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I. INTRODUCTION 

Alrulin1)m coa tcd me t£1 h&s the merits of good &pp.;;wr-

u.nca ~.nct high resistt!lnce to oxldstion tilt Rll tamp0ratu:ces. 

Thus alurn1.num con ted mot::> ls combin~ the desir9.ble mechani-

cal properti~s of the bose met~l and the chamicnl resis-

t:ance of aluminum. 

VP.rious metr1ods proposed f'or the production of these 

aluminum coatings zare: clGctrodeposition of ~luminum en 

thG base ''IOt[;i.l, J."olling the sh0et of the base ra.etal and 

sheot o:f :.ilurrdnum togethflr :;;:nd thereby weldinz together, 

castlng the bnse metal in an aluminum-lined mold Rnd roll-

ing the product, calorizing, sp~~ying, dipping, therma.l 

~vaporation ~Dd C3thode sputtering. 

Hov1cver, thor~ i11rc defici@ncles in all thes8 m.~thods, 

with the exception of eloctrodoposition mEti1od. It is 

very difficult to obt1:dn a good bond between t:~e metals 

whon the base is an al u;11inum a.llo~r, a bond W~"J lch will 

have satisfactory mechanical properties under bondi~g, 

and stresses. A further disadva!ltag6t of thGse methods is 

that, in the ca.se of' m.t1 object of complex form, it is diff5..-

cult to obtain ~uniform co&ting. Evaporation and cathode 

sputtering, b@cause of the high v:lcuum required, :'!re only 

used for coating special ~irrors. 

On ths other hand, alectroplating msthod possesses 
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the advant'1-30 of giv:tng a mere raechanica.lly stable coat-

ing of evGan and easily controlled thickness. Also, owing 

to the high purity and regularity of electrodeposit@d 

meta.l, its resists.nee against corrosion is excellent. 

'The rea.son it is difficult to electroplate with :Llum:t-

num from aqueous solution is th~t alu.rninum hs.s a much lower 

molar electrode potsntiial than th.at of hydrogen, e.nd z.lumi-

num compounds 2.re amphoteric in che.rs.cter. When an aqu~ous 

solution of aluminum so.l t is electrolyzed, hydrogen g9.S is 

evclved., \'! thout deposition cf aluminum. 

All methods proposed for deposition of aluminum have 

not been cemm&rcially successful. Aluminum halides, 0s-

poc:lal ly aluminum chloride, mre the most frequently us6ld 

solutes. Aluminum chloride is one of the strongest pep-

tizing agents for aluminum oxide 1e.nd its hydrate. The de-

cisive factor in the corrosion of 9.luminum is the beha..vior 

of the system of aluminum and aluminum oxide which is al-

ways pr@sent e.s a. surface film• The iarticles pla.ted from 

the bath conts.ining lilluminum chloride alwn.ys have aluminum 

chloride occluded on their surfaces. Therefore, s0ver0 

corrosion of the articlGs plated from the bath containing 

~luminum chloride is exp@cted. 

Furthermore, because of the moisture-absorbing pro-

perty of Etlum.inum halides, ttll process(i)s containing them 

require special pr@c~ut:tons to exclude moisture in order 



to maintain the life of the electrolytic ba.th. 

For these reasons, invastiEation of the use of aluminum 

salts other than halides aa solute for the preparing the 

electrolytic bath appears to offer advantages. 

The purpose of this investigation was to study the pos-

sibility of using, as the electrolyte for the deposition of 

aluminum, systems containing aluminum. phosphate dissolved 

in fused borate and phosphate mixtures. 
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II.. LIT.EHL\ TUBE HEVIEW 

It is proposed to review the literature with the 

following objectives: the principal papers dealing 

with the evaluation of various methods of electrodli>-

position of aluminum w1·11 be r®viewed.· The literature 

on the prut.se rel.a tions of s.luminum salts with other salts, 

electrochemicnl studies of thq; nonaqueous solutions of 

alu'.ninum salts and the properties of electrodeposi ted 

aluminum coa. ting w:i 11 be surveyed and informR ti on on ex-

perir:iental techniques and appnrlttus pertln011t to the 

pr obl0m vdlJ. be exs.min®d• 

History ef Eleetrochen11stry of Aluminum 

To tracG the story of aluminum it ls not necessary to 

go back ··,yery far, since nluminum is a recent development. 

It wa.s 1809 t'b.r~t an attempt to S'i)parat~ it from its 
( 42) 

ox1.de wras m:ade by Sir HuJnphry Davy • Tl..lis attempt was 

made by passing "-n electrlc current fr01-n a voltg.ic pile 

through n fused bQ.th of iron Qnd aluminum oxide. The pre-

duct was an allay of aluminum alloy which could not be 

separated. This is the esrliest report of an experiment 

using electr1city to produce aluminum. 

Oersted ( 148 ) produced the first o.lurninum in 1824 by 

gently heatlni:; potassium. &1.malgrun with aluminum chlorido 
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amd then distilling off the mercury. Vfohler< 212 ) changed 

Oerst®d's method by using metallic potassium inste~d of 

potrass:tum a...rnalgam in 1827. Dcvllla( 48 ) further improved 

Wohler' s method by using m0tallic sodlum instead of potas-

sium o.s a reducing agent in 1854. The successful ·preps.·-

ration of aluminum by electricity was nlso accmnplished · 
(34 44) . 

in 1854. Bunsen and Dev:tlle ' obtained the aluminum 

indep0ndently by th@ electrolysis of fused aluminum chlor-

ide and sodium chloride m.ixture. The present process of 

coumercial production of s.luminurn was developed simul-

taneously &nd independently by Charles M. Hall and C. s. 

BradleyC 79 , 3l) in the United States nnd by Paul Heroult 

in France.,< 92 > The essontial of the process wns the use 

of the cryolite as the electrolyte in which pure aluminum 

oxide was dj.ssolved. An electric current of' low voltage. 

high amperage was passed through the fusod bath. 

Despite its apparent simplicity of operation and other 

advantages, llQll's proc@ss has tho following serious draw-

backs: use of the comparatively high tempel"'·tature (1000 °c), 
high purification cost of the bauxite ore, very rapid rate 

of consumption of specially prepared high grs.de carbon 

a.nodes (0.6 too.a pound carbon per pound G.luminum produced), 

high corrosiv~ nature of molten cryolite c.ud impure natur$ 

of primary metal and its subsequent costly refining to ob• 

taln a. h5-gh purity product. For· these reti.scns, Bunsen and 
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. (164) 
Deville's method was varied by Plotnikov and co-workers, 

( 217 218 219) . 
Ynte1n& and co-workers, ' ' W&silewsk1 and co-

( 201} ( 67) 
viorkors • I•'ink and Solanki claimed success in pro-

ducing 100 per cent pure aluminum crystals from a fused 

bath of 1 to 1 molal"' ratio of' &-,luminum chloride and sodium 

chloride at 400 °c with n cell voltage 5 to 8 volts, and 

curr"n.t density 10 s.mpcres per square decimeter. Johannes 
(32) Brode ~nd co-workers w0re successful in producing alumi• 

num by using a rotating cathode ·in a low melting point fused 

mixture of aluminu.m chlor1ds and less tJ::;.an equimolecular 

amount of s. chlorid.e of alkali or alkaline earth metal. 

Anothet· attempt tc solv© the production of metallic 

aluminum was the electrolysis of ~lumlnum snbsulf'ide. Paul 

Rontgen end Heins Borochers(l7S) shewed that it seemed best 

to use ~ ~1xture of ·60 per cent aluminum subsulfide and 40 

per cent sodium chloride which had good fluidity at 700 °c. 

Preliminary experiments disclosed that the electrolysis of 

this system should be chea.psr than that of s.luminum oxide• 

cryo11-t$, because the decomposition potential of aluminum 

subsulf'ide was one volt lower, the current efficiency was 

25 per cent higher, the attack 011 carbon anode was less 

and the operating tcmpera.ture was lower. According to 

Khazanov ~ne. Belya·ev~ 99 ) the current efficiency for elec .. 

trolyzing n fused mixture of aluminum subsulfide dissolved 

in 70 per cent sodium. chloride end 30 per cent -cryolite at 
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800 °c was 55 per cent. Addition of alumina did not in-

fluence the current effic.iency, but the addition of fer-

rems sulfide reduced the efficiency shmrply. 

Another way of producin~s aluminum was patented by 
(210) 

Go L. Williams • He used an "oleum11 comprising .sul-

furic acid containing 85 per cent of sulfuric anhydride 

a.s electrolyte to dissolve aluminum sulff!.te. Tha anode 

w&a grD.phite ~md the ce.thode ·lllms aluminum. When current 

was passed, aluminum ws.s deposi tec:1 et the c~. th ode und the 

suli'urie anhydride was generated a.t the ta.node., The latter 

dissolved in the "oleum" electrolyte vehicle. As "oleum 

vehlcle 11 became depleted of aluminum by 1 ts deposition 

through its electrolysis, ~lwninum hydroxide or hydrated 

oxide was added to the "oleum". 

Aluminum produced 1)y IIall 1 s procoss sBldom hns tt 
( 86) 

purity higher thnn 99. 7 pei" cent. Hoopes developed 

a process for refinins; alu:-a:'l.num electrolytice.lly to pro-

duce a product that is 99.99 per cent pure. The nluminum 

to be refined is alloyed ~~th copper and silicon and rests 

in the bottCl;l of the cell under a lo.yer of fused mixturG 

of cryolite, alu;!1inum fluoride, barium fluoride, &.nd alu-

mina. Floating on this is fJ. layer of molten ref'ined alum.i-

num, serving as cathode. The operating te~pera.ture of the 

cell is between 900 to 1000 °c. A thick crust that ls rich 

in alumina solidifies en the walls of the cell, insulating 
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it electrically and thermally. The cell oper~tea at 5 

to 7 volts and ~b::rnt 20, 000 nmpen,1s. 

Phys.teal proport:i.es cf Rluninu:n ~i.rc :cevicmed mid.er 

the topics of color, density, freez~ng point, electrical 

res:lstivj_ty end nechnnical J.::>J:>operties. 

Color. r:!:'he pure metal :ls silvery white in color, 1:mt 

rmlting from the presence of iron and silicon constituents. 

Density. With the exception of n:;1.gnesim;1 and bory-

The density of a sample of aluminum of 99 .. 9?1 per cc;nt 

purity was 2 .. 6889 gr0-Ns per cub'.i.c centimeter at 20 °c Vlhen 

in the rolled condit:i.m1 n.nd 2.6996 grarns per cubic cent:l.-
. ( 55' meter after annealing. ' 

I~reezin~ Pein·~ The freoz:lng point( 55 ) f'or 2, snr:1plo 

of nett=tl having 99.e·O per cent :r:iurity i;;i 65'3 °c. 'l'he pux·est 

!neti~l tested point 

freezing point of s;_;bstantic~lly pure aluminum ,,aould be close 

to G60 °c. Comt'ilerc:lal &ltnnlnum hav:lng a pt1rity of about 

99. 2 per cent ha:'.3 a. i"reez:tng point of 65.,./ 0 c. 
Measureuents at the Bureau of 

St&n.da.rds( 116 ) on "Niro i.'.!19-de frcm electrolytic~~~Ll·,y~ refined 



aluminum (99.968 per cent) showed B resistivity a.t 20 °c 
of 2. 688 a.nd 2. 6?4 m.:lc rohms per cent lmeter cube for he.rd 

drawn and annealed. wlre, respectively. The temper~ture 

coeff:tcient of rosistance at 20 °c was 0.00421 per degree 

Centigrade for the he.rd drown wire and ·wa.s 0.00423 for 

the ennealed wire. 

The resistivity of liauid oluminum at the freezing 
• 0 (147) (129) (29) poJ.nt, 658 C w~s 20 .. 13 , 25 •. 5 , G.nd 27 .1 , 

microhms per centimeter cube acccrdinF to different workers. 

F'or commercfol aluminum conductors of 99.5 per cent 

purity, hard drawn sa:nples a.re specified at sn electric~.l 

resistlv i ty of 2. 828 :nicrohms-cent lmet<J;rs ~t 20 °c with 

a resists;i.nce te~n.perature coefficient of o. 00403 per degree 

Centigrade( 12 ). 

Mechanical Properties. Electrolytically refined alum1-

num of hi:;h purity possesses mec~anical properti.es appre-

cj_s.bly ~i fferent from th cs e usually as soci~ ted with comm.er-
• - ( 58) ciel grades of the metal • The values of mechanical 

properties of refined grade of the metal were obtained by 

extrapolation of curves obtained from tests of 99.98 per 

cent pure metal f:lnd other sDmples of less purity. Commer-

ciol ll.lu~ninum n.lw&:ys has h:l:~her tensile strength, shearing 

stren.~;th and Brinell hmrdness than the correspondtn.C!: pro-

perties of tre refined s.lumlnum. 
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Chentics.l Properties of Aluminum 

Chemical properties are reviewed under the topics 

of compcs it:ton of comrr1e_rcin.l aluminum, electrolytic 

solution potent:i.al, ber..e vi or tov:ard oxygen ana wnter, 

e.ctj_ ons toward acids a!ld alkalies, actions toward fused 

Rlke.1ies and fused salts, and '-niscelJ.anecus rea.ctions. 
( f.>7 ) 

Electrolytic Solution Potential. Gene:-ally, aluminum \., 

is co;_-isidered to be electrcposttive tc -::nsgnesium ona elcc-

trone38tive tc such metals as ~nnganese, zinc, cadmium, 

iron, nickel, and copper •. So:1H:1 writers, howc~1er, speak of 

31 ur1inwn f! s being n elec tropos i t:t ve" to such elemcn ts ~s 

nickel and copper. 

The determination of sol1:.t:i.on potential. of alumtnum 

by· different observeJ.:s shovrs considerable vnrie.tlon. The 

erratic behavior of aluminum is usually ascribed to the 

f • • f "11 f • - . • h "' · _.., ·· r- 1 · • ( e? } .· or>n~ ·c :i_on o a r rn o · ox.J.Cie on -r; _e .:.u.r .. _ace o__,_ r. unnnum. 
~ ( 146) 

'l1be classic results E.!'G t hcs0 of ifoumann, who mossur·ed 

the potential cf aluminum imr.'.erscd in norraal s clt1tions of 

aluminum sulfate, e.lum:tnnm chloride and aluminum nitrate; 

when referred to the normfal hydro;')en electrt>de as zero of 

r·oference, ·Neumann 1 s values ar~ -1. 31, -1. 29 and -1. 05 volts 

respectively. 

L~,timer and Greenfeldc:;r( ll 4 ) have ce.lculated the elec-

trode potential of r~ luminum from ap preprinte thermal data 

to be -1.69 • 0.01 volts at 25 °c. 
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In most natural waters, ln dilute, neutral salt 

solutions ti.nd in weak acid s oluticn~, zinc :la anodic to 

aluminmn, v.-~1ereas ln strone; alka llne s cluti ens, the re-
{ 101} 

V·~rse is true o However, the hee.vy mett1ls, particu-

larly, copper and niclrnl,, have reuch lower solut lon pot en-

tials than g luminum., f3_nd the:tr contact in presence of an 

electrolyte usually results in definite electrolytic 

atto.cl< on alum:tnum. The f&ct thflt zinc is anodic te alu-

minum can be used ln the protection cf aluminum .• 

Attack on aluminum( S) occui-·a only when in direct con-

tact for appreciable length of time with metals that are 

considerably more cathodic, with an electr·olyte present. 

Thus galvanic attack can be prevented by separating the 

adj oinlng surfaces by use of bituminous paint, by keeping 

the contacting surface dry, by electroplating, or by 

painting the contacting surfaces with aluminum pa.int to 

cut the difference in solution potentials of the adjoining 

metal surfaces. 
( 102) Another type of att8.ck msy result froM cc.ntB.ct 

of aluminum with solutions contain:i.ng salts of heevy mGtrls 

such as copper, nickel, cobalt and mercury. Fo:e example, 

copper in solution may deposit on aluminum by rople,ce:nent, 

an equivalent Hmount of eluminurn going into solution. The 

precipitated copper acts as the cathode in a. short circuit 

electi-•olytic cell, so that the £<lm.1.lnum anode continues to 
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dissolve and pitting results. The action c&n be mini-

mized by reguls.r cleanin,s of the surfi:tce with e.n a.brs.si ve 

clesner, which removes the he~vy metal deposits. 

Beh.9.vior Toward Oxyc;en and Water. Al though aluminum 

st~nda high in the electrolytic potential series with an 

electronegative potenti&l, it is resist~nt to atmospheric 

Attack and w2ter (l02 ). A freshly exposed surfGce of ~lu-

minum does oxidize instnntr.neously in :iir, but the oxide 

film vhich ls formed ls highly protectiwe r.nd stable, so 

that oxidation c0g.ses under ordinary conditions ~s soon 

as the protective film is formed. 

The film of aluminum oxide is so compact and non-

porous< 59 >that it can prevent the aluminum from oxidation 

with dry oxygen even at 600 °c. Even molten 0.l uminum. is 

protected by the oxide film. This is tho re::.i.son why molten 

s.luminum can be tapped from the reduction cell vd thout any 

evidence of burning. It is impossible to ignite sheet 

aluminum, even with an oxyhydrogen fl:ame; the metal melts 

but does not burn. 

When aluminum is in contact with pure water, the oxide 

film on aluminum becomes completely protective, so that 

no appreciable corrosion or solution of ~luminum occurs. 

The action of water cont~-ining dissolved salts may or 

may not be corrosive, depending on the qu~ntity and 

character of the dissolved materi~1C 59 >. 
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Salts composed of strong acid radicals, except the 

halides, and weak bese rndicals ha.ve very little effect 
. { 137) 

on alu~n:rnum • The halogen bearing salts, such as 

antnon1um chloride, are very corrosive unless used in 

connection with an inhibitor. Ammonium nitrate and am-
( 137) men imn sulfate Bre used sa tis fuctorily with alu.rn:J.num. 

Salts composed of wet:tk acid radicals nnd strong base 

re.dicals, which on hydrolysis form pseudo-alkaline solu-

tions, should not be used wlth s.luminum unless suit&ble 

corrosion inhibitors, such as sodium or potassiu~n ch.ro-
( 137) 

mate, are employed • 

Neutral salts have little effect on aluminum if 
{ 137) 

heavy metal salts are absent. 

Action TO\vnrd Acids and Alkalies. In general, s.lumi-

num is more resistant to attack by acids rather th~n by 
{ 62) 

alkalies • 

All dilute minero.l acids e.ttELck aluminum at an appre-

ciable re.te. Generally speaking, the atts.ck increases 
( 100) 

with the concentration of the acid and w:lth the tempers_ture. 
( 137) 

11 itch.ell has e;ivon a qualitative description of 

the action of different :acids and alkalies on aluminum 

and its alloys: 

"Concentrated nitric acid, 95 per cent by weight, 

does not attack high purity aluminum. The rate of attack 

is very slow for concentrations above 80 per cent or below 
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5 per cent, but the attack is considered excessive for 

concentrations between 5 to 70 per cent by wei~ht. 

1'"uming nitric acid is c o~iimcnJ.y handled in aluminum 

t9.nks s.t1d drums. 

"The attack by sulfuric acid ls gre~ter than that 

by nitric acid, but h:lgh ~Yt.u•ity o.lv.minum can be used with 

solutions containing up to 5 per cent sulfuric Reid. High 

purity alloys have been used with solut:tons up to 15 per 

cent sulf'ur'ic acid. Fumin[S sulf'uric acid has a low rate 

of attack, but any appreciable am.cunts of wa.ter or water 

VEtpor cause serious attsi.ck. 

"Hydrochloric ac:'Ld, hydrofluoric e.c1tl and hydrobror1ic 

acid solutions rendily att~:cli: the aluminum sJ.loys. Per-

chloric acid is decidedly corrosive tc aluminum alloys. 

Phosphoric acid solutions are usuBlly used to clean and 

etch alum:lnum surfaces, and therefore, should not be used 

in lengthy contact with aluminum. 

«All strengths of boric acid solutions have very 

limited effects on !lluminum. \leak solutions, less the.n 

5 per cont, of chromic acid have little effect on alumi-

num; the rate of attack is excessive fer concentration 

~bove 10 per cent. 

"Dilute acetic acid has a very low rate of att&ck 

on aluminum nnd glecit?.l ecetic acid has negligible rs. te 1 

oither hot or cold. Most of the other or3anic acids, 



-15-

except formic acid, have little action on aluminum at 

room temperature, although the rate increases somewhat 

at high temperatures. The presence of a few tenths per 

cent water in organic acids will inhibit the action be-

cause of the film fornie. ti on." 

Edwards( 6 l) showed that aluminum dissolves energeti-

ca.lly in ca.us tic alkali solution a.nd is o. tta.cked with 

less rapidity by hot solutions of sodium carbonate. The 

presence of sodium silica tc la1"gely inhibits the action 

of' sodium carbonate upon aluminum but is hardly effective 

with sodium and potassiTu~ hydroxide unless the soluti~n 

is very dilute. A.mmoniura hydroxide, however, appears te 

form a protective coatlng on aluminum so that it becomes 

relatively insoluble. 

