally reached s éonstant weight,

After the undecomposed carbonstes remalning in each
bateh were calculated frem the loss in welzht, a new mix-
ture was prepared by gantitatively reduclng the welgnht of
excess carbenates used in the original mixture. The new
mixture wes tlien fused ian th plétinum dish, heated to
900 # 20 9C, and weighed as bufere.

The temperature ol the bath wos mezasured with a plati-
num-rhodium thermocouple attached to a poteatiometer., The
schematic diagram of the thermocouple connectlons is shown
in Fisure 3. :

Part of each fused mixture, after weighing, was removed,
dissolved in watzr, snd tested for the presence of csrbon

dioxlde by acddition of 3 -normal hydrochloric acid.
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Fluld Range of Nag0-Lig0-Bp0z System. The fluld

range Was‘éetermined by visual obscrvation with the help
of & cooling curve.

An iron-constantan thermpocouple was used for measuring
the temperature,‘in a graphite pretection tube.

Befere this therunccouple was used, it was calibrsted

azainst the belling peint of water, and the melting points

raiy

of tin, lead and antimony, & standard tempereture-millivolt
: A . 21l 207) . 4
curve was drawn from published dsta . On the sane graph

1

the experimsntal points were located, then =z curve pvassing
(hirough these four experimental points was drawn to parallel
the standard curve., This newly drawn curve wzs used to
determine the tempersture from experimental millivolt read-
ings,.

Mizxtures of veariovs compesitions within the limitiag
compositien curve on the Hazo-Ligo_Bzos triangular dlagramn,
were prepared, and the fluid ranses of these mixtures were
determined. For Nag0-Bs0sz system snd Lig0-BgOz systems,
most mixtures with beric oxide content zreater then 50 mole
per cent posseses high melting peints, and therefore were re-
jected. Some of them have a melting point below 680 °C,
but they are in the viscous region, with 8 resulting fluild
range higher then €80 °C. Therefore, no determinations
were made for these twe systeme in the range of boric oxilde

content greater than 50 mole per cents
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For Na20'5120-B205 system, in the region of boric
oxide content greater than 50 mole per cent, twe points
with the LigO to HagO ratioc equal to 2 to 1 were selected
for fluld-range determinctien. Because the fluid renges
at these two peints were high, no further mixtures with
boric axide content greater than 50 mole per cent were
taken for determination of the fluild range.

Fer the HegO-Lig0-Bglz system, the mixtures used
for fluid-range determlnstions, were made with fixed
ratios of LigO to Nag0 of 1 to O, 9 to 1, 4 te 1, 1.34 to
1, 2 to 1 and 1 to 1; but a varied content of boric oxide.
For each set of such determinations, the mixture with an
upper value of fluid range at 660 and at 600 oC was then
Getermined by interpolaticn. On trianguler coordinate
paper, ailxtures pessessinz the upper-iluvid range at 660
znd at 600 °C were then located. Two isothermal-conposition
curves were then plotted by connecting these two sets of
isothermal points. The area encircled by the 660 °C upper-
fluid renge and the limitinzg composition curve on the
Nans0-Lig0-Bo0s triengular diasram is a possible workiag
region of the system from which mixtures were taken out for

electrochemical study.
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Effect on the Fluid Ranse of Adding Aluminum Phos-

phate to the Fused Borates. In a graphite crucible, 30.9

grams of boric acld and 79.5 grsms of sodium carbonste
were fused. After the content was thoroughly fused and
heated to 300 ©C for four hours, it wes cooled to 600 °C.
Aluminum phosphate was added to the fused liquid, heated
and stirred, uantil s homogencus mass was formed. The re-
sulting liquld was then used to measure the fluid range
in the Nag0-Li20-B203 system. Five different quantitiles
of aluminum phosphate were added into the flve fused mix-
tures and the fluid ranse of each mixture wes determined,

In a grapnite crucible, 30.9 grams of boric écid,
30.8 grams of lithium carbonate and 22.1 grams of sodlum
carbonate were fused. After the mixture was thoroughly
fused and heatesd to 200 ®C for four hours, it was cooled
to around 600 °C and used to dissolve various quantities
of aluminum phosphate. The resulting solutions were used
to determine the fluid range as before. In this case, eizght
determinations were made.

Corrosion by the Fused ¥ixture, 5Nag0.10Li0.8B203.

A preliminary test was made by fusing a mixture of 30.9
grams of borle acid, 30.8 grams of lithiun carbenate and
22.1 graws of sodium carbonste in a grephite crucible.
After the mixture was thoroughly fused and heated to 900 °C

for four hours, it was ccoled te sbout 650 to 700 °¢,
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Small pieces of porcelain, nickel sné stez2l were imnersed

0 the fused 1liquid one by che snd the corrosion was

il
cr

n
cbserved,

As nickel weg not attacked under this condition, a
nickel crucible was then used to fuse & mixture of 61.8
srams of voric acid, 31.7 grams of lilthium carbonate and
44.2 graems of gsodium carbonate under exactly the same
condition describcedé sbove. Agaln corroslion was observed.

Because tne result of this test was entirely different
from thset in the preliminary test, the experiment wss re-
peated with crucibles made of anpco metszl, armco iron,
plumbago, porcelain, and platinum.

Decomposltion Potential of the Fused Borates and

Borate-Phosphate iixture., A mixture of 123.6 grams of

boric scid, 125.4 grsms of lithlum carbonate snd 832,
crame cof secdium carvoaate was thorousghly fused in a graphite
crucible. The fused mixture was then cooled to 560 + 10 ©C
snd meintained st that tempersturs.

%Wires directly connected to the sluminum snode and
plza tinum cathode were sealed in 5 mm glass tubes. Such
glase tubes were in turn fixed on a 15-millimeters glass
tube with asbestes cloth and nichrome wire, so as to main-
tein a fixed distance of 2.5 to 3.5 mn between two clec-
trodes., The distance betwesn two electrcdes can bs slightly

adjusted by moving the small zgless tubes up and down along
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the large glass tube,

Direct current was cbtained freom storage batteries.
The electromotive force epplied to the cell was adjusted
with & rheostat. The schematic diagram of the whole cir-
cuit connection was showa in Pigure 4.

Voltase applled to the cell wss increased in steps,
and the current readings were taken et esach voltage after
the reading became stable. Decompesition potential was
obtazined by plotting the voltage agalnst the corresponding
current regding end extravolating the straight portion on
the chart to zero current.

One experiment wes made with & platinum cathode and an
aluminum anode.

A second mixture was made by melting the ssme ingred-
ients as before; then after this was thoroughly fused, 18.7
grams of eluminum phosphate were added oraduslly to the
liquid with stirring. After the centents of the crucible
had melted to a homogenous mass, it was kept at 600 ¢ 10 °C
for the determination of decomposition potential.

Two other runs were wmede with plastinum cathode and

platinum anocde,
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A—AMMETER
B—BATTERIES

C— ELECTROLYSIS
CELL

R—=RHEOSTAT
V—VOLTMETER

FIGURE 4. ELECTRICAL DIAGRAM OF CIRCUIT

USED FOR THE ELECTRODEPOSITION
OF ALUMINUM
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Unstesdr Zlectrolvsis in Fused Beorate~Phosvhate and

Borate Mixtures.,. Fluctusztions of current at constant

voltaze when the melts were clectrolyzed were observed
end experimentsg were carried out To determine the cause.
An electrolyte of 2.4 per cocnt elumnlnunm phesphate and 20.6

per cent 5Na20.10L120.5B205 was prepared by fusineg a mix-

[0

ture of 1885.4 zrems cof beric acid, 185.1 grams of lithium
carbonate znd 132.6 grams of sodiuvm carbonate in & cranhite
crucible., After the mixture wag thorcughly melted ang
tecsted free from carbon diloxide on treatment with 3 normal

hydrochloric acld, 27Y.1 grams of aluminum phosphate were

sradvally added Into the liguicd with stirring. After the

n

content in the crucible had melted into 2 homogenous ness,
it was kept at 560 + 10 °C. An sluminum anede and copper
cathode, 2,0 by 3.0 cm were first connected to the direct-
current; source then inserted into the liguid. Tor each
test, the veltage was kept constent and the current readinzs
were recorded every rive minutes or less. A total of six
runs were mede 8t 1,5, 2.0, 2.5, 3.5, 4.5 and 5.5 volts.

An ldentical mixture was made In a graphlte crucible
and the temperature of the beth was kept at 560 & 10 °cC,
Both platinum clectrodes, 2.5 by 2.5 cm were {irst connected
to the direct current source, then inserted into the

.

liquid. The voltage was kept at 1.5 end 2.5 volts, the

electrolyte was stirred continually and the current readings



were recorded every flve minutes orvless.

To determine the effect of moisture on the elecﬁre-
lysis, water wsg added to the bath. Before electrodes
and electrolyte were meistened with water, they had to
cool below 100 °C in order to avoid explosion. They were
then molstened, reLeated to 560 ¢ 10 ©°C @2nd maintained at
that tempersture durlng elecctrolysis. Current readins were
taken at flve-minute Intervals st constsnt potential of
1.5 volts,

At the constant temperature, 560 & 10 °C, 2nd under a
censtant volteze cof 1.5, the electrodes were repcetedly
taken out aend reinserted intc the fused electrolyte to

deterrine the effect of alternat

na exposure of electrodes
to eir, The current readinzs were taken at flve-minute
intervals. The time when the electrodes were taken out
he electrolyte was recorded.
Te determine 1f the current fluctuations were as bad

as in the sbsence of aluminum pnosphate, an electrelyte of
5H850.10L120.6B203 wss prepared as before in a platinum
dish. After the electrolytes were thoroughly fused, it was
heated to 200 °C for four hours, then cooled to 560 + 10 °C
eand naintained at that tempersture during the whele neriod
of electrolysis. Aluarinum anocde anc platinum cathode, first
connected to the dlrect current source, were then inserted

into the liquid. The voltase wes kept constant at 1.5 volts
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during the whole electrolysis snd current readings were
taken at intervels of five minutes or less. Two rins

were made.

Blectrodeposition Test ia Phosphates Bath., IHorey

(139)

and Ingerson's eutectic mixture of sodium metephos-

phate snd sodium pyrophcsphate was prepared by melting
together 138 grams of sedium metaphosphate and 62 grams

of sodlum pyrecphosphete in a porcelaln crucible. ¥Yhen

the nixture was thoroughly melted, 20 grams of aluminum
phosphaete were added to the liguld. After this mixture
was melted and mixed to a homogenous mass, the temperature
of the bath was maintained at 580 + 10 ©C and prepored

fer electrolysis.

Arn aluminum anode and copper cathode, connected to
the direct-current source, were lanserted iate the liquid,
and the electrolysis observed. The electrolysis was then
repested with new electredes.

An aluminum &lloy of 75 per cent of aluminum end 25
per cent of copper waes made by meltiang together 15 grams of
alumianum and & grems of copper in 2 magnesla-lined plumbago
crucible in an electric furnace. This alloy was then used
to substitute for pure gluminum &s the anode for electroly-
sis with copper caethode. The electrolysis was repeated

with platinum anode snd ccpper cathode.



Analysis of Black Coating from Phosphsates Bath,

The black coats deposited on the copper cathode were

ignited over the bunsen flame. After this ignitiocn,

they were treated with 3-normal hydrechloric 2cid snd
then with 15-normal ammenia solution.

Electrodeposition Test in Borates Bath. The elec-

trolyte, 5Nag0.10L120.6B203, was prepared by fusing 92.7
grams of boric acid, 92.6 grams of lithium carbonate and
66.3 grams of sodlum csrbonate in a platinum crucible,

The mlxture was thoeroughly fused, and then heated to

900 & 10 °C for five hours. After e sample of the fused
liquid was coonled down to 600 #+ 10 °C and maintained at
thet temperature, the electrodes were accurately weiched,
coanected to eiectric source before being immersed in the
fused electrolyte., After electrodeposition, the clec-
trodes were taken out before the current was cut off. The
current was kept constant by varyinz the 2pplled voltage
during the run. From the duration of the run and the current
passing, the theoretical loss in weight for the anode =2nd
gain in weight for the cathode were calculated as alumlinum.

The electrodes were then repeatedly weshed in bolling
iistllled water to remove the adhering salt. They were then
dried in an oven at 110 °C, and accurately weighed again. From
the differences in the welight before and aftsr electrodepesition
test, the asctual galn a2nd less in welght were determined.

Anode efficiency and cathode efficiency were then calculated.
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Llectrodeposition Test in Borate-Phosphate Bath.

The selected mixture, SNag0.10Lig0.6Bg03, was prepared

by fusing 30.9 gramns of beric acid, 30.8 zrams of lithium
cerbonate and 22.1 grsms of sodium carbonate in a grapnite
crucible. After the contents were thoroushly fused, heated
to 900 °C for four heurs, the mixture was found free of
carbon dioxide with. 3-normel hvdrochloric acid. Then 4.53
grams of aluminum phosphate were added to the liguiéd and
heated to & homogenous mass. The temperature was then
lowered to 560 & 10 °C and maintained at that point for
thie deposition test.

An aluminum anode and copper cathode, connected to the
direct current source, were Inserted Into the liguid. During
the electrolysis, the applied veoltaze was kept constant. DBe-
cause the current was erratic, the averaze of the current
readings In the whole period of electrolysis was taken for
the calculatlon of the curreant density. After clectrolysis,
the electrodes were teken out before the current was cut
of f, in order to avoid redissolving of any depnsits.

An identical wmixture wes prepared feor quantitative
electrodeposition test. The teuperature of the hath was
kept at 600 # 10 ®°C. Quantitative electrodeposition tests
for this electrolyte were made by means cof the same pro-

cedure a8 that descrivbed for the tests in borates bath,
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Prepsration end Analvsis of Bleck Powder from Borate

Mixture. Two batches were made for the prepsration of black
powder by reactiang fused 5N2g0.10L120.6B203 with alwminum,
In the first batch, 2 mixture of 61.8 grams of borlc acid,
6l.7 grems of lithium carbonate and 44,2 grems of sodium
carbongte wes fused in & platinum dishe. fter the mixture
wes thoroughly fused, it was heated to 200 & 10 OC for

four hours, a sample of the fused liquid was tsken out,
cooled and tested for csrbon dlexide with 3-normal hydro-
chloric acid. It was then cooled tc 580 # 10 °C and held
at thet temperature. Chopped pieces of gluminum foll were
added to the fused 1liquid., After the reaction stopped,

the whele mass was ccoled to reom temperature., The con-
tents of the pletinum crucible were first extracted with
water, then with 3-normal hydrochloric scld and finally
washed with ¢istilled water., It was then drled in the oven
at 110 ©c,

Iin the second batch, the fused bath was prepared in the
same way &s above, but 8.4 grams of z2luminum foll was used.
The bhlack pewder was extracted, washed and dried in the
same way &8 above.

The temperature in the vath wes measured with a cali-
brated platinum-13 per cent rhodiuwm, platinum thermocoupnle.

Samples ¢f black powder prepared shbove were sepsrately

treated with 3-normal hydrechloric acid, nitric acid and
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S-molar sulfuric acid both hot 2nd cold,

A ssmple of the black powder was trested wlth hydro-
fluoric acid snd volatilized in & platinum crucible.
Another sample was treated with a mixture of hydrofluorie
acid snd strong sulfuric acid in a platinum crucible, and
then volatilized the hydrofluoric acid by heating.

Two samples of black powder in porcelsain crucibles
ware ignlted over the bunsen flsme and the loss on ignition
determined.

One csample was fused with potassium acld sulfate in a
silice crucible, One was fused with sodlum hydroxide snd
the cther wss fused with sodlum peroxide in a&n iron cru-
cible.

A sample of black powder wzgs put in the bottom of a
pyrex tube 1% inches in diameter by 14 inches long. The
tube was fitted with a two-hole rubber stopper. A tube,
inserted in one hole, projecting slmost to the bottom of
the tube, was connected to an oxygen cylinder. Another
hole in the stopper was fitted with a tube projecting just
through the stopper. The other end of this tube wes in-
serted into & clear solution of bsrium hydroxlde. Before
the botton of the pyrex tube was heated, oxyzen zas wss
passed through the tube to be sure thet no precipitate
was formed in the barium hiydroxide solutlon. The pyrex
tube was then heated until £11 the black powder was

ccnsumed,
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A sample wes sent to lilero Isboratory, 800 Lincoln
Avenue, Skokle, Ill. for quantitstive determination of
hydrozen and carbon(ISG).

For a spsctrographic analysis of the black powder, the
instrument wss properly pesitioned to photograph'the spect-
rum in the renge of 2230 to 3550 angstrom,

A sample was also sent to Materiel ILsboratory, Alr
Material Commend, Dayton, O+, for spectrographlic analysis
and X-ray diffraction analysis(lza).

Enslysis for Carbon Dioxide in the Fused

SNap0.10Lig0.6B203« A quantitetive snalysls for carbon

dioxide in the fused eslectrolyte 5Nag0.10L120.6B203 wes
made., The method used for it 1s the dlrect method for
cerbon dioxide a&s suzzested by Kolthoff and Smndell(log).
‘Because of the slight solubility of the fused salt 1a water,
& largze volume of water had to be used, Therefore, the de-
composition vessel used was & 500-milliliter erlenmeyer
flask. Another modification was to use both sulfuric acid
and hydrochloric acid in different batches to test the re-
liability of this method,

A mixture of 3,09 grams of boric acid, 3.08 grams of
lithium carbonate snd 2.21 grems of sodium carbonate was
fused in a platinum crucible. After the sample was
thoroughly fused, it was heated to 9200 OC and meintained
at that tempersature for at least two hours. It was then

cooled to 200 °C and plunged into 200 milliliters of boiling



water. The water was kept boiline until all fused salts
were dissolved. The solution was then quickly transferred
into the decomposition vessel and 2nalyzed in the usueal
wWaYy .

Chemistry of Format ion of Black Powder., A fused mixe-

ture of the compesition 5Nag0,10L120.7.35 BgOz was prepared
by fusing 106 grsms of sodium carbonate, 148 grams of
lithium carbonate and 185.7 grams of boric acid ian a
platinum dish. The fused mixture wss thoroughly fused

and then heated at 900 ¢ 10 OC for five hours. £ sample
of the fused mixture wss taken ocut, cooled, dissolved in
water snd treated with 3-normal hydérochloric ascid. After
such test showed no gas bubbles, an aluminum sheet was
Imuersed into the fused salt st a temperature around 500'
to 600 °C.