Actions Toward Fused Alkalies and Fused Salts. 
( 45) Deville showed that fused sodium hydr0xide did not 

(19) . attack alumlnum. Beketoff' showed alum:mu.rn reacted with 

fused potassium hydroxide at high temperature, some potas-

sium wa.s formed and volatil:tzed. 
~ ( 122) • According to r.:1allet , calcium, strontium and 

barium ex.ides arc partially reduced at high temperature by 

aluminum and the reduced metals are volatilized. Weston 
• ( 206) . " and Ellis found that aluminum reauced lime when heat 

was applied, but it did not reduce magnesia. 

Accor•ding to Goldschmidt( 72 ), practically all metal 
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oxides other than those discussed e.bove are reduced by 

he2.ting them with alu!?linum powder. The metal sulfides 

are m.or·e easily reduced than the oxldes. The metal sul-

fates resict more vigorously than sulfides. Violent ex-

plosion may occur when sulfates and aluminum are melted 

together. Metal chlorides are not suitable for high 

temper~i.ture reduction by aluminum on account of their 

volatility. Deville( 4?) said that aluminum could be 

fused with potassium nitrate without the lee.st change, 

e;ren at red heat. If the temperature be high enough to 

decompose the nitre, the metal forms potassium e.luminate 

with thG liberated pctassium oxide, a.nd the rec.ction is 

somet1.mes accompanied by deflagration. 
( 195) 

Potassium csrbonate is less vigorously reduced 

by aluminum than tho sulfate, some carbon and alum1nate 

being formed. There is no deflagration. If a mixture of 

aluTiinum and dry sodium carbone.te be heated in e. carbon 

and lime crucible, er ln !~rephite crucible lined with 

le.mp black, sodium ia formed and ',rols tilized, and there 

remains a regulua of aluminum, crystal of alumina, a.lumi-

num nitride a.nd cerbon. 
{ 176) 

Accord:l.ng to :Richards , when fluorspa.r is melted, 

it g1 ves a little hydrogen fluoride. vapor, produced by 

a. reaction with hygroscopic moisture, thus forms a little 

aluminum fluoride; otherwise, the nrnlten.fluoride has no 
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action on aluminum. Cryolite e ttacks f:lnely divided 

aluminum at a temperature exceeding 1,000 °c, but the 

metal en ~asse is not attacked. 

Tissier( 195 ) observed no ch&.nge when a mixtu:r·G of 

calcium phosplw te anc1 alvm in um foil wRs heot ed to white-
( 179) 

·ness. T-tossel G.nd f~ra.r1k fotui.d t11at ra2n·~r pl1.osph.otes, 

for example, e;·mncn:t u:n sod :i. um Lydr ophos phP.. t e, sod tvr:1 me.t9-

phosphe. te, bone meal, phosphor:i.te and magnesivm pyre-

phosphHte, i.trhen hoe.tea wlth aluminum, <J.luminum phosphide, 

Hlumina e.nd ~luminate were formed, mnd phosphorus was 

vol:;itilized. If silica w3s simultaneously present, whole 

phosphorus in the compound was volatilized as shown by 

the fcllov.ring reaction: 

3Na2Sl03 + 5A1203 + 6P 

Miscellaneous Reactions. -T ( 60) Pure n~trogen does not 

a.ppear to rer>J.ct with aluminum below its melting point. It 

can be bubbled through molten ~-1 umlnum at a temperature 

as high 9S 800 °c with very little reactj_on tsldnr; pl~ce. 

However, finely divided a.l uminum, such as & lum:l.num poVJder, 

wlll react energetically with nitrogen, once the re~ction 

is stf:l.rted by hea. tin.:3. 
{ 60) Sulfur has very little reaction upon olum:i..num, even 

in the molten stete. A sr1lient chsr~.cterist:tc of &lumlnum, 

which m9.kos it quite useful in many industries, is its re-

si stance to sulfur, sulfur fumes o.nd hydroc;en su l flde. 
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l:i.luminum pov:der ce,n be safely stirred into molten sulfur 

somewl:rn.t a·ocve the 1-:ielting point of sulfur; such a mix-

ture hs.s an app0arnnc e, of cast aluminum, and hs s been used 

to patch de.foots of all.Minum castings. But if sulfur and 

aluminum mixture is burned with magn0sium ribbon, the re-

action is "lively but harmless". If it is lgnited w~.th 

a m:txture of magnesiuri1 and barium peroxide, however, it 

reacts explosively. 
. (132) According to Mellor , sllic on does not unite · 

Yd th aluminum when the two elements are heated together, 

but if a third ele;;i.ent :!.s present, mixed sllicides ~re 

formed. Aluminum vapor attacks por·c0la:ln libera.tim:; sill-

con, which is cbsorbod by the molten a1uminum. ~1ol ten 
( 190) alum1mJm wes found by Smith to blscken glass. If 

the ~etal be melted in a fireclay crucible, there is a 

r1.Sl( of contam:lna ti on. ::io.gnesic_ lined crucible or furn~ce 

beds can be used sBtlsfactorily for melting aluminum. 

"Deville( 44 > made an alloy of nluminum with boron by 

rnel ting the metal w:t th borax, boric acid or potassium 
( 213) fluoborate. Wohler snd Deville further sh ow·e.d that 

the so-called "graphltforrning Borsn was really .AlB2 or 

A12B4, and they made it by heating a mixture of boron and 

aluminu!ll, or of boric oxide and aluminum for a short time 

st not too high temperHture; by passing bor·on chloride 

over heated aluminum; or by heating a. mixture cf potas-

sium fluobora te ( 8 parts), potassium and sodium chloride 
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(16 parts) and a.lm1dnurn (5 parts) at the melting point 

of silver. The excess of al umim-~m wo s removed by treat-

ment with hydrochloric acid, sodium hydroxide and hydro-

fluoric acid. Weston and Ellis( 206 ) reduced boron tri-

oxide wi tb sl uminum powc1E:r by the thermi te roac t:t on, i.a.nd 

boiled the product wl th hydrochloric or hydroflu01•1c 

acid, DI' fused it with borax 2nd e.xtrscted with water. 

A residue sBid to contain aluminum boride and alumlna re-

ms.lned. I-Iampc( SO) said the. t the crystals of the diboride 

looked as red copper plates, and he showed that the 

crystalline boron by Wor...le!' and Deville wes really a mix-

ture of AlB12 or Al2B24 o.nd al uHinvm borocarbide. Ile 

m~de it by f'usin_.2,; s.luminum with bo1•ic oxide and cryolite 

or f'luospf:tr s.nd by passing boron fluoride over hee.ted 

aluminum. 'I'he fi1•st process gave the 1:icst results, the 

most important condition for the success being the absence 

of carbon; the temperature of meJ. t.tng iron maintained 

for two to three hours v.ras sufficient to produce the crystals, 

but the yield was larger at high tem.peraturos. According 
( 22} 

to Blitz , the black crystals, bein~ specifically 

lighter, could be soparatoc1 fro:a those of aluminum boro-

carbide by flotation in a mixture of CH2 I 2 and CeH6 • 

HampeCBO) stated that the crystals were black or in very 

·t:;hin laminae dark red, and yielded a. bcrwnish red powder; 

they belonged to t~1e monoclinic system. The hardness is 
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greater than that of co run.dum, and less tll2. n tr ... a t of 

diamond •. The crystals become steel-blue when heated in 

air, nnd do net change when heated in oxygen at the temp-

el'•ature at wh:'L~h the diamond burns; they ape not a.ttacl~ed 

by aqueous solution of potaseiur:i hydr•oxide, or boiling 

concentrated sulfuric acid; gradually dissolved com-

pletely by hot concentrated nitric acid, with the pro-

duct ion of some el umlnurn hydroxide; oxidized with ~.nc@.n-

desccnce by molten pote..ss:lum hydroxide or lead cru'"'omate; 

net ~:ttacked by molten potssium nitrate; and slowly dis-

solved by molten pyrosl,lfate. This boride forms a. f't1sible 

alloy with pla. tin um." 

~lectrochemistry of Molten Electrolytes 

Tho electrolysis of fused salts is of cons:l.doY'able 

im9ortance technlca.lly. The chief-work ln this field he.s 
. ( 118, 119, 120, 121) 

been that of Lorenz and his pupils. Hall-
{ 79 80) 

Heroul t' s process ~ cf' manufect vr ing aluminum is a 

good example of its applic2.tion to :lndustry. 

Electrical Conductl vi tv. il:t ol ten salts are good con-

ductors of electricity, and their conductivity is elec-

t1 .. cl:rt ic. /\ t anode &.."ld ca thod0 are liberated the products 

e.s expected. Thus lead chloride gives lead a.nd chlorlne, 

sodium nitrate gives sodium. together with oxygen and 

nitrous gases. The specific conductance of the rr..ost con-
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centrated aqueous solutions, but the equivalent conductance 

is com~pa.r•atively sm.o 11 on account of the hlgh concentra.t:lon 

of' the electrolyte. As with aqueous solutions, the con-

ductance increases considerably with rise of temperature, 

indeed for· moderate temperatures s.lmcst linearly. At 

high temperatures the increase of c:_nductivity falls be-

hind the rise of t empere.turo. In most cases; the effect 

of t emperat m·e can essentially be accounted for by the 

decrease thereby produced in the viscosity of the melt. 

The conductivity of a i'used salt mixture is usually 

rather less than wh".iit would be c&lcul[;ited from the mix-

ture la.w, and sometimes falls below the conductivity cf 
( 185) 

any of the pure components • Impurities in the salt, 

however, s om.et:L:nes give an abnor'Hally large conductance. 

The mes.suremGnt of the conductivity of fused salts 

usually offers no perticul&.r difflcuJ.tiGs. Th8 arrange-

ment used is essentially that for aqueous solutiona. 

Unplatlnized platinum electrodes must be employed, as 

platinum black at high temperatures quickly cha.n0es its 

structure. With salts of pa:c-ticularly higl1 conductivity, 

the electrodes must be separated by a capillary tube, in 

order to increase the resistance to a convenient a.mount. 

Current Efficiency. The causes w1.1ich lower the current 

efficiencies at room temperature are far more active at 

high temperatures. Velocity of chemical rescti on and 



velocity of diffusion are both much greater. Hence. 

unless anodic and cathodic products are carefully 

kept separated from one another and from the action of 

the electrolyte and the air, the yields obtained will 

be less than those calculated from F'arada.y' s law. 
( 121) "Thus Lorenz and Helfenste:tn t in the elEJctrolysis 

of les.d chloride, obtained the following figures for 

the cathodic current efficiency at 520 °c: e.node prG-

tected from electrolyte, 97.95 per cent; cathode pro-

tected from electrolyte, 99.46 per cent; both electrodes 

protected from electrolyte, 99.98 per cent"as cited by 
. . . ( 3) 

Allmand a.nd El.lingham • 

The chief factors in low cathodic efficiency in the 

electrolysis of molten salts are volatility, diffusion 

of anode products to cathode, formation of ttmetal fog" 

and action of atmospheric oxygen. With increase in temp-

erature, the yield must therefore fall rapidly. The effect 

of' increased cu :r·rent density on eurrent efficiency depends 

on the fact that, while the absolute losses or cathodic 

product do increase to a certain degree owing to increased 

diffus:l.on from the en ode, yet the quantity produced in unit 

time increases still more quickly, and the current effi-

ciency rises. At very low current densities, the quantities 

of prod.uct formed in a given time ma.y not exceed~ the amount 

absorbed by different losses, and the current efficiency 



me.y consequently fall to zero. The smount of increase 

of current density is only limited by considerations or 
voltage and development·of Joule heat near the electrodes, 

and by the entra.nce of an "anode effect", which results 

in large rise in voltage. Occasionally, losses may occur 

because of the formation of a subsalt between the pre-

cipitated metal nnd the m.elt. This can happen under 

certa1n conditions in the electrolysis of calcium chloride 

where red crystals of calciur1 subchlorlde are produced, 

or, again, tr.;e melt m.ay actually dissolve the metal, 

formln.g a true solution, as occurs during electrolysis of 

molten sodium hydroxide. However, such cases are;rare;-

hletal Fog. If a metal such as zinc or le&d be melted 

under cne o.f its own fused salts (for example, zinc chlo-

ride or lead chloride), the molt en salt will remain un-

affected if the temperatur·o be kept low. But if it is 

raised, dark clouds rise up from the me ta.l and_ appl!!rentl y 

dissolve in the melt, and this continues until a state of 

equillbrium is reached. When the ternpereture falls, the 

clouds settle down slowly, and finally re-enter the metal. 

If the excess of the massive me ta.l be removed and air ex-

cluded, then the colored melt appears stable, but if the 

oxygen be admi ttod, er a, trace of oxidizing agent added, 

the color disappears. 

On the other hand, metG.l fog can be produced in the 
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absence of the massive meta.l by the addition of n sme.11 

quantity of a reducing a.~~ent. Essentially the same 

phenomena must occur during the. electrolysis of molten 

salts, snd will adversely affect the yield, since the 

metal present in that form is far more readily attacked · 

chemically than the massive metal. 

That these metal fogs a.re colloida.1 in ne.ture would 

naturally be conjectured, and has been proven by the nork 
. . ( 120) 

of Lorenz and Eitel • It is not, however, precisely 

certain what forces regulate their density and stability~ll9 ) 

In this connection, it is interestin5 to notice the effect 

on the metal fog forms. ti on of addition of certain neutral 

salts to the orig:lnal t1.elt. These lar•,:;ely prevent fog 

forms. tl on,. just as the a.dcJi ti on of electrolytes to an 

aqueous colloidal s elution me:y precipitate the colloid •. 

The mcde of e.ctlon in the two cases can hardly be the seme, 

however, It has been suggested that when fused metal and 

fused salt come into contact, a certain amount of complex 

cation is produced, thus: 

Pb-H- ~ Pb~ Pbtf (like the m.ercurous ion). 

The metal fog would then represent metal dissociated 

from this complex and in equilibrium with it. The effect 

of added salts is explained by assuming that they remove 

the cation of the first salt from the melt as complex 
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anion, thus perhaps: 

The concentration of the complex cation, and hence the metal 

fog, must decrease. 

The effect of this addition of neutrEl electrolytes 

can be studied by mes.surin[; its effect on the cathodic 

current efficiency dur:l.ng electrolysis. As the fcg for-

ma tion ie one of the chief sources of loss in tr~e p1~e-

pare.ti on of metal, the two effects will run. more or less 

parallel. In other cases, where the electrolysis losses 

under normal condl ti ona e.re grer.~ter, the effects produced 

are even more marked. But not every addition to the 

electrolyte increases the current efficiency~ 

Voltage Helo.tions. With pure fused salts, the re-

vers:lble electromotive force cf a primary cell depends 

simply on the nature of the electrodes and tho electrolyte 

and on the temperature, as does the corresponding de-

composition voltage. YHth 111ixtures of salts, however, it 

csn be shown the.t tbe electromotive fo:c"ces depend upon the 

concentration of the salt corresponding tc the :·:1etal used 
( 174) as electrode;. Thus Gorden ' measured the voltage of 

cells ma.de up 

Ag 
as follows: 

AgN03 in 8. 
mixture of 

KN03 +- NaN03 ~ 

AgN03 in a 
mixture of 

KN03 .+ Na.W03 
Ag 

the cone en tra ti on of silver ni trn te in the :nelts surround-

:tng the two electr·odes being different. He fonnd thf\ t the 
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electromotive force of such cells could be expressed by 

the well-·known · fcmula for concentration cells, 

E: 0.0002T 
n 

Cl 
ln G'2 

where n is, of course, one in this case, and c1 and c2 

are the molecular concentretions of the silver nitrate. 
( 4) !!'reversible voltar];e effects , are fs.r less im-

portant with molten salts th0n with aqueous solutions. 

Such effects lllti.metely depend upon the lcw velocity of 

some stage of electrode process, and, in view of the known 

effect of' temperature on reaction velocity, it is na tura.l 

that at hi~h temperstures they ~hould be in general \rery 

slight. But nevertheless, when the current density be-

comea excessive, they make tl1eir appearance; and particu-

larly wba t is known G.s the "anode e.ffect'' is observed at 

the carbon anodes in fused metallic halides. The alee-

trodes be(;ame covered wlth a film of gas, chlorine, fluor-

ine , bromine er iodine, tbrtmg;h wh:tch the current can 

only pass as an e :r.c discharge. The voltage rises very 

consider.'1bly and the a.node appears to gleiw, as a conse-

quence of the number of tiny ares which are passing. It 

is most pronounced with fluorides, lea.st so with iodides. 

Stirring, :re.ising the anode from the melt :for a. moment, 

or revers1.ng the current--:'tn other words, removal of the 

ges la.yer--cause the effect to d.isappear. 
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The only other c.ppreciable irreversible effect is 

the concentration polarization which occurs et high 

curroent den.sities( 4 ). Apart fJ'.'om the forrn.1.l.tion of a 

gas l:::i.yer on the electrode, the voltage of the working 

cell incre~ses with increasing current density, just 

ms in aqueous electrolytes. In the latter case, the cause 

of incre~ s lng vol ta,:;e :ts the exhG.usti on of the :tons nenr 

the electrode, and if the presence of ions in the molten 

s~-lts is assumed, the ss.me cause can be ~ssumed to be 

active in the caso of molten salts. 

The reversible <:)lectromotive force of a cell ce.n 

be determlned b:r e:l ther the decomposition voltaf'.;e or the 

In the latter cnse, 

the curve obtained falls far more rapidly than D similar 

curve obtained with a~ aqueous electrolyte, bocRuse of 

the high te~nper2.ture &.nd rr;;lpld rote of diffusion of products 

awny from the electrodes. 

Tl"',.rough the di:ff erences in decomposi tlon potential 

shown by d:'i.fferent salts< 4.), <3 .. separat:i.on of the several 

niet~llic const:ttuents from a rai.xture is possible in n 

molten state, just as in aqueous solution. The relations, 

of course, may be rendered rather complex by the v~.ryin,g 

tendencies of the met~ls to alloy ~mong themselves, and 

thus to depolarize one another 1 s c1isch~trge. 

Hall-Heroult' s Process. The connection between the 

ex&ct composition of the electrolyte and its freezing point 
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in the process has been studied by several workers, whose 

results are not very concordant. Cryolite is reported to 

have a melting point of 9?7(lSO), lOOO(SS), and 1023(l?S)oc. 

Its melting point is lowered by the addition of el ther 

sodium fluoride or aluminum fluoride a.a shown in Flgure 1< 17 ~) 
On the addition of sodium fluoride, the melting points of 

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

cent aluminum fluoride and 86 mole per cent sodium fluo-
( 65) 

ride ; 886 °c, 13.6 mole per cent aluminum fluoride 

8 . l " ( 118) rz. 0 and 6. 4 mole per· cent sodium f uor:i.de ; or 9...,5 C, 

16. 5 mole per cent aluminum fluoride and 83. 5 mole per 
( 175) cent sodium fluoride • The formation of e compound in 

which the content of aluminum fluoride is richer than that 
. (175) (65) in cryolite, commences to solidify at 740 , 725 , 

and complete solidi fic~tt ion takes· place at·· 685 OC .with 

a composition 46. 4 mole per cent al, uminum fluoride and 

53.6 mole per cent sodium fluoride. 

The solubility of alumina in cryollte 1s shown in 

Figure 2 as dete1"mined by :F'ed otic ff o.nd Ilj lnsky{ 65 ). The 

lowest freezing· point; 935 °c, is obtained at an alumina 

content cf a.beut 15. 5 per cent. Excess of sodiu.'tl fluo-

ride increases the solubility of alumina, while excess of 

aluminum fluoride diminishes it. 

Pascal and Jouniaux(lSO) have studied the effects of 

addition of fluorspar to the eutectic mixture of cryolite 
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and aluminum oxide, nnd have shown thet it is possible, 

by addition of one part of fluespar per th.ree parts of 

cryolite, to reduce the solidifying point of a melt con-

taining 20 to 25 per cent aluminum oxide s.nd 75 to 80 per 

cent cryolite by another 30 to 40 °c. In practice, the 

temperature of the bath ls s lmost lnvari.9.bly kept at 900 

to 950 °c. 
The specific conductivity of the technical bnth has 

been given as 5 reciprocal ohms per inch-cube· , or about 
f 118) 1.9 reciprocal ohms pet• centimeter-cube \ • Addition 

of an excess of sodium fluoride raised the specific con-

ductivity. The conductivity decreases linearly as the 

alumina content increases. It is clear therefore that 

the voltage rise across the technical cell when its alumi-

num cent ent becomes low is caused by electrode polarization 

phenomena., and net by resistance change in the electrolyte. 

The decomposition voltage of ·solutions of alumina in 
(65) 

fused cryolite lies at 2.1 to ~2 volts • If calculated 

by Helmholtz-Thomson rule, the result is shown by Allmand 
. { 7 } 

s.nd Ell:t.n[t;ham as: set.ii um fluoride, 4. 7 volts; alumlnum 

fluoride, 4.0 volts; and alumina, 2.8 volts. These values, 

though fa.r from being absolutely correct, will stand in the 

right orde.r, and aluminum oxide will most easily undergo 

dee om.posit ion. V\'hen a very high current density is used 

at the cathode, the liberation of sodlum has been observed. 
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F'luorine can be formed anodically if the altiminum oxide 

content of the electrolyte has become very low, or if 

the current density used :ls too high. In that case, 

there is & marked "anode effect" and tho voltege rises 

considerably. 

When the anode effect takes ple.ce, the voltage across 

the eel 1 rises suddenly from 6 to 7 volts up to 40 er 60 

volts, and the carbon anodes are st~rounded by a gaseous 

envelope. The liquid electrolyte does not seem e.ctually 

to touch or "wet" the a.nodes so that current passes from 

the anodes to the electrolytes ss a multitude of tiny 

sparks or' arcs. Tl:1e gas evolved at the ancdes during this 

time ls carbon monoxide, whereas during normal operation 

the anode ga.s contains well above 50 per cent cnrbon di-
{ 105) 

oxide • 

The formation of mete.l .fog or cloud ls a c ommcn 

phenomenon. Metall:i.c aluminum in extremely fi:J.e particles 

becomes suspended in the electrolyte. Because of the cir-

cule. ti on of the electrolyte caus·ed by the electromagnetic 

forces 2-ctin:; on it, some of the metallic fog comes in con-

tact V!i th anode where it is recx:idized to alumina, resulting 
( 105) 

in lcw current efficiency • 

During. normal operation the voltage drop per cell in-

eluding thnt of connectloi.1s varies between 5 to 7 volts. 

Forty to one hundred cells are connected in series requiring 



a line electro'.notive force from 200 to 600 volts, and 

each line of cells v:ill take from 8,000 to 30,000 e.m-
( 105) 

per es • 

The pcwer required. per pound of aluminum prodnced is 

generally between 10 to 12 k:llowatt-hours, and there is 

s.node cE.rbon consumption of O. 6 to o. 8 pound per pound of 

aluminum. The current efficiency varies between 75 to 

90 per ce~t(lOe). 

The study of' the prod'l.._"C ti.on of aluminum has been the 

subject o~'"' several laboratory :tnvestlgations.f78,193 ,145,177) 

The results of these investigations confirm the advisability 

of usl n?; low on odic current den s:t ties. Not only is "enodic 

effect" thereby excluded, but both voltage and anode con-

sumption are decr·eased in the regular course of work. 
(78) The excessive anode losses observed by Harber and Gerpert 

are directly ottributa.ble to their very high current den-

sitles. There can be little doubt that the f1node effect 

which occasi onelly appeErs is not due to a layer of oxy0en 

or oxides of carbon but to one of fluorine gas, which is 

formed bec2use electrolyte has become depleted of alumina. High 

anodic current density thus falls lnto line with al 1 other 

anode effects .attr:lbuted to evolved halogens, particula.rly 

with that noticed by Muthme.nn, Hoffer and Weiss( 144 ), in 

the electrolysis of pure molten cryo1ite, which was very 

marked et e current density of 4 to 5 amperes per square 

centimeter. 
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Survey of Literature on De'f!osition of Aluminum 

Attempts to deposit a.luminum from aqueous solutions 

were first made by Wohler( 2l 2 ) and DevilleC 45 ) in 1854. 

Since then, numerous other tri~ls have been made(l:3l). 

These include the electrolysis of freshly precipit~ted 

alumina or alum in a. solution of potrrnsimn cyro.nide,, a 

mixed solution of alum or aluminum sulfQte and cRlcium 

or sodium chloride, vmrm dilute solution of tRluminum 

hydroxide in hydrochloric acid, s~turiited ~.quc01.lS solution 

of ammonium aluminum chloride. Several of these processes 

have been challenged by Wohler and Deville. Though there 

were ma.ny claims of success, deposit:ion of g.lum:tnum. was 

not achieved. Doubt was ~lso thrown on Tucker ~nd Thomssen's 

·deposit( l96) which they claimed to be obtoined by carrying 

out electrolysis in i;\U o.queous Rluminum chloride paste 

with a rots.ting c&thode at the rate of 20., 000 rotations 

per minute. After 1915, P. Marino( 124 ) obtained m. patent 

covering o.n electrolyte of strong solution of pyrophos-

phate to which has been added 10 per cent phosphoric :acid 

&i.nd 5 to 10 per cent sulfanilic scid; Quintin Marino and 

Darlington Wire Mill, ltd.< 125 ), claimed to get & deposit 

of aluminum fro!n an aqueous solution of s.luminum tertrate,, 

parstRrtrrJ.te or oxs.lata; Tums.nov< 197 ) utilized a diaphrs.gm over 



the cathode en the bottom o:f.' liquids imniiscl"ble •..vitl1 wate:r• 

such as 2.n5.line o:r chloroform to prevent the resolution 

of the a h~:ninum deposited .from aqueous solution on the 

Another attempt to deposit alu'.1inum is frrn1 non-

aqueous lnorg::anic solv fmtso Thus, Taft :.?nd Hs.1.,old 

B:::-\rhBm( 191 ) electrolyzed a s elution of ~lumiaum nitrate 

:i.n liqd.d am.monia at a tecnperr:1ture range o:f -33. 5 o to 

-57 °c. In no case \'l:".S t:1c slightest deposited alu:ninum 

cbte.:i.ned, but gDsing s.lv·;~1ys occured at both electrodes. 
( 28) Booth and M <;rlub-Sobel electrolyzed a1 urr..inum 

iodide solution :in liquid am1;1onia. With t~-,e vari cus 

current (5.ensities t:eied, there v.r8.s d.z;orous .2~asing and 

a blue-black film seemed to .f orrr.. on the ca th.ode, but t}:lis 

deposit, if such it wss, disappeared whenever the current 

w&.s turned off. 

i:r·h:!"ee other possible methods for· sclv}_ng the problem 

of depositing alu:ninum re:na:i.n: to electroplate from a 

b:-::..th of fused inorg~nic m.ixture, fused onium sa1ts, and 

frcri1or~~t~nic solvet1ts. r::ost investit;s.tions were in these 

three fic:~lds. They will be discussed sepa.rately in some 

dets:llo 

Electrochemistry of Soli...tti ons of Aluminum in Fused . 
Inor:.;anic Bath. Some aluminum salts and other salts fuse 

togethsr tr: form a liqtd.d bnth of melt:i.n,; point below that 
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of lil.lumimm1. :M&ny such liquid mixtures possess high 

electrical conductivity, and can be used to deposit 

aluminum. In the liters.ture, tho ~tluminum salts used 

are nearly al ways limited to o.luminum halides,, especially 

&luminum chloride. 

Prediction of Solubility of Fused Inorganic Mixtures. 

A good method for predicting the solubility of fused 

mixtures does not exist. James Kend~ll Gnd co-workers< 95 ) 

studied the solubility behavior, which is Qttributed to 

the following nine f~ctors. 

Diversity Fi;i.ctor. Sclubili ty and formation of 

compounds depend. primarily upon the diversity of 

the constituent radicnls. For ext:J.mple, bromides of 

metals much more positive than :si.luminum provide the 

most complex and most sti;;.ble compounds with aluminum 

bromide. Alkali bromides ~re all extremely soluble 

in alum:1.num bromide Qt a terr,pers.ture only slightly 

above its melting point; at 130 °c, 30 to 40 mole 

per cent. With bromides of slkaline earth metals, 

the solubility is less than one mole per cent at 

the Sta.me temperature. The seme low solubility is 

found for magnesium, manganese, cadmium a.nd le&d 

bromides, while silver bromide agmin shows a solu-

billty of more than 30 per cent. 

The Valence Fnctor. The salts of univalent 

metal, in general, give sever§.1 compounds with 
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either .r;_luminum chJ.01~ide or nlu'.1lnum bromide, the 

unimolecul&r type being particularly stables 

Salts of divalent metals, for example: those of 

calcium, b2rium, m~,gnesium, selci.om fu.rnish more 

tti..Jan one compound with aluminum chloride or bro-

r,1ide end even th~t :is scnrntim0s unst&i.blGJo Sal ts 

of triv~lent met&?.ls give highly dissoci:;:;.te com-

pounds :in the liquid st:;te. Antimony tribromide 

[;ind bismuth tribrom.ide are two e.:rn.mples. No 

fornw.tlon of compounds Ht all vrns obtained f'or 

sslts of qu~'c1rlv8lent rP.dlci1l, such as stnnnic 

chloride. 

The Unsaturatlon l''v.ctor. The s&lt in which 

the rRdic~l is unsPturs.ted shows fo.r g1.,0~,t0r com.-

pound fornwtion tl'um the snlt in v1l1ich tl1e no.xlmum 

valence is exorcised. For exgmple: stannous chlo-

ride forms compounds with aluminum chloride, but 

st~mnic chloride doGs not form compound with alumi-

num chloride. 

The Position Fmctor. The tendency towards the 

formation of compounds with nlum:tnum hd ides in 

general decr011s0s as one goes down the electrode-

potontial series. 

Tho TeL;rneN1 tu:r-e :F'rict or. Man~r of the compounds 

in the n.l unl:tnun 'bromide series crystallize at tempera-
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tures fa.I' below the ava.ilaole experimental r~mg;e 

for aluminu:n chloride !':tixture., and the feilure to 

isolate compotmds ln the latter series must fre-

quently be due to the :!mpos::db1li ty of securing 

sufficiently low ter.1pergture fer their cepP...r12tion 

es solid pho.se from s olut 1 ons containing them. 

Internal Pressure Differ·ence. Hildebrand( 83 ) 

showed that in nonpols.r syste:n, solubility or 

freezing point depresr.i on are dependent prim0ri ly 

upon the r elD. t:l.ve values of the int erna.l pressures 

of the two compounds. The internal pressure is 

the force which, together with the extE:rne.1 pressure, 

opposes the therrnal pres sure which :ts due to the 

kinetic energy of the raolecules. \\'here internal 

press·ur es are equal, the com• se of the curves 

may be calcule. t ed directly from ideal solution 

theory. As internal pressures diverge, solubility 

diminishes and when the d:i.vergence ls very l~-rge, 

two liquid layers may occur. 

i•lolecular and Atomic Volumes. Ho·lmesCe5 ) 

showed that when the ratio of molecular radii ex-

ceeds 1.618 to 1, partial miscilJility will occur; 

whereas a ratio higher than 2.414 to 1, will in-

duce ccmplete :i.mmiscibility. !11 none of the mix-

tur es studied by Kendall and co-workers does the 
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molecular volume rs. tio of the compone11ts ex-

ceed the lower limiting value of the cube of 

1.618 to 1, yet partial miscibility is very 

f!lequent. 

In fused salt syste~ns, indeed, where the 

polar:i.ty of at le9..st one co:-:-,ponent is ;:~enerally 

ms<rked, to consider the a ct ion o.f ljl. tcmic volume 

or radical vclu::r1e 9.s the fliJctors thr.:it directly 

a:affect compound formotion and solubility appears 

more logical. 

The A tomi.c Numb er Fs.ct or. ( 1) Abegg has noted 

th2, t addition compound formation, wl th ~- given 

group of positive radicmls in the periodic system, 

incr0ases with :tnereasing ~tomic weight, for ex-

ample; when .9luminum bromide wHs used s.s the 

solvent,, phosphorus tribromide and &rsenic tri-

bromide did not form complex compounds; the freezing 

point curve of antimony tribromide indicated ~n 

equimolecula.r compound, very highly dissocil.ii.ted 

into its co.nponents; with bismuth bromide, a 

much more stable complex was isola.ted. When 

antimony trichlorida was used ns the solvent, 

lithiu~11 chloride and sodiurn chloride were in-

soluble, but potassium chloride gRve two different 

complex compounds. In genor~l, however,, the in-
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fluence of highly polar compounds is sufficient to 

mask the effect entirely. 

Association Fsctor. In systems consistin~ 

of two similar components, both assod.oted, 

cc:npcnma formation rnay occur by substltutlon 

instead by add.iti.on. When both co:l!ponents are 

highly :!,)Olar, di sint e3ra ti en and recombination 

of var1ous molecular ~na ionic types wi.11 be 

pl"'esent. 

Summarv of Solub1.lltv Factors. As shown .,, . 
previously, ms.ny factors conflict with each 

other, hence these factors can only offer some· 

help tn predictl on and ere not ""tery reliable. 

Phase Dia[!'rams of fused In organ 1c Bath. The phase 

diagrams reviewed in this section include :lluminum fluoride 

series, a lum5.num chloride serles, aluminum bromide serles 

and miscellaneous. 

Aluminum Fluoride Series.. F'used mixtures 

of aluminum fluoride with sodium fluoride alone, 

and with aodi um fluoride 2nd aluminum oxide, nnd 

the effect of calclum fluoride on the melting po:tnt 

of latter mixtures was discnssed preiriously in Hall-

Heroult's process. 

Puschin and Bes:·:ori 175 ) m!<de a thorough study 

of the meltinr; point-composition curve of aluminum 
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fluoride wlth other alkali fluorides. 

The melting point of ·mixtures of lithium 

fluorlde ane aluminum fluoride decre8.ses fl"om 

8?0 °c to s. eutectic at 706 oc ns the composition 

varies from zero to 14.5 mola per cent of slumi-

nvm fluoride; then rlses to a maximum of more 

tt~s.n 785 °c~ when the mixture correspends with 

the formula 3LiF • .AlF3. The temperature then 

falls to· the eutectic 691 °c s.t 37 mole per cent 

&.luminum fluoride. The curve was.not further 

explored .. 

Por a.lu-rninum fluoride and pote.ssium fluoride, 

there is e. eutectlc st 837 °c, 7 • 5 mole per cent 
• 

elu:11inum fl uorid.e. There· is ~mother eutectic 

at 568 °c e.t a.bout 40 :nole per cent aluminum 

fluoride. Between the eutectic points the curve 

rises to a maximum &t 1030 °c w:tth a composition 

e.pproxime ting 3KF.AlF3 • 

Por alurainum fluoride and .rubidium fluoride; 

an eutectic exists at 700 °c with 6.-5 mole per cent 

of aluminum fluoride, a maximum at 985 °c corres-

ponding to 3HbP.AlF3 and a second eutectic at 570 °c, 
For caesium fluoride and aluminum fluoride; 

t ti . t a~-t 685 Oc "-' 5 5 1 i.. an eu ec c exis s w1~n • mo e per can~ 

aluminum fluoride; a maxim.um nt 823 °c corresponding 



with the melting point of 3CsF.AlF3 and another 

eutectic at 490 oc. 
Fedotief and Timofeev( 64 ) worked with the 

systems potassium fluor·ide-e.luminum fluoride 

e.nd llthium fluoride-alv.:ninum fluorlde. The 

data they obtained ~ay be said to check with 

Puschin and Bsskof'f's work. The :nelting point 

of the cry oli te type compound. 3KF .A 1F3 and 

3L1F .• A1F3 a.re 1025 o and ?90 oc respectively. 

In the fused ni.1..xture of potassium fluoride and 

alu7'..:ln~1,..:1 fluoride, t~ere is probRbly an ·-..mstable 

ccm.pound KF.AlF3 with transition point at 575 oc~ 

There is no evidence of a simils:r compound of 

li th:i.um fllrnride and nlumlnum fluoride. 

A.luminuro Chloride Series. This series has 

been subjected to the most e.xtenslve study by 
{96) 

many invest1;ato:t>s: Ja:nes Y:endall and oo-worke1.,s , 

Andr~ Chretien and Eskild TJouis( 3S), Shvartsnu:in( lBS) 

worked on two-component systems, whereas Wasilewski 

nnd co-wor};ers{ 201 ) ond Plotnikov and Shv~rtsmah l 7 0) 

worked on three-component syste:ns. Sllght differences 

exist among different reports. The melting points 

of bicomponent equimol~r compounds LiCl.AlCl3, 

The eutectic points are: for lithium chloride 
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and aluminum chloride mixture, 114 oc and 40 

mole per c<::nt lithium chloride; for sodium 

chloride a.nd alum.imhm chloride mixture, at 93, 

108 or 123 °c and 34, 39 or 41 mole per cent 

sodiu!ll chlo:ride; for potassium chloride and 

aluminum chloride mixture, at 114, 128 or 149 oc 
and 29,' 33 er 34.5 mole per cent potassium 

chloride.· The eutectic point of aluminum chloride,, 

potassium chloride e.m sodium chloride !nlxture 

ls r·eported to be: 70 °c with :;i. c omposi ti on: 

aluminum chloride 66 mole per cent, sodium chloride 

20 mole per cent end pote.ssium chloride 14 mole 

per cent by Wasilewski and co-workers( 20l); and 

89 oc with a composltlon: aluminum chloride 63;.5 

mole per cent, sod 1um chloride 20 mole per cent 

and potassium chloride 16. 5 mole per cent by 

Plotnikov and co-workers~ l 7 0) A comparison of 

bicomponent eutectic mixture and triccmponent 

eutectic mixtures shows that the l~tter have 

lower melting points than the former. 

A.lum:inum Bromide Series. In this series, 

only bicomportent da.te can be found ln the liters-

ture. The melting points of equ imolar compounds 
( 154) {96) a.re reported as: LiBr.AlBr3, 194 or 197 oc, 

(96) {96) 
NaBr.AlBr3 , 201 °c , and KBr.A.1Br3 , 191. 5 



0 ( 171) 
or 170 to 173 C • There are still other 

.nolecular compouncs, such as: LiBr.7AlBr3 , 

NaBr.7AlBr3 and KB:r.2A1Br3 w:lth :nelting points 

of 114, 95.6 end 95.8 °c respectively, &s given 

b ... - :···.,, ~ ... J 1 ,.,. ,, ... --'-~· ( S6) ~, t t . • ~ .l'..c:.DC.!ci.. c1.;!Cl C0~1~f..,r·.,.;x.rS • 'LrlO e;: ec :LC 

mix turcs f.i. re r ''"P or tecl to be for sodium bromide 

and r:. luminum brrxnid.e, 95 Oc and 18 i.aole per 

cent s odi vm brom:i.d e, tlnd for potassi. mn bromide 

and alu~inwn bromide, 88 °c snd 26 mole per cent 
(96) 

potassium bromide • 

A c o:npa:c is on of three he, lid 0 series shows 

tha.t fluoride series differs greatl~T from the 

rorn:::'inin:.; tv;o as expected fron the special pro-

perty o.f fluorine compounds in the halogen f~nlly. 

~ost f1~ed fluorides without special modification 

cnnnot be usecJ. for elect·t'.'ople tim~ aluminu~.1, be-

cause of too high meltin~ point of eutectics. 

The hL)rnr or la.;H3r tempe:::·ature of the melting 

po:L1t cf the eut<:3et:tc mixtu:ce depends upon tbe 

positive radical of elkali salts used. For the 

sa~11e halide of the so.me type complex compouna, 

the mcltin;::: point is increased,, with the exception 

atomic \?oight of rlkPli :cnc1.lcPl is incrersed. 

The more aluminum chloride in the complex molecule, 



the lower the melting point of the complex salt. 

A glance at phsse diagrams of chloride 

series and bromide series shows that on the 

latter series,, the melting point-composition 

curve is much flatter than on .the form.er series. 

Henceforth, f\:: sed bro:nides ma.:,r offer better 

regions for study than the fl2sed chlorides do. 

;;l iscellaneous. Aluminum chloride and 

phosphorus pentacbloride fused mlxtures ti..ave 

been studied by Fisher e.nd Juberman { 68 ). The 

co:npound formed at 1 to 1 ratio is unexpectedly 

stable. Its melti'.1(-3 point,, 380 °c is above 

the criticnl temperatures cf both components. 

Between the range of 0 to 50 mole per cent 

phosphorus pentachloride,, the melting point-

cc!'.lposition diagram of the system shows eutectic 

formation w:tth possibility of a solid solution 

region between 40 to 45 mole per cent phosphorus 

pentachloride. Between the range of 50 to 100 

n10le per cent phosphorus pentachlorid~,, twe 

im~::iscible phe.ses appear. Apparently, the com-

pound AlPC18 is composed of io_n1c aggregates. 

The 1'!1eltins point of the mixture of alumi-

num chloride and aluminum bromide also have been 

subjected to study{ l 9B). The aats cover the ran . .:se 
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of :aluminum chloride from 0 to 76.1 mole per cent. 

The eutectic point ie 73.l 0c and 34.8 mole per 

cent 21 urninum ch 1 or id o • 

.,..,1 t , . .L. f --· ' ~ 1 • s lt .!!. ec rocnemJ.St.,ry o l··usea .n unnnum. . r1 s. Electro-

chemistry of fused .nluminum sit.l ts is studied under four 

topics: electrical ennductlvity, deposition potential of 

E!.luminum froc11 fused liquid, effect on t.h0 structure of 

aluminum deposit in f'used aluminum chloride-sodium chlo-

r:ide bath and electrodeposition of a.lum:lnum from inorgnnic 

fused mixtures. 

Electricsl Conductivity. The conductivities of 

the pure al uminurn hiel ides vrnre me:;i sured by Biltz and 

Voiet{ 23 ). Of the molten halides, the aluminum iodide 

has the greatest cond ucta.nce, aluminum. chloride t:n1 

intermodia te, ana s.l uminum bromide the least conduc-

tlvi ty. The values at 230 °c are Hl uminum iodide, 

4.lxlo-6 ; galuminum chloride, o.0x10-6 cmd aluminum 

brc,:ulde, 1. 5xlo-7 reciprocal ohms. 

Dissolving :.alks-,l:i. halide in slumlnum hallde, the 

conductivity of resulting liquid rises sharply. For 

the systems lithium chloride, sodium chloride and 

potassium chloride in fused a.luminum bromide, the 

conductivity is 6rester, the greater the mobility of 

the alkali metal ion. 
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For the system alm1inu:n cblc:ride-sodium 

chloride, the ;.~ol8.r cr::nc1.uct;j_,,i.ty{ 111 ) ls 

directly proportional to t~e temperature. 