The bleck deposit formed on the sluninum surface was
tested for carbon by the combustion method as described 1in
the preparation and analysis eof blsck powders.,

The reaction of 2luminum with boric acid was studied
by fusing 45 grams of boric escid snd 80 gZrams of metallic
sluminum ia an slundum crucible to 1000 ©C snd maintaining
at thet tempersture five hours. It was then cooled end the
fused mass was repeatedly extracted with concentrated hydro-
cnloric acld. A fritted, pyrex buechner-type funnel was

used to separate the undissolved solids frem the liquid.



After thorouzhly washing with water aand being dried, the
appearasnce of the residue was noted. An enaslysis was
made for the identiflcstion of cesrbon in the residus by
the combustion method. Spectrographlic analyslis and X-ray

diffraction analysis(lgv)

were made by Material Leboratery,
Alr Katerial Commend, Dayton, O.

The residue from the reaction of 2luninum on boric
acld wss sprinkled inteo a fused mixture of 0.1 zram wmole
of 1ithiun cerbonate with 0.1 grsm mele of sodium carbeanate
in .a platinum crucible, After any reacticn of the residue
and fused carbonates was complete, the mass was cooled and
dissolved in water. The insoluble residue was Tlltered on
a fritted pyrex, buechner-type funnel. After this residue
was thorougnly wsshed with distilled water and dried,
gnalysis was made for the presence of csrbon by the com-
bustion method.

To determine 1if aluminum would reduce pure, molten
carbenates, an aluaninum sheet was then dipped inte a fused,
freshly prepared, cqual-meolar-mixture of sodium carbonate
and lithium carbonate. The behavior was carefully observed
as the tempersture was zredually reised from the melting
polnt of the wizture to the meltlng point of aluminum.

To determine the effect of content of boric acid on
the ection of alkali carbonates on aluminum at 600 ©C,

another mixture of 2 to 1 mplar rotie of lithium carbonate
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to sodium carbonste was mede by fusing 74 grems of lithium
carbencte and 53 grems of socdium carbonste in 8 platinum
dish. An 2luninum shcet was then dipped iInto the fused
mlxture snd observed. The aluminum sheet was removed from
the fused liquid, 3.09 gra=ms of boric scid (0.05 mple) was

added to Ul

)

¢ fused llguid and the mixture was thoroughly
fused. Ancother aluninum sheet wes dipped into this fused
liquid, &nd the behavier was observed. The addition of
beric acid (3,09 grams) snd fusion were repeated, and the
action of the resulting liquid on aluminum was observed.
The process was repeated untlil finally 2 black deposit was
formed on the surface of the metalllc sluminum.

A fresh mixture of 148 zgrams of lithlum cerbonate and
1056 grans of sodium cesrbonate was prepared by fusiag in a
platinum édish, An 2luainum anode snd pletinum cathode,
both being 2.0 by 3.0 cm and 2.0 cm apsrt, connected to
the direct current source, were inserted into the fused
liguid, so a2s to maintain a current of one 2apere. The
behavior was observed.

Theracdynamic Study of the Lheactlions of Fused Electro-

lyte 58250.10Lic0,6B20% on Aluminum. Various possible re-

actions for 5Nag0.1l0Lig0.8B20z with aluninum were further
studied by meens of thermcdynamic methods. Hfccording te
Dedge(SS), for the purponse of ascertaining quickly, but

only approximetely, if any reaction is promising at a



given temperasture, tre following guide mey be useful:s
AF8<0. Reaction is proauising.
AF2>0, but Z10,000. Reaction is of doubtiful promise
but warrants further study.
AF§>10, C00. Very uvnfevorable. Would be feasible only
und er unusual circuvmstances.
Where ATFT = Free energy change of the reactlon st ab-
solute tempersture"TV
Superscript"®"refers to stendard state of low pressure
where gases are ideal,
The free enerzy of the reactlon a2t absolute temperature
T can be calculated from the enthalpy, entropy and the ab-
splute temperatw e"TY as showa by the following equation:fso)
AP =g - H - T (Sg-87) (1)
¥Where Hp = Enthalpy of the products of the reaction at
the absolute temperature"T!
Hy = EBathalpy of the reactants of the resction
at the absolute tempersture"T!
So = Entropy of the products of the reaction at

the absclute t@nperature"Tq

31 Entropy of the reactents of the rezction at
the absélutc temperature"T!

Tet (ISHf)T represent the heat of resction at absolute
temperature"T"and  Sp represent the entropy chanze of the

reaction at the absclute temperature"T! reaction (1) can be



simplified tod
ATq = (AHp)p-TAS, (2)
The heat ef rezsction at teaperctuwe"T"can be calculated

from the heat of reactlion at scme base temperaturs"T{, by
5
the fellewing formula:( 2)
T
' = Cc_aT
(A Hp)qp (AHf)TO +ITO p (3)
The enthalpy and entropy of & substance st sbsclute

temperature” M can be calculated from the enthelpy and en-

tropy &% some bese temperature by the followiag formulae:(51)
. T - )
T -
Sp = S, -ffmbpdT/T (5)
0

The possible reactions studied in this wey were:
3C05 + 4Al ——o= 2A1503 + 3C
Biag0+s 281 ~——a— Alo0z + 6Na
3LigOs 2A1 ——a»~ Alp0z + 6L1
BoOz, 201 ——w= AloOz & 2B
The possibility of the formatlion of slumlnum boride
said to have the formula A1B12(80) by the folleowing equation
wes also considered:

6By0z + 13A1 ———s— 6A150z + AlBjp
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Data 2nd Results

Analysis of the Raw listerials., Wec anslvsis wes msde

of the sedium carbonate. It was labeled chemical purs.

For vboric acld, the materizl insoluble in alcohol
passed L. C. 8. test. "T'he nonvolstile with methanol "was
found to be 0.0023 gram in 8 2-gram sample, correspoqding
to 0,115 per cent which is mere than A. C. 8. standard
1imit of 0.05 per cent, but it 1s cood enough to use to
prepare the fused bath,

For lithlum carbconate, the carbon dioxide content
wes deterained to checkt the purity. The carbon dioxide
content wag 52.5 per cent by weight which is identical
with the theoretical percentage of carbon dloxide in pure,
anhydrous lithiuvn carbonate.

The =luminum phosphete was 2 technical grade, obtained
from ¥isher Scientific Co., and was known to be impure. The

phosphorus pentoxlde content was found teo be 33.3 per cent

by welzght, while the theoretical content of phosphorus reant-
oxide is 58.1 per cent by weight for aluminum phosphate.
This would indicate an aluminum phosphate content of 58.3
per ceat by weight, the remainder probably consistling of
2luminum oxide. For exploratory experiments, it was not
thouzght necesssery to use a more pure grade of a2luminum phos-
phate, as would have been secured if experiments had been cf

sufficient promise to wsrrant further developument.
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The Limitinzg Conmposition of Boric Acid and Alkali

Carbonste Mixture. The "Limiting Cemposition™ is expressed

g8 the minimun coatent of borie oxide wnich will eliminate
all cerbsn diexide from the sodium oxide-lithium oxide=-
borlec oxide mlxture., The absence of cerbonate in the
mixture was proved by taking a sample of the fused mix-
ture, cooling, disselvinz it 1a water and adding 3-normal
hydrochloric acid in excess., This test was assumed to
show the eébsence of carbonate 1f a sample gzgave no 3as
bubbles when so trezted. The results are summarized in
Table I. The pocints were plotted on triangular paper in
Figure &,

Fluid Range eof Verious ¥ixtures of Nag0-LigO0-Bg0s

System. The flvid range data ef various mixtures 1is sum-
merized in Tsble II and Figure 5. From the experimental,
fluid-range dats, Interpolations were made to obtain the
mixtures which have an upper vslue at 860 and 600 ©C es
showvn in Tebles I1III snd 1V. Two curves were nlotted on

the trianguler diszram by connectiag isotherma2l, fluilid-ranse
points of 660 and 600 ©°C respectively, as shown in Flzgure 6.
The ares enclesed between the limiting composition line aand
the curve of 660 °C rluid range represents the possible
working region from which selected mixtures were used for

electrodeposition,.
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TARLE X
ﬂ..“ 50

03 from Fusing Borie Acid

Iiniting composition 15 the minimum amount
of 303 which will eliminate all COp froem
o

NagC04-112005 mixture, melted te 900 °C
for three hours,

Weight of Materials Used Het leight Height Gmgjaitiu of lixture Limiting Compesition
11,005 NagCO3 HzBOz Total After Busion . Less 14,003 kﬁhgaas Iig0 |Nag0 Bg0z | Lig0 Nag0 Bp0g
- S - W - — . o mole  mole mole mole mole | moled melef molef

11,0 0.0 61,8 172.8 78.9 95.9 0,000 0.000 1,500 0,000 0.500) 75,0 0.0 25,0
111,0 40,5 77,5 228.8 116.4 112.4 0,068  0.017  1.432 0,358 0,625 59.4 14.8 25.8

53,0 74,0 61.8 188.,8 103.6 85,2 0,118  0.059  0.882 0.441 0.500] 48,4 24.1 27.5

55,0 79.5 61l.8 196.3 113,8 82,8 0.115  0.115 0.635 0.635 0.500| 35,9 35.9 28.2

37.0 106.2 61.8 204.8 124,3 80.5 | 0.095 0.190 0,405 0.810 0.500| 25,5 47,3 29,2

22,2 127.2 61,8 21l.2 135,8 7.4 0,071  0.285 0,229 0,915 0,500) 13.9 55.86 30.5

0.0 159.0 61.8 220.8 151.1 69,7 0,000 im 0,000 0,970 0,500] 0.0 66,0 34,0




Figure 5. TUPPER FLUID RANGE-COMPOSITION
DIAGRAM FOR SODIUM OXIDE-
LITHIUM OXIDE-BORIC OXIDE
SYSTEM
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Fluia Hanve of Varicus dixtures in

Svsten H250=Lic0-Bo0x

iplar hatio Compesition Fluid Kenze

Waols Li 20 Jan0 Tio0 BoOg Upper Lower

Mol # Mol & Mol g S  og

o0 50,0 0.0 - 845 525

| 0.6 80,0 £0.0 782 760
011 0.0  66.7 U3.3 850 . 670
0.0 7l.4 28.6 876 652

0.0 75.0 25,0 EG4 661

5.0 54,06 40,0 00 A0S

6.6 59,7 337 65 645

1:9 7.0  83.0 30,0 620 615
© 7.5 87.2  25.3 G50 845

10.0  40.0  50.0 TRG 754

11.4 45,7  42.8 650 640

1:4 12,3 83,4 33.3 600  BCC
14,8 52,4 25,8 550 520

27.0  56.5  30.5 280 5,6

28.8 39.0 32,2 630 620

1:1,54 20,5 3¢.5 31,0 620 615
30.0 41,3 §27.8 5¢0 560

To 16.4 173.0 == 500

12,8  25.7  B2.5 “70 732

16.7  33.%  B50.C 660 880

13,2 38.5 45,5 665 640

1:2 19,1 30,4 42.5 G40 B30
20.0  40.0 48,0 855 830

21.4 42,8 337 610 600

23.8  47.8 28,6 550 540

24,1 £5,4  ©UE 535 535

87.2  27.2  45.5 760 756

: 30.8 30,8 38.5 753 746
1:1 33.3 33.3 33, 712 700
' 35,0 35,9 28,2 635 620
1:0 66.0 0.0 54.0 752 758




TABLE III

Compositicns in System Neg0-Ii50-B504

with Upper Fluid Kasage of 660 °C

Componants
Nag0 LisO BoOg
Test

No. Mol % Mol %‘ Mol %
1 5543 35,3 29.5
2 2.0 68,0 30.0
3 5.3 60.0 34,1
4 .4 58.6 35,0
5 27.6 5744 35.0
6 5¢5 56.7 37.8
7 24.0 38,0 %840
g £4.5 34.5 40.0
9 9.0 51.0 40.0
16 7.0 52.3 40,7
11 8.8 50.2 41.3
12 12.2 43.9 23,9
13 11.0 45.0 44,0
14 17.7 35,7 46,6
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TABLE IV

Compositions in System Napg0-Lip0-Bo0s

with Upper Fluld Range of 600 °C

Conmpositions

rost Hag0 Lig0 BoOs
No. ol 7% Mol & ol %
1 30,3 40,7 22,0
2 28,4 41,6 30, 0
3 12,0 58,0 30,0
4 13.0 5346 33, 4
15) 21.8 44,3 3349
5] 15.0 51. 0 3440




Figure 6. COMPOSITION-CONSTANT FLUID
RANGE CURVES FOR LITHIUM
OXIDE-SODIUM OXIDE-BORIC -
OXIDE SYSTHM
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Iffect on the Fluid Rsnge of Addiaxr Aluminurm Phos-

phate to the Fused Borstes. The fluld range of

Bo0z.1.94Na50 ¢ 1,06NasC0z alone snd 1ts mlxture with
aluninum phosphate were shown in Table V., A plot of the
weight per cent of aluminum phosphate iIn fused BgOz.1l.94NagO ¢
1,06NagC0O3 sgainst the upper fluld range is shown in
Figure 7.

The eutectic tempersture derived from the plot 1is
688 °C, at a composition of 11.3 per cent by weight of
2luminum phosphate in BgOz.1.94N250 + 1, 06N29C0zs

The fluid ranges of the selected mixture,
S5Nag0.10Lig0,6B205, and the mixture of this with sluminum
phosphate are summarized in Table VI. A plot of the fluid
roage ageinst the welzht per cent of aluminum phosphate in
the chosen mlxture 5Nag0.10Lig0,6B203 1s shown in Figure 8.
It shows that the addition of aluminum phosphate has little
effect on the fluid ranzse to 18,68 per cent by welght of
a2luminum phosphate.,

Corrosion by the Fused Mixture. The results of cor-

roglon tests on seven materials 1s summsrized in Table VII,
Obviously, except for the grsphlte crucible z2nd the pletinum
dish, no materisl wss suitable for use &s a container,

Decomposition Potentials of Pused Borates and Borates-

Phosphate Mixtur ¢s» The current-voltage relation data for

the mixture 5Nag0.10Lig0.6B203 at 560 ¢ 10 ¢ with aluminum

anode and platinum cathode are shown in Table VIII and
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TABTL V

Exnerimental Data for

Cemposition-Fluid Range of AlPOy

in 500ze1.54NasC0t1, 06HansCCx

Composition, Fluid Range,
A1PO,
Weizht & o¢
o 735=752
8,75 632-702
17.8 669-706
22,6 716=735
46,4 716-732

[e1}
(e}
*

A

above 900
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FIGURE 7- COMPOSITION—FLUID RANGE
OF ALUMINUM PHOSPHATE IN SODIUM
BORATE AND SODIUM CARBONATE
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TABLE VI

Experimental Data for

Composition-Fluid Hange of A1POy

in 5Nag0,10Li,0.6B,0,

Composition, Flvid Range
A1POy

Weight % °c
0 540-550
2.34 550-5860
4,68 560-570
7402 585-560
9.35 555=560
11.69 555-560
14.01 555=560
16,34 555-560

18.68 550~555
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TABLE VII

Corrosive Action of Fused S5Nep0.10L1,0,68504

at 650 to 700 °C, on Verious Materiels

Type of Crucible

Appearence of Fused
Liquiad

Descriptioen of Corrosion eon
Crucibles

Porcelein, Coors,
wide form, No. 4.

Liquid was water
white, clear, with-
out any color change.

The lining of the crucible was
first attacked. If the time of
fusion was over four hours, the
crucible cracked in the furnace.,
Even 1f the time of fusion was
not too long, the crucidble always
cracked after the mixture had
been cooled to room temperature,

Nickel, 100 ml.
capacity, 60 mm.
dia., and 64 mm,
high,

—

The clear liquid
turned opaque, then
green to derk color.

The crucible wall was full of
holes after a short fusion time.

Ampco, 76.2 mm.
di... 127 ‘0
high,

Liquid was first
clear white, but
greduslly turned
to green and
finally black.

The inner surface of the crucible
under the surfece of the liquiad
graduelly changed to rubdby ceolor,
Black sceles were continually
formed on the inner surface of the
fusion liquid end dropped into the
liquid.

Armco iron, extra
heavy, 50 ml,
cepacity.

Liquid was dis-
colored by brown
iren oxide in
suspensica.

A brown stein was formed on the
inner wall of the crucible. There
wes no severe solution of the
crucible,

Plumbago, 95 mm,
dis,, on the top,
115 mm. high.

Liquid contained
@ bleck graphite
suspension,

No obvious corrosive action on the
crucible was observed. The crucible
did not cra;k on coolinz.

Grephite, 50,8 mm.
inside dis., 76,2
am. high and 19.1
mm. thickness of
wall and bottom

Slizht carbon suspen-
pension was observed
in the liquid, but

it was clear end
transparent,

There was some combustion of the

crucible. There was some loss of
the 1iquid throuszh the wall and
bottom,

Pletinum dish, 8.5

cme. dl.o. and 4.0
em. high.

Liquid was clear
end transparent

during the whole
experiment.

No perceptible corrosion wss
observed.
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TABLE VIII

Decomposition Potentiasl

2£ Fused 5Nap0.10L150.68203

with Aluminun fncde and Platlnum Cathode
Composition of Electrolyte:
Grams
HzBOz 123.6
LigCOg 123.4
NagCOg 88, 4
Dimension of Elesctrcdes:
Aluminum enode 2.5 by 2.5 cn
Flatinum cethode 2,5 by 2.5 cm
Temperatures: 560 ¢ 10 °C
Azitation: None
Voltage, Current Voltage, Current
volts ma volts ma
0.1 190 1.3 '” 650
0.2 225 l.4 700
0.3 275 1.5 738
0.4 300 1.6 775
0.5 350 1.7 825
0.6 388 1.8 875
0.7 412 1.9 200
O- © 450 2‘ O Q5O
0.9 488 2.2 1050
1.0 525 2.4 1150
1.1 588 2.6 1200%
1.2 625 - -

% The current suddenly dropped from 1200 to 250

milliamperes, probebly because of polari-
zation.



MILLIAMPERES

A FUSED SNA20-10LI20-6B203 WITH ALUMINUM ANODE AND PLATINUM
CATHODE AT 56010 °C

B FUSED MIXTURE OF 94 % BY WEIGHT ALPO4 AND 90:6 % BY WEIGHT
SNA20- 10LI20- 6B203 WITH ALUMINUM ANODE AND PLATINUM CATHODE
, AT 880£10 °C ,
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curve A In Flgure 9. The current was proportional to the
appllied voltage when the applied voltage was below the
number cf 1.6 volts, the curront wes increased out of direct
proportion and then suddenly dropped to 0.75 of the originel
current at 2,6 volts. The cell potential extrapolated at
zero current was found to be -0,36 volt.

After the current-voltage determination, the platinum
cethode was coated black, and the aluminum snode was coated
with a layer of yellow-brown substance which looks like an
2lloy. There was slso few black particles adherlnz to the
aluminum anode., In the fused electrolyte, aluminum can be
detected qualitatlvely.

The data for the current-voltage reclation for the fused
ligquid containing 9.4 par cent aluminum phosphate and 20.6 per
cent 5Nag0.10L120,6B203 at 580 & 10 °C, with aluminum anode
and platlnum cathode, are shown in Table IX snd curve B in
Fizure 9. The current readings were not stable when the
applied voltages were gresater than 1.0, In each set of
current readings for the same applied voltage, the lowest
readinzg of the current fitted better in the current-voltage
curve., The cell potential was =0.1 volt as extrapolated from
the current-voltage curve. Thls experiment wss not continued
to the polnt where current fell off as in the previous case.

After the experiment, beth electrodes were covered

with the black film.
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TABLE IX

Decomposition Potentisl

of Fused Wixture of 9.4 per cent ofiR1P0Oy

and 90.6 per cent of 5Nag0.10L1p0.6B50z

Composition of Electrolyte:

Grams
HzBO3 185.4
LigCOg 185.1
HagCOxz 132.6
A1P0, 27,1

Dimension of Electrodes:

Aluminum anode 2.5 by 2.5 cm.
Platinum cathode 2.5 by 3.0 cm.
Temperature 580 * 10 %
Lgitation None
Voltage, Current, Voltage, Current,
volts e volts na
0,0 55 C.8 350 .
0.1 100 1.0 350( 450)*
0.2 130 1.2 425(525)™
0.3 165 1.4 500(575)*
0.4 200 1.6 550(600) ™
0.5 230 1.8 600
0.6 280 2.0 €50

% The walue in parenthesis are not shown in the
plct.



The current-voltaze data for the fused liquid of
G.4 per cent alumiaum phosphate snd 20.6 per cent
5Nag50.10L150.6Bp0, at 600 &+ 10 °C, with platinum elec-
trodes, are shown in Table X and curve C and D in Figure

Q

Qe

The dececmpositlion oetentlsls, extraponlated from
two duplicate tests, were 1.35 and 1.51 volts.

During the electrolysis, many small gas bubbles sur-
rounded the anbde, but there were only a few of them around
the cathecde. Wo color chenge was observed on the ancde,
but some hlack powders weve deposited on the cathode,

Unsteadvy Blectrolvsis in Fuseéd Borates-Phosphate

and Borates %ixture. The data for the effeect of time on

current at constant veoltaze in & fused electrolyte cen-
sistinz of ©.4 per cent of eluminum phesphate and 20.6

per cent of 5Neg0.10Lig0.6Bo0g with aluminum aneode and.
copper cathode at 560 # 10 °C are shown in Table XI and
Fizure 10. The relstion 1s rather irregular and cannct
be reproduced.

The data for the effect of stirring for the same
electrolyte with platinum electrodes at a constant potential
of 1.5 volts and st 360 % 10 °C are shown in Table XII,
The effect of moisture on electrodes and electrlyte is
shown 1in Table XIII and Fizure 11l. In Filgure 11, the

data for the curve for current flew In system without



TABLE X

Decomposition Potential

of Fused Hixture of 9.4 per cent of A1P0,

and 20.6 per cent of 5Nag0,10Lin0.6B20z

Compcaition of Electrolyte:

LY

Na

£]

BO-,
2003
2603
Fo,

Greams
185.4
185.1

132,
27,

Dimension of Electrodes:

4
1

Platinum anode 2.5 by 2.5 cm.
Platinum cathode 2.5 by 2.5 cm.

Tempersture: 600 * 10 °C

Azitation: None
Test I Tegt II
Voltage, Current, Voltage, Current,
volts am volts am
0.6 0.0 1.0 C.0
008 0.0 1.1 000
1.0 0.0 1.2 10
1.1 20,0 1.3 40
1.2 YIS 1.4 50
1.9 65.0 1.5 50
1,4 120.0 1.6 100
1.5 192, 5 1.7 175
1.6 288 1.8 240
1.7 400 2,0 400
1.8 500 2.2 725
1.9 575 2.4 025
2.0 850 2.6 1125
2.2 863 2.8 1300
2.4 1150 - -




TABLE XI
Fluctuatien of Current at Constent
Voltagze in Fused Borstes-Phesphate Bath

Composition of Electrolyte:

Sila,0,10L1,0,6B,0 90.6 %
A1PO, s 9.4 %

Electrodes: Aluminum enode and copper cathode,
Temperature: 560%10 °C,

Agitation: None,

Time, Voltages,
1.5 2.0 2.5 3¢5 4.5 5.5

nin. —AlD. —AND 8mp, 20D, ~2D, AlD e,
0o 0.400 0.175 0.350 1,500 1.250 0.400
5 - - 0.350 1.400 1.375 0.350
8 - -- -- - 1.250 --

10 0.100 0.100 0.250 1.250 1.250 0.350
15 - 0.100 0.225 1.250 0.500 0.325
18 —-— - - - 0.400 -

20 0.075 0.100 0.200 1.250 0.350 0.300
23 - > - 0. 3'75 0. 325 O. 200
25 0.075 0.100 0.200 0.375 0.350 0.200
26 -- -- 0.150 -- - 0.250
28 - - J— - - -

30 0.075 0.500 0.150 0.375 0.350 0.300
35 0.076 0.500 0.125 0.325 C.350 0.100
40 0.075 0.175 0.125 0.275 0.350 0.225
45 0.075 0.175 0.125 0.250 0.500 0.075
48 .- - - -- 0.625 -

50 0.075 0.175 0.125 0.250 0.850 0.175
55 0.0785 0.175 0.125 0.250 *  0.850 0.350
58 - - - - - 0.300
60 0.075 0.175 0.125 0.200 0.850 0.300
65 0.075 0.175 0.125 0.175 1.100 0.225
70 0.075 0.175 0.125 ' 1.100 0.225
o 0.0%5 0.500 C.125 1.100 0.225
80 0.075 0.125 1.200 0.200
85 0.075 0.125 1.278 0.200
90 0.075 0.125 0.150

120 0.075 0.125




AMPERES

ELECTRODES ALUMINUM ANODE AND COPPER CATHODE

1-61 ELECTROLYTE 5NA20-IOL|20'68203 90-6 %

ALPQq 94%

TEMPERATURE 3560%10 °C
AGITATION NONE

ol i g
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FIGURE 10- EFFECT OF TIME ON CURRENT AT
CONSTANT VOLTS



TABLE XII

Lffect of Stirrving on

the Current-Time Helatienship

in Fused Hlectrolyte 8.4 per cent A1PO, and

0

0.6 ner cent 5ao0,100L160.8B507

Electrodes: Platinum anode and platinum cathcde.
Tempersture: 560410 °C.

Voltage: 1.5 -volts.
Agitstion: -Using a chromel wire and stirred by
hand.
Time, Current,

Description of Fhenomena

min, ann,

0 0.250
5 0.075 After stirring, the current
dropped to 0.040 ampere.

10 0.073 The current was not chanzed
by stirring.

15 0.075 dltte.

25 0.075 The curreant dropped to 0.050
sapere sfter stirring, but
recovered to C.075 ampere
after resting.

35 0.075 The current was not changed
on stirring.

40 0.075 Gitto.

45 0.075 ditto.

55 C.075 ditto,

65 0.075 ditto.

75 0.075 ditto.

85 0.078 ditto.

¢5 0.075 aitto.

105 0.075 ditto.

115 0.075 ditto.




Bffect of ielsture on

the Current-Time Helationshin

in Fused Blectrolvte 2.4 per cent A1P0, znd

90.5 per cent 54800,10Lic0,.6B00=

Electrodes: Platinum anodc and platinum cathode,
Temperature: 560 & 10 °C,
Voltages 1.5 volte.
Asitatlion: Hone,
iiplature: See note”,
Time, Current, - Tine, Current,
mine S0 wine ampe
0 O, 40 55 C. 45
5 0, 45 60 0.45
10 0.45 55 0. 45
15 0. 45 70 0. 45
20 0.45 ) 0. 45
25 0. 45 2 0.45
30 0.45 55 0. 45
35 Co 45 25 0.45
40 0.45 105 0. 48
45 0. 45 115 0. 45
50 0.45 - -

s

“

The electrodes and 259.2 srems of electrolyte were
moistened wigh 0.5 grams of water and heated
to 560 & 10 7C before clectrolysis.
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water were teken from Table XII., The effect of periodic
immersions is snewn in Teble XIV and Flaure 12. The
effect of temperature is shown in Table XV.

The result for the time-current relation for the
same slectrolyte at constant voltaze 2.5 volts and
560 &+ 10 °C with platinum electrodes is showa in Tsble XVI
and Floure 13. Vigorous sveolutien of ges occurred during
electrelysis. After electrolysis, the cathode was com=-
pletely burnt off, but the anode was still in goed con-
dition witnx the shining white color of platinum. In
the fused electrolyte around the cathede, a porous black
mass was suspended. After this black mass was treated
with 3-normal hydrochloric acid, ignited to vhite ash and
then sxtrscted with 3-normel hydrcchloric acid agailn,
fregments of platinum cathode were found. Such frasments
were very brittle and srayish In color.

For the electrelyte, 5N8850.10L120,6B203, an aluminum
anode and platlnum cathode were used at 560 » 10 °C snd
1.5 velts. Duplicate runs were made. The first test
lasted only two hours. Since the current readings dropped
low &s compered with readincs at the start, the electrolysls
was stepped. In the second test, the same electrolyte was
used, but the sluminum anode was replaced with a new cne.
The curreant readings showed the same tendency of dropping

to very low value. As the electrolysis continued, part of



TABLE XIV

Effect of Insertinz end

Removing Zlectrndes from Fused Xlectrolyte

Electrodes:
Temperzture: 560%10 ©
Voltage:

Q.4 per cent AlPO4

and ¢0.6 per cent 5N2.,,0,10L1,0,6B-0~

Platinum_snode and platinum csthode.

C.

1.5 volts.

Lzitation: Zone,
Time, Current,
Desecriptlion of Phenomena
min,. amp.
0 0. 45 Blectrodes were removed from
- fused electrolyte.

20 0.40 Vhen the electrodes were first
put iato the fused electrolyte,
it was 0.40 ampere, then drop=-
ped, but rebuilt to 0.40
smpere sraduslly.

25 0. 45

35 0.45

45 0. 45

55 0.45 The electrodes were taken

: from the electrolyte,

70 0.45 The electrodes were reinserted.

80 0.45

g0 0.45 '

100 0.45 The electrodes were removed
from the electrolyte. After
the electrodes were inserted
iato the rfused 1liquld, the
current was zredually rslsed
to 0.45 ampere.

145 G.48 The electrodes were taken from
the electrolyte.

SIS 0.40 The electredes were inserted
inte the liguid.

400 C.40

410 C.40

420
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ELECTRODES PLATINUM

ELECTROLYTE  5NA0:10LI5,0:6B504 90:6%
ALPO4 . 9‘4‘/0

POTENTIAL 1-5 VOLTS

TEMPERATURE 560%i0°C

AGITATION NONE

X ELECTRODES TAKEN OUT FROM ELECTROLYTE
4 ELECTRODES PUT INTO ELECTROLYTE

1{ Y
| | | ! | 1 |

50 100 1850 200 230 300 3% 400 430

TIME(MINUTES)

FIGURE 12 EFFECT OF ALTERNATING IMMERSIONS

ON CURRENT DURING ELECTROLYSIS
OF FUSED BORATE-PHOSPHATE
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TABLE XV

Effect of Tempsrature on

the Current in rused alectrolyte 8.4 per cent A1PO,

= - 50.6 per cent 5Na00.,10Li00,863 0

#lectrodes: Platinum anode and platinum cathode.

Temperatures 560%10 °C.

Voltage: 1.5 volts.
Agitation: one,
Tempersture, Curreat,
°¢c amp.
524 e 375

560 G. 400
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TABLE XVI

Current—Time Helatliouships

in Fused Electrolyte ¢.4:per cent A1PO,

and 90,6 per cent 5Ne<0,10Lio0,6B50<

Electrodes: Flatinum snode and platinum cathode,
Temperatures 560%10 °C,

Voltage: £.5 volts.
Bgitetion: None.
Time, Current,
Descriptlion of Phenomena
min. 8D,
0 5.4 Vizorous gas bubbles around
both electrodes,
5 5.0 ditte
8 448 Solid beginning to form

around the anode.
ditto,

[TV ~N
.
(62

10 fnode completely covered
with sclid salt.
15 4.8 ditto.
20 4.8 ditto.
25 4,6 dittc.
30 446 ditto.
35 4.6 gitte.
40 4.6 ditto.
45 4.6 ditto.
48 4.6 ditteo.




CURRENT(AMPERES)

ELECTROLYTE, 9:4% BY WEIGHT ALPO, AND
90-6% BY WEIGHT 5NA,0-10LI,0-6B,0,

6 AT 560x10°C
4 AGITATION NONE
»e - > > - e —e
4.—
3.—
2 b
| -
0 1 1 L 1 l 1 ! | l I
(o] 5 10 15 20 25 30 35 40 45 50

TIME (MINUTES)
FIGURE 13- EFFECT OF TIME ON CURRENT AT 2:5 VOLTS
WITH PLATINUM ELECTRODES

-0g1-
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the black depcsit formed en the electrodes dispersed into
the fused 1llquid and the current increased azsin. Soor
after the increase in the current, the deposit on the elec-
trodes bullt up, and the current droppred again. As the
electrelysis went on, the high current existed for & shorter
duraticn and the low current for a longzer. The results

are shown in Table XVII and Figure 1l4.

s the current dropped below 0,05 ampere, the evclution
of za2s bubbleg around the platinum cathode stepped, but
there were a few around the aluminum anode.

After the electrodes were taken from the bath, the
pvlatinum cathode were found to be covered with & thin bhlack
layer, snd the aluminum ancde, with a thick black mlxture
contalining white sluminunm oxlde.

Lfter the electrolysis, the fused electrolyte becane
turbid with both black and white particles.

Zlsctrodepositl on Test in Phosphate Mixture. A fused

glectrolyte of 69 per cent of socdium metaphosphate and 31

per cent of andium pyrophosphate with 10 per ceat of alumi-

num phogphate dissolved in it was & clear, colorless liguid.

It was electrolyzed with copper cathode end three different
anodes: &luminum, ea al loy of 75 per cent aluminum and 25

per cent copper, and platinum st 600 +# 10 °C. In no case

ceuld aluminum be deposited on the cathode. The copper cathode
were covered with & layer of black coating 1n all experiments.

The results were sumzaerized in Taeble XVIII.



TABLE XVII
Effect of Centinuous Electrelysis
of Fused Electrolyte SNag0,10L120,6B,04

Electrodes: Aluminum snode end platinum cethede.
Temperature:s 560%10 °C,

V.lt.got 1.5 volts.

Agitation: None,

Test 1 Test 1I
min. _amo. ain &mp. ming SlDs
0 0. 56 0 1.50 80 0.70
S 1.60 2 1.65 84 C.80
8 0.80 8 1.65 a5 0.80
10 1.80 8 1.80 26 0.50
11 1.70 9 0.10 es 0.15
156 1.70 10 0.10 %0 0.20
20 1.70 11 2.00 92 0.15
25 1.60 12 1.60 9% 0.15
ec 1.50 13 1.08 06 .0.10
gg 1.50 15 1.08 100 0.10
1.40 20 1.06 108 0.10
33 1.30 23 0.90 110 0.10
38 1.20 e5 0.90 115 0.10
37 1.10 28 0. 05 117 0.08
36 0.80 30 1.20 120 0. 08
39 0.60 33 0.20 125 0.05
40 0.50 34 0,70 127 0.04
42 0.885 35 0.90 130 0. 04
45 0.25 39 1.10 138 0. 04
46 0.30 40 0.80 140 0.04
;8 0.35 45 0.08 145 0.04
0 0.40 48 0.680 149 0.0%
52 0.50 49 0.70 150 0.07
53 0.55 50 0.70 155 0. 07
85 0.55 55 0.70 157 0.11
S8 0.65 60 0.085 160 - 0611
60 0.80 61 Q.70 164 <70
:: Qe85 (1] 0.50 167 0.10
¢ 0.90 65 0.50 170 0.10
'Ils 0.80 68 0.08 172 0.10
0.58 70 0.08 174 0.70
80 0.36 72 0.70 178 0.08
81 0.30 73 0.60 180 0,086
gg 0.285 74 0. 850 1886 0.08
- 8::8 ';: 0.50 190 0.08
C
s > 0.60 1982 0. 05
100 0.20
108 0.20
110 0,20
115 0.20
120 0.20







AMPERES

2:00

1:80

140

1-20

:

0-80

0-60

040

0:-20

1

FIGURE 14-

-

160 f\

-

:f'

=

ELECTROLYE 5SNA,0'10LI,O-6B;0;
TEMPERATURE 560110 °C

VOLTAGE 'S5 VOLTS
AGITATION NONE

b ., et T =)
1 1 1 1 1 i i i 1 1 1 I\ 1

50 60 70 80 90 100 110 120 130 140 130 160 170 180 190

MINUTES

EFFECT OF CONTINUOUS ELECTROLYSIS OF FUSED BORATES WITH

ALUMINUM ANODE AND PLATINUM CATHODE



Electrolyte:

Temperature:

Azitation:

~]54-

TABLE XVIII

Blectrodeposition Test

Aluriinum Phosphate
Eutectic Mixture of Pheosphates
Composition of the eutectic:
Sodium FPyrophosphete
Sodivm iletaphosphate

500£10 °C.

None,

10%
0%
31%
5¢%

Electredes used

Description of Phenomena

Anode Cethede

Eluminum

An alloy,
75 % alu-
minum and

25 % copper

Platinum

Copper 1) Strons snode effect.

2) The electricel ceonductivity
was zood at start. The cur-
rent rezdinze were very un-
gtable and qulckly drepped

to zero.

3) Alvwminum anode was covered
with 2 layer of aluminum

oxicde.

4) Black coating on cathode.

Copper 1) Ho snode effect

2) The current was stable, 0.5

ampere at 3 volts.

Copper - 1) Ne snode effect.

3) Black coeting on cathode,

~2) The current was stable,
0.55 aupere st 3 volts.
Z) Bleck coatlnz on catheode.