;jax5.m1.::m conduc ti v:i. ty occurs at equal mole 

U'TI oun ts of al U!lli U"P"il ch 1 or id e £md sod~. um 

chloride. For aluminum chloride within the 

range of 53 to 5'7 mole per cent, Bai~1n.kov 

::ind Shelomov(l7 ) shewed tba.t the current v1as 

carried by sodium 1on; during the tr2nsfer 

of th0 current by the sodium ion, there was s.l so 

som.e solvatlon of sodium chlor•ide which was 

carried off to the cathode; aluminum chloride 

wns in co:nplex, and because of its small mo-

bility, cc:nplexes did not 8ct as a curr~nt carrier. 

The conductivity of a ternary sys tern. ls much 

!r02tcr than that of a binary system; for ex-

ar.-tple: addtt:'i.on of e. little calciurn sulfate to 

alu::ninu~ chloride-sc·dium chloridt? system in-
{ 167) 

creases the cond uc ti ';Ji ty 200 times • 

Deposition Potenti~l of Aluminum from Fused. 

Salts. Aluminum hss never been de~)osited satis-

factorily from .fused salts batho. Wost of the 

literature is limited to the determinations of 

of electromotive force of reversible cell made 

of alum1.nu:n electrodes immersed :"tn the fus ea salts 
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bath(l53, 54,is9 ) and the decomposition potential 

f th ·11(217,218,219) y (219) o e ce • ..ntema and co-workers 

hsve determined the deposition potentials of 

metals including aluminum from Alkali chloride-

a.lumtnum chloride bath with reference to plati-

num electrode as zero potentla.l. The order of 

the deposition is the same a.s that in the voltaic 

series in aqueous s olut 1 on w·i th the except! on 

of copper in the experiment With the copper· io9, 

nicke 1 ion, ferric ion, zinc ion, manganous ion, 

aluminum ion and b.ydrorrnn ion. In another paper, 
. ( 218) Yntema ann co-workers showed thet in alumi-

num bromide-alkali· broMide bath, the order of 

deposition potentials of the meta.ls: aluminum, 

zinc, lead, bismuth, silver, copper,mercury and 

hydrogen, is the same as the voltaic series for 

the aqueous sulfate solution of these metals, 

except for the :lnt erche.n~ed poslt:l.ons of copper 

and silver and the location of hydrogen at the 

noble end of the series. All these investigations 

showed that only in the presence of alkali or 

a.Ike.line eB.rth mete.ls does the fused aluminum 

salt bath favor depositlon of pure aluminum. 

If other hee.vy metallic ions a.re present in the 

bath, heavy metals \'!ill deposit before aluminum. 
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'rhe decompositien potentie.1 .of alwTiinum 

chloride in fused al kP.li chl o:r'ide-s.luminum . 

chloride bath is 2.02 volts as determined by 

Yutema . , ( 217) ana cc-wor.Yr: rs • At this potential 

·ralue, smcoth brig-ht deposits on the platinum 

cs.thode were obta:lnecL Dendritic or grey de-

posits were .tnvE1rli:lbly obtninet1 at sc'.rlewhat 

hlgl1 potentials. Fer al um.i~1nm or om1de-alkali 

bromide bath, the deconpos:l.t:lon :potential of 
. (218) al11minum bromide is 1. 61 volts • When 

chloridt~ is substituted for the part of the 

"bromide in the bromide bnth, values of potentials 

t:iat e.re intermedJ.ate 'between those for e chloride 

be.th and those for a bromide b8.th only e.re ob-

tain ea< 218 ). 

Effect on the.Structure of Aluminum Deposit 

_ir!_ .... FE..sed .f\luminum Chloride-Sodium Chloride Bath. 

AF$ shown by Gor'bunova 9.nd l\dzhemyan< 73 >, the elec-

trolysls of three electrolytes with 19, 40 and 52 

mole per cent sodh<rn. cl1 lor ide in the mixture ·we.s . 

carried out at temperctures :from 130 ° to 210 oc 
with e. current dens·!. t~r from o. 002 to o. 2 B.c-r1.pe1"e 

per square centimeter. Exam:tnation of the alumi-

nurn de:pos its 1 nd. ica tes: tJ::f! c1 ecreese of the current 

density produces fine crysta.ls ~,nd lessens the 
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formation cf dendri tics; the opt:lmum eJe ot1"0-

lyte is approxlma toly the equimolar mixture of 

sodium chlo!'ide nnd almi.inum chloride; anodic 

solution of the cathoilc f'ncilitates the forr1ation 

of a solid. deposit; lower:ing the temperature 

favors a '.llOI'e compact deposit without dend!'itics; 

!'~d:tozraphic e:;rn.inins.tion shows the s.bsenc!'!I of any 

special or ten tat "l on 1.n the crystal growth and 

the d5mensj_on. of the cryst2l are within the limits 

lxlo ... 2 and ixio-3 n:tlllmeter. A German patent ( 220 > 

f'urther shov:s that dense :::tnd ndherent coa tin'.;s 

~1~e obts.ined by deposit.lnc; on tho cnthode, simul-

tarrnously with aluminum, a smnl 1 quantity of metal 

other than 11-.on but l css electropositl ve than 

nluminum, for ex$r.1ple lee.d. C ompo'!.l.:-ids of the 

lass electroposltlve metal may be introduced in-

to the electrolyte, or auxiliary anodes of that 

m.eta.l may be used. The cathode current density 

may be less than one n:::pere per square decimeter. 

This :nethod cnn also be applied to a mixture of 

alu:ninrnn J;mlidcs end 9l1mli or r:tlkaline ea.rth halides. 

:\Electrodeposi ti Ot) of Aluminum from Inor~anic 

Fused :·Hxtures. According to Orloi7a and Lal~1er( 149 }, 

best results were obtained ~1th fused chlorides 

whei'e the molar ratio of aluminum chloride to 
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sodium chloride is l to 3 e.t D :l~:~rent density 

of 0.2 to 0.5 a:npere per sqr,&re centimeter ~t 

120 °c. rrl1.e aluminum chloride is vole.tile. 

Hesults become poorer as the ~lu!ilnum chloride 

concentration decreases. The addition of 0.2 

per cent lead chloride improves the quslity of 

coating. 

Orl ova and L!il Iner' s rt~sul t is scmev1ha t 

different from the do. ta of other workers. 

Plotnikov Rnd hi.s co-workers< 162, 163 ) h';lve 

prm.riously obtRined depos:t ts of aluminum pla.tod 

on copper and iron 8lloys with the electrolyte 

of a fused m:tx ture of el uminum chloride and sod :1um 

chloride in the molar ratio of 3 to 2 or 2 to l 

~t 200 to 250 °c at a current density of one am-

pere per square decirnet0r. Gratzlan(?S) showed 

th~ t ol uminum was pl!?.ted on nic1rel by electro-

deposition from a. sodium chloridG-almnlnum chlo:r•1.de 

tie.th w:i.th a current densi.ty of one ampere per squ&re 

decimeter at 250 °c. 
Hecently, a thorough investigation of the 

aluminum chloride-sodium chloride system wr-:~s m~c1e 

( 221) o.t the Aluminum neset;J.rch Laboratories • The 

bath for plat1.ng varies with the metnl to be 

pla.ted. In &l.ddition to r1luminum chloride and 
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sodium chloride, a. sma.11 amount of lithium 

chlor:tde or a ;nixture of lithium chloride and 

~ootn~siur:1 cJ110rlde ls nc1dee.. Current dcnslties 

used ran~e from 5 to 25 a~peres per square foot, 

and tho normal ''al ue ln a ppr oxim1tely 15 amperes 

per square foot. La~er current densities pro-

ch:;ce srr1ooth deposits, but adherence :.s l i!rnly 

to ·be poorv The cnth is Lept homor;enous by 

"sloshini:;" motlon of the v.mrk. The brightening 

effect of the plat in[':, mny b 0 :tncrieased by the 

addition of t:rn br~~hten:tn.r::; a.sent lithium chloride 

OT cryc1ite or by supc1·i!l1yosinr:; elternstin['; 

cur:r·ent upon the direct curr~nt used for ple ting. 
(37) Chittum obta1.ned a. pa tent on the use of 

a molte~ bath cor.iprising aluminum chloride nnd 

11thlvm chloride for pla tin:; aluminum on copper. 

The cm'1posi tl on of the electrolyt ·::: consisted of 

·iO .. l mole per cent of llth:lum chloride and 59.9 

-.,olc per cent of ~"l.llt"l~i.num chloride; the melting 

point of such mixture is npprox:t:ne.tely 115 °c. 
The csthode current density used is ().2 a>npere 

per squnre centimeter. After the bs.th was '.·1elted 

in the ·,ressel., the elt1:n:lmrn piece, connect0d \V:l .. th 

nncde, end object, connected wlth cathode, nre 

lowered into the bath. The m ol ton b~1 th is an 
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excellent conductor so th2t a current density 

of 0.1 ampere per squar·e centimeter may be ob-

talned •1'1 th s. dr cp in the pot ent:tsl of less than 

2 volts ocross the electrodes, if they arc not 

~ore than 1.5 to 2 inches apart. 

The composition cf the bath may vary some-

'·:1hat wlth the cu·oll·;1n.tJ on o:'.' tbe 2.l umi.num chloride, 

:;.ut tl1e melti~1::; point of the :nixture is below 

130 oc over the r a n:z E: of composition from 3'7 to 

44: t-:1010 per cent of lithium chloride. The r.J.ax:"unum 

temperature dcsir&ble is 160 oc. 
}fo furt:Uer e.xtended ::.ds ps.'c.ent to use aluminum 

bro~ide as a solvent with sodium chloride, lithibm 

bromide ~~a sodl~m brc~lde as solutes. 

A.ccordln;.~ to 'i~.1:.v:rnyams. and his co-v10rl::ers( 93 ), 

best r·es;;lts \.'iere obtained when the electx·olysis 

ws.s c arr· led ovt with al m:i lnum brom.ic1 e plus 16 to 

18 per cent potassium 'bromide at 110 to 130 °c 
111r•:l. th a cui->rent c0,1 sl.ty l:::ss than 1 ampere per square 

decimeter~ The ancdc wss cluminum and the cathode 

:nest eas:Lly pla tee \;1 r~s load; other :netals plo.ted 

wlth lea~ ca~ be used Ra the cathode; copper, zine, 

brass, tin, co.d;niur:i, iron, 'nn5neniu:n and aluminum 

ce.t11odes are also· suitable. ~uperposin~; alternating 

current on (Jiroct cvrrent gt:,ve ~socd results. The 
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fused salt beth must be free fr0~ iron. 

t .. procass wss developed for the deposition 

of sl m;1inum from an ether solutlcn of D lum'inum 
( 41) 

chloride and a metel hydride by Couch and Brenner 

The best depesits were obtained from an ethyl ether 

solution ths t w~s 2 to 3 mols.r in s lurninum chloride 

• 

and o. 5· to 1. 0 molar in lithium hydride. The deposits 

were quite duct:i.le rand deposition re.tea of 0.025 to 

0.05 millimeter per hour were possible. The bath 

ls said to be not highly sensitive to moisture, but 

will have a longer life lf protected from s.5.r. 

Electrochemistry of Aluminum Salts ln Or~anic Solutions. 

Aluminum chloride is expected to 'be soluble in a great number 

of solvents as seen from the wide applications of Pr1ed.el-

Cr.iaft i ... ee.ction in ms.ny fields. Meerweln{l:30) has shown 

that many weak electrolytes are incre&sed in strength by 

the formation of complex ions. 'I'he existence of conductivity 

has been attributed to the form.a tlon of solute-solvent com-

plexes by Hein flnd Schro.mm{ 81 ).. Ccnsiderstion of :;i.11 these 

fe.cts indicates a possible means of solving the problem of 

electroplating aluminum from organic solvents. 

The literature reports studies of the electrochemistry 

of almninum halides in many solvents; incJ.ud:i.ng: various 

s.i.lk;·tl halides such s.s: ethyl chlorideC 25 >, ethyl bromide( 94 , 
i12,135,155,172,21s,21e) th 1 ~ .a.ia (95) d th 1 thl , e y J.O e , an c ~ y · o-
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cyans. te< 2 ); aromatic hydroc~rbons, ns: benzene(l53,156,157, 
r 

158,215,227) t 1 . (152,157;215) a , .o uene , an 1 {152.157,215) xy ene ~ ; 

nltroderi vg ti «r::·s of aroms. tic hydroc~rbons, a.s: ni tro-

benzene ( 13;';·, 159, 160, 161, 165, 1613, 173, 183); hetGrocyclic 

compounds, as: pyridine(l4l,i42,i43,ie9 ); ethers, as ethyl 

ether(g?); polyhydr·ic alcohols, as: cellosolve(lB), 

l • ( 138) . 1 ( 205) s-ycer1n ; · aldehydes, as: vo.lera dehyde . · , ben-
( 205) . (205) (205) za.ldehyde , crotcna.ldehyde , clnns.ms.ldehyd.e ; 

{205) . (205) ketones, as: acetone , methyl acetone , ttceto-
( 205) ( 49 ) ( 205} phenone ; acids, as: ecetic acid , formic scid ~ ; 

·a f · · ( 24 > o .p tl ~ 1 J a i a.mi .es, as: orm.smiae • ... 1ese, morc:i aeta· .e. n-

formation can be found and will be summarized for ethyl 

bromide, ethyl iodide, ethyl thiocyanate, benzene, toluene, 

xylene, nitrobonzene and pyridine. 

The study in this f:i.eld is furthe-r cc~pllceted by 

&dding an other salt in compB.ny with 9.l um in um ha lid cs and 

by using mixed solvents, such as: toluenc-nltrobenzene,,. 

ethyl bromide-nitrobenzene ~nd ethyl bromide-benzene-

xylene. 

Ethvl Bromide as a Sol vent. For the o.luml-

num b1"omide-ethyl bromide system, the specific 

conductivity of electricity increfises with the 

concentrstion of the ~luminum bromide within 
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the range of 46.3 to 72.3 per centl94)._ 

The ~e.ximum specific conductivity occurs at the 

molar ratio of 0.64 to 0.66 aluminum. bromide 
t h 1 1 ( 94) o et y b rom de • 

The decomposition potential of aluminum 

bromide is 0.98 volt.< 94 ) At various current 

densities, the lower constant value is 0.74 

volt ( 112 ), while the valu.e cal cu lated from 

the thern10chemical dab~. ls 1. 76 vol ts( 112 }. 

The upper decomposition poten tie.ls for 5, 30 

and 55 per cer:it of al um· num bromide are 3. 25 11 

2.10 and 2. 05 volts respect! vely( 112). 

For the ternary system, elkall J:i..alide-

alu~ainum bromide-a.lkyi bromide, the speci fie 

conductivity is in.creased by the addition of 

me talllc hal 1o es of lith:J.um, sodium, potassium 
( 135 155 172) and silver, also bromide or rubidium ~ ' • 

Por the system metallic bromide-aluminum 
( 155) bromide-ethyl bromide , the conductivity 

increases wltb the concentration of metal lie 

bromide ln the first group in the periodic system 

&u1d decreases wl th dilution. For different 

metallic salts, the conductivity decreases with 

the following order: s:tlver, lithium, copper, 

potassium and rubidium. 
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For lithium bromide-aluminum bromide-ethyl 

bromide system{ lSS), maximum specific c onductl v:t ty 

ls 12.78xlo•3 reciprocal ohms at 18 °c for the 

ratio of 0.839 lithlum bromide to aluminum bro-

:nlde. Tl.is value was obtained by boloJ.ng con-

stant the molar ratio of e.luminum bromicle to 

ethyl bromide equal to 0.289, while the ratio 

of lithium br~~ide to aJ.uninum bromide was varied 

bf'Jtween o. 017 and o. 905. 

For the sodium. bro.nide-aluminu.rn bromide-ethyl 
( 172) 

bromide system , the specific conch,ct'Lv:lty 

of sol~tion increases as the concentration of 

sodium bromide :l.nc:reRses. The i:'."lcrease in 

conductivity is greater for solutions of greater 

aluminum chloride concentrations. Addition af 

O. 5 gra.m mole of' sodium bromide per gram. mole of 

aluminum bromide to a solution w:i.th a ratio of 

aluminum bremide to ethyl bromide of O. 2? re:lses 

the conductivity five time2. The increase 5.s 

tenfold for solutions containing less aluminum 

bromide. 

For alkali chloride-aluminum bromide-ethyl 
{ 135) bromide system , the increase in conductivity 

is :-:10re rapid for the metal of greEJ. ter a to·:nic weight. 

The increase in conductivity wl th t er-1pera.ture was 
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noted i:.1 the cnse of lithium chloride and sodium 

chlor:i.de only. During electrolysis ni th a plati-

m.im an od~, a y-eo yellmv coloration we.s observed 

j_n the e.node region. This colorstion 'lV&.s absent 

when almainum and silver an C"des w·ere used. 

For the potassium iodide ... alumlnn~u bromide-

ethyl bromide systemf 94 )' the increas~ in conduc~ 
t:1.7ity depends en the concentra.t:i.on of Aluminum 

bromide :i.n the solution to which potassium iodide 

is added. The conductivity, upon the addition of 

pot es ::::i um iodide, inc1~eases with alumim.im brryaide 

up to a mclar ratio of 0.3 for filum.:lnum bromide 

to ethyl bromide. Beyond the retie of.' O. 42, the 

conductivity upon the addition of potassium iodide 

decrca:.;es as aluminum bromide cr:n.centrs.tion increases. 

In the terme.ny system, alkyl bromid·e-aluminum 

br·omlde-metalllc halide( 155 ), when the r.i.etallic 

chloride added is lithium, sodium, pots,ssium or 

rubidium chlcride, a deposit of alurn:i.num forms on 

the cathode; but when it is silver chloride, silver 

is deposited on the cathode. 

The d0composi ti on potentials( 155 ) for 11 thium 

bromide, rubidium bromide and silver bro;nide a.re 

2.0, 1.66 a.ud 1.3 volts, respectively. A decomposition 

potential of 1.88 volts is obtained for the following 
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two systems( 172 ): 2. 51 rnole per cent sodium bro:nide, 

28.4~ ?:tole per cent aluminum. bromide s.nd 68.07 mole 

per cent ethyl bromide; 6.9 ~ole per cent sodium 

bro'nide, 36.8 mole per cent aluminum bro:nide end 

56. 3 110le per c~mt ethyl bro:n.ide. 

F'or the s odi Ul'1 chloride-e.1urninilm bromide-

ethyl bromide system( 135 ), the sddi ti on of sodium 

chloride to the alumin11m bromide-ethyl bromide 

system c2uses the disappearance of the lower de• 

composition potential. Atdition in lar~e amounts 

also causes nn increase of upper €1ecompos1.t:ton 

potential to 4.05 to 4.25 volts for the molar ratio 

of 1 to 1 for sodium chloride to aluminum br·omlde. 
(215) Current-vol tago curves show a. decomposi tio11 

potential of 2.0 volts when 11x 111s 0.5 or less, a de-

composition potent iel of 2. 0 to 4. 0 Yolts when 11x 11 is 

0.6 to 0.9, and a decomposition potential of 4.0 

vol ts when 11x 11 is 1; the symbol "x0 represents the 

~1umber cf ".1oles of sodh::rn chloride in a solution of 

one mole of aluminum chloride and ten moles of 

ethyl bromide. 

These i!sta show that c.t Sr.18.ll values of"x!' only 

aluminum bromide is decomposed; at medil.lm values of 

11 .x.~1 both ::i-1 um1.num bromic'lo and sodium chl or id 0 are de-

c cmposed; and e.t hi~h ~rs lues of 11x~1 only the decom-
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posit i en of sodl um chloride takes place. 

For the systems aluminum bromide-sodium bro-

mlde-ethyl brcmide and al-:.::minvm bro'nide-potassium 
( 216) bromide-ethyl bromide , only the ellrn.11 salt 

is decomposed s.t e 1 to 1 molar ratls of G.luminulJl 

bro!1ilde to alkali b:ror-lide; only the a lumin.um bro-

rr:lde decomposes at molar ratios of alkali bromide 

to al urr.·!.m.mt bromide that are much less ths.n 1. 

For the al u::111-num brtnnide-ethyl bromide-
( 94) potassium iodide system , th0 deco~position 

potential is 1.28 volts. 

Ethyl Iodide ss e. 3ol vent. Upon the imresti-

gat lon of the solubility of alkali balides in an 

alumlnum bromide-ethyl iodide solution, Katsnel'aon 

9.nd A1ze'1berg{ 95 ) showed that the solubilities of 

alkali httlides increase with the concentration of 

~:lu··r:Inum bromide in the solution. For a definite 

alu"'1inum bromide concentration, the solubility of 

haltdes decreases :1:1 the follow:lnn: order: lithium, 

sodium and pot~ssium halides. 

Condt:ct:i.vity is sffected by the sc1ditlon of 

salts at dlff'erent molar ratios of ::iluminum bromide 

to ethyl bromide. For a molar ratio of 0.23 to 0.24, 

the addition of halides decreases the conductivity. 