~155=

Analysis of Black Coat from Phosphates Bath. The

black cost from different tests using the cutectic mixture
of soedium metaphesphate and sodiua pyrephosphate, and
alumlnum phosphete were, separstely, put in poﬁgelain
crucibles and iznited over a bunsen flame. It was not
combugstible. After ignition, the black powder wes soluble
in the concentrated hydrochloric acid. The solution, green
in color, changed to deep blue when ammenis soluticon was
added. Thus,; the bhleck cozt was probably a copper coupound.

Eloctrodeposition Test in Borates Bath.,. Quantitastive

electrodepcsition tests were made using fused 5Na50.10LigQ,
8Bo0; with copper cathode end aluminum anode at 600 ¢+ 10 ©C,
Both electrecdes were immersed in water after electrolysis
to renove the adhering salts., DBoth electrodes were coated
with a black powder. 1In the first test, there wss much loss
of black coeting on bolling the electrodes with distilled
water to remove the adhering salts. The electrolyte, after
electrolysis, turned a red color. The zluminum anode was
covered with a lsyer of brass-yellow color and somse parts
had a red brown surface under the black coat. In the secend
test, cavities were observed on the surface of the aluminum
enode.

The aluminunr anode wes slizhtly eroded by boiling with
water, Particles of the black coat, on both electrodes,

separated when immersed in bolling water. White aluminum
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oxide was also found on the surfzce of the aluminum ansde.
The date are shown in Table KIX.,

Electrcodenosition Test in Borate-Phosphate Bath,

Qualitative electrodeposition tests were made In fused
electrolyte of 9.4 per cent sluminwe: phosphste and 0.6

per cent 5H;50.10L150.6B20z with aluminum snode and plati-
num csthode at 560 # 10 °C, In no case could aluminum be
deposited cn the cathode, The aluminum sncde wss generzally
coated black. The suriace of the copper cathode was stalned
with a red-brown deposit and sometimes it was coated black
also,

During the electrolysis, an slumninum anode was surrounded
by fine gas bubbles and the copper cathode was surrounded by
larzer gas bubbles, At the start of the electrolysis, only
the snode was surrounded by the gas bubbles.

Two quantitative clectrodeposition tests were made with
the above electrolyte at 600 & 10 °C, 1In the first test, the
cathode was surrounded by & bilg porous bulk of solld which
wes lost when an attempt was mede to remcve the édhorinq
salts. No calculation was mzde for the cathode efficlency.

The aluminum anode wes slightly attacked by bolling
with water, probebly because of alkali present. ¥Meanwhlle,
part of tre black coatlang on beth electrodes separated on
vollinz with water., White aluminum cxlde wes a&lso found on

the surface of the aluminum snode,



TABLE XIX

Determination of Current Efficiencies

for Electrede Reactions in ‘used
Borates and Borstes-Phosphate Systems

Electredest Aluminum snede end platinud ¢cathode, both sizes.were:
2.5 by 2.5 em, with a distence 2,5 em between them,

/Temperaturet 600% 10 °C,

Agitations Nene,

Veltage Current Time of Efficiency(calculated as
applied, Density, operatien, aluminum)

per cent of theeory

Anode Cathode

volts —anp/dme hr. -

For Electrolyte 5Nap0.,10Li50,6B505
004"100 2.67 ' ‘ 1‘00 308
O.8=1,2 6.67 2 106.3 2.3
507"‘700 26.7 005 187.5 e

For Electrolyte 9.4 5:A1P0; and 90,6 ¥ SNeg0,10L130,6B203

5.0=6,5 13,3 0. 67 - 49,8 -
1,5-4,5 6.87 - 1.0 7 B6.1 24.5
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Data from qualitative electrodeposition test are
shown in Teble XX and those of the quentitative electro=
deposition test sre showa 1in Table XIX,

Prernaration and Analysis of Black Powder from Borotes

Mixture., The total weizht of fused liguld used in two
batches for tihe preparation of black powder was 172,38 grams
of 5Nepg0.10Lig0.6B50z and 10 grems of aluminum foll. The
total amount of black powder prepared weighed one gran,

The black poewder wzs insoluble in 3-normal hydrochleric
acld, 3-normal nifric acid or 3-molsr sulfuric acid. It was
not attacksd by nydrofluorie acld alone, a mixture of hydro-
flueric acid and concentrated sulfuric scld, concentrated
hydrochleric acid, znd squa regis. Tt wes net discsolved
when heated with sulfuric acid tb fuming. Finally, 1t was..
not sttacked by fusing with potassium bisulfate, sodium
peroxide, or sodium hydroxide.

The iznition loss of the black pewder was 83,6 per
cent,

In the identification test for carbon in black powder
by the coabustlion method, the clear berium hydroxide solution
wag suddenly turned to white ss socn as the brilliisnt spark-
linzs were observed sn the black powder. The blsck celor
of the powler wss then changed to a white color. The white
precipitate in the bsriun hydroxide seolution wes dissolved

with the evolution of gas bubbles after acidlfying with



TABLE XX

Effect of Current Density on the
Electrede Reactions in the Fused

Borates-Phosphate System

Electrolyte: Aluminum phesphate 0.4 %
5Nep0.10L150. 65505 90.6 %
Electrodes: Aluminum snede and copper cathede
Tempersture: 560+1@ °C.
Agitetion: Nene,
Voltace Current Density, Time of
applied, Max, Uperation, Description of Phenemena
Ancde Cathode

volts anp/dn? _anp/dn? hr.

1.5 1.0 1.0 2.0 Aluminum enode was coated
black, but copper cethode
had no change,

2.0 1.54 1.23 5.0 Both electrodes were
coated black.

2.0 2,33 2.33 0.87 Aluminum anode was coated
black; while copper
cathode was stained un-
evenly brown,

2.5 1.1 0.73 4,0 Seme es above.

2.5 2.1 2.1 0.33 Same as esbove,

3.5 10.4 10.4 0.33 Same as above,

4.5 10.4 10.4 0.5 Aluminum anode wes ceoated
black; copper cathode wes
stained unevenly brown

| ~.and partly ceated black.
5.5 2.9 2.9 1.5 Same @s above
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S=aormal hydrochloric acld. It is, therefore, proved
thet the black powder really contsins carbon.
A quentitative analvsis for carbon in the black
powders was made by idicro-Tech Laboratory(lse), 8000 Lincoln
Avenus, Skokie, I1l, The carbon centent of the black powder
was 80.85 per cent end hydregen content was 0.86 per cent.
The elements which were found in the black pdeer by
ordinary spectrozraphlc analysis were aluminum, boron, end
trsces of sodium and lithium,
A spectrographic snalysis, reported by ¥sterial Labore-

19
tory, Alr Material Command(lbe)

, Dayton, Ohlo, on the black
powder, indicaeted the presence cf major amounts of alumlnun,
boron, and sediun, minor amount of iron and copper, and
traces of lead, silicon, titanium, nickel and chromium,
iinor amounts and traces of materials may be introduced
from the chromel-wirs stirrer used for mixiaz the fused
electrolyte.

A report of analysis of the black powder by X-rey from

(126)
erial Lesboratory, Lir haterial Command , Dayton, C.,

set

indicated that the crystalline material was priancipally
aluninum oxide and very fincly divided elementary aluminum,
The black appearsnce of the material was attributed to large

amounts of saorphous carbon. The results of X-rey diffraction

analysis are shown in Table XXI.
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TABLE XXI

Analysls of X-ray Diffrcction Pattern

of Blsck Powder from BEeaction of

Aluninun wlth 85¥850.,100150.88504

ot 550:!: 10 ?cf"

-Line | ; | ' Tndicated Chemical

Ne. Intensity " value Composition
1 Weal: 2,88 Na28204

2 Faint 2. 55 A 41505

3 edivm 2.43 Yh1,04
4 Strong 2.29 Al
5 Stronz 2.11 A 21,0,

6 #ediunm | 2.00 Ai+7‘i1205~
7 Wesk 1.8z A 41505+1i50
8 Very strong 1.41 Al + L1504
g Falnt 1.348 81,0,

10 vaint 1.19 A1

s sigterisl Laboratory, Lir daterial Command, Personal
commuanication, April 2, 1831, ¥right-Patterson

Air Forece ltese, layton, Ohlo.
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Analysis for Carboen-Dioxide in the Fused 5N2,0.10L1,0,

8B20z. The results of determination of carbon dioxlde in
5Na90.10Li20,6B20z, formed by fusing 3.02 grams of boric
acld, 3.08 grams of lithium csrbonate and 2.21 zrams of
sodiun carbonate at ¢00 ©C for two hours sre summarized
in Table XXII.

Chenistry of Formatiocn of Black Powder Iin Fused Borate,

The elumlinum sheet was Immedlately covered with a black
layer when the 2luminum sheet was immersed in fused
5Na50.10L120, 7, 5B203: This black deposit was ahown by
the cmnbustion method to contéin carben.

The reaction product from boric acid with aluminum
constituted of two different kinds of substances. One is
white powder, looks like aluminus oxide, while the other 1is
shining purplish black flaskes of unknown composition. This
flaky product cannet be burnt. It did not ceantaln carbon
as shewn by the combustion test.

Spectrographic analysis from Materiel Lsboratory, Alr
Material Commandclzv), Dayton, 0., indiceted that principal
elsments were boron and 2luminumn with minor amounts of sili-

(127) from the

cen and copper. X-ray diffractlon anszlysis
same laboratory, indicated that the meterlal wes principally
eluainum oxide and =metallic alwninum, and smell amount of

iron oxide. The renort(g) from X-rav depar tment of the
! y p

Mluminum Research Lsboratories in Aluminum Company of America



TABLE

XXII

Lﬂﬂl'[s&.s .9"2 SNQQO. 10Li90o 65(’)03

for Carbon Dioxide

Reacting llxture:

Fusing:

Boric &Lcid

Lithiun Carbonate

Sodium Carbonats

2 nours at 200 °C.

2
<2
a
3
Z
S

rams
rams

ram

Welzpht of dater used to  fcid to decompose the coa in the
dissgsolve the Carbonates, sample,
5 sample,

ml, wearzents ml. per cent
200 1.18-1 HCL, 70

HoO, 50 0.18
200 1.18-1 UC1, 90 2.57
200 17,8~ HpS0y, 50 '

Ha0), 150 0.22
200 17,8« 1180,, 100

Hgo, 150 0.37
200 17.8=i Hob0yh, 100

HoO 18 0. 27

-G9T-



stated that the sample contained @ large emount of
aluminum oxide with a small amount of unidentified phase,
A spectrographic analvsis of the material by the ssme
laboratery showed &£luminum &nd boron to be oresent., The
materlal appecers to ceonsist of zluminum oxide wmixed with
some¢ boron or boron compoundss

The inscluble residue, 2fter treating the above prod-
uct with a fused equimolar mixture of scdlum carbonate
and lithium cerbonate and extracting with water, did not
contain carboen, as shown by the combustion test.

Wetallic aluminum was reacted with two carbonate mix-
tures whose molal ratios of sodium carbonate tec lithium
carbonete were one to one and one to two. They did not
react with metallic alumlnum, even when the temperature of
the bath was raised to the melting point of aluminum.

The results of reactlion of & fused mixture having =
molal ratlec of one sodium carbonste to twe lithium csrbon-
ate and varicus smounts of boric acid added sre shown in
Table XXIIXI. Black powder was only formed when 0.25 mole
vorle acid wes added to 1.5 moles mixed carbonal.s, or when
there was 8.33 mole per cent of boric txlde in fused orr-
bonates.

Though metallic &luminumjwas not acted upon by fused
carvonates alone without boric acld, if sn sluminum anode

and a platinum cathode were lummersed in an equimelar mixture



TABL  XXITI

flect of Centent of Boric Acild

cananend

3]

)

i

I
'

on the Actlon of £1keli Cerbonates on fluminuws st 600 ©C

Guantity of Soric Acid 1a iiole

Added o3 Prnenomens Observed

<

-GoT~

1 fele LigCO0s 0.5 dole HsgCly

0 No sction,

J. 05 No sctien.

0.10 Slisht zeas bubbles, no black deposits,
0.15 Tas bubble, ne black deposit.

0.20 Lwore ges bubbles, no black deposit,
0.25 iiore 2as bubbles and black deposits

appesring on the surface eof aluminum
sheet.




of fused sodium sad lithium carvonate, black deposits were
formed on the surface of the alumlnum anode, G2s bubbles
were also cbserved around both clectredes. The platinum
dish used to fuse the carbonztes mixture wzs covered with
a coat of green coler on the porticn not covered by the
fused 1liquid.

Thermodynamic Study of the Kesctlons of Fused Elec-

trelyte SNa20.10Li20.68203 on Aluminum. For the resctions

8C0z # 4Al —>= ZA1203 + 3C
(lst)le fer COp = -G2 Calories mole(87)

(AHp)ggy for Alg0z = -380 Cslorles/molel88)
Cp for 0Oz = 6.85 + 8,533 x 107972, 475 x 10-672( &)

Cp for graphite = 0.314 Calorles/sram, OC between
(198)

(56)

Heat cepscity of aluminum , and aluminum oxide

40 and 892 9¢
{(200)

sre shown in Tables XXIV and XXV.

S : (20) 11 oxiget 21)
Standard molar eatropy of aluiinum » c#rbon dloxide ,

(91) (o1) are shown 1n Table XXVI.

aluminum oxide and carbon
The result of calculation of frece enersy of this re-

sction is shown in Table XXVII.
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TABLE XXIV

Heat Capacity of Aluminum®™

Tempersature, Heat Capacity,

oG Og. cel/om, OC cal/om, mol, °C
0 273 0.2220 5,99

100 373 0.2297 6.20

200 473 0.2374 6.41

300 573 0.2451 ~ 6.61

400 873 0.25629 6.83

500 - 773 0. 2609 7.05

600 873 0.2683 7.26

657 230 0.2727 Te36

* BEdwards, J. D., F. C, Frary and 2., Jeffries:
"The Aluminum Industry, Aluminum Products
and Their Febrication", p. 33, Mclraw-Iill

Book Co., Inc., New York, N. Y., 1930, 1 ed.
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Heat Canacity of Llunminum Cxide™
Temperature, ) Hoat Capacity,

°c % cal/em, °C cal/om. mol, ©C
0 273 Q.73 17.98
50 323 0.8% o ' 20,2

100 378 0.8% 1.7

200 4% & 0,67 25.6
4C0 g% 3 1.0% 26.0

600 873 .12 27,8

% Washburn, B, %.: "Internationsl Critical Tsbles
of Humerical bsta, Physics, Chemlstry and
Technolesy™, ¥vol ¥V, p. %3, Lclraw-dill Book

Go., Inc., Hew York, . ¥,, 1929,
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TABLE XXVI

Stendard Molar botropy &t 25 °C

for Certsin Substences

- Entropy,
“aterial
aa_l.égm mol,. °C
Eluminum® 6.75
Carbon{Craphite)P 1.36
Carbon Disxideb 51.08
Aluninun Oxide® o 12.5

8. Heuzen, 0, A, snd K, &, Watsont "Chemical Process
Principles", Part II, p. 701, John “iley &
Sons, Inc., New York, H. Y., 1947, 1 ed.

b. ibid, p. 702.



iree Enerav Calculations for ouvyr lieactions at 870 FK

TABLE XXVII

Free inerzy Change

Reactlons Equetion, Fer liole Aluminumn, ote
calories calories
BCOs + 4hl—>£1505 + 5C =579, 650 -113,200 Promising
“NepO + £Al—= 21203 + 6la ~-115,100 =57, 500 Fromising
BLigl + SAl— Alg0z + 614 $18,91041,716x 96401858 i nfavorable
BpOz + ZAl—>Alg0z + 2B -3, 150 ~51, 370 Promising

~

X repreé¢sents unknown neclar

entropy of Liy0,
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FPor the reaction:
SNag0 # 2A1 —= Al30z + 6Va
(AHp)pgg for Nagh = -99.4 Calories/:.nale( 182)
ASggg for the formation of NagO = 17.4
Calories/mole, °c(182)
Cp for sclid HagQ = 16.3 Cslories/mole, oct182)

Sogg for solid Na

12.2 Calories/mole, og(182)
Cp for solid Ne = 6.79 Calories/mole, oc{182)
Fusien Point of Na = 371 ok (182)

Heat of Fusion at 371 %K 4= 630 Calories/mole(182)
AS of Fusion for Na at 371 % 1.7 Calories/mole 00(182)
ACp of Fuslon for Ha st 371 °K = 0.51 Calories

per mole, ot 182)
The result of calculation of free energy of this re-
action is st.own in Table XXVII,
Fer the reaction:
3L1p0 4 241 —3= AlpOz & 6Li
(AHp)ogg for Lig0 = -142.4 Calorics/molel 191)
Cp Tor LigO wee estimated by Xopp's ruleﬁcg)to
be 15.30 Calorics/mole LigO.
Sogg for Li = 5,65 Calories/mcle, oc(181)
Transition tempersture for Li = 353 o (181)
Heat of fusion for Li at 353 9% = 1000 Calories/molglgl)

AS for Ii at 355 % = 5.65 Calorles/mole, oc(161)
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The result of calculation of the free energy of this
resction is shown in Table XXVII. )
For the reaction:

BoOz # 2A1 == Al1l00z + 2B
(AHr)ggg for BoOz 1n glass stste = -267.6
Caloriesﬁnole‘lBo)
ABSggg for the formstion of BpOg 18.8

Calories/mole, ogt 180)

i : (180)
Cp for Bgoé in gless state ={14.6 Calories/mols, °C

Sogg Tor B = 1.56 calories/méle oc{ 180)
Cp for B = 2,86 Calories/mole OC(ISO)
The result of calculation of free%enefﬁy of this
reaction is shown ianable XXV1iI, ¥
Because of the lack of datas on both the heat of for-
mation and standard molar entropy ef aluminum boride, no

calculation can be made on the change of free ensrgy of the

reaction of boric oxide on aluminum to form aluminum boride,
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Sample Calculs tlons

The calculations involved in this investigstlion were
of only two types: calculrtion of the limitinz composition
f borates, and calculation of the thermodynamic functions
of the possible reactions of fused 5Nag0.10L150.6B203 on

aluminum.

Limiting Composition of Borastes. The limitling com-

positlon of the system LigO-NapO-BoOz as ziven in Table I
were calculated from the experimental results as follows:

For Nag0-B50z System

Weight of platinum dish 49.25 gm
Welght of HzBOz (1 mole) 61.84 gr
Weight of HapCOz (1.5 moles) 159.00 gm

Weilght of platinua dish snd its ‘
contents before fusion 270.1 gm

Welght of platinum dlsh z2nd its
contents after fusion to con-
stant weisht 200.4 om

Weight loss in fusion 69.7 zm

WWeight loss due to water on the
assumption of total expulsion
(1.5 moles) 27.0 egm

Weight loss assumed due to COg 42,7 pgm

Theoretical loss of COg for cemplete
decomposition of Nag COz (1.5 moles)65.,0 zm

Per cent of Na%007 decomposed

(42.7 x 100/86.0) 64.7
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Composition of the fussd mixture may be calculated

as:

Components Mole

Mole Ratlo

BgOz (1 mole HzBOg) 0.50
¥eo0 (1.5 mole x 0,647)  0.97
NapC03 (1.5 mole=-0.57 mole)Q 53

1. 00
1.94
1.06

This may be represented by the empricel formula:

The limitinz composition wss calculated from the

above mixture by excluding the undecomposed sodium car-

bonate, as follows:

Components %ole Mole Per Cent
B203 0,50 34
NaoQ 0.97 66
Total 1,47 100

For Neo0-Lip0-B203 Systems

Welght of platinum dish 48.5 ogn
Welght of HzBOz (1 mole) 61.8 om
Weignt of LigCQ@ {1 mole) 74,0 gm
Weisht of NagCOz (0.5 mole) 53.0 gm
& ’”"‘ ‘ :" 1nun ; s 1 -
veigggeggspgégéégmfgégénaﬂd ts 237.3 gm
Weight of platinum dish and 1ts

contents after fusion 152.,1 am
Weight loss in fusion 85.2 gm
Weight loss due to water on the

assunption ol total expulsion

{1.,5 moles) 27.0 om
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Welght less due to COg 58.2 gm

Theoreticsl loss of CO2 for com-

plete decomposition of carbonates
(1.5 moles) 66.0 mm

£yt

Per cent of carbonstes decompoéed
(58.2 x 100/65.0) 88.2 gm

Composition of the fused mixture on the basis of the
same degrec of decomposition of both cerbonates may be

calculated as:

Components ¥eoles
BoOz (1 mole HzBOgz) 0.500
Li20 (1 mole x 0.882) 0.882
NaoO (0.5 mole x 0.882) 0. 441
LigCOz (1 mole-C.882 mole) 0.118
NaoCOz (0.5 wole-0,441 mole) 0. 059

The 1lixmiting ccomposition can be calculz ted from the
fused mixture by excluding both undecompnosed carbonates,

as follows:

Components Holes Meles Per Cent
BoOg 0. 500 27.4
Lig0 0.382 48,4
RPN ' 0,441 24.2

Total 1.823 100.0
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Thermodynamlie Study of the Reaction of Fusad

5Na50, 105150, 8B00-» on Alusninum., For & sample calculation

of the thermodynamicafunctions, the case of the reactlon,
3C0o + 441 —— 28150z 4 3C

was chosen. For this resction,

(89)

(e8)

(AHp)pgq for COp= =92 Calories/mole
(AHp)pnq for A150z=-380 Calorias/mole
(Bilp)pgq for the reactlon=-330x2-(-92x3)

=-478 Calories

¢

Where OAHf)ggl represents the heat of formation of
compounds or heat of reactlon st 291 %.

The enthalpy of a substaence"Hp"at absclute tempersture
"TUcan be calculated from the enthalpy"H "at some base tem-

perature"T "by the following formulal 51):

T
HT"‘HozL C.r.‘dT
o * of or
Cy for COp= 8.85+ 8,533x1073T-2, 475x1.0-672( £7)
Egro=faggy for COp
p .
=] (6.85+4 8.533x10~97-2, 475x10-6T=)aT
29| ) .
= 6.85(870-201) + £x8.533( 870°-2912)x10-3
-2.475(8709-271%)x10~6/3
=6336 celories per mcle
"C,"of aluminum was shown in Table XXIV., A& plot ef"C."
versus sbsclute tempersture shows that the"Cp“of aluminum

is o linear function of the absclute temperature within

the temperature limits 271 to 870 %K. Therefore,



Hg7o-lpgy feor alumlnum czn be crlouloted by using an aversre
"Cp"*etween twe tempersture limits multiplied bv the tom=
perature fforence.
Ugro=ilogy = s.004 7,28 )=l 870-501)
= 0380 coiovics peor mnle,
"Cp"for alumioum oxicde was showvn in Table 4EU(SOJ),
- for aluminum oxide wgs cslculated by the srophical

Tg70™9201

intezerstion as shown in Fizure

this wey

oo, e m e v s . )
Cpn for sroapnite= 0,314 celorie/zm, ©C vetwoe
. LR Yo
40 ena 8oz 0c(108)
Hpyo=Hggy = 0.514x18x{ £70-201)
= 2180 calories per wncle
{ Hf)BTO ves then cesleulated from (Abz)gay by the
h_\
equs ation! 527,
870
H =(A. ). +] c_ar
(Anf)8'70 (A“‘f) 50 vpul
29|
(Alip) gy o= =478, 000 +2x1%,109 + 5x2, 180-85x8, 336
~4R3LEO =T -572,680 culories
The hest of thwe resction of the evustica:
50 0g + 4h] — 28100z + 50
&t 87C PR is -87%,690 celerics, or 144,250 calories per

wminum.

moler eantropy of =

[T 8]
dioxide(gl) aluninua oxide(J“)

sluminum

end cerbont &1)
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in Table XXVI,

t !
The entrepy of a substance'ST'at absolute temperature
n n
"I can be calculated from the entropy Sg of the same sube-

stance at some base tempersture") Ly the equation{51):

T
8m=S_ =] (¢ a7/T
U P
1 ols :
_[4('1‘?'3 Ll.)g’ 870

8g70=5091= ag;6.854-u.553x10'5T-2,745x10“6T2)dT/T

= 6.55x2.303( 1o5870-105201)
1-8.553x10'3(870-291)-1378x10-6(8702-2912)

|

{ 11.16 celories/gm mole, °C,
Pop aluminum,"Cp"can be rouzhly represented by the

aquation from the date given in Table XXIV and Filaure 163

{2.06x10=9T7+ 5,18)aT/T
=2.06x10-5(570-201)

+ 5.18x2.303( 102870=-107291)
=6.41 czlories/gm mole, OC

For gluminum oxide, Sawo--qu was calculated by zraphie

cal Intezeration ssg shown in Table XXVIII and Figure 17,

The value cbteined is 25.5 calories/sm mole, ©C
870
For graphite, Sgn0-Soqq= 0.314x12 aT/7T
‘ 291
+0.314x12x2,303( 105870-105201)
=4.11 caleries/zm mole, ©C

The entropy chenge for tihe given reaction at 298 ©C
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TABLE XXVIII

Graphical Intesration of

Entropy of Aluminum Oxide

AbsoluteTTemperature, Heat Capacity,
]
Ok lop, T cal/am mol
291 2. 463 128.2
523 2. 509 20,2
473 2.571 21.7
673 2,674 23,8

873 2.828 26.0
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Sogp= 3x1.36 +2x12, 5-3x51, 08-4%6,75

w

Y] Sv?ﬁ,c: ( S'()ym -S’OO" o m = A
g7 23 L707V228  proeducetse

=151+ 2x25,8 ¥524,11-3x11.16-4x6. 41

-

~
ke

o o . ,
Joeaanoe G

culated by the squations
Al =(Al) o Bt
AT o= (Ail) gy 3=870A53gm o = =579, 600-870( =151)
.‘:-;-/;'-‘72;,'7'00 calopiaes
The the reasctions

113,200 caloriecs per wuole of aluminuiie

the reaction wasg then cale-

o1
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IV, DISCUSSION

The previcus w rk of electrodepcsition with aluminum
and the results of the investization on the borates, phos-
phates and Dborates-phesphate systems will be reviewed, sna-
lyzed and criticized undsr the general hesadings of discus-
sion of previcus work, discussion of results, recommen-

dations end limltations.

Discussion of Previous Work

The previous work will be discussed under the topics
of disadvantagces arisine from use of aluminum halides as
electrolyte, systematlc review of the use of alumihum salts
8s electrolytes, conductlivity of electricity and molecular
structures cof aluminum ceomplex compounds and the selection
of systems for electrodeposlition study.

Disadvantanes of Usins Aluminum Helides as LSlectro-

lytes, Aluminum halides, especially the chlorlde, have

been the salt most frequently used to supply aluminum iens
for the electrodepesition of aluminum. According to Psivrelksa
and Zuchelli(lsl), aluminum chloride 1s & strong peptizing
agent for 2luminum oxide and its hydrste. The decisive
factor in the corrosion of aluminum is the behavior in the
system of the sluminum snd aluminum oxide which i3 always

present 2s 2 surface film. Articles pleted in @ beth cone



taining aluminum chloride may have sluminum chloride
occluded on the surfaces. Thersfore, severe corrosion
of 2luminum coatings from & bath containing helides is
expected. This 1s the reasen why steel coated with
gluminun by the Blue and Ksther's method(ze) is s2id by
them to afford no better protection against rusting then
a cogting of an equivalent welght of zinc.

Furthermore, because of the moisture-absorbing prop-
erty  of aluminum halides, all processes invelving them
require special precavtions to maintain the life of the
electrolytic bath. Even the bsth suggested recently by
Couch and Brenner{él) will have & lenger 11fe 1f protected

from the molsture in the alr,

Svstematic Review of the Use of Aluminum Salts as

Electrolytes., Since halides promote the coerrosion of the

aluminum coating, other 2luminum salts seem to bse more
prouising., 1In seleceting pessible gluminum salts, those
which are insoluble in water will probsdbly not peptize
the film formed on the surface of the alumiﬁum nlate.
The fused bath should possess low wisceosity and a melting
point below the melting point of aluminum. High conduc~
tivity of electricity is ancther criterion for the utility
of a salt.,

A systematic study of the incorgsnic salts shows that

the aveilable selts 8re very limited. Aluminum chloride,
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aluminum bromide and alumisun iodide have the defects
mentioned previously. Holten metal sulfates react with
aluminum vigorously. Violent explosion may occcur when
sulfates end 2luminum are melted together(vg). Thus the
possible use of & fused sulfete bath is excluded. Cyenides
and cyanates of many metals are successfully used for the
electroplating of certain metsls., Unfortunately, there is
no literature evidence that 2luminum cyanide exlsts,

{(210)

Williams stetes that aluminum cvanide does not sppear

. (66,70
to have a separate sxistence. Forbes and Anderson ~°° )
have prepared a number of inorzanic cyanides snd cyanates,
but no reference wes made to alumianum in the work of these

1)

suthors, The American Cyansmide Compamy{l has no evi-
dence of the existence of aluminum eyanide or cyanate,

An attempt wes made to correlste the knowledge of existing
cyanides snd cyenates with their position in the periodic
table to try to predict the possibility of existence of

an aluminum salt. In the same group as alumlnvum, the only
element that forms 2 cyanide is boron., Forbes and Anderson
prepared boron cyanide, but were unzble to determine any
of its properties or characteristics because of its insta-
bility end extreme deliquescence. In the seame series as
aluminum, - the cyanide of the adjacent ﬁagnesium is unknown
and silicon forms a stable cyanide, but is 4Aifficult to

isolate., Therefore, it sccms that existence of alvminum

69)
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cyanide 1ls improbsble. Even 1f it did exist, 1t probably
would be extremely unstable snd not easily isclated,

Another possible method of utilizing the cvanide
system 13 to use an aluminum anode imnersed in the fused
cyanide to supply the aluminum lon for the electrodepo-
sition of 2luminum by dissolving anodically. However,
because of the toxle neature of cysnldes znd the pessibllity
of & violent explosion, such as occurred to Forhes and
Andersoncvo) in the ianvestizetion of chromyl cyanide, the
noseibility of electrodeposition of alumliauw from fused
cyenide elcctrolyte wss not investiaated,.

Aluminum coxlde has 2 very hich melting point, 2050 c.
There is no known liquid which can dissolve it, forming a
mixture melting below 660 ©C,

Puschin and Boskovl 175)

rsported that potassium
flvoride and alwiinun fluoride formed an sutectic mixture
conteining 40 mole zer ceat aluminum fluvoride and 60 mole
per ceat ~ctesgivm fluoride, which melts at 568 °C,
Fedotleff 2nd Timofeeff(64) gave the eutectic composition
at 45 mole per cent aluminum fluoride with melting polnt
at 575 ¢, Though the duta for composition differs, the
meltiny peint data may be said to asrees. The eutectic
temper2ture of thls fluoride nixture is zbout 100 % velow
the melting peint of eluminum, but because of the very

corrosive aature cof the fuged flvorides, thelr use asg elec-

trolyte for electrodeposition work does not gfesm promising,
J o P 3
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Aluminum sulfide hes beca gaid to bo suceessfully
vtilized as the electrolyte for the isolaticn of aluminum.
Rontgen sand Borcherscl?a) elactrolyzed a mixture of 40
per cent godium chloride snd 60 per cent aluminun sulfide
at 700 °c, Elementary aluminum was chbteined. They elaimed
that the electrolysis o this 2luminum sulfide-sodiun
chloride system had the szdventa~es of one volt lowoer de-
cemposition potentizsl and 25 per ceat hizher current
efficiency than Hall's process. A similar report was
made by Khezanov and B@lya@v(gg) with aluminum sulfide
dissolved in 3 fused mixture of 70 per cent of sodlum
chloride smé 30 per cent sodi'm hexsflvosluminate (NagAng)
at 800 °C. Rontgen and Borchers also trlsd to reduce
the werkinz Temperature bty utlliziang the eutectic mixzture

&

of sodium chloride-potassium chleride or llthium chloride-
potassium chloride to disseclve gluminum sulfide. Wo nmelt
cf the svysten sofdivm chloride-potassium chloride-sluminum
chloride is sufficiently fluid below the melting point of
gluminum, The meltine ovoint of the eutectic mixture of the
potassium chlioride-~lithium chloride system 18 rather low

at a composition of 40 mole per cent potassium chloride,

at sbout 352 °C. But sn sddition of 2 per cent of sluminum
sulficde raises the meltlng point to 500 °C. FElectrolysis
of such & mixture only produvces finely divided, incoherent

-

eluminum accomnanied by an snode effect. Addition of more

aluminum sulfide cen eliminate the anode effect, but the
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melting point of the electrolyte then rises above the

meltiny peint of aluminun,

interest to study the uvtilization of the

eutectic of the sodiuvm sulflde-sulfur system &s solvent

for aluminum sulsfide. The meltinz pcint of this eutectic
- o ed . 1ot 192)

compesition, as reported by Themes and Rule , is

142 °C, with the empirical formule, KpSz g, but this poly-

sulfide 1s combustible in air, as the temperature ls raised

above its melting point. For this reason, even if this
svatem were promising, it must be operated iIn an atmosphere

of nitregen, aad therefore, it is considered as iapractical,
. (188) e . s . s

Scott studied tinis system withiout obtaining aiuminum

by clectrodepositicn.

Aluminum thiocysnate 1s another aluminum conpound of

e . + .. (386) .
dovitful velue. It is sald to be wmstzable and rust be

kept dry and out of contmct with sir.
Alumninum Tluoborate, &s propared by rescting freshly

mweciniteted aluminun hydrexide with Tluoboric acld, ac-

(21)

cording teo Berzelius , contains an uaknowa amount of
water of crystellization. It decomposes on fusion at read

heat, giving off water and hydrozgen fluoride and leaving

-

aluminum borate.

- 2 - J - o
Ziric end Otnmer(ICO) heve showvn g method of prepsring

an anhydrous, flucborate mixture by the followlns reactions

-

TiE + 2A1C1- bnigdrous  — siia
8LiHE + 2A1CIg rReT 2LiA1H4 4 6LiC1

£ NS o ;
3LiA1Hg + 16BHp Aﬁng%éggsg- ShgHg # 3A1 (BF4)z ¢ 3LiBFy
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Beceause no deteills of thls reaction are given, it is
still difficult to say whether or not this compound can be
used for electrodeposition of sluminum.

(120) |
ne s

Smith shovm thet 2luminum nmetal end potassium

niltrate can be fused tosether without reaction, 1f the
tempersture ig not hich enoush to decompose the niter. But
aluminum nitrate crystel, A1(¥0z)z.%Hg0, can only be partial-

ly dehydreted to £1(¥0g)z.1l.5Hg0. EBeczuse of the wetor con-

tent preseant in the crystal, & trial wilth this selt sceoms

A systemstic survey cof orcanic sluninum compounds

N

e as electrelytes, is rether Aifficult,.

)

suitable for wu

r

Trhere is little informstlion on organic zluninvm compounds
in the litcrature, The criterlons userul For chcosing Dro-
misinz orgsanic aluminum ccocrmpounds zres a meltint point
telow its decemposition temperature, or sclubility in other

cerganic solvents or in {u

o]

cd salt at teuperebtures below

thoac causing deccmposition, an& sulteble conductivity of

the fuscd organic aluminum ¢c:mpounds or its solutlons.
Generally, thco meltinn polats of organic aluminum compounds
are below the melting goint of aluninum. iHany corzanic alumi-
num compounds have 2 welting peint below their decompositien
temperature, but they do not conduct electricity; Tor example,
eluniaum derlivetives of alcoholse

Eluminum derivatives of beta-dilketones, veta-ketonic

?

"N
L]
@
)
o
]
©
7
@
o)
[P

aldeliydes and tete ketonic-esters & conpounds
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wnlch seem promising on study of their meltinz points,
But for such o type of compound, only the derivatives

(123)
f the alkall metals po sess typilcal salt-like properties .

Tnenever the ccerdinate number of 2 wmetal atem is twice that
of its cxzidation state, the chelate compound formed is a
nonelectrolyte, or it is an ioncer complex compound of the

Mrst order. Uafortunatvely, alvainun derivetives zclong

to this clzcss. It is st

e

11 possible that aluminum des-
ivatives may form complex lons with dodium derivatives,

but the complex ions formed are limited to the compounds
with ccordination number less then twice the veluve of that
of the oxidation state., Ior this rezscn, 1t does not seem
promis in: Lo experiment with this type of compound.

Alwainum derivatives of ghencls may be considsrcd. It
Is true that simgle phencls ere acids, nitroguzncles arve
stronz acids, #=nd thelir sodium derivetives are truc selts,
vut &1l phenels are subjeet to cxidation., The preoducts of
oxidation will coat the snode and hinder the psssage of the
currsnt,

Hluminum derlvetives of fatly zclds are another series
nl30)

of ceompounds that wmizht bs studied. DBourgol expiained

the well known Kolbe's aynthesis dy assuming the s21t 1itself

®
]

was decomposed, during electrolyais, into the tal and the
scid radical, and that subsequently two 2c¢id radicals con-

densed to form a molecule of the aahydride of the zcld with
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the libersticn of sn saton of oxygen.
CHzC O\
" v 0.7

As to the electrolysis of anhydrous fuscd salts,
n % ~ w ( 65 ) 1t
Brockmen quoted Faradey as sayving: Acetate of
sod&, fus=d and anhydrous,is directly decomposed, being,
as I believe, 8 true clectrolyte, and evolving sods
snd acetic acid =t the cathode 2nd anovde. These, how=-
ever, hsve no sensible duration, but are immediately
resolved into other substances; charcosl, scdluretted
hydrogen, etc., being set free at the former,....".