For a molar ratio of o. 44 to O. 46, the eddition of 
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chlorides or bro.nldes raises the conductivity, 

but the addition of iodides lowers it. For a 

molar ratio of 0.67 to 0.71, the conductivity 

rises in a.11 cases except :for the en di t ion of 

potessium iodide. 

The deco.vnpos:t t:l on r-·otemt ial is 1. 26 to 1. 29 

vol ts for the al urrt:lnum bromide-ethyl iod id.e-alka 11 

halide system :re3ardless of which halide is used. 

Electrolysis of these syst0ms results in aluminum 

crystals that 8dhere to the electrode poorly. 

Et)1yl Thiocyanete as e. Solvent. ( 2 ) The specific 

conductivity of thiocyax1ate solutions is simile.1 .. to 

the absolute va1u0s F.tnd in the character of curves 

to that Qf' ethyl bro:ntde and ethyl iodide for the 

systems: alumlnum bromide-ethyl thiocyanate, potas-

sium. bromide-e.lu'111num brorn.ide-ethyl tbiocy~nste and 

:;,'0t8E'S1Um iodide-aluminum bromide-ethyl thiocyanate 

and potassiu::J thiocyr.mate-e.lumjnum bromide-ethyl thio-

c·yanate. There is a closer similarity in the pro-

perties of ethyl thiocyannte and ethyl iodide than 

for those of ethyl thiocyanate and ethyl bromide. 

Benzene as a Solvent. The specific conduc-

tlvity( 156 ) of aluminum bromide or alumim.ll".1 chleride 

ln benzene rlses w-1.th dilution 8.nd with lncreFJ.slng 

alLali halide, but ft::1lls with inc:reesing aluminum 

halide. Here allrn li rnetal represents chlorine or 
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bromine. 

V<1:i.on a.mn:oniv.m halides are !?.dded to the system 

of elumin 1xm bromide-benzene( 158 ), v.1.thin a molar ratio 

of 0.15 to 0.36, several effects are obt&ined. In-

crease in the concentration of smmcnium halides in-

cren.ses the spc cifi.c conductivity; upon dilution, 

the specific ccnductivlty d.em:-eases. The specific 

conductivity 0.ec:reasesln order €)f chloride, bro~riide, 

and :todide. With:tn the range of 18 to 50 oc, the 

c..-;nductivi t-y :lncJ'.'enses propo:"tional ly w:t th tempera-

ture. The m::a.ximUt11 conrJ.uctivtty of sll P1ree systems 

occurs at tho mo'.J_ar ·ratio of' 1 mole of ammonium 

halide to 2 moles of al t:minum brmdde. 

The max:Lli1urn spcci fie conducti vl ty :for the 

soditut lodlde-alum:tm~m bromide systom occurs at 
(227:) o. 5 mcle sodim1 iodide c:i.nd 1 mole a1nminu:i bromide • 

·The maximum specific conductivity of lithium 

bro:nide in benzene solution of 2.luminum bromide is 

5.72x10-3 reciprocal ohms(l5?). 

Tr~e specific conductivity of the system of 

51. 5 per cent benzene, 41. 5 per cent aluninum bro-

mide e.nd 7. 0 per cent potas sitr:1 bromide is 6. lxlo-4 
( 153) reciprocal ohms • 

The decomposttion ;:.otentlals for the systems 

3rrrn:onium halide-ah:mi"l1xn brixn.id.e-benzene are 1.95 
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volts for chloride, 2.00 irolts for bromine, but no 

constant value :ts obtained for· :todld0(·l5S). 

Tbe decunpos:'.i.t:lon ;:::otf~~tie.1 for the system 

lithium bro:,1ide-s.lum1nur:i bro:!llde-benz0ne is 1.60 

v 01 ts ( 157 ) • 

'l'he d eco:nposi ti on potential for the s-:;rstem 

soc\.ivm :lodide-e.lrn~im~m bromide-benzene shows two 

disccntinuities e,t 1. 08 and 1. 78 volts as determined 

by Plotnikov( 227 ). But Yakubson{ 215 ) ~ave two vnlues 

at 1.1 tc 1.2 &nd lo9 to 2.0 \rclts. Th~ :former 

vn.lue corresnonds to the decompositlon r·otent1:;1 cf 

aluminum if)d1de, and the latter value corresponds 

to the decomposition potential of flluMinum bt'Ontide. 

1..Ql.}.~cno s.nd Xylene HS Sol,ren.ts. The maximum 

conduct i vl ty of the system lithium brom:i.de-alnm.inum 

bromide-toluene is 5. 28xlo-3 reciprocaJ oi:r.m( 157 ). 

t':Jith the increr.isG in conceni;rotion of bromide cf 

lithium, copper and silve:,", the conductivity in-

cr 0sases and changes ~1bruptly when the molar ra.t:i.o 

corresponds to co:nplcxes of t:J.e compositions: 

LiBr.2A1Br5, CuBr.2AlBr3 and AgBr.AlBr3(157). 

'The specific conductivity of alumirn.m bro:;lidc::-

xylene system and the ter·nury systems aluminum oro-

mide-:xyle~1e with potassium bromide, sodium bromide, 

ar;monium bromide, rotasslmn chloride, sod:lum chlo-
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ride, 2.":1YJon!um chlorlO.e :.?.nd e.mmonium iodid.e very 
. ( 152) with time • 

The dcconposit1on potential of alumim:rra bro-

'll:tde-xylene ~olut:lon, as well as the te1"nary system 

nl U':1i~ur.1 bro::n:lde-xy1cne w·i th al1mJ.1 hs.lides is 1. 64 

to 1.68 volts, wh:lch correspond w~i.th the vqlue cnl-

eula t cd by Thomson cqua ti on ( 152 ) o Dense n.nd shiny 

dopos its ot al um in.um. v.;ere cbtained from xyl0ne 

solution of :;1 lurn.inum bromide containing add:t ti ons 

of ppto.sniuui chloride, sodium chlor:lde or atrrncnium 

iodide( 152). Durlnc elect1.,olys:ts of al 1..:m:tnum bro-

mide-xylene with the adc1i ti on of potassium chloride 

usinr:; an o.node of silum:tn, pure nctallic Glum'tnum 

was deposited on H copper cathode{ 152 ). 

Th.0 decornposit:i. on potentials of the system 

sodium iodide-aluminum bromide-toluene is 1 .. 1 to 

1.2 and 1.9 to 2.0 volts, corr,es;)ond:lne; to the de-

composi t:l on potentials of a.luminum. lodidc and alumi-

num bromide respect1vely( 215). 

N:ttrobenzene !:tS a Solvent. Tho specific con-

ductivity of aluminum chloride in nitrobonzene ln-

cres.ses wl th the concent1.,ntion of 2lnrn.1num chloride, 

with a me:x:tnum con.ductivi ty of 1. 46xlo-3 reciprocal 

ob11 at 14 per cent aluminum cllloridei( lSO). There is 

e. simj_lar increase in conductivity with aluminum bro-



-65-

mide solution, w~_ th maximum specific conductivity 

at 18 per cent al'lzuinum bromide( 159 ). 

'I'he addition of metallic halides inc1"es.se=" the 

spec::lfic conducti iri ty of the solution of C:-!l um.inum 

chloride or nl uninurJ. b1"'om:.de in nitrebenzcne to a 

moximum at a molar ratio 1 to 1 fer aluminum chlo-

ride to meta.Ilic halide( 133 ), where metal repre~ents 

anmonium, potassiur1, rub:i.dium and l:tthium; and halide 

represents chloride, broniide a.nd iodide. Aluminum 

brom.ide may be substituted for alur:iinum chlor:ta.e. 

Each specLflc conduct'iYity-concentration curve of· 

alur.:i.:lnrnn brorddc in ti:.e nitrobenzene shows a ma.}:imu~1l6l). 

At 50 °c, the r-;;p eci1'1.c condi.wtivi ty of 28.3 per cent 
IZ 

aluminum brondde solut::'l.on is 2. 52x10-.:> recipY·ocal 

obm( 161) • 

The n:olar c ond.uct:i vi ty of aluminum chloride :i.u 

nitrobenzene L1creascs with dilution and res.ches a 

lb1it of 4.5 reciprocal ohms(l5o> .. 
Upon. electrolysis of alkali ha lid.es mixed with 

aluminum halides in nitrobenzene solut1on, ::i.J.ks.li 

metal is deposited a.t the cathode und halogen is de-

posited at the anode( 215 }. 'i'he decomposition pot en tie.l 

is 5 volts for potassium deposited. at the copper 

C8 thode< lSO). .F'or sod:i.um deposits, the decomposition 

potential is 4.5 volts{lBS). 
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Upon elect1~01ys is o.f nn al u~nlnum bro"!'..11ide-

potassiuY\l chloride-nltrobenzene system 'llvi. th plati-

nu;:1 elE::ctrodes, the :netP.llic aluminu.m :Ls de£JOslted 

on t:::e cc..thoCe and brc::llne on t~1e an ode( lSO). 

The decomposition pot(~ntiBl is 2ol2 volts(l5 o>. 
All of the rnixed solvents containin3 nitro-

benzene forming solt1tions with alkali hsl:td•:ss nnd 

aluninvt:i l:.r?.lides s~' ve 2 l ;-~al i metal d cp osi ts upon 

electrolysis( 1651166 , 173 >. 
Pyridine_ 2-S a Solvent. The conductiYities of 

aluminum bromide in ~JyridL-ie -~nd in benzoni trile were 

measured with 't1:lgh frequency br:td--se( 141 ). Wl th 

for solutions from satur2tion (1 ~ole in 123 liters} 

tr::: ~1 cllh~tion of 1x10- 5 lite:r·s. 1Tl1e conc:'l'uctlvity 

at 1nf:i.ni te di l;,Jt ion is fonnd by extr>B-pcln tlon to 

be 62.5 reciprocal ohms. 

The potGn tir< ls of pure al um:tnum 2nd a 2 per cent 

s_luca:inu;:-. ar:u1lgarJ in satureted solution of aluminum 

br o;;1-ic1e in pyridine vre:-c·e mer· sured at 25 °c ae;oinst 

the electrode, Ag, AgW03 , O. lN C5H5N( l 4:5). The 

elcctro:.10tive force of the latter v;as practic2-lly 

equal to that of o norm2l calomel electrocce 

Th0 v8lues of the el ectrm e po'tential :referred 

to the nor.n~iJ. ce.lo"'.nol electrode are 0.827 volt for 
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pure aluminum and 1.16 volts for 2 per cent aluminum 
(143) amalgam • 

;~uller and co-worters( 142 ) were unable to de-

poslt a1uminurrr fro:n ~. sc1ut:i en of alu:1d:i1~m bromide in 
( 169) 

~nhydrous pyridine. ITo~ever, Plotnikov end Bnlyasnu11 

made o tb.:~:::or:'lel analysis cf the syst6m: alu:ninum bro-

~i1ic1e-pyrid :i.ne rt:1d fci.md three cu tect :le po in ts. Using 

a ,.,.lixture 1?ib.ich !:'!eltcd below 45 °c, the-y were able to 

seperate aluminumo 

':Jlscel1aneous Sclvents. Dir1·e s and Briscoe( 49 ) 

succeeded in deposit in; treces of al·ominurn from etha.no-

lcm1ne solutions of e.l u:ninui71 salt~3, bl~t 1.:vere unm;ccess-

f1.:l with acctaxniae, aniline, be':lzoyl ehlod.de @.nc1 gle.eial 

acetic acid solutionso Blne r:::1cl. ~~IatherC 24 > found that 

pure aluyninum could not be deposited from a solution 

of ::;lrnn:inum cl':Iorlde ln fcrmamide, but that slloys 

of ~,1 tFtinv:m with iron ~nd with ~inc could be deposited, 

:tf the concer..trstion of alu:Y1:i.nu':'l1 in alloy r~2.c:l:.ing 

17 per cent. Beal ~.nd £·Tonn( lS) failed to depos:tt 

al1;:~linur(1 perchlorate :cclvti.ons ln the monoethyl ether 

of ethylene slycol. 

Co>npa.rs.tive Studv of' Condnct5.vitv of D:tfferent 

Solvents. The conduct:lvity of alw"1inum hHlide solutions 

mede by di~solu:tng it in different sol~..rcnts nepends on 

its reaction i:lith sol~rents(205). Il"l the cese of cro-
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tonaldehyde, benzs.ldehyde s.nd ci nnam.s.lcehyde, 

alumin'>:-:t chl01~ide solvates in these solutions are 

salt-lii.;e so that r1ol~r conf!uctivity increases wlth 

d:l1ution( 2 05 ). As the nlur~.:lm.~:n chloride addition 

products are not salt-like, the molar conductivity 

of al wninur;-i chlor'lde seJ.ut:i. ons in acetone, :nesi tyl 

oxide and 1:iethyl n.cetcnc is sma11C 205 >. 
The condt;ctivity cf eluminum ha1:tde solution 

in a solvent always inc~e~sos with time(204). 

The add'Ltian of r-ncthcr ::ml••ent to en 8.lu~inum 

hnlide solutlon always incrcnses the specific con-

c.h-:otivity of the solution, because. of the forms ti on 

of addition co·,npounos. For exarnplc, the conductivity 

of al mn:lnurn bromide h1 ethyl bromia'(' is :tncreased 

by the afcUtion of benzene, the increase bein'3 t;reater 

with time< 204 >. The increase is because of the 

':i;reri ter robil i ty of t:<.e hi>jher cyclic hydrocarbons 

to for::-1 additions:}. co--;1po1mas< 204 >. The behavlo1" 

of ns.phthalene is sl,r1.ilnr, but the increased CNl-

ductiY:i.ty with 2-metbyl butylene-2 can be attributed 

t o po 1 ym er i z at :i on. 

The add~_tion of polar CO!npounds to the eluminum 

hn.Jido solution causes a.ri tncrease in conduct:tvity 

o.f tho sol:J.tion bec!'rnse of' tl:e formation of cO'Jrnlex 

a~:rnoc18t ed cor'.lpounds. For example, the cryosco'!)ic 
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invest:l..,:etion of LiBr .. 2A1Br3 , AsBr.2AlBr3 and 

CuBr.A 1Br3 in benzene shows that the complexes 

are ~H31~~:- nn::c::i s.sscciat.ec snd the degree cf 1:. sscci-

at10n increases with concentraticn{l57). 

The ad di t :ion of non.poler compounds to e olut ions 

of 21 u:;1lnum halide loi:•:ers the specific conrfoctivity 

of the solutions< 75 >. Cc::1pounds such HS str~1n:tc 

bromide, stannic chlo"Y>:idc, ca~ebon tetrachlor'ide 

and so forth, do not :rorr;i complexes with alu'.:'!inum 

s~ lt s and probably c1 t:coni.pose the co~nplcxes al ready 

existinr; between the alu•ninum halide end t;he solvcmt( 75l 
They also increase the »ilscosity of t1:.e solut-ton. 

r;:~rcn a sli,sl1tl·y polar cornpoi.;n1c1 s1.: ch ri.s arseniot1s 

For 8Xfin1ple, at the ··0101s.r ratio of 5.8 f;:;r arsenious 

bro:nide to e .. 1 t-m1inum brt..".'1lde ~nd 0.19 ~f'oJ'.' ~::il n::'linum 

"trcrxi.Cle tc ethyl bromide, the specif':i.c conduct:tvlty 

is less than one-tllir•d of tr:· e conducti vlty for t:he 

S8me solution of' s.lum:lnnm bro"1.lde :ln ctl:.71. bro:Jic1e 

bnt in the absence of s.rseni ous bro,":1ic1c{ 168 ~. 

Co:':lparativ.e Study of Deco:npositlon Potential cf 

Alu:'.11.nun Salts in Different Solvents.. The m.[tr;n:t tucle 

of eleetrom.otlve fore~: and or-dn" of' deposition of 
- ( 156) metals is crlfforent for cl.ifferent solvents • 

Upon elect:rclysls of· 81kfC'.l:l hel ide-o.lur1inum he.lide-
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n1trobenzene system, the e.lkali raetal deposits on 

the cat:'lod.e( 156 >. But upon electrolysis of t?..lkali 

halide-sluminurn helido-benzene ~ycte~ or filkali 

in a ~etnllic al u.m.i.nurc1 deposit on the r~nthof!e, pro-

vided the conccnt:r:atien of elkali salts :ts low as 

Cff'lpGrcd \)Ji th that of' nl U".'11:1.nur.t salts .. 

Ar:1cng three solventn; bcnzene1 toluene [md 

xylene, the best deposits of al maim:an ~n'e obtained 

from t!.ie use of xylene ( 25 ). 

Addition of a sc•lYcnt to u solution of' nlu:ninum 

hal:tde-nlkell halide m1'-:y ln~luenc0 tho tr::ms.fe:ren.ce 
• ( 204) of alurrn.n.um • A.pproximately equal amounts of 

nlu~n:i.num ore transferred to the &node and cathoc1e in 

the electrolysis of solutions of Pltrrn1_nun1 bromide in 

ethyl bromide, bu.t when :tn hexa.ethyl benzene, most 

o:r the aJ.w11:lnt:rr1 goos to the 8.node ancl e:1ost of the 

he:rnethyl benzene ~~oes to the ca.tr~ooe< 204 ). 

The :nr,~1i tude o~ the decomposi.ti en potent:lc ls of 

different ~rstems gi1 cs an insi~;ht into the .strength 

of co7nplcxes and solvates 5.n solution &nd it c~n be 

used as gn analytical too1< 215 >. 
The electrodeposit:lcn of alumlnum alloys from 

halide solutions in benzene is eesier than from .aqueous 

sclut:tons bcct::.uso tbc ceposition potentials of other 
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mete.ls· arc nearer tl:.i;i. t of al um:!.nu.in 1 n benzene than 

ln \Yater solutions< 24 >. 
Except for the al,m.11 metal salts, sll other 

ccrrespom1in::; n0tr:l deposit on elect:rolysis but 

no s.lu·ninum. f.lopos1t{ 24 >. 
:::cat ~rns.vy ;netnJ.s co.n be cod<::!)Dsited w-lth 

°\:)ath, bt<t the best-loo1dn:, r,llcy c'!e;1osits ere generally 

hi.:ih in alu'ninum( 24 ). 

E.. ... a ~t 4 J_t: c 1...rc .GpOS.J.. 1.011 of J\luminum From Orssn:lc 

Solutions. J'..s.1bin(ll3 ) obtdncd n pr:i.tent for the 

deposition of n lu·d_fft..m1 at lov; tcmpcrat ')re from a 

solution of' binnr::- se:lt :ln s liq~Jic containinr; no 

oxygen and p1°ef'erably no eJ_ em.en t other tt.e.n co.rbon, 

hydroeen axid nitrogen, as toluene, xylene or e.cet-

onitrile. ·A 10 per cent solutlcn of al u.minum ch lo-

r:de in ecetonitrile ls SlJ.itable. To incre8se ,_. 
vf.le 

conducti vl t~T of the electrolyte, a substance such 

as :;;.cii:' potr<.ssium fluorine, other slkB.li fluoride 

or b:i.fluor·:lde, o~ !)1-ios;1horus triflnoride or phosphorus 

pentafluc~lde, ~es 8d<led to the. enount of about l 

per cent. The te•:rpe:i:·nturc of the bath r:i.:i.r;ht vary 

110 oc. 1': cst:-:wc~e cur·!'.'cnt denslty Oj~ 2 to 3 ai'1peres 
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per square decimeter was suggested. 

Keyes and cc-worl{ers(gS) obtained a p::i.tent for 

the use of Q mixture of tetra.ethyl 11'.11monlum bromide 

&nd aluminum bromide as electrolyte. The voltage 

was 22.6 volts Rnd curret1t d~nsity was 0.068 smpere 

per square cent:i.meter of cathode surface. The pro-

cess :ts suits.ble for• plating steel economizer tubes. 
(97) l i Keys &na co-worle :c-s · Q. so dev sed n method of 

electrcdeposlt:ton of Hlum:lnum. by the use of 2.lumi-

num G·,.·L~nard compounds in ether solution. 

iEoller{l3S) obtsined e. po.tent for the use of 

an electrolytic bath conte.ining sn alcohol with o. 

boiling point considere.bly hls;her than 100 °c rand 

an aluminum salt. The temperG.ture of the bRth during 

treatm~m t v.ra.s m&intained above 100 °c; pH vo.l ue w&s 

5.8 to 6. o. The bath 11i~ht cont&i:ln glycerol and 

alcohols of the glycol group. Among different el umi-

num SQlts, alum:tnum chlor·ide ws.s preferred. An a;,lumi-

num ancde might be used instead of aluminum st>lt. 

Gray :and co-workers< 77 } obte.:!.11ed $ ps tent fer the 

use of &.n Rluminum se.lt of l\lU e.minobenzenesulf'onic 

acld as the electrolyte. A m9.terial to be C0.9.ted wras 

used as cathode &nd aluminum as anode. 
{25} According to Blue ~nd M~ther , aluminum of 

high purity can be deposited ess1ly in bright finely 
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crystG.ls in adherent f'orrr. from e. solution mDde by 

dissolvinc; metalli.c 9lln1:inum :ln ethyl bromide n.nd 

benzene. The best procedure for preparation of 

the bath is RS follows: 2. 5 grams of alum:lnum 

foil, 0.1 centimeter thick w&rmea vii th s. few drops 

of bror:1ine in R dry erls·nm.eyor fl&sk equipped 

with g_ :r·eflux condenser until &11 the bromine h&.s 

reccted. After coollno: to J'.'Oom temperstur·e, 10 

n:dll:lliters of ethyl bromide 2re :sidd0d and the mix-

ture is s.110\vec'! to digest for a.ppro.x.ima tely 5 minutes. 

Bectause of the reaction of alum:inum with ethyl brom-

ide is exother nic, no external heat is necesse.ry to 

st111"t or ccntinue the rBaction. Then 25 mlll111.ters 

of benzene are G.dded c~trefully over Gl period of 15 

minutes. At first benzene ls added a few drops at 

a time because of its vigorous react10~ and the 

evolution of the hydrogen bromld e :sss. Then 15 

mill ili te.rs o:f ethyl bromide :?.re added in 5-mil ll-

liter portions at intervals of 3 to 5 minutes. 

Benzene and ethyl bromide c@.n then be added ln eqrn1 l 

portions to m&1'~e ~"-ny desired volume of pl~.tinp; solution. 

No ca.re is necesse.ry in adding the benzene except for 

the initial additions as an excess benzene is used; 

but ethyl bromid0 has to be ~c1ded cer-efully in ea.ch 

5-milliliter portion. 
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As the digestion proceeds, the mixture separates 

into two layers; the lower containing the aluminum 

co::-ipounds is deep red, i:;hile the npper is a ne~lrly 

cclorless layer o.f 1Jenzene. The excess 'benzene 

upper lgyer protects the lower l8~:rer qu:i.te 1'''e1-l 

J'rorn. contact w:l th the n.oistur'e :i.n tr:0 air. 

After electrolyz"i.n?: solution :f'<:>r six hours~ 

with an. aluminum Rn od0 ~md a pla thrum ca thcde at a 

current dens:i.ty of 1.25 r:tmperes per square decimeter, 

eluminum "be0lns to de0osit at the cathcde. The 

deposits at first are dull, ff,l"'fiY snd finely crystal-

line. With continued electrolysis, the deposits 1m-

pr ov0d, o.na. after opep::i t1n::i; about 10 hours, the de-

posits sre ~-.:iright, adherent, sh:i. te (rnd f:tnely crysto.1-

l:i.ne. The deposit on eopper, vln ich 1.s free from oxide, 

is •1ery edherent and cPnnot be loosened or strlpped 

o-r f by bending back and forth. Any oxide film on 

the copper co.uses the de9osits to peel er-i.slly. The 

aluminum deposits on :jle.t:i.num aY'e ver~r adherent end 

cn.n be stripped 011~1 \Vi th difficulty. Grc?..si ng the 

cs.thode does not decrerse the 8dherence of' the deposits, 

because the ;:rease is dissolved by the benzene layer on 

the bath. The s.lmninum adhered well to the f?teel; 

2luininum coated steel cr:m be heated to redness wlthout 

the deposits '.:;eel :tng.. The aluminum can also be adhered 

welJ. to cast iron, but not to magnesium snd nluminum. 
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The bath has g current efficiency of 60 per cent 

and ~ore e.t both electrodes and a throwj_ng power 

as high as 28. The beth doos not deteriorQte end 

c2n be opera tea ind efJn :t tely if moisture :i.s e~::cluC.ed •. 

Toluene, xylene, B-tetr:::.hydrc~ephthnlcne and 

kerosene may be sub st ltut ecJ. for benzene under certain 

conditions as c.~n ethyl cr1loride, methyl chloride 

and ctl::•rlene LUch.lo:eide for eth~rl bro:~dde. 

mcnt v:ith a pure aJ.um:lnl~r,1 P-noc1e and a steel cathode. 

Uslri.r•; r;. curr·ent density of 1 ampere per squar•~, deci-

meter_, ut romn ter:1pere.tm·e_. he obtRi.ned good, ad-

herent, br-L:-;ht deposits ofter the electrolyte b.as · 

"been worked some time. !To perceptible str~)88, e:l ther · 

oxpans:l ve or co:'l tr~cti ~.re W8 s observed on the coating. 

X-ray d:Lf:fraction show0a that the deposits were of 

p,rn.ln size of io-2 to lo-3 cent:imeter nnd were random 

in orientation. 

was 

Late:!'.', a ne-w, chef:'.per and & more efficient bath 

re9ort0d hy Blue snd f!lather( 26 }.. This br:ith con-

tH<.ne<l the condensstion er :r:'ear.tlon products formed 

Yihcn s.lur1inum chJ.oride r-:nd Rl uminum bromlde a.r.'e dis-

bron:i.de and hydro;-;en c111oride y:i.elC.od condensation 

products in b0n7.ene w:t th alnmJ.num bromide ~nd alumi-
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num ·~hloride from which aluminum could be de-

posited electrclytically. 

The prcc0dure fc-r prcp'::rhi:: a.J.uminum bromide 

br:.1 t'.1. \.':as os folbvrn: Thc-'J cnhydrcus alu'.:11;:-iur:i brol!lide 

wns diss0lved in r:lry bcn~ene by gently hosting. 

'!'he s olutlon wns coolf30 to room to~,1peratt~re, and 

varying e~ounts of dry eth7l br~1lde were 8dded; 

excess of nluminum from the preparation of aluminum 

brc,nide reacted with ethyl br•omide am1 considerable 

hyd.ro;en croonide vi.'3S evolved. Approzim::i.tely 1 milli-

br00ide formed the ~ost erficic~t bBth. No antis-

fact cry ,3J. u:ni:nnn chl orJe G be. th cs.n be r:'lade. For 

.'.1ixed c> 1 or:tde 2nc1. b ro11 id G oath, the best results 

v;ere obtnined w:i th eciurn parts of two alt~minum S'.:llts. 

If tho 'bath 'ti1J8.S :;;reeps.rc0 by cUssolv:lw; nluminum chlo-

ride 2nd ol uminum bro·-.1:ld e in b 0nzsne ~ tho resistDnce 

by first f.usinc together the alt;minum chloride and 

al nmirnEn bro:.:lde ~ma tb.en ~,dn :i.ns the fus ea salts to 

the 1.:;enzene. 

Toluene and xylene :ln the bath have e. brL:;htenlng 

effect. X;ylene hG.s ~10re of' ~ bri~htenln:; action than 

an equivalent wel::rht of tolueneo The best c•)mpositlon 
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suggested results from dissolving 20 gre:ms of 

alu'.'ninum chloride in 80 :nill111ters of ben2.ene and 

addiwr, 40 milliliters ethyl bromide ~;nd 40 miJ.11-

11-ters of xylene. The 0verar:;e c~t'.""!ode c:Pficiency 

ls abm,.e '75 per cent o.nd the anode efficiency is 

above 100 per cent. The conducqvity of tbe baths 

varied considerably~ With continued electrolysis 

there \Y&S a gradual decree.se in the ccnducti vl ty 

because of the decrease in the concentration of' 

ethyl bromide, wh:i..ch WP.S due to the rer,ction of ethyl 

bromide with alu:·.linum anode. This decr•esi.se could 

be remedied by ea.dim; small amounts of ethyl bromide. 

The bath had a lone: life. One bath of 50 m1lllliters 

we.s operated 8 to 10 hours da1.ly for three months 

with excellent results. 

Depos:ttion of AJ_uminum From ~'Onium" s~lts.. Audrie.th 

and Sch~:.idt( 16 ) showed thnt fiJ sod e..mmonlt1m nitrate dissolved 

in all-".:':1.inum nitrate, other nitro.tes and carbonates. The melt 

is a. good conductor of electricityJ) but :lt is too strongly 

acid to permit the electrodeposition of metals. Thls is one 

of the exa'.·11ples to show that "onium" salts are acids, s.s set 
(33) 

forth by Bronsted .. The acid character of "onium" salts 

was further shown by the solubility of various 1netBls, oxides 

and salts ln the f lE ed ·pyridine hydrochloride as expected 
( 15) 

by Audrieth, Long and Echmrds • They G.lso found that many 
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However, metallic deposits were obtained only in the 

follovd.n!?; instances: melts prepared by ~ies0lving lead 

oxide and anti .. rronous oxide in fus0d pyrid1ne hydrochloride; 

melts prepared b~; dlssolvin'? a rsenious, bismuth., mercuric, 

plum.bus and stann01.1s c~\lor:i.de i~ fused pyridine h'Jrdrochlo-

rides; and from tbe fused dcr;ble sr.,lts AsC13 .(c5.FI5N.HC1)3 , 

BiC13 .{c5H5W.HC1) 2 and SbC13 .{c5n5W.HC1) 2 and later (14) 

and a.ntLnony could be reB.dily discha 11 .ged in the fol"m of 

good crystaJ line dcposi ts( 14 ).. l'>:ercury collected on the 

cathcce in the fonn of sme.11 globules. Cobalt ga.ve a 

lustrous plate while tin deposited in the form of loose, 

metallic flakes. Attempts to deposit the ~ore ective metals, 

S C~·rs ~1 ~~num etc., •1°r 0 1•ns1 ... •cceRs.f1.1.1(14) •. .. U H d .;.:. U. l1L .l. ' , • v v -· ,\ - . ~ This diffi-

culty may bo solved if the hydroe;en atom co.using acidity in 

fused p:;;ridinium. com.pounds :ts replaced by so:ne other group, 

such es an alkyl group. 
( Qt)) Hurley's pa tent ... ~ shov!S thri t a fu seci br..th can be 

made of Ll.'>'1 N-z-.lkyl pyriclinium ha.lid e ::md an cnhyc1rous fused 

&luminm.1 halide, prefere.bly :tn var: ot:.s c.nhydrous fused pyridi-

nium co:npounds, p&l:'ticularly 6thyl py1"idinium bromide, ethyl 

pyridin:lum chloddc, eth.ylene d.ipyr:i.dinium. dibromldc and 

ethyl0ne dipyridinium cHchlcricle. Gene:r•ally, the bath com-

position should be such trrat the Vitl'"'ldinium eation ls not 
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reduced e.t t:r-10 cathode. In any case, if the altm:lnu!'!l 

chloride. concentration is too low, the aforementioned 

reduction of pyrldinlum ce tl on occurs at the q0. thode, 

while. if the 2lu:nlnum chlo1"lde conccsntration is too hi~h, 

the pl~te ·cri 11 contain wh0t eppears to be occluded alumi-

num chloride. T'~·o r1oles of Bl\.T'.Tlinur.1 chlor·ide to one mole 

of hal j_c e or ni trosen at om "ln the pyr:ld:i.nlum. ss lt is the 

optimum ratio.a In the cr:se of the r.lum1num chloride and 

ethyl p;;r-lr~5.nhrn1 bro~nide, the content of the latter com-

pound m.s.y vary b~t1Neen 30 anc ·10 :.:10le per ce~.t. 

The tec11perature of the bs.th vrns 0lso s·ubjected to 

investigation in connection with ths.t pa.tent. To1)) low 

a temperature results in low conductivity and produces 

sponc;y deposits. f\.t hic;h temperatu:rcs, aluminum chloride 

will d:tstlll from the bath and the decomposition of the 

electr0lyte may c,ccur. For ethyl pyridinium bro'1'1ide and 

aluminum chloride, te0;1perPtures •n3.ried in the :range from 

40 to 150 oc, depending en the composition of the btath. 

The preferred temperature for a 2 to 1 molar ratio of rilmn1-

num chloride to.ethyl pyridinium bromide is 125 °b. 
The optimum ce.thode current density for baths of 

this type is opp:.r>oximntely 0.5 a.>npere per square decimeter. 

Those ob t~~'.i.ned n t currer1t density much 1 ower than O. 5 am-

pere per square dGci.moter arc usu&.l ly v1hi te 2.nc du 11, where-

as at current density somewhat hisher than this value they 

are usually gray and dull. Only at this preferred value 
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are brie;ht and sh:i.ny plates obtr; ined. In cells in which 

the ~noc'e and t~--i.e ';athod.c a r·e about 1. 5 inches apart, 

should be R~' lar·-~e 8.s, or 1.nr._~Gr tho.':!. the cnt!:rnc1e object. 

VJeir and cO-i'i<;rkcrz( 203 ) cbtai ned o. p:::i tent fol" elec-

mixture o:f H-r:mbr;ti tu ted c-.1>.yl p::;T:i.d:lni urn chl Ol' ide or bro-

mide o.n<3 ol u1d 11um ch1or16 e in the presence of r:m excess of 

benzene or its derivatives. 

Gc.od plabo;s o_C aluMh1u~n c2.n 1)0 obt:.:d_ncd when the nitre-

proport:'.on of' !)l 1~ninum chlc'l" j_{ G to cth·;;rl [yr>h:liniur.1 Si).Jt in 

th9 bath should be ;:;'.,,proxh1~'-tely two moles of' a1u".1:i.nu.m chlo-

rlde to one mole cf either nitroc;on or h~lj_de in the py1"idi-

n i um salt • 

aluminum ancde, r-.nd n catlrnc'ie object vit:tch r:ay bf; of iron, 

copper, br~urn, bronze,, le<:d, nlc1rnl, t:i_n or t!J.e 11.1-~e. Zinc 

should not be usGd b0canso :it usrtolly rencts vrlth the bnth. 

·when tho c1;r::-·ent is pc ssed bnb'.'een tt~e electrodes, aluminum 

dissolves e .. t the '.C' ncde fl."::id is deposj_tec upon the c2.thode. 

:B'or example: s ntixtvre of 33.3 r:10le per cent ethyl 

pyridinium brcrnide c.m1 66.? nole -;::er cent s1l~::r1int:.m chloride 

is prcpe:eed t:·.nd toluene j_R s.doed until the ,-ilxture :ls satu-

rated and excess toh:cD~~ floats on top. 'I'ht: bottom layer 
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is the plating solution. Very bright and shiny pls.tes 

can be obtained at current densities between o. 5 and 

1.0 a~pere per square decimeter. 

Weir( 20Z) further showed that the plates secured 

by a.lu·.riinu".ll chloride and N'-substituted pyridinium. halide 

bath with or without benzene or its deriYa.tives, with 

direct current alone are brittle and tend to crack, break 

or flake away from the base, partlcv.larly if the article 

is repeatedly flexed. With the sa~e bath, if a suitable 

alternating current is superimposed on th~ direct current, 

adherence of the plate to the base metal is increased 

with the result that the articles can thereafter be worked 

anc1 bent to nhape. Fnrthermore, tbe plate secured is more 

uniform and, in addition, its thickness can be increo.sed. 

At the same direct current density, the voltage required 

is lowered somewhat. In addition, hi,~her cathode direct 

current densl ties can be used to obtsin ple.tes of the same 

general type as with direct current only. 

X-ray examination of plf<tes mv.de in accordance with 

the present invention shov!S that when direct current alone 

is e:npJ.cycd, the plates consist of partly oriented, small 

crystals, whereas when the alternc.tinz current is imprn ed 

in addition, the plate is co:nposed of large crystals which 

are not oriented. Improved adherence and other properties 

of the plates are probably accounted for in this way. 
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The best results are obtE:.:i.ner; when the root-mean-

square value of the r..ltr::rn8tinc; c1,~:erent is ::a to 3 times 

the galue of the 6irect current. At lower retlos, the 

i'.nprovement in ndherence diminishes until, at a rat:lo of 

about l to 1, the effect is very sMall. If, howev~r, the 

rntio is too hi",h, the pl8t8s b(;ccr.c~ burned. The most de-

sirable ratio of alternating current to direct current 

depends somewhat on tI-:e dest,~c of the cell, the direct 

current densit:r euployed, e.nd the type of the pl2te de-

s:tred. 1"iVJJ.en high ci..-..rrent densi t:tes u:re desired, the 

ratio of elternetin~ current to direct current should be 

increased. Likewise, when thick, nonbrittle deposits are 

to be obteined, the retio should be increased. The exect 

value cf the ratio is usually not highly critical snd can 

res.cHly be cleterr~dned for a :-;iven set of cond:ltions. 

The direct current and slternatin~ current voltages em-

ployed are usually low (of' the order of few volts, USlJally 

less than 10) and depana upon several factors mentioned 

previously. 

The platings obta:tned under these conditions were 

brighter, more sdherant, and it was possible to increase 

the thicl:ness to O. 030 millimeter w1 thout lower in? the 

dt·,ctility. Tl!e ·u.s\.if:l thich1e~s cf the deposit for direct 

current only was 0.006 ~illimeter, although plates of 0.025 

millimeter could be obtained. High current densities, ~s 
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much as 100 per cent greeter, could be used with the 

superimposed alternatin! current. 

In a report by S&frenek, Schickner and F~ustf 184) 

en electroformin~ methods for manufacture of wnve guides, 

an occount is given o;f f>.:rther in'.rest:lg~.t1 on of the 

system 21 u:;iinum chl orir e, eth;yl _i:rJ' .i.'ia lnium bromide end 

toluene.-

The prlncip&l c>ath used for tbe electro.formin 1~ of 

wave guides was, c•,mposecl of 36 parts of the ethyl pyridi-

nium bromlde-e.lnnoi.n··.:m chloricB fuslon product dissolved 

in 6 1± parts, oy volwne, of toluene, co:rresponc.ing to 49 

parts, by weight, of toluene. B~ths t~ t were operated 

continuously for ~ore than 40 days, without replenishing, 

deteriorated so that the elcctroforms produced were de-

fee ti ve in density ana out c:r· surface smoothness. To pre-

vent this deterioration, the specific gravity of the bath 

wf.ls maintained at 1.11 to 1.13 o.nd the weight fraction 

of toluene at 0~47 to 0.48. These conditions were held 

constant by the replacement of 1.8 per cent of volume with 

frest. bath every three days. The nc"'! bath added crmtained 

1. 2 per cent '.ne~hyl tertiary butyi ether Vlhich resulted 
~ 

in a long-lastib~ smcothening of ~he d~posits. 
The substitution of the follovdng addition agents for 

methyl tertiary butyl ether also resulted in smooth de-

pos:tts: diethylaniline, di-o-tolylurea, diphenyl oxide, 
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di-o-tolylthiourea, dichloroethylene, pyridine, quinoline, 

but;rr8ldehydc and ethyl ether. Of these additives, only 

ethyl ether could be used w:i.thout some sli~ht degrading 

of the deposit such as treeing, porosity, nodularity, or 

cracking. 

V'lhen electroforming was accomplished with the use of 

direct current only,. the plates were ductile and smooth 

but so hie;h stressed thnt they usually Crill.eked ln a. short 

time. 

The superimposition of ;r.lternating current on the 

direct current decre~sed the dislodgement of sludge 

particles from tbs plates, and this decre&se resulted in 

smoother, less nodulsr ~luminum plates. '.rhe best r~nges 

for the cathode current density were found to be 8 to 12 

amperes per squ~re foot for the alternating curr0nt. For 

the @.node, the best ranges of current densities were 1 to 

3 amperes per square foot for the direct current and 10 to 

12 &mperes per square foot for the m.1 tern~ting current. 

The potential differences between the cathode and the ~node 

w@ra 1.5 to 2.0 volts direct current a.nd 1.5 to 2.5 volts 

alternating current, The bath temperature was maintained 

at 83 to 87 °F. N"it1 .. ogen, em.ployed for the mg:i.ta.tion of 

the bsi.th, wra.s used at the rate of 6.5 to 8 cubic feet 

per hour. 
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General attempts were made to reduce the cost of 

operation of'. the btl.th cont1.J.ining ethyl pyridinum bromide, 

aluminum chloride and tolu<me. Commercial toluene~ which 

had been dried over calcium sulfai.te, was used satisft11.ctorily 

in ph1ce of chemical pure toluene. The substitution of 

commercial a.lu."llinum chloride for the resublimed compound 

WB.S not s:.a.tisfactory for m~king thick-wt1lled electro-

forms, but it is expected to be usable for thinner coatings. 

It wa.s found that recycling of the nitrogen gas, used 

for the e.gitiation of the bt;th, might be fe:ll.sible if all 

the hydrogen halide vapors would be removed. An ~cid­

a.bsorbing tower contttining sodium hydroxide pellets re-

moved all but o. 00.02 gram of hydro;_sen chloride per cubic 

foot of nitrogen g&s. It was not certain whether this 

small ta.mount of hydrogen he.lide vspors or other impurities 

were the cause of nodul~rity on the electroforms. The 

subs ti tut ion of carbon dioxide gas for nitrogen es the 

agitating medium resulted in powdery deposit of aluminum. 

Mechm.nics.l ai.gits.tion did not prove siiltisfs.ctory, since the 

action of the propeller tended to loosen sludge particles 

from the anodes; the sludge p~rticles made the deposits 

less ductile and not o.s smooth .as those obtained with ogi-

tation by nitrogen gas. 
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III. EXPZEL:iEl.\fTAL 

The experimental sect:i on 1:-iclud.es a state·:rnnt of 

the plan of investi3ation and an outline of the plan 

of experimentation. The materials and appr-ir~tus used 

are described. The methods of procedure used in the 

experimental work, the datn obtalned in the experiments, 

tho calculated results, and sa.:1ple of cr.ilculations are 

presented. 

Purpose of Investigation 

The purpose of this irnrosti.:;ation was to study the 

possibility of using, as the electrolyte for the deposition 

of aluminu~n,, systems containing !:-luminum phosphate dissolved 

in fused borate and phosphate mixtures. 