Berl(zo)

repeated the work of Faraday, using pure,
fused, potassiun acetate snd glso & fused mixture of
sodium and potassium ccetatea. He suzzested "The de-
compesition of the electrolyte is dus to the actlion on
the fused salt of metellic socdium liberated at the
cathode." This mechenism wes sustained by experimental
evidence,

As o deduction from this mechanism, 2luminum may be
expected to be clectrodeposited from either a bath of
fused se2lt covr from the nconaqusouvus solution of the z2lumi-
nun salt,

The possibillity of electrodeposition of slumiaum
from @ bath of sluminum hydride In organic solvent has

7l
been suggested by Gibb( ).
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sSeclection of Systems for this Study. In thils thesis,

aluminum phosshete wes utillzed as the compound supplying
aluminum ions to the fused electrolytes. fAluminum phos-
phate is 1asoluble in water., Althoush aluminum phesphate
or netaphesphate has high meltling peint, zrester than

(115) that "Fusi-

1500 °C, it was shown by Jemes A. Lee
bility snd meltability can be zvreatly improved by smell
additions of variouz common oxides or flucride fluxes®.

Ly shown by Kreldl and Weyl(llo)

s the mixture of aluminum
phosphate with cther oxldes may have 2 softeninz point
below 400 °C. The phosphate zlasses poasessing such low
softening points are constituted from the following
oxidess phosphorus oxide, sluminun oxlide, boric oxide,
potassium oxlide, sodium oxide and zinc oxide. From the

. ) ) . {213,219)
depositicn potential study of ¥Yntema and coworkers ,
mads in the presence of only a2lksll or alksline-earth metal
salts, the fused aluminum salt bath can deposit pure slumi-
aum. If other heavy metallic ions are preseat In the bath,
the heavy metal will deposit before the aluminum. Thus
the use of zianc sslt in the elsctrelyte was excluded. The
successful use of potassium s2lt in the bath was doubtful,

(19)

because Beketoff showed that zluminum reacted with

potassiun hydroxide at high temperatures. As to the sodium
salt, there is ne danger that it will attack the a2luminum.

(45)

Deville showed that even fused sodium hydroxide did

not atteck aluminum,. Klooster(104) sald that the eutectle



mixture of 1lithiua metaborate-sodium metaborste melted
at 650 0C, while that of sodium metaborate-potassium
netaborate melted ot 850 OC, Therefora, it seems more
promising to use a lithium salt instead of a potassium
salt in the wmelt.

The litsrature also ~ives somc informaticn as to
the peesiblility of depesition of eluninum froam the fused

(13)

borate mixture. Andrioux si:owed that metallic sodium
nizht be obtained by e2lectrolyzing fused borsx. The pro-
duct of electrolysics, whilch mey be metallic secdium, boron
or ¢ milxture of two, depends on the temperature of the

cethode 2nd the Introduction of slizhtly soluble oxides,

such 63 2lumina cr cglcined verylla,., Since aluminum is

engier to deposit than sodium, there seems s possibility
of cbtzininz 2luninum by deposition from 2 borote mix-

ture in presence of £luminum ion.
Another method of approach was to uvtilize the fused
eutectic mlxture of sodium metsphosrhate end sodlum pyro-

rhosphste g8 the solvent to dlssolve the aluminum phose-

Conductivity of Electricity and ¥oleculsr Structure

of Aluminum Comnlcex Compounds, A study was made of the

reletionship between the conductivity of electricity and
the molscular structure of aluminum complex compounds so
28 to know how to select cluminum compounds for supplyving

elumlnun ioa in the electrolyte. Coordination compounds,
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except those which arc neutrel, ere good electrical con-

(194) _
ductors . There 1is still no known cemplex cysnide,
aanine of aluniaum which occurs very frequently for

trensitlen elements in the periodic teble. A survey of
the derlvetives on 2luminum helides indicates that, the
structure of the cryclite-complex typs of compound
SEF.A1YG, BWaF.A1Fz and 3LiF.AlFz cen be expleined in
the term of the coordinstioa thecry, The structure of
all other complexes of zluminum halides cannot boe ex-
plained by thils theory. A& list of complex ccupounds of
chlorides an? bromicdes is shovm in Table XXIX.

Alum 1s representative of ancther type of impertant,
complex compounds. The condvetlvity of 2 solution of potas-
sivm 23um is egual to tnet of on vncombined mixture of
potassiun and alunlaum sulfates (226). his shows that alum

is net & ccecordlnation compound, since 1t is decomposed in

solution, Iato its components,
07T :
Grotgins( 23) states that stable, stiocchiometric ad-

]

kvl halides and 2lumigum halide neve

-
[
-1

dition products of 21

not yet been 1solested. DBut this does not preclude theilr

con O
n 5w “ 228,229
existence in solutlon. Wcohl and Wertyporoch(““ »8 ), by

meeng of electriccl cenductlivity measuvrements, heve succeeded

in indlecatine the formation of complexes of the metsl hellides,

)

The concductivity was traced to the formstion of solute--

{222) «
P

solvent ccmplexes. ALccording to “rosglns Heerwin

has showa thet many weak electrclytes are increased in
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TABLE XXIX
Complex Couupounds of

Aluminum Chloride and Aluminum Brocmides:

Aluminua Chlorlde Complex Coupounds:
Al1Clz.1iCl, AlClgz.WaCl, AlCliz.KC1, £1C1z.0H, 01 ;

2A1C1lz.NaCl, 2A1C13.KC1

Aluminum Bromide Complex Compounds:
AlBrsz.liBr, AlBrz.¥eBr, AlBrz.KBr, AlBrz.NHyRr;
781Brz,T1Br, 7A1Brz,NaBr;

3A1Brz, NHyPr;

2h1%rgz KBr, ZA1Brg.NH,Br.

s Kendall, J., E. D. Crittenden and H. K. Miller:
A Study of the Pactors Influencing the
Compounds Formation and Solubllity in

Fused ifixtures, J. Am. Soc. 45, 963-96 (1923)
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streangth by the formation of complex ions, Althoush simple
eolvation leads to icnization of molecules as a precurscr
of clectrolytic dissociziicn, in complex formetlon there 1is
alsc the fornztion of & chenical bond between one cf the
pctentlel icus and part of its environnment, This uvnlon ro-
sults in the mascence of an leon of lairger resdius end the
same charaie which is, consequently, less firmly bound to
its fellow."

In the orzsnlc field, the formatlion of binsry, lonized

eddition compounds with aluminum chloride or bromide, 1is
miler te solvent-sclute complexes, which ere charscter-

-

l1zed by conductivity. DBeczuse the aluninum end three
chlorine atoms in the aluminum ct:loride molecule combine
by a process oI electron-sheriang, the slunlinum atom in

.

tiie sluaninum chloride molecule 1s an electron acceptor.

C1

Hence, it causes atoms or groups coming within the orvits
of influence to migrete with theilr bondling electrons so
thet there is & virtual conversion cf & covalent to an
. . gl vemihapt 620
electrovalent bond ss shown by Falrbrother °
o N ¥ -
ho(lﬂzgcl E AICJ_S - - - nCI‘Lg .......’..J‘lel4

i“{Co:Cl " AlCla - w» e F{.CO"’;...‘.-Yooo..p'lcl4‘-
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Such reactions are only known for aluminum chloride
gnd bromide. &Such complex formation 1s not a property of
the aluminum atom alone, but may be ascribed to the co=-
valeat combination of the aluninum stom and chlorine atoms.
Chelate formation is a reaction which may prevent solue
tions of complex aluminum compounds from conducting the
current. For example, aluminum derivatives of beta-dikétonas;
bete-ketonic aldehydes and beta-ketonlc esters, which form
chelate structures, do not conduct the electric current,
On the other hand, the alkall salts of these same compounds

possesss typical salt-like properties and conduct the cur-

rent.

Discussion of Hesults

The results obtained in this investigation will be dis-
cussed and criticized under following topics:

The ILimitins Composition of Borates Mixtures.: Boric

acid is a weak tribasic acid. Theoretically, one mole of
boric acld can decompose one and one-half moles of alkall

(140) claim to have obtained

carbonates, Morey and derwin
& compound of 2Nag0,Bo0z. They further showed that the
liquids in the region between Nag0,Bg0z and 2Weg0,.Bg0z,
contained about one per cent carbon dloxide. Therefore,
for complete decomposition of sodium carbonate, the molar

ratio of sodium carbonate to boric acid may be still smeller

than 1 to 1. This retlo may be different for carbonates
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of differmt altrli metals., 1In order to svold the dis=-
turblng effect of evolution of cerbon dioxide ~ss in
electredeposition, the 1iwmitin; comgositien of the re-
sultins alxture mede from mezimum retio of carbonates

to borlc 2c¢ld was deternined.

From the deta of the reaction of a sinsle csrbonate
with boric scid, 1t wss shown thet lithium cerbonste was
completely decomposed by a stolcnicmetric retio of boric
acld, hut scdiuvm cerbenate wes not, Therefore, 1n the

three compecnents system, the undecomposed carbonate is

wholly attributed to sodlum carbonate, The czlenlation
of undecomposed carbonates for the three componeats system
wes based on the assumption that equal amounts of both
carbonatcs were left,. The error caused by such an &s-
sumption 18 small. This method of calculation ¢ives
directly llmiting compesition for a ziven rvatio of lith-
ium carbenate te sodium cerbonate used. Ctherwise, the
limltiny compositien for mixture of a cortsin ratio of
lithivm carbonate to scdium czrbonate can only be ob-
tained by extrenolation, which would probably result in
greater error than the direct method just deascrlded.
This calculaticn was justified Dby the results of the test.
for absence of carbon dioxid in.new mlvtures which were
ba

prepared with couposition sed on the 2bove 2ssumptions.
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In the Mrat stase of fusion of Loric acid and
carbonzt es mixture, there wes e los:z by spattsring. In
the second staze of hestin: the mixtwre to 900 °C, there
micht heve been some velatilizelion lose., The total loss
durin:: Tuslen can be sstimoted from the experiment in
which boric scid was fused with 1ithiuvm carbonste zlone,
It was satimated that tre maximum loss Aduring Tuseion is
ebout one r~raw per mole of boric scid uvezd, whlch corres-
ponds te za error of 1.4 mele per cent of BgOy in the
estimation of the limiting compositicn.

L check on this method of determiniay the lialting
composition Tor the reaction of boric scld with alkall
carbonates can be made from iorey and Merwin's da*"(’"o)
The compound £V¥ap0.B50z which they clealm te have fermed
contaling 33,3 mole por cent veric oxide, but the molten
nass, from which the compound Z2Nag0.Eg0z crystallilzes,
centains ebout one per cent of cerbon dioxide., Therefore,
the limlting composition of the NMAO-Bzos system dghould
conteln more bcrié cxide thsn 33.3 molé per ceat. The
conposlition determined by the proposed methed 1s 54,0 mele

ver cent boric oxide

"Fluld Banze" of Yused nixtures. uethods of detormi-
nation of the meltiny point of 2 system mey be divided into
tn

two genzral claesses: static and dynamic,
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Heatinz and cooling curves are the usual dynamic
methods used for the determinstion of the melting point.
The experimental arrangement for this method ceonsists of
a crucible containing a substance in which & thermocouple
either protected or unprotected 1s concentricelly Inserted.
The crucible is placed In & uniformly heated portion of
an electric furnace. When a melting or a freezing point
is to be observed, the tempersture of the furnace is
gradually ralsed or lowered, and the temperzture as indi-
cated by the thermocouple is noted at frequent and pre-
ferably uniform iantervaels of time.

If all the condlitions were ideal, the temperature of
the charge would remain constant during melting or freezing.
Thus thse temperature-time curve would bve chéracterized by
a straizht lline esxactly parallel to the time axls and by
& discontinucus chanze of slope at either end of the line
marking the bezinning and ending of the period of melting
or freezing. Actually, howsver, the change of state
shown by the curve, even for pwe metal is not sharp, but
more or less gradual. Only & peart of the freezing curve
will be flat, and the melting curve usually possessaes
greater obliquity than the freezing curve. The reason
for the obliguity and for its existence to a greater
degree in melting curves have been discussed in detall

by White!298) | The rirst pert of the epproximately flat
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portion of the freezing curve corresponds to the true
freezing point, and the latter part of the flatter
portion of the melting curve corresponds to the true
melting point.

Heating end ecooling curve me thods are suited to the
study of systems which reach equilibriuvm repidly and where
the heat effect in transition is large.

The most useful static method is the "quenching methed"
since it permits the use of smell samples. It is suited
for a system where the chansge is sufficlent sluggish to
prevent trensltion durinz quenching. The melting point
of esilicates and other compounds of metallic oxides s&re
usually comparatively high and their great viscosity when
liguid, slow welting, slow crystallization and undercooling
introduce many difficulties in determination of the melting
point by a cooling curve methcd. HMany crystalline silicates
which have a deflinlte melting point do not show a sharp
freezing point on account of the high viscosity of the
liquid, thus preventing the Tormatlon ¢of crystal nuclei.
The 1lquid subcools and the viscoslty may so increasse that
& glass is formed. In another case, the melting of the
substsnce requires a lergs time-interval, probably on
account of the high viscosity cf the liquid, so tlat the
material will easily superheat as well as supercool., Both
the melting and cooling curve will be so oblique that no

helt in the curve is perceptible,
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The procedure of the "quenching methed" was developed
by Geophysical Isboratory, Washington, D.C. Shephsard,
Renltin and Wright(IBV) and Ferguson and Merwin(66) used
this method in the study of the silicate system. Horey
and Ingerson(lsg) and H11ll, Faust and Reynolds(84) anplled
it to determine the melting point of the phosphate systen.

The procedure for the quenching method is wvery tedlous.
A small sample 1s enclosed in e small contalner, usuaslly
an envelope of platinum foil and hezted in & specially
designed quenchinz furnace held at & constant temperature
within 1 % for a sufficient time (20 minutes to three
weeks ) for equilibrium to be established. The semple is
then rapidly quenched from that temperature by dropping
it intec & liquid st low temperature and the equillbrium
condlitions prevailing at hich tempersture are frozen.
Phases are ldentified by petrozraphic microscopy and
X-ray powder diffraction methods. If the ssmple is all
zless, the temperature of trestment 1s above the liquldus;
the presence of crystals indicstes that the tempersture
18 below the liquidusj and by successive approximations,
the melting temperature can be located as closely as
desired.

In some systems, such &s sodium oxide-boric oxids,
the hestlng-curve method csnnot be used to detsrmine the

melting polnt, because of 1its glesss-like properties.
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The dquenching method is elso not good, becsuse the
hygroscoplcity and the existence of more than one form,

of some of the compounds may cause confuslon as to the
identity of the materlal. Furthermore, & study of the
melting points shows thet thev dec net help too wmuch in

the actual application of the fused salt to the electro-
deposition work. Tor exsmple, thousgh the melting point

of boric oxide is reported arcund 577 °C, the viscosity of
the resulting massy 1s so hizh tlat even when the tempera-
ture is Increased to 800 OC, the salt is still in a pasty
state. Other substences 1llle aluminum tristeerate may be
reported to heve 2 sharp malting peint, but is very wiscous
up teo & tempersture of deccmposition. For this reason,
the melting-point wes not determined, but a new term
"fluid range" was introduced.

This "fluid reanze" is 2 temperature rangce, the upper
value cof which is that temperafure 2t which s thick liquid
starts to form, while the lower value is the temperasture
et which the first sppearence of the solid mess ocecurs.
The lower valuc sometimes can be observed from the freszing
curve, but is generally obtained by direct observation and
by using & freezing curve as reference. As to the upper
velue, it 1s 2lwsys obtained by visual observation and by

the resistance offered during stirring. For pure metals,

-~

both end velues of the fluld rsnse are the same and become
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identical with the melting point. For glass, no lower
value can be observed. In generesl, even the lower value
of the fluid range 1s higher than the meltinz point. The
fluid rsnge defined and determined in this way 1s more or
less arbitrary, but It is more significant for electro-
depeaition investigetion than the meltinz point determination.
The idees of using a speclel term in working wlth
fused sslts is not new. In other technical fields, many
similar terms are used instead of the meltlng polnt; for
example, no melting point is determined for lubricants.,
The general terms used in lubricant field are "cloud point™

a

and "pour point", In the glass industry, "softening point"

is zenerally used Instead of the meclting point of the gzlassg.

Recently, a further new term "flow point"(117)

has been intro-
duced as describing the behavior of glass,

Fluid Renge of Fused Nao0-Iio0~-Bo0z System. The binsry

system of sodium oxide-voric oxide has been systematically

(140).

studied b Ponomareff(174) snd Morey and Kerwin Most
¥ y

ey

of the 1information relating to the phase equilibrium was
obtained by the quenching method. In the case of sodium
metaborete, the crystalllizstion takes place so rapidly thst
the phases cannot be determined by the quenching‘method, s0
it was studied by the heating-curve method. The investi-

getlon of this system is further complicated by the hyasro-

scoplcity of different borates of sodium eand the existence



~-206=-

of more than one form of some of different borates. This
has caused confusion in the identification of different
borates. For this reason, Morey ad ierwin dld not comment
on the discrepency of the data, from different observersfss:
39,40,43,104,140,184) for the same compounds, as shown in
Teble XXX, page 207.

Except for these investizstions on the compound
QNaQO.B20§ reported by ilorey and Merwin, &ll investigations
were on c%mpounds in this system with a8 content of borile
oxide greéter than 50 mole per cent.

A survey of the data of previous investlgetors, shows
that except in the region vhere the boric oxide is greater
than 95 mole per cent, the melting polnt of all milxtures
with a mclal ratic of BgOx to NagO greater thean 1, is higher
than the melting point of aluminum (560 ©C). Therefore, no
determination of the fluid range was made in the region
where the conteat c¢f BgOx is greater than 50 mole per cent.