Plan of Experimentation 

I,i terature Review. The 11 tert:l.ture was reviewed, cover-

ing the following items: the principal papers dealing w:ith 

the evaluation of ve.rious methods of electrodeposition of 

aluminum were reviewed; the literature on phase relation~ 

of s.lum :tnurn S!?l ts with other salts, clectrocher!licnl studies 

of the nonaqueous solutions of aluminum salts nnd the :.:oro-

perties of the electrodeposited eluminum coating were sur-

veyed ftnd inf or:na t ion on experimental techniques a no appa-

ratus was examined. 



Experimental Wor·k. For the system, the first 

step in the investigation wss to obtein the chemicals 

necessary e:lther by purchase or by synthesis. 

The second step was to find the suitable, working, 

"fluid range" of the system under study. 

The third step was to study the corrosive properties 

of the electrolytes chmsen, in order to find the suiteb~ 

conts.lners. 

The fourth step wes the determ1.na tlon of the electro-

cherricsl properties of the electrolyte whlch included 

electr:i..cal conducti vi t·,y, decomposi t:bn potcnt18l, :::ind elec-

trodeposi tion work. 

The last step in the investi~ation was to study the 

properties of the dcposi ts. ··iiechanlsms of the electro-

chemical reections were then proposed. 

The results obtained fran the studies were evaluated 

by tab'l"i:lati on, '~raphico 1 int erpreta ti on (where suitable), 

and by discussion. 
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Mc..terio.ls 

The foll owlne; ~..-w. terials were used in the investi-

getion for the electrocJ.eposition of &luminum: 

Acid, Boric. U. S. P., let No. 11, prcduced by 

Pacific Borax C6., New Yorh, N. Y. Used for preparing 

electrolytes. 

Acid, Hydrochloric. c. P., lot No. E407"014, obtained 

from General Cl1em.ical Co., New York, N. Y. F'or mis~el-

laneous use. 

Acid, Hydrochloric. Specific gravity 1.19, tested 

purity, A. c. s., distfibuted by Fisher Scientific Co., 

Silver Spring, Md. Used for analysis. 

Acid, Nitric. C. P., obtained from General Chemical 

Co., Wcw York, N. Y. .F'or r.:iscella.neous use. 

Acid, Sulfuric. C. P., let No. E406026, obtei~ed 

.fro11 G'':ne:c:o,,l Chemics.l Co., New York, N. Y. Fo:r mis eel-

laneons use. 

Aluminum, metal Foil. Thickness 0.13 mm, widthl52.4 mm. 

Distributed by Fisher Scientific Co., Silver Spring, ~d. 

Used for prep& r·a ti on of the black powder. 

A.luminum, Sheet. Alloy 3SH14, containing 1. 2 per cent 

man~anese, obtAlned from Reynolds Metal Co., Louisville, 

Ky. Used as material to prepare anode. 

A.lumimx:n, Wire. B. & S. gauge No. 14, distrihuted by 
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Fisher Scientific Co., Pittsburgh, P9 .• 

Aluminum Phosohate. Powders, purified, obtained 

from Fisher Scientific Go., Silver Spr:lng, He. Used in 

the electrolyte. 

Asc2:ri te. Lot No. 2246, 20-30 mesh., S''pplied by 

Arthur H. T'r1omas Co., Pbiladel~~;hia, Pa. Used for quanti-

tative deter:ni.nmtion of' carbon dioxide. 

Barium Hydroxide. Anhydrous powder, tested purl t:y, 

distributed by Fisher Scientific Co., Silver Sprin~, Md. 

Used in the qualitntive test for the c2rbon in the black 

powder. 

0 opper ii~ etal. Strip, c ommerc1al rr,rade, • 8 mm thict, 

distributed by Fisher Scientific Co., Pittsburgh, Pe. 

Used to make the copper cathode. 

Copper, Wire. B. & S. ~auge No. 18, distributed by 

Fisher Scientific Cc., Pittsburgh, P&\.. Used for electricnl 

connections. 

Lithium Carbonate. Commercial powder, supplied by 

Foote Mineral Co., Philadelphia, Pa. Used to prepe~e elec-

trolyte. 

h'la,?,nesium Oxide. Heavy powder, U. S. P. grade, sup-

plied by Merck & Co., Inc., Rahway, N. J. Used to line 

the plumbago crucible. 

C.!ia0;nesium Perchlorate. Anhydrous, :-1rnnufactured by 

G. Frederick Smlth Chemicsl Co., Colnmbus, Ohio.. Used in 
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the que.nti ta ti ve d eterm:tnR ti on of carbon dioxide in the 

fused electrolyte. 

Platinum, Foih Thi.cl:ness O. ori'6 mm ancl width 152. 4 mm, 

distributed by Fisher Scientific Co., Pittsburgh, Pa. 

Used to prepare electrodes. 

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

by Fisher Scientific Co., Pittsburgh, Pa. Used to connect 

platinum electrodes to the source of electric! ty. 

Potassium Acid Sulfate. Pused powder, tested pur:tty, 

A. C. S., supplied by Fisher Scientific Co., Silver Sprin~, 

ltid. Used to fuse black powder. 

Sodium Carbonate. Anhydrous powder, C. P., distributed 

by Fisher Scientific Co., Silver Spring, Lld. For ~iscel­

lanecus use. 

Sodium 1.;etaphosphate. C. P. grade, obtaJ.ned from. 

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

fused electrolyte. 

Sodium Peroxide. Pov:der,, tested purity, A. C. S., 

obtained from General Che~11ical Co., New York, N. Y. Used 

to fuse black powder. 

Sodlum Pyrophosphate. Crystal, tested purity, A. C. s., 
distributed by Fisher Scientific Co., Pittsburgh, Pa. Used 

to prepare the fused electrolyte. 
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Apparatus 

The following apparatus wa8 used in the borate in-

vestic;etion of the electrodeposition of aluminum: 

Anm:eter. Direct current, 0-3, 0-15 ampere ranges, 

model 489, serial number 62894, manufactured by Weston 

Electric Instrument Co., Nev.rark, N. J. Used to me&.sure 

the current in electrolysis circuit. 

Balance, analytical. Capacity 200 r:;rams, sensitivity 

0.1 gram, manufactured by Seederer-Kohlbusch Co., Inco, 

J ei~sey Cit~,,-, W. J. Used to weic;h samples anrl electrodes. 

BB.la.nee 3 b~;8.mo. Cn.pacit y 1600 grems, obtained fr om 

Fisher Scientific Co., Pittsburgh, Pa. Used for weighing 

chemicals.for electrolytes. 

Be.tteriss. dr;l cell". Everesdy, number 6, N:-:.tional 

Carbon Division of Union Corbi.de and 08.rbon Co., Atls.nta, 

Ga• Used for potentiometer. 

Batteries, atora~;;e. f.1.odol l'W24AN, 24 volts, ':'nam1-

factured by Delco-Re::iy Divis:lon, General Hotors Corp,, 

Anderson, Ind. Used as source of direct current. 

Crucible, alundum, :nel tino;. Number C, 70 mm dlRmeter 

of rim and 120 mm high, available from Fisher Scientific 

Co., Pittsburp;h, Ps. Used to fuse boric acid with r.1.etallic 

aluminum. 
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Crucible, ampco. Solf-made from 'ampco metal, g1 .. ade 

15, extruded rod', 76.2 mm diameter B.nd 127 mm long. The 

C Oi""_'.)OSJ.0 t1• on of.' t11·"1 •11r--+-n.1·. co·oper 8""1 ""'P.r r>.ont • '"'lum· i·nu 1 •U. - ~ --~"~ - • , !:'-' v~ , <:< ,, .n' 

9 per cent and iron, 3 per cent, supplied by the Ampco 

Mets.l Co., Milwaukee, Wis. Used for deter:nination of the 

corrosion of the electrolyte. 

Crucible, armco iron. Extra heavy, 51J, mm diameter 

and 36 m'1l high, supplied by Fisher Scientific Co., Pitta-

burgh, Pa. Used for the corrosion test for the electro-

lyte. 

Crucible, ,:;raphite. Self-made from 'LG plain aches on 

graphite', 31.8 mm inside diameter, 101.6 mm high and 9.5 mm 

thick, supplied by National Carbon Division of Union Carbide 

and C&rbon Co., Atlanta., Ga. Used for the determination 

of fluid ran~e of the electrolyte. 

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

graphite', 50.8 mm j_nside dirnneter, 101.6 mm high and 19.l mm 

thick, supplied by Ue.tional Cerbon Division of Union Carbide 

and C£1.rbon Co., Atlanta, Ga~ Used e.s the electrolytic 

cell. 

Crucible. nicl{el. Dia'.',rnter at top, 60 mm and height, 

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

Used for corrosion test for the electrolyte. 
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Crucible, platinum. C8pacity, 20 ml, supplied from 

J. Bishop L~: Co., Platinum Works, Malvern, Pa.. Used for 

corrosion test for electrolyte and for analysis. 

Crucible, plumba~o. Diameter Rt top, 60 mm and 

height, 75 mm, obtained from Fisher S_clentific Co., 

Pittsburgh~ Pa. Used for the corrosion test fer elec-

trolyte. 

Crucible, porcelain, co ors. Wide form, nu!nber 4, 

81 :nm diameter st top and 52 mr:: h~.g;h, suppJ.ied by F1sher 

Scientific Co., Pittsbur~h, Pa. Used as the electrolytic 

cell. 

Crucible, s:i.lics., opsque. Diameter of rim, 56 m111 and 

hei~ht, 36 mm, supplied by Fisher Scientific Co., Pitts-

burgh, Pa. Used for fusinc the black powders with potns-

sium acid sulfate. 

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

Bishop & Co., Platinum l'forks, '.-.!alvern, Pa. Used as the 

electrolytic cell. 

Furnace. crucible, Hos1dns electric.. F'D 104, d:ta-

meter of heating chamber, 127 mm, depth of heatinc chs.mbcr, 

127 m~, 1200 watts, for 110 volts, supplied by Hoskins 

Nianuf'a.ctur:ln5 Co., Detroit, M .. i ch. Used for hea. ting elec-

trolytes. 
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Furnace, muffle, Ht-,sk:i.ns. Type FD 2o~w, serial 

34928, 110 volts, 30.9 amperes, manuractured by Hoskins 

Electric Co., Detroit, tHch. Used for f'us:i.ng metallic 

alumlnu·t with boric s.cid, end for preparin7 a.luminum-

copper alloy. 

Galvanometer, point type. Catalmg number 570-201, 

mant1facturec1 by G. ~L Labc:'.'atorles, Inc., Chicago, Ill. 

Used for potentlometer. 

Heater, autenro. Va:riable temperature, 110 volts, 

alternr·tin.::~ current, m8nufactured by Fisher Sc:lentific 

Co., Pittsburgh, Pa.. Used for miscellaneous heating 

purposes. 

rntcroscope!. Dissecting, serial number 176465, manu-

factured by Spencer Le11s Co., Bulfalo, N. Y. Used to 

examine electrodeposits. 

~-,1illiammeter 1 West:t n~hotise. U. s. Ne vy type, CAY-

22065, style 1160955A, range 0-250, supplied by Westing-

house Electric Corporation, r.1eter Division, Newark, N. J. 

Used for the measurement of the current in electrolysis 

circuit. 

Millismmeter, Westln~house. Direct current, u. s. 
Navy type, CAY-22059, style WG-41610-5, t-ype NX-35, range 

0-100, supplied by \'iestingh0use Electric Co., !1reter Di vision, 

New::trk, N. J. Used for the measur em ant of' the current. in 

the electrolysis circuit. 
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iiiiscellaneous, laboratory, ;:;lasswares and eguipment. 

Supplied by F'isher Scientlfic Co., Pittsburgh, Pa. 

0\ren, electric utility. Vodel number OV-8, serita.l 

number 8-270, 110 volts, cur<'.'ent 5 a:npei-·es, alternatin:r, 

current, manufactured by Modern Electric L8bors.tory, Chicago, 

Ill. Used to dry tipparatus and chemicals. 

Potentiometer, Fisher type s. Two ranzes: 0-0.017 

nnd 0-1.70 volts, supplied by Fisher Scientific Co., Pitts-

bure;h, Pe.. Used to ::ne[1su:."c t.1:'1e millivolts :-:eners.ted by 

the thermocouple. 

Protection Tube, smpcoa Inside diameter, 3.2 mm, 

outside diameter, .95 mm and length, 140 mm. Self-mf:lde 

from a::ipco metal gr3de 15, extruded rod, the composition 

of the metal: copper, 87 per cent, alu~inurn, 0 per cent, 

and iron, 3 per cent, supplied by the Ampco Xletal Co., 

·u111waukee, v.Jis. Used to protect the iron-constantan ther-

mocouple. 

Protection Tu12.£.i... . ..J..raphite. Inside die.meter, 3.2 m"'!l, 

length, 140 mm. Self-ms.de from .95 mm diameter I.G pls.in 

2cheson graphite :rod, supplied by National Carbon Di1rision 

of Union Carbide and Cerbon Co., Atlanta, Ga. Used to pro-

tect the iron-constantan ther~ocouple. 

Protection Tube, porcele.in. Diar1eter, 6. 4 mm, length, 

305 mm, supplied by Wheelco Instrument Co., Chicago, Ill. 

Used to protect tlle iron-conste.ntan thermocouple., 
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R..~eostat. Variable, 110 volts, capacity, 11.8-5 

amperes, alternettng current, obtained from Fisher 

Scientific Co., Pittsburgh, pg. Used to cr-ntrol the 

Hoskins crncible furnace. 

Hheostat. Sliding contact, resists.nee, 125 ohms, 

curre~1t capac:i. ty, 3 amperes, cbtai ned from Phipps and Bird, 

Inc., Richmond, Va. Used to control the volta.::ses and amperes 

in electrolysis circuit. 

PJ1eostat. Variable, 110 volts, capacity, 30-15 amperes, 

alternating ctL·rent, obtained from Fisher Scientific Co., 

Pittsbur.?;h, Pa. Used to control the muffle furnace. 

Standard cell 3 Eppley. C~.dmium, unse.tura ted, internal 

resistance less than 500 ohms, Ti.anufactured by Eppley 

Le.borat ory, Inc., Newport, H. I. Used to standardize the 

pot en ti ometer. 

Thermometer. General laborstory, engraved stem, 

mercury filled, c',ntigrade, ?5 rrun immersion, range: -5 to 

200 °c, subdivision 1 °c and 350 mm long, supplied by 
Fisher Scientific .Co., Pittsburgh, Pa. Used to measure 

the temperature for miscellaneous purposes. 

Thermocouple, plat:tnum-13 .per cent rhodium platlnum. 

B. t!c S. gauge 24, 457 m!TI. long, obtalned from Wheelao Instru-

ment Co., Chics.go, Ill. Used to measure the temperature 

of the electrolyte. 

Thermocot1ple Irisula.tors, porcelain. Ovs.l type, bore 
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diameter, 0.71- mm, thickness, 2.18 mm, width, 3.56 mm and 

length, '76.2 :n·n, supplied by Brown Instrument Divis:ton, 

\:innespolis-Hone:rwell ue3ulstor Co., ';1/ashington, D. C. Used 

for the lnsula ti on of therr.:10couple. 

Thermocouple Wire, const8.ntsn. B. ?_;;, s. gauge 22, Wheelco 

ccnste.ntan \v:lre, supplied by Wheelco Instrument Co., Chicago, 

Ill. Usod to pro pare the iron-ccnsti1nton thermocouple. 

Thermocouple Wire, iron. B. ,~: s. r;auge, 22, Wheelco iron 

wire, suppl:ted by Whcelco Inotrument Co., Chico.so, Ill. Used 

to prepare the iron-constsntan ther'.'1ocouple. 

Method of Procedure 

The method of procedure used in this investi~ation wes 

as follows'.: 

i>nalysis of Haw ;;18.terials. The amount of the mat erinl 

insoluble in alcoriol andnths ms.teris.l nonvolP.tile with 

methBnol 11 in the boric s cid 1rned we ce determ:ned strictly 

according to t:ne methods recommended by "A. C. s. 1\nelyt:lcal 

Hew:rents 11 ( lO). 
·--:::> 

The C3rbon dioxide content of lithium carbon8te was de-
( 108) 

termined by the dire ct ':neth od su::-.c;ested by E ol tho ff and s~md ell. 

The phosphoric ox:i.de content 1-n the aluminuin phosph2te 

was determined by the method for phosphoric oxide in phos-

pbe. te rock 8S ffL13g;ested by Kol tho ff snd SCTndell. 
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The Limitinrr Compcsi ti on Curve, Bor :i.c Acid 911£ 
P . .lktali Carbonate !i1ixtv.re. The limit-composition as used 

here, means the maximum numb0r of ·{1:oles cf olk&l.li carbonates 

which £tre co.:npletely deccmposed by one mole of' bcr 1c &cid. 

When the pl9.tinum dish wcs used to ?use s.lko.11 c&rbon-

£tes with boric acid, its loss in v1ei:~ht was negligible sis 

compared with the loss in weight of chemicnls on fus:lon. 

Oi.1e mole cf b or·:1.c e.cid and one nnd one-h9.lf moles cf 

s,lkali c0.rbonates were used for each detcrmins. ti on. The 

compos:lt ion of th6 slkali-c.Rrbonate mixture VG.s O, 20, 

33.3, 50, 66.7, 80 Qnd 100 mole per cent sodium carbonate 

in the sodium carbonate-lithium carbonate mixture. 

The chEmicals were waighed to an a.ccur~.cy of 0.1 gram 

and thoroughly m lxed on glazed pa.per. The plat lnum d1 sh 

was weighed to an s.ccura.cy of 0.1 gram ~nd we.s then put 

··into the crucible furnace. The mixture of boric acid and 

&l>.lkali cs.rbonates was then tr~naferred to the plt?,tinum 

d:tsh ln the furn£lce with o. sps.tula,, until the dish vms 

cne-third full. The f)Jrne.ce vm.s then he~.ted Gtnd the rest 

of the '.'.:lixture '\":i;i.s .srs.ci.uo.1ly ~rJded to the platinum dish 

a.fter the contents of the dish had b0en fused. In this way, 

the spQ.tterin2:; loss of the ft1slon mixture is k.:;pt at &. 

minumum. After a 11 the mixture had iJeen added to the 

crucible, the furnace was gr::?.due.lly het1ted to 600 °c. V"v11en 

tbe mix.tu re was completely foo ed., the furnace was covered 
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and hested to 900 ± 20 °c snd ~:1alntained at that temperature 

for three hours. The furnace wRs then cooled. As the 

tempere.ture dropped below 60 °c, the platinum dish was 

taken cut Bnd cooled ln a desicator. · After it had cooled., 

it was weighed with an accuracy of 0.1 gram. The platinum 

dlsh and its content wr:s reheated to 900 .s. 20 oc,, cooled 

end rewei.~;hed. After c- third heP ting, the ple tin um c1 ish 

and its contents usually reeched a constant weight. 

After the undecomposed carbonates remaining in ea.ch 

batch were calculated from the loss in weight, a new ~ix­

ture was prepared by qantitatl-..rely reducinr'; the \might of 

excess c2,rbonates used in the original mixture. The new 

mixture w~:-s tLen fused J_n the platinum dish, heated to 

9 00 4"- 20 oc, and vrnighed as be fore. 

rl'he temperatur•0 of the bath wss measured with a plati-

num-rhodium ther.nocouple s.ttached to a potentiometer. The 

sc11em.&tic dia~ram of the thermocouple connections 5s shown 

in Figure 3. 

Part of eHch fused mlxture, after weighing, was removed, 

dissolved in v;ater, Gnd tested for the presence of carbon 

dioxide by addlt ion of 3 - normal hydrochloric acid. 
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Fluid Han3e of .Na20-Li20-B203 System.. The fluid 

range ws s deter:o.inec.l by vl sual obscrva ti on with the help 

of a coolin3 curve. 

An iron-co!:'lstants.n thermocouple was used for measur:i.ng 

the tGmpere_ture, in B. graphite protection tube. 

Before this thcr~ocouple was used, it was calibrated 

against the boilin::; point of wot.er, and the meltinc; points 

of tin, lead ancl l'..ntinony. A standar•d tempergture-millivolt 
. ( 207) curve w22 dravm from pub1:1.shed cfata • On the so:cn.e sraph 

the experlments.l points were located, then 2. curve passlng 

t:.-irough these four exper1mental points was drawn to p,.r:i.rallel 

the standard curve. 'l'his newly 6.rnwn curve was used to 

determine the temperature from experimental millivolt read-

7:11.xturcs of vario1.<s compositions withln the limitinr; 

compos:'L tion curve on the na20-Li2o-B2o3 tr:tangulnr diagram, 

\t<,'ere prepnred, and the fluid ran~es of these mixtures were 

most m.5_xtures with boric oxide content greater than 50 '11ole 

per cent possess high m0ltir1?; points, snd therefore were re-

jected. Some of them have a 1-r;eJ.ting point bolow 660 °c, 
but tht1y are in tho viscous rsgion, with a resulting fluid 

ranee higher tlle,n 660 oc. Therefore, no determina t1 ens 

were made for thes0 two systome in tbe range of boric oxide 

content greater than 50 mole per cent, 
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For Na20-r,120-B2o3 system, in the re.-sion of bor>ic 

oxide content greater than 50 mole per cent, twc points 

with the Li20 to Na20 ratio equal to 2 to 1 were selected 

for fluid-range deter~in~tion. Because the fluid ranges 

at th:::se two points were high, no further mixtur·es with 

boric oxide content greater than 50 mole per ce~t were 

taken for determination of the fluid range. 

for fluid-range determinations, were made with fixed 

ratios of Li20 to Na20 of 1 to O, 9 to 1, 4 ta 1, 1.34 to 

1, 2 to 1 and 1 to l; but a varied content of boric oxide. 