The binary system of lithium oxide-boric oxlde has
begn systematically studied by ¥Mazzettl and Carli(lgg).
Hers &z8in, the dats show that where the molar ratio of
Li20 to 3203 is smaller than 1, the melting point of the
mixture is zeneral ly higher than 660 °C, The eutectic
mixture having & boric oxide content of about 81 mole per
cent would be viscous at 660°C. Therefore, no determi-
naticn of the fluid renge wes made in the region where the

boric oxide content is greater thasn 50 mole per ceat.
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TABLE XXX

Melting Points of Compounds in NegO-BgOg

System Reported by Different Investinsators

Melting Point ©C
Nag0.Bg0s Nag0,2Bg0s Nag0.3BgO3  Nag0.4Bp03

::{3 9 and 930 791 e 838
van Klooltor(b) 966 —— S -
::Z.‘.{J‘é? 966 738 766 818
ottt

g 965 - — -
ant Senelesld) — 738 720 810
Day snd Allenl®) ___ 742 — -
Ponomsrersl T) - 732 694 783

e)

b)

c)

a)

o)

r)

Burgess, C, H., snd A, Holt: Proc. Roy. Soc. (London) 74, 285
(1904); dorey, G. W. and H., E, Merwint Phese Kqumbriun
Reletionship in the Binary System Sodium Oxide-Boric Oxide,
J. Am, Chem. Soc. 58, 2250 (1936).

Klooster, H. S. ven: DBehavior of Metaboric snd Netapheosphoriec
Aclds in Fusion of Their Alksll Seslts, A, enorg. Chem. 69,
122-34 (1911).

iorey, G. W, and H. E. ¥erwin: Phsse Equilibrium Relationship
in the Binary System Sodlum Oxide-Boric Oxide, J. Am. Chem.
Soc., 58, 2243-54 (1936).

Cole, 8., 8., 3. R, Scholes and C. R. Ambergs The System
LgO=-Bg0g. 1l. PFreopertles of hnhaydreoue end Hydrated ideta-
borates of Scdium snd Potassium, J, Am, Cersm. Seec. 18,
58-61 (1935).

Day, A. L. snd E, T, Allens "The Isomorphism and Thermal
Properties of the Poldlrr', pe 29, Carnegle Institute of
Washington, Publ. No. 31 (1905).

Ponomsreff, J. Fot Z. snorg. allgem Chem. 89, 383 (1924)
Worey, G. W, sand H, E. lerwing Phsse ﬁ:ziubrlu Relstioen-
ship in the Binary System Sodium Cxide-Borlec Oxide, J.

Am, Chem, Soc. 58, 2248 (1936).
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Klooster(104)

studied & mixture of sodium metaborate
and lithium metaborate in a wide renge of cempositions,
and observed that & eutectic mixture is formed at a coﬁ-
positlon of 66.7 mele per cent of lithium metaborate and
33.3 meole per cent of sodium metaborste., This is the
only literature reference to the three components system
Na50-T150-Bg0s3.

The literature dealing wilth the system Nag0-Lig0-BgOg
concerns itself only with the melting point-composition re-
lation for the system containing more thsh 50 mole per. cent
Bo0Oz., Ng information is given concerning the’ viscous behavior,
of the system at 660 ©°C. For example, althoush the melting
point of boric oxide is reported to be about 577 °C, the
vigcosity of the resulting fluid is so hish that even when
the temperature is incressed to 800 °C, it is still in a

(13) electro-

pasty state., This 1s the reason why Andrieux
lyzed fused borax st 880 °C, while the melting point of
borax was reported at 742.5 °C.

The accuracy of the fluld range as glven in this study
is 5 to 10 °C which is better than the difference of melting
point for the same compounds as reported by different in-
vestlgetors and suamsrized in Table XXX. The smcoth curve
obtained by interpeclation for the 600 and 660 °C upper

filuid range further indicetes the utility of the proposed

method.,.
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Effect on the Fluid Rence of Adding Aluninum Phosphate

to Fused Borates., In the first place, the fused mixture,

Bo03.1.94Nag0 + 1.06025C03, has a sharp melting point. The
fluld ranze of the mixture is lowered by the additlon of
sluminum phosphate. A plot of the weight percentage of
aluminum phosphate in the above mixture, a2gainst the fluid
range of the mixture gives a very sharp eutectic polnt as
shown in Figure 7, page 130, but the melting point of the
eutectic was above 660 °C.

On the other hand, the fused sslt, 5Nag0.10Lig0,.6B203,
is more or less‘vitreous, Any change in the fluid range
of the fused mixture on the addition of aluminum phosphate
is rather obscure, a&s shown in Filgure 8, paze 132, since
the fluid renge is affected by both the lowering of the
melting polnt and the increase in viscosity.

Corrosion by 7used 5Na20,10L120.6B20%, The atteck of

5Nao50,10Lig0. 6B20z on various msaterials wes studied by
using the materials as containers for the melt, and ob-
serving the deterloratlon of the contziner and the contami-
nation of the fluid,

From the stendpoint of ceontamination, crucibles made
of porcelaln, graphite and rlstinum were satisfactory, but
from the standpoint of corrcsion, only graphlte and platinum

crucibles could he used for containers.
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Ths Decomposition Potentisl of the Fused Porates snd

Borates-Phosphaté Mixture, The voltage-current curves for

aluminum anede in both 5Hes0,1004 50,6807 and in the mixture
of 2.4 per cent of aluminum phosphate and 290.6 per cent of
58e00,100150,6B505 &5 shown in Figure 9, page 138, sre straight
lines, This shows that tho anode is in equilibrium with the
electrolyte and the electrolyte was not decomposed, The
aluminum fons in the fused 5¥ap0,10L150,6B50z, probably came
from solution of the aluminum anode in the fused slectrolyte,
gince the presence of aluminum ion in the fused electrolyte
hes been identified by the chemical test. Since both of the
atraight lines éid not start from the zero polnt of the
coordinate axes, it 1s Impossible to conclude whether or not
there was electrodeposition of aluminum on the cathede. The
sudden drop of the current et 2,6 volts in curve A 1ﬁ Figure
Q maj be explained as resulting from concentrstion polymeri-
zation &t the high current,

The accurate date for the zbove experiments were difficult
to obtain, becouse the current under the workingz conditlion was
rather unstable as shown in Figure 10 on;pﬁge 141 and Figure
142 on page 153,

After electrolysis,.the aluminum anode wes yellow-browp
In color, which shows that some dlsplacement reaction has
takzen place, The yellow-brown color may be due to the forma=-

tion of an alloy of the libersted substance with the sluminum.
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In the fused nixture of 2,4 per cent of aluminun
phogphate and 90,6 per cent of 5Nag0,10L190,6Bo0z, if
platinum electrodes were uvsed, the electrolyte was decom=-
posed as isg shown by the curves C 2and 2 in Figure 9, page
138.

Blectrodenesition from & Phosphates Mixture., The

eutectic mixture of sodium metaphosphate and sodlum pyro-

_
(139) can be

phosphate as determined by iorey and Ingerson
used as a selvent for aluminum phosphate. The resulting
solution is & good electrical conductor, but has & strong
oxidizing power, It oxidizes the surfece of the gluminum
anode to & non-conducting oxide fllm which is npt dispersed
by the fused mixture as shown by Table XVIII, page 154.

The copper cathode 1s also oxidized by the electrolyte

to cobper oxide.,

The formation of the non-conducting film of aluminum
oxide on the anode surface can be prevented by using an
aluminum~copper alloy mede as 1s used in Hoop's processcgs)
for refining aluminum..

The purpose of using platinum &s an anode in the second
test is to show that the black copper oxide 1s formed on the
cepper cathode was not reloted to naterial traensferred from
the anode,

Electrodeposition from Borates and Borateg-Fhosphate

Mixture. As shown in Teble XX, page 159, no aluminum can

be electrcdeposited on the copper cathode from a fused
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mlxture of 9.4 per cent of aluminum phosphate and 90,6
per cent of 5H250.1001p0.6B903 with alumlinum tnode &nd
copper cathode, withln the f&ngerf 1.5 to 5.5 volts and
current densities from 1.0 to 10,4 amperes per square deci-
mneter. The aluminum anodc wes always coated black which
was also the result of the reaction vetween the &luminum
and the fused electrolyte, withoult passage eof current,
The mechanism of such a reaction will be discussed later,
The brown color on the copper surface night he phosphide
of copper, formed by the reduction of phosphate st the
bath temperature, But when the voltage applied was
smeller than 1.5 volts, there was no change on the copper
cathode, This is probably because the potentisl 1s to low
to cathodically reduce the phosphate,

In Table XX, 1t was shown that a ccpper cathode was
not always coated with a2 black deposit. The properties of
this black deposit were the same as thoss of the black
deposit obtained on alumlnum rescting with the fused
5N2g0,10L150,68003, &nd analyzed as shown on pages 158, 160,
and 161, On this basis, it 1s assumed that the black deposit
wes obtalned by electrodeposition of alumlnum from the melt,
which then rescts with carbenates absorbed by the electrolyte,
As shown in Table XX, page 159, the amount of black deposit
formed on 2 copper cathode from the molten electrolyte con-

taining aluminum depends on time as well as on the current



density. The time must be sufficient for absorption of
appreciable carbon dioxide from the atmosphere.

Accurate results in quantitative electrodeposition
tests cen not be expected from & borates-phosphate bath or
mixed borates bath, Teble XIX, page 157, because the anode was
slizhtly eroded away durinz cleaning in boiling water. Alseo
the black coat on both electrodes partially separated on
beiling the slectrodes with water. A further difficulty was
that the surface of the sluminum anode was oxldized to
aluminum oxide during immersion in the fused electrolyte.

In the first guantitative electrodeposition test with
fused 5N320.10L120.63205, aluminum anode and platinum cathode,
in Table XIX, page 157, the low slectrode efficicncy may be
ascribed to loss of blesck particles when the electrodes were
neated in beiling water to remove the adherins salts. The
electrode during electrolysls, turned red. The aluminum
snode was covered with a brass-yellow coating spotted
with red-brown, The reason for such a color change has
been gilven slready on page 210, in the discussion of the
decomposition potential of the fused borates and horates-
phosphate mixture., In the third test, cavities were observed
on the surfece of the aluminum anode. It was imposslble to
calculate the cathode efficiency for this test because part
of the platlinum cathode broke off,

In the first test of the quantitative electrodeposition

from the fused electrolyte consisting of 9.4 per cent of
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aluminum phosphate and ©0.6 per ceat’of 5WNay0.10L150.6B503
with aluminua enode end pletinum cathode, as shown in Tsble
XIX, page 157, the cathode was surrounded by a porous lump
o7 g0lic¢s which wes lest ss an attempt was made tTo remove
it from the electrodes, No cathode officiency could be
determinasd,

It seems thet an sluminum anode will be reslly dissolved
durinz the electrolysis, but the gein in weight cf the cathode
is doubtful., The anode loss i3 a beiter measuring stick for
the efficiency then the cathode zain., In the fused
5liag0. 10L150.6Bo05 zlone, co loag es the applied voeltage is
greater than the decomposition veltage, the anode efficiency
is greater than 100 per cent, It iIs therefore logical to
szy that the anode Iosz 18 a combilned action of both chemical
attsck asnd anode reaction,

In the fused électrolyte of ¢4 per cent of sluminum

phosphete and 20.6 per cent of 5dag0.10Lig0. 68503, the anode

o]

oss is genorally smaller than thet under the same spplied

t
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2ge 1s found with an anocde efficiency greeter than 100 per
cent, even when the current density is so high that the
cathode is surrounded by a big porous bulk of solids which
cauaed difficultles in determlna tion.

Determineticon of the Carbon Dioxlde in 5Nas(.10Liv0,6Bo0z.

A quantitative determlnetlion of carbon dloxide in fused

5Na20.10Lig0, 68503 wes mede by the method used for the determi-
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nation of carbon dioxlde in limestone. Because the fused
salt céntained boric acld, which is & very weask =zcid and |
may have bufféring action, the quantity of acid used to
decompose the carbonate in this process was incresased,
According to the methode recommended by Kolthoff end
Sandellflog), only 850 per cent excess acid is used to de=-
compose the carbonate, In this experiment, for the total
alkall, both combined and free, equal to 0.1248 gram
equivalent, in presence of 0,150 grem equivalent of borie
acid, the acid used to decompose the possible carbonste was
varied from 0.712 to 3.560 graﬁ equivalents,

Another modification used was that, in the case of
limestone, since caleclium chloride is water soluble and

clcium sulfate 1s insoluble, hydrochloric acid rsther
than sulfuric acild is uvsed to deccmpose the carbonate. In
this investligation, both the sulfate and chloride of the
alkzll metals are very soluble, Ilydrochloric acid, if

too much in excess or too concentrsted in the decomposi-
tion flask, is likely to pass along with the carbon
dioxide,

Except in the second test, Table IXIIL, page 163, where
too much concentrated hydrochloric zcid wes used, the re-
sults'may be sald to check within experimental error. De-
cause of the limited accuracy of analysis as shown by Wil-
(209)

laréd snd Furman one cannot say that the electrolyte

1s ebsclutely free of carbon dioxide.
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The Properties of the Black Powder Obtained from

the Action of Fused Borstes on Aluminum. X-ray gnalysis

and spectrographic anslysls, Table XXI, paze 161, show
certain inorgsnic censtitueants in the black powder, but
these substances are not responsible for the black color.
Chemical tests show that the black appearance of the powder
may be attributed to cerbon, The presence of carbon in

the black powder was further proven by the combustion test.
The carbon content in the blsck powder was 80,85 per cent.
This value 1s very nesr that of loss on Izgnition, B83.6

per cent, These secem to bs a good indication of the
presence of carbon in the blsck powder,

Mechanism of Formatlon of Black Powdsr from the Action

of Molten Borates on Alumlnum. There was & possibillty

thst the black deposit might be formed from the residuszl
carbonate left in prepsring the molten mixture. To test
this possibility, & mixture, 5N2p0.10Lig0.7.5B20z, which
contained six mole per cent of BpOz more then thet on the
limiting composition curve, but still had a& fluld ranze be-
low 600 ®C, was chosen for study. The reason for selecting
such a mlxture wss to prove that the formatlon of carbon on
the aluminum was not due to the presence of csrbonste left
in the preparstion and resultling from an error in locating
the limiting composition curve., The mixture selected for

electrodeposition stuaies, 5N250.10. 150, 6B203, hsd oniy one
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mole per cent more boriec oxlde than that on the limiting
compositlion curve, and the experimentel error in determining
the limiting composition may be as large as 1.4 mole per
cent of borlec oxide.

As shown in Table XXIII, page 165, aluminum does not react
with fused alkelil csrbonate mixtures. The normal csrbonates
do not attack aluminum. However, if an sluminum anode and a
platinum cathode were first connected to the direct current
source, then inserted 1ln the molten alkall carbonates mix-
ture, csrbon formed on the surface of the sluminum anode, It
may be conjectured that the reacticn may take place between
the aluminum and the blcarbonste ion at the ancde. The bi-
carbonate lon may be formed from 2 minute quentity of free
carbonic acid dissclved in the mclten borate elecctrolyte,
which is in equilibrium with the carbon dioxide and Waterlin
the air. Thus, 2t ancde: 2A1 HCO3™ —= Alo0z +'C ¢ 3#H2 + e

at cathode: H* ¢+ o~ 3Hp

As soon as the quasntity of boric acid added to the mix-
ture exceeds 0.10 mole per 1.5 nmoles of the molten slkall
carbonates, the direct sttack on aluminum sterts ss evidenced
by the ewvolution of gas bubbles and the fermetion of aluminum
oxide on the surfoce of the aluminum., This action is ex-
plained by assuming that the presence of boric oxide in the
molten alkali carbenates increases the absorptive power of

the fused mixture for moisture, snd the mlxture is then
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sufficlently active to resct with aluminum accordins to
the reaction:
201 + 3HO —s~ Alg0z + 1}H,
As the a2ddilition of boric acld exceeds the quantity

of 0.20 mole per 1,5 moles of molten carbonetes, the effect

D

of more borate in the mixture shows its influence further
by formation of carbon on 2lumlinum in the melt, HWore carbon
dioxide and moisture are absorbed in the molten mixture to
such 2 degrec that tho concentretion of free carbonic acid
is sufficlent to react with aluminum as follows:
281 & HoCOp ~—> AloOz ¢ C » Ho

Though the liberation of hydrozen zz2s8 in 2l1 reactions
has not been proved directly, the presence of hydrogen in
the black powder has been determined by the guantitative
combustion method.

e product formed from the reaction between the borle
acid and aluminum is not well defined a2s reported by different
analyses, but it is certainly known to contain 2luvminum oxlde
mixed with some boron or horon compounds. There is sufficient
reason Tor the presence of the above mentioned materials in
the product, for when boric acid 1s fused with aluminum, &
part of aluninum 18 oxidized to aluminum oxide =2nd meanwhile,
a part of boric oxlde is reduced to boron or boron compounds
by aluminum(zgs). It was also shown that the product from
the reacticn between the borlc scid and eluminum, 8id not

zlve the positive test for carbon by the combustion method.
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A negative test for carbon, on the inzoluble regidue
formed by fusing the product, from the resction between
the boric acid and oluminum, with alkalil carbonstes mixture,
showed that the formstion of carbon is not by the reaction
of boric acid with aluminum first snd then by the reaction
of such products with fused carbonstes,

The Source of Cerbon in the Black Powder Obtained

from Action of Fused Borstes on Aluminum. Black powder

was prepared by the sction of the fused S5Na50.101.150.6B203
on the metallic aluminum in a2 platinum dish. The mixture
was in turn prepsred by fusing together sodium carbonate,
lithium carbonate and boric acid. Before this mixture

was trested with aluminum, it wes tested with 3-normal
hydrochloric acid to show that no cerbon dioxlde bubbles
were evolved., The maximum carbon dioxide cocantent of

such & sample, as determined by acid digestion, was 0,37
per cent by weight. However, the présence of carbon dioxide
in the mlxture is 8tlll doubtful, since this method only
can bhe checked within 0.3 per cent of carbon dioxlde in
the sample.

Furthermore, one gram of black powder with a carbon
content of 80.5 per cent has been prepared from 172.8 grsms
of 5Nag0,10Lip0.6Bg03. This would correspond to & carbon
dioxide content in the molten electrolyte of 1.65 per cent,
which is much greater than the carbon dioxlde content ob-

tained by analysis.
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However, 1.85 per cent of carbon dioxide in the fused
electrolyte, as celculated above, does not meen that no
more carbon csn be obtained from the fused salt. When
pieces of aluminum foll were cgntinuously added to the
fused mixture, black deposits cohtinue to form on the
surfaces. Therefore, it seems that the formatlon of carbon
1s due to aluminum regctinz with the cerbon dioxide absorbed
" in molten mixture from the air., The view is suppor ted by
Mellor(zzé) that pctassium metaborste absorbs gas while
being melted, and that the gas is rejected on ¢ooling.

This would also explain why the fused s2lt, after cooling
gsave a negatlve test for carbon dloxide, but would form e
black depeosit with alumlinum when the sslt was melten.

Sueh explanation is slso supported by the observation
that the molten mixture, SNa50,10L150.7,5B503, reacted with
gluminun to form black deposits. This mixture should be
free of carbon diloxlide because of the high boric oxide con-
tent,

This theory mizht be more directly proved by electro-
lyzing the molbten SNe.p 0, 10Lin0. 65504 In en atmosphere not
containing carbon diloxide. DBut in order to perform this
experiment, a large ga;;tight cabinet with a height at
least three times thst of the heating furnace should be
used to enclose the furnace and the rack of electrodes.

The materlial used to build such a csbinet must be capable



of withstanding high temperatures, be gas~tizht and permit
observation of the experiment. The position of the elec-
trodes should be adjusteble from outside the cebinet.
Because of the limited time avallable, this experiment

wss not performed,

Unsteady Hlsctrolysis in Fused Borates snd Boratese

Phosphate liixtures. For the fused electrolyte of 9.4 per

cont of &)l uminum phoschate and 90.6 per czut of
BNag0.10L150.6B505, when sluninum anode end ccpper cathode
were used for electrolysils, the current readings were rather
irregular under various constant voltages as shown in Table
XI end Figure 10 on pages 140 and 141, If a platinum anode
and cathode were used, the current wes constant. With plati-
num electrodes, at 1.5 volts, the current reading was not
chenged by stirring, presence of moistwe and by alter-
nating immersion, ac shown on pases 142 to 150, In a
separate experiment, 2 test with 2luminum enode and plati-
nun cathode gave the sene irregular current resding &s in
the case of using eluminum ancde and copper cathode. Thus
the irreguler changes of the current r eading at constant
voltege seem to be attrlbutavle te the aluminum snode, end
are not related te the material of the cathode.

With platinum electrodes, the stesdy electrolysls only
tock place at two censtant veltages: 1.5 and 2,5 volts, as

shown in Tebles XII and XVI end Figures 11 and 13 on pages
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144 to 150. The rzason for not working 2t higher voltages
is that even at & voltage of 2,5 volts, the platinum cathode
was destroyed while no harm was done to the platinum anode.
The demage to the pletinum cathode was assumed to be dus
to the formation of platinum phosphide by the cathode re-
ductlon of phnosphate., Platinum phosphide 1s & rather
brittle substaence, as was the case with the products of
the destroyed platinum cathode.

For a further study of the reason for 1lrregular
current readinzs at constant voltsge during electrolysis,
fused 5Nag0,10L120.6B203 alone without aluminum phosphsate,
was used es the electrolyte, as shown in Teble XVII, page
152, and Fizure 14, psge 153, Except et the start, the
maximum curreat in duplicate tests wes nearly the samet
0.9 empere In the first test and 0.7 ampere in the second
test,

The general tendenecy of the current-time curve 1s toward
a decresse of current with time., At the start of the elec-
trolysis, the current wes high, around 1.7 asmperes at 1,5
volts., The current was rapidly decreased as the deposit
on the electrodes was continuously built up. When the
current became very small, the bullding-up of the deposit
on the clectrodes ceased, Then the deposit already buillt
up dispersed Inte the fused mixture and the current increased

azain. The process was repeated in this way periedically.
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As was éhown for the mechanism of formation of the black
powder, page 217, the chemical reactions during the clectro=-
lysis probably are:

Lt surfece of electrolyted

M50 + €Oy —= HaCOs
Ho005 —— H -+ HCOZ
At cathode:

2A1 + o004z ~—+ Als0g + C + Ho

+
s
ct

znode:
a1 —= 01"+ 3o
SL1 + chg'-——»- hlolz + C + %Hz + ¢
81+ UglOgz —= Alp0z + C + I,

In the period when the current dropped below 0,05 ampere
at 1.5 volts in the same slectrolyte, the evelution of the
zas bubblea =zround platinum cathode stopped. There was still
8light evolution of sos bubbles arcund the aluminum anode,

This may be explained by assuming there !s some water present

in the fused sslts, and the hydroxyl iona are ncutralized ,

(0]

setting free oxysen. Further evidence of the presence of
water 1s tho observation of hydrogsn in the black powders

as reported on paze 160,
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Recommendations

On the basis of experiments done on the borates, and
borates-phosphate systems, it 1s recommended that further
work be done on these systems as follows:

Propogsd Work to Check the Conclusion. To check the

conclusion of this work, that the carbon dioxide in the
electrolyte came from the atmosphere over the ¢ell, the
following experiment 1s suzgested., A large gss-tisht
cabinet, with & height at lesst three tlimes that of the
hesting furnece, should be used to enclose the furnace and
the rack cof the electrodes. The material used te build
such 2 cabinet must be capable of wlthstanding high tompera-
tures, be gas-tight and permit observetion of the experie
ment. The positlion of the e¢lectrodes should be edjusteble
from outside the cabinet., It is recommended that an elec-
trolysis be csarried out in the heod in an atmesphere from

which carbon diloxide is removed by ebsorption in soda lime,

For further work on the study of the possibility of
electrodepositng aluminum, the following recommendations
sre made:

From Anhydrous Aluminum Fluoborate. From the systematic

roview of the use of a2luminum salts as electrolyte, anhydrous

alumlnum fluoborate seems to be a promissing inorgenic alu-
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minum salts worthy of trial. It may be prepsred from lithium
aluninum hydride and boron hydride as a mixturé with lithium
fluoborate and diborane, The presence of lithium fluoborate
should offer no difficulty in electrodeposition of sluminum,
because aluminum should deposit before the lithium on elec-

trolysis, (218, 219)

From Aluminum Hydride and Lithium Aluminohydride. The

possibility of electrodeposition of sluminum from a bath of
aluminum hydride in organic solvent has been suggested by
216t "), It seems that 1ithlum sluminchydride will alse
be ¢ possibility for it is simlilsr in properties to alu-
minum hydride, |

Lithium aluminohydride is & white crystslline material,
ﬁoder&taly stable in dry sir at room temperature, but decom-
posing repidly in moist air. It rescts violeatly with water
and with sleohols. It melts with decompositien at 150 °C
~on rapid hesting. At 120 °C, it loses hydrogen slowly and
irreversibly in accordance with the equation:

2
It is quite soluble in & number of organic solvents, parti-

2LiA1H,— > 2LiH * 221 + 3H

cularly the lower cthers, for exsmple, Clethyl ethsr dis-
solves 30 parts per 100 parts of ether. Aluminum hydride
shows many of the resctions of lithium eluminchydride, al-
thoush its tendency to polymerilze to an insoluble mass 1s a

dissdvantaza,
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From Aluminum Derivatives of Fatty Aclids. In the field

of possible orzanic electrolytes, aluminum derivatives of
fatty aclds should be first prepared and the melting point
of the products determined. The general tendency of the
properties of the aluminum salts eof fatty acids 1s that
when the molécular weight 1s low, the salt decomposes with-
out melting; when the salts are those of hizh molecular
weizht fatty acids, they possess low melting points, but the
molten liquid has & high viscosity ub to the decompositlon
tempersature. And-carbon branch of a straisht chain fatty
2cids has the effect of stablizing the 2luminum salt on
hesting. Suitable sluminum sslts may be obtained by varying
both the number of carbons ih the chain and the different
brenches on the AA~-carbon mtom;

If the organic solution System of slumlnum salt of
fetty aecid is investligsted, the method of approach may be
to find sultsble conductive solvents for differeat 2luminum

solts of various fetty acids.

The method eof findlnz s solution to the problem of
electrodeposition of aluminum is to wmake a study of alumlinum
chemistry and synthesls of new aluminum compounds. Aluminum
is a metslllc element, but the chlorlde possesses the pro-
perties of @ compound of nagm@tallic selts, Thus the pro-
perty of its compound is difficult to predict Irom cther
metallic salts, If more aluminum compounds are investlgated,

the electrodeposition problem may be more rapldly solved,
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Limitations

The limitations of this investigetlon Into the possi-
bility of depositing 2luminum from the system contalning
sodium md lithium borate wore as follows:

1) The limiting composition curve was determined with
an eccurecy of & 1,4 mole per cent of borlc oxide. The
accuracy of the fluid renge detormination was + 10 Oc,

2) Corrosion studies in the fused mixture,
S5Nap0.10L120.6B203, were limited to seven kinds of materials:
vorcelain, nickel, smpco metal, armco iron, plumbago, 3raph-
ite and platinum at 650 to 700 ©C,

3) The determinstion cf the current-volt rclz tionship

was limited te the use of en 8luminum ancde with s platinum

L]

cathode, and a platinum anode with & platinum cathode.

4) The quantitative electrodeposition test for this
fused borates wes limlted to current densities from 2,67
to 26.7 smperces per square decimetver,

The limitations of thls investication intc the possl-
bility of depositing aluminua from %.4 per cent of sluminum
pniosphate and 90.6 per cent of 5Na20,10L120,63205 were &s
follows:

1) The determination of the current-veltage relation-
ship was limited to the use of an aluminum ancde with &
copper cathode, alumianum anode with 8 platinum cathode, and

& platinum snode with a platinum cathode.



~228-

2) The qualitative electrodeposition test with an
aluminum anods and copper cathode was limlted to an applied
voltage from 1.5 to 5.5 velts and a current density from
0.733 to 10.4 amperes per square decimeter.

3) The quantitative electrodeposition test was limited
to current densltles from 6.67 to 13.3 amperss per square
decimeter,

The 1limitations of this investligetion Into the possi-
bility of depositing aluminum from 10 per cent of alumlinum
phosphete in the fused eutcctic mixture of sodlum meta-
phosphete anad sodium pyropnosphate were a3 follows:

1) The snode used in the <lectrolytic experiment was
of pure eluminum, of an &lloy of three parts by weight of
aluminum to onec part by welsght of copper, and¢ of platinum

with copper as the cathode in all ceses,



V. CONCLUSIONS

A, En exploratory investlzation of the possibillty of
using fused aluminun phosphate~-cutectic mixture of sodium
pyrophosphate and sodlum metaphOSphaté 28 the electrolyte
for the electrodeposition of 2luminum at tho temperature
below the melting point of aluminum, 660 °C, led to the
following conclusions: |

1. The wmolten cutectic mixture of sodium pyrophos-
phate and sodium metaphosphate has strong oxlidliziag power,

2. Copper cathode snd aluminum anode were oxidized by
the olectfolyte immediately after the electrodes were im-
merced and & layer of the oxide formed on the surfaces.

3, No 2luminum could be electrcdeposited from this

bveth.

By An exploratory investigation nof the possibility of
using the fuéed system NapO=LigO0-Bo0z as the electrolyte
for the electrodeposition of eluminum at the temperature
below the melting peint 660 ©C, led to the following con-
clusions:

1. The limiting composition or the maximum number of
moles of elkali carbonates which are completely decomposed
by one mole of boric acié, 1n the system NegO-LigO-Enlxz

was found to be between 25 and 34 mole per cent boric oxide
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for wixtures of sodium borate snd lithium borate respectively,
The @sccuracy of such determination was within 1.4 mole per
cent of boric oxide,

2. Isothermal fluid range curves at 800 and 660 °C
of various mixtures in Hdag0-Lin0-Bo0z system were made,
The rellability of this curve is * 10 °C,

| 3. The mixture in the Nagl-Lig0-Bo0z system having
a melting point about 550 ©C, and which contains no resi-
duel carbon diexide will have & composition approximately
5ila90.,10L120,6B203.

4, The corroslve activity of the sclected mixtur
58 20 1o~¢20 6B, 00s was rather high. Crucibles made from
porcelain, nickel, ampco metsl, armco iron and plumbago
were 211 gsttacked., Only crucibles mads from platinum
and zraphite were suiteble for use as containers,

5. The fused clectrolyte, 5Ras0,10L190,8B50s, does
not show 2 decouposition potential when electrolyzed with
ca aluminun snode and a platinum cathede,

6. The cuvrrent wss unstable 1In the fused,
S5Hap0,10L150,6B502 with aluminum anode and platinum
cathode at 1.5 volts and 560 * 10 °C, varving from 0.05
to 2.0 amperes,

7. £ black deposit, formed during clectrolysis of

5Nap0,10L190,6Bo03, with aluminum anod

(0]

and platinum

cothode, &t 600%10 °C, 2.7 to 27 swperes per sguare



decimeter, was proved to ve carbon.

2. The gsource of the ca
dioxlide sbsorbed from the sir
Q.

rbon to e from the carbon

by the fused nixture.

Aluminum wae nol electrocdeposited from the fused

5¥850,100150. 88505 electrolyte.

10.
1

The sluminum anode loss, which was greater than

00 per cent based con current efflclency, was a combination

of direct chemical and electrolytic action.

C. £&n exploratory investigation of the pesslbility
of uglng the fused wmixture of eluminum phosphate and
58n50.100L150.6B00z at & temperature below 660 °C, led to

1.

phogphste to 5Han0,10L1i00, 6B

vente more then 20 ©C,

)

2, LAluminum can not be

The addition of 20 per cent by welcght of aluminum

03, did not chanze the fluid
clectrodeposited from & mix-

ture of 9.4 per cent by weight of aluminum phosphete in

ES

0.6 per cent by weisht

OC, using sn slumlnum @node,

3. If a platinunr anode

used, tihe currant was steble

voltas, the amount of curreant

moisture and alterasting imme

and copper cathede were used,

cf 5Na

20.10T450. 6850z, =2t 560 + 10

and platiaum cor cooper cathcedes,

s

and platinum cathode were

=

i

8t 1.5 and

2
e

volts. At 1.5
wes not changed by stirring,
IP ey

rsione. aluminum snode

the current was gstable at



1.5 and 2.5 volts 2lso, but at 2 potentlal of more than 2,5
volts up to 5.8 volts, the current for the cell was erratic,
4. In the cell containing 9.4 per cent aluminum phos-
phate and 20.6 per ceant of 5¥2g0,10Ldg0,68503, at 600 * 10
®C, st 13.3 and 6.7 amperes per square decimeter, the anode

efficlency waz 49 to 56 per cent of theoretical respectively,
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VI. SUMHMARY

This investigation wss conducted to sttempt to find
an electrolyte that wonld te sultsble for the electrode-
positicon of aluminum from a fused salt bath at a tempera-
ture below its melting point,

Aluminum ceated metels combine the desirable mechanical
prooerties of the base metal anc the good chemical resistsnce
of aluminum. Electroplating, zives an even and ceontrelled
thickness of coating and possesses very hlsh cerrosicn re-
sistance,

Methods for the deposition of 2luminum previously in-
vestigzated have not been used commerclally, te any extent,
Most attempts at the electrodeposition of aluminum were
from nonagqueouvus orgenic solutions and from fused mixtures.
Aluminum halides, especially aluminum chloride, are the
solutes most frequently used. It is known that aluminum
oxide 1s peptized by 2luminum chloride. Severe corrosion
is expected on articles slectroplated in the presence of
aluminum chloride.

In the present investization, the use of aluminum
halides was avolded. Aiuminum phoaphate was employed in
the system 5Nag0,10L120.5B203 as well as 1In the eutectlc
mixture of sodium metaphosnhate and sedium pyrontiosphate,
In neone of the investiretions was electrodeposlition of

aluminun obteined.
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In investigss

1
far

tion of the borate-phosphate system, a
fluid range-composition dleagram cof scdium oxide-lithium
oxide~-boric cxide was first determined end plotted on &
triangular diegram, The fluid range here denctes ths
temperature at which the cooling liquid sterts to becoms
appreciably viscous. This diszrem consists essentislly
of ¢ limliting compesition curve and two isothermal, fluvid
rengze-composition curves at 600 ©C and 660 ©°C, The limiting
composition 1s expressed as the minlmum content of boeric
oxide which will eliminste &1l carben diocxide from the
sodlum oxide~liithiwm oxide-boric oxide mixture. The ares
encircled between tne 660 ©°C and the limitinz composition

1,

curve is the possible working region, In this resion, &
mixture of the compositlion SNago.IOLi20,65205 wes taken as
the splvent for the zluminum pnosphate and the fluld range-
composition curve of this mixture wes determined, It wes
found thet the addition of aluminum phosphate to the
5NagQ,10Li50, 6Bg0z hes little effect cn the fluid range
up to 18.68 per cent by welght of aluminum phosphate,
Because of the highly corrosive property of the fused
electrolyte, its action on different containers was studied;
these 1Included porceloin, nickel, ampco metsl, armco metal,
plumbazo, graphite snd platinum., Except for the graphite
cruclble 2nd the platinum cdlsh, no material wes sultable for

use asgs & container.
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Electrochemnical propertlies of the system
5Na30.10L120,6Bg03 as well ss its solution with aluminum
pnosphate wes studied, Both the melten 5Nag0.10Lig0.6B203
end the mixture cf @ per cent of aluminum phosple te and
3C0.6 per cent of 5Nag0.10Lig0.6Bg0z showed no decompositlon
potential on electrolyzinyg with sluminum anode and platinum
cathode. The current wzs unstable when both elsctrolytes
were e loctrolyzed with alumlinum anode snd platinum cathode.
If platinum electrodes were used for the beorstes-~phosphete
gystem, the currsnt wss constant when stirred, when molsture
was added, &and when the electrodes were immersed perlodically.
The decomposition petential determnined for the borates-phos-
phrate system with platinum electrodes was abeut 1.40 volts,
at 600 # 10 O°C, Qualitstive electrodeposition tests showed
thzt no sluminum could be deposlited from either electrolyte.
Quantitative slectroderosition test on the molten
EN220.10L1p0. 6890z showed that tre weight loss of the alumi-
num anode cengisted of both slectrolytic loss and dilrect
chamical attack,

The electrodeposition product was studied by chemical
methods, spectrographical analysis and X-ray analysis.

Flnal results showasd that only carbon was deposited.

A study of the source of carben formed in the clectro-
deposgition indicated that it ceme from the carboen dioxide
in alr absorbsd in the fused electrolyte. A mechanism for

the reactions was proposed.
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Also, a eutectic mixture of sodium metaphosphate and
spdiuvm pyrophosphate wes used as the solvent to dissolve -
aluminum bvhesphete for clectrolysis. The molten mixture

1

had stronz oxidlzing power ond a strong anode effect if

[ aald

an aluainum anode was used. Black coatings were formed

on the copper cathode with elther zn aluminum snode or en

anode of an 2lloy of 78 per cent of sluminum and 25 per cent

9

of copper, or a platinum ax vde, The black coating on the

r

cepper cathode wos found to be copper compound by chemical

analysis,
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