For En:i.ch set of such determinations, the mixture with an 

uppe1" v&lue of fluid ranz,e at 660 and at 600 oc was then 

determined by interpol&tlcn. On triangular coordinate 

paper, mixtures possessiri:-;, the upper-fluid range at 660 

and at 600 °c were then located. Two isothermal-co:aposit ion 

cul'ves were then olot ted bv connect in'.·~ th0se two s 0ts of 
~ . ~ 

isothermal points. The area encircled by the 660 °c upper-

fluid range and the limiting composition curve on the 

rogion of the system from which rdixtures were taken out for 

electrochemical study. 
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Effect on the Fluid RanP:e of Adding Aluminum Phos-

phate to the Fused Borates. In a 8raphite cruc:i.ble, 30.9 

grams of boric acid und 79. 5 grams of sodium carbon9te 

were fused. P.fter the content was thoroughly f'used and 

heated to 900 oc for four hours, it was cooled to 600 °c. 
Aluminur.1. phosphate wns added to the fused liquid, heated 

and stirred, until s. homogenc·us mass was formed. The re-

sult in:; liquid was then used to :neasure the fluid range 

in the Na20-Li20-B203 system. F:tve different qur:mtlties 

of aluminum phosphate ·\l'·Jerc Hdded 5.nto the five fused mix-

tures and the fluid ra.nge of each mixture we.s deter~lned. 

In a grs.phite crucible, 30.9 grams of boric acid, 

30.8 grams of lithium carbonate and 22.l grams of sodium 

carbonate were fused. After the mixture was thoroughly 

fused and heated to 900 °c for four hours, it was cooled 

to around 600 oc and used to dissolve various quantities 

of alurn:lnum phosphate. The resulting solutions were used 

to determine the fluid ran:;e as before. In this cs.se, eight 

determinations were made. 

Corrosion by the Fused "fJiixture, _§_l>Ta20.lOLi20.6B203. 

A preliminary test was ~aade by fusin13 a mixture of 30.9 

grams of boric acid, 30. 8 gr&11s of lithiu:n carbonate and 

22.1 grams of sodium carbonate :tn a grr-:.phite crucible. 

After the m.lxture wa.s thoroughly fused and heated to 900 °c 
for four hours, it was cooled to o.bm:t 650 to 700 °c. 
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Sma 11 pieces of porcelain, n:lckel o.nd steel were ininersed 

into the fused liquid one by one Hnd the corrosion vrns 

observed. 

As nickel was not at tacked under this condition, a 

nickel crucible wss then used to fuse a mixture of' 61. 8 

grams of boric acid, 31. 7 ,::r,rnms of lithium carbonate and 

44.2 ~rams of sodium carbonate under exactly the same 

concntt on described above. Again corrosion wRs observed. 

Because the result of th5.s test ws.s ent:i.rely different 

from that in the preliminary test, the expe.r:I.:nent W8S re-

peated \tl th crucibles mede of 8mpco metal, arm.co iron, 

plumbago, porcelain, a. nd platinum. 

Decompos1 ti on Potential of the Fused Borates and 

Borate-Phosphate Mixture. A mixture of 123.6 grams of 

boric acid, 123.4 grsms of lithlum. carbonate e.nd 88.4 

srama of so d:tum carbono te was thoroughly fused in a graphite 

crucible. The f'nsed mixture wss then cooled to 560 + 10 oc 

and mo.intained at that temperf,ture. 

Wires directly connected to the a. lum:lnum anode and 

pla tlnum cathode were sealed in 5 mm glass tubes. · Such 

glass tubes were in turn fixed on a 15-milliraeters glass 

tube with asbestos cloth e.nd nichrome wire, so as to main-

ts ln a fixed distance of 2.5 to 3.5 mm. between two elec• 

trodes. The distance between two electrodes can be slightly 

adjusted by moving the small gls.ss tubes up and dO"!JV'n alon~ 
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the large glass tube. 

Direct current was obtained from storage batteries. 

The electromotive force s pp lied to the cell was :::id justed 

with a rheostat. The schematic diac;ram of the whole cir-

cuit connection was shown :i.n Figure 4. 

Voltage applied to the ce11 w0.s increased in steps, 

and the current readin~s were taken et each voltage after 

the reading became stable. Decomposition pot en tia 1 wsi.s 

obt8ined by plotting the vol taEe a.3rdnst the corresponding 

current res.ding a.nd extrapolating the straight portion on 

the chart to zero cur1•ent. 

One experiment wr;s made wl th a pl0.tinum cathode and an 

aluminum anode. 

A second m.:i.xture was made by melting the sBme ingred-

ients as before; then after this was thoroughly :f'used, 18.7 

grams of el uminum phosphate vrnre r:idded gradually to the 

liquJd with stirr1.ng. After the contents of the crucible 

had ~elted to a homogenous mass, it was kept at 600 + 10 °c 
for the determiml ti on of decomposition potential. 

Two other runs were ma.de with pl:a tin um ca th ode 2.nd 

pl.a t:1.num anode. 
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Unsteady Electrolysis in Fused Bcrate-PhospP2te and 

Borate ~ixtures. Fluctuations of current at constant 

volts.ge when the melts \•:ere electrolyzed were obse1"ved 

and experiments were carried out to determine the c~,use. 

An electrolyte of 9. 4 per cent cl umlnu;n phcspba te and 90. 6 

per cent {5Na20.lOLi20. 6B2o3 was preps.red by fusinr;; a mix-

ture of 185.4 grams of b~ric acid, 185.1 3rems of lithium 

carbonate e.nd 132.6 grams of sodit:m carbonate :ln a ~raphite 

crucible. After the mixture was thoroughly melted r::nd 

tested free from carbon dioxide on treat~ent with 3 nor~al 

hydrochloric acid, 27 .1 grai:.1s of aluminum. phospha. te ~.¥ere 

gradually addGd lnto the liquid with stirring. After the 

con tent ln the cruclb le h8.c1 nel ted into e. ho·;~ogenous ns. ss, 

it wae kept n t 560 .!. 10 °c. An nl umJ.num anode and copper 

cathode, 2.0 by 3.0 cm were first connected to the direct-

curreut source then inserted into tl1e liquid. For each 

test, the voltage was kept constant and the current readinG:s 

were recorded every five minutes or less. A total of six 

runs were me.de f,t 1. 5, 2. O, 2. 5, 3. 5, 4. 5 and 5. 5 volts. 

An identical mixture was made in a graphite crucible 

and the temperature of. the beth was kept at 560 .!. 10 °c. 
Both plat:lnu.>n electrodes, 2. 5 by 2.5 cm were first connected 

to the direct current source, then inserted into the 

liquid. The voltege was kept at 1.5 and 2.5 volts, the 

electrolyte was stirred c0ntinually and the current readings 
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were recorded every five minutes or less. 

To determine the effect of moisture on the electro-

lysis, water w~s added to ete bath. Before 0lectrodAs 

8.nd electrol;:rte were moistened v,;'..th •..va.ter, they hnd to 

cool below 100 °c in order to avoid explosion. They were 

then moist~ned, reheRtea to 560 ~ 10 °c end maintained at 

thst temperature during electrolysis. Current readins were 

tsken et five-minute intervals et constant potential of 

1.5 volts. 

At tho ccnsto.nt terr..pe:>:>::iture, 560 .±. 10 °c, nnd under- p, 

cc-nstant volta:';e cf 1. 5, the clect1~odes were repc2.tedly 

t2-1'en out and reinserted into the fused electrolyte to 

c.etcrr:i:ine the effect of e.lternat:i.ns·: exposure of eJ.cctrooes 

to eJ.r. The current readiw~s were taken at f:tve-minute 

intervals. The time when the electrodes were taken out 

and immersed into the electrolyte was ~ecorded. 

To deter:ninc if tl"l.e cur1"ent .fluctuations were s.s "b2d 

as in the f~bsence of aluminum phosp11a te, &.n electrolyte of 

5Na20.lOLi20.6B203 was prepared as before in a platinum 

dish. After the electrolytes were thoroughly fused, it was 

heated to 900 °c for four hours, then cooled to 560 ... 10 °c 
and 1-1ainta:tned at that tempers.ture d1Jring the whole ::;>eriod 

of electrolysis. Aluminum Rnode sn6 pls.tinurn cathode, ftrst 

connected to the direct current source, were then inserted 

into the liql~id. The volta~e wcs kept constant at 1.5 volts 
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during the whole electrolysis and current readincs were 

taken at intervals of five m:lnutes or less. T\"10 rl:ns 

were made. 

Electrod eposi ti on Test in Phospha.t es Bs th. I1l orey 
( 139) and Ingerson's eutectic mixture of sodium metaphos-

phat e and sodium pyrophospb8 t e was prepared by melting 

together 138 e;r~uns of sodium metaphosphate and 62 grams 

of sodium p7rrophosphat e in a porcelain crucible. l:J11en 

the mixture was thoroughly melted, 20 grams of aluminum. 

phosphate were added to the liquid. After this mixture 

wa.s rrelted and ::nixed to a homogenous mass, the temperature 

of the bath 1.·ms maintained st 580 !: 10 oc and prepured 

for electrolysis. 

An [lluminum &node and copper cathode, connected to 

the direct-current source, were inserted into the liquid, 

and the electrolysis observed. The electrolysis was then 

repeated wl th new electrcdes. 

An aluminum alloy of 75 per cent of aluminum and 25 

per cent of copper vrns m::i.de by melting together 15 grsms of 

aluminum and 5 grams of copper in ~ magnesia-lined plumbago 

crucible in an electric furnace. This e. lloy w:.:i.s then used 

to substitute for pure aluminum as the an ode for electroly-

sis with copper cathode. The electrolysis wes repeated 

with platinum anode snd copper cathode. 
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Analysis of Ela.ck Coating from Phosphates Ba.th. 

The black coa. ts deposited on the copper cathode were 

i:;nlted over the bnnsen flame. After thls ignition, 

they were treated with 3-normal hydrochloric acid ~md 

then w·lth 15-norm8.l e.m.mcnia solution. 

Electrodeposition Test in Bor~tes Bath. The elec-

trolyte, 5Naz0.10Li20. 6B203, was preps. red by fL1sing 92.? 

grEms of boric acid, 92.6 gr0ms of lithium carbonate and 

66.3 grmns of sodium cP.rbonate in a plat:lnum crucible. 

The mixture was thoroughly fused, and then heated to 

900 + 10 °c for five hours. After e. sample of the fused 

liquid •1vas cooled down to 600 ... 10 °c a.nd maintained at 

th8t temperature, the electrodes were accurately weighed, 

connected to electric source before being immersed 1n the 

fused electrolyte. After electrodeposition, the elec-

trodes were taken out before the current was cut off. The 

current was kept constant by varyinz the e.pplied '1'oltage 

during the run. From the durnt ion of the run and the current 

passing, the theoretical loss in weight for the anode and 

gain i.n weight for tb.8 ca th ode were calculo. ted as aluminum. 

The electrodes were then repeatedly vrnshed in boiling 

distilled w&ter to :remove the adhering salt. They were then 

dried in an oven at 110 °c, and accurately weighed again. Prom 

the differences in the weight be fore and after electrodepe>s:iti on 

test, the actual gain and less in weight were deter;i1ined. 

Anode efficiency and cathode efficiency were then colculated. 
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Electrodeposi tion !-'eBt in. Borate-Phosohate Bath. 

The selected m:txture, 5lfa20. lOLi20. 6B203, was p:r.'epared 

by fusing 30. 9 grE",~ns of bo1:ic acid, 30. 8 ~~rsms of' lithium 

carbone,te ~md 22.1 grsms of sodium carbonate in a graphite 

crucible. After the contents were thorou~hly fused, heated 

to 900 °c for four hc1n•s, the mixture vms founc\ free of 

carbon ctioxide with 3-normel hydrochloric acid. Then 4. 53 

grams of Rlum:lnum phosphnte w0re added to tbe liquid and 

heated to a homo3enous mass. The temperature was then 

lowered to 560 ... 10 °c and raa'!nta1.ned at that point for 

the deposition test. 

An aluminum anode and copper cathode, connected to the 

direct current source, were inserted into the liquid. During 

the electrolysis, the applied v0ltage was kept constant. Be-

cause the current was erratic, the average of the current 

readings ln the ~1ole period of electrolysis was tnken for 

the calculation of th0 current density. After electrolysis, 

the electrodes were ta.ken out before the current vms ct~t 

off, in order to avoid redissolving of any deposits. 

An identical mixture vro.s prepared for quantltative 

electrodepositi on test. The temperature of the bath was 

kept at 600 ~ 10 °c. Quantitative electrodcposition tests 

~or this electrolyte were ~ede by means of the same pro-

cedure B.s that described for the tests in bor•ates bath. 
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Prept~.ra.t:lon s.nd l\na. l;rsis of Bl8 ck Powder from Borate 

ffiixture. Two batches we:re made for the prepnration of blacl{ 

powder by react:lns fused 5Na20. lOLi20. 6B203 w1 th aluminum. 

In the fir st batch, a. mixture of 61. 8 grams of boric acid, 

61. 7 gre.ms of lithj.um. carbonate and 44. 2 grs.ms of sodium 

cerbona te wes fused in e. platinum dish. After the ;11.ixture 

wz.s thorouc;hly fused, it wB.s heated to 900 + 10 oc for 

four hours, n sample of the fused liquid wns tsken out, 

cooled and tested for cs.rbon dioxide with 3-norma1 hydro-

chloric acid. It w8s then cooled tc 560 .t 10 Oc and held 

at the t temperature. Chopped pieces of 0luminum foil were 

added to the fused liquid. After the reaction stopped, 

the whole mass was cooled to rcom temperature. The con-

tents of the ple tinum crucible were first extracted with 

water, then \'l:i. th 3-n ormal hydrochloric acid and finally 

washed with distilled water. It was then dried in the oven 

8.t 110 oc. 
In the second batch,. the fused bath \7'.?•S prepared in the 

same way ftS above,, but 8.4 g·r·ams of aluminum foil was used. 

The black powder was extracted, vrnsbed and dried :i.n the 

same \~'ay as &.bmre. 

The temperature in the bath was measured with a cali-

bra.ted pla tinum.-13 per cent r1:1.odlum, platinum thermocouple. 

Samples cf 1;>lack powder prepai:>ed a.bo're were sep2ra tely 

trested with 3-norms.l hydrochloric acid, nitric acid and 
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3-molar sulfuric acid both hot ~nd cold. 

A srample of the black powder WRS tre.g.ted with hydro-

fluoric acid a.nd volatilized ln ~ plm. tinum crucible. 

Another sample w:;s trer;ted with a mixture of hydrofluoric 

&cid 1i<.nd strong sulfuric racid in a plP- tinum crucible, :and 

then vol::i. t ilized the hyd1~ofluorio acid by he&i tlog. 

Two samples of bl!ick powder in porcelain crucibles 

were ignited over the bunsen fl~me ~nd the loss on ignition 

determined. 

One snmple WR.s fused with potrtssium acid sulfate in =. 

silica crucible. One was fused with sodium hydroxide a.nd 

tbe other w&s fused with sodium peroxide in ~-n iron cru-

cible. 

A sample of' bl::;.ck powder w~.s put in the bottom of a 

pJi-rex tube l} inches in die.meter by 14 inches long. The 

tube was fitted with ~ two-hole rubber stopper. A tube, 

inserted in one hole, projecting &lmost to the bottom of 

the tube, W&lS connected to ~n oxygen cylinder. Another 

hole in the stopper w~s fitted with 3 tuba projecting just 

through the stopper. The other end of this tube we.s in-

serted into a cleQ.r solution of b~rium hydroxide._ Before 

the bottom of the pyrex tube wr;i.s heated,, oxy.~;en gas w~s 

p~ssed through the tube to be sure that no precipitate 

w~s formed in the barium h~'droxide solution. The pyrex 

tube W8.S then he:7.ted until ix:.11 the black powder was 

ccnsumed. 
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A sample WRs sent to Micro L~bor&tory, 800 Lincoln 

Avenue, Skokie, Ill. for qurantit11.tive determination of 

hydrogen and carbon(l36). 

For a spectro,:;N<phic &nalysis of the blBck powder;, the 

instrument wss properly positioned to photogr~.ph the spect-

rum in the r:;inge of 2230 to 3550 ~ngstrom. 

A snmple W:l.S ~lso sent to M~terii?.l ~.boratory, Air 

M~teri~l Comm~nd, Dayton, o., for spectrogr~phlc ~n~lysis 

and X-ray diffr~ctlon an~lysis( 126 >. 

Analysis for C!trbon Dioxide in the F'~ 

5N'a20. lOLi20. 6B203. A qu~m ti tn ti ve analysis :for carbon 

diox:tdo in the fusGd electrolyte 5Na20.lOLi20.6B203 wts 

made. The method used for it ls the direct method for 

Ctll.rbon dioxide ~.s su ;:;gestec1 by Kolthoff ~nd Sm.ndell ( lOS). 

Bec~use cf the slight solubility of the fused s&.lt in water, 

a l&i.rge volume of VJtJ.ter h~d to be used. Therefore, the de-

composition vessel. used vms tt 500-m.illlliter erlcnmeyer 

flask. Another modific~tion w.es to use both sulfuric acid 

&nd hydrochloric acid in different b~tches to test the re-

liability of this method. 

A mixture of 3. 09 gra.ms of boric acid, 3. 08 grt:1.m.s of 

lithium carbonate :11nd 2.21 gr&<.ms of sodium carbonate W:.2.S 

fused in a. platinum crucible. After the sti1.mple w~s 

thoroughly fused, it was heated to 900 oc !ind msi.intained 

at that temperature for at lee.st two hours. It wss then 

cooled to 200 °c and plunged into 200 milliliters of boil.ing 
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water. The ws. ter was kept boilin!\ unt iJ. all fused salts 

were dissobred. The· solution was then quickly transferred 

in to the decomposition vessel and analyzed in the usue.l 

vmy • 

Chem~.s try of Format j_on of Bl}J ck Powder. A fused mix-

ture of the co:n.pcsition 5N"a20.lOLi20.7.5 B203 was prepared 

by fb sing 106 grsms of sodium carbonate, 148 grams of 

lithium carbons. te and 185.? grams of boric acid in a 

pla tlnum dish. The fused mixture 1.vf:s thorou[1,hly fused 

and then hee.ted at 900 + 10 °c for f:lvo hours. A sample 

of the fused mixture w&.s tsken out, cooled, c:tssolved in 

water ond. treated w:Lth 3-normal hydrochloric acid. After 

such test showed no sas bubbles, an al umlnum sheet was 

immersed into the fused salt et a temperature around 500 

to 600 °c. 
The bli.:;ck deposit formed on the aluminum surface vrns 

tested for carbon by the ccmbust:i.on method as described in 

the prepa.ration s.nd analysis of ble,ck powders. 

The react ion of al U!ninum with b orl c acid W@-S studied 

by fusing 45 grerna of boric ecid and 60 grams of metallic 

alu61inurn in s.n alundum crucible to iooo 0 c e.nd maintaining 

at thr~t temperr:<ture five hours. It was then cooled ~1nc1 the 

fused ms.ss vms repeatedly extracted with concentra.ted hydro-

chloric acid. A fr:ltted: pyrox buechne:r•-type funnel was 

u.sed to separs.t.e the undissolved solids from the liquid. 
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After thoroughly 1;rnshing with we.ter and being dried, the 

appearo.ncc of tho residue was noted. An a.nnlysis was 

made for the identlflcstion of ce.rbon in the residue by 

the· combustion method. Spectrogre.phic analysis and X-ray 

diffr8.ctlon analysis{ 127 ) were made by Uia.terial Laboratory, 

Air J;laterial Command, Dayton, o. 
The residue from the reaction of aluminum on boric 

acid wss sprinkled into a fused mixture of 0.1 grem mole 

of li thlum cerbonate wJ. th 0.1 8rmn mole of sodium carbonate 

in .a plat:i.num crucible. After' any react:ton of the residue 

a.nd fused carbonates was complete, the mass was cooled and 

dissolved in water. The insoluble :residue wo.s f1.l tered on 

a fritted pyrex, buechner-type funnel. After this residue 

was tb. oroughly wsshed with dis ti 11 ed ws.ter and dried, 

analysis ws.s made for the presence of carbon by the com-

bustion method. 

To determine i.f alum2.num would reduce pure, molten 

carbonates, an alun1int<m sheet wa.s then dipped into a fused, 

freshly prepa. red, equal-molnr-mixture of sodium ca:rbona te 

and lithium carbonate. The behav:lor w~ts carefully observed 

El.S the temperature w:::.s gre.dunlly raised from the melt:i.ng 

point of the ;:nixture to the melting point of' al uminu.m. 

To d eterm.ine the effect of con tent of boric acid on 

the act:i.on of alkali carbonates on aluminum at 600 °c, 
another mixture of 2 to 1 molar rotio of lithium carbonate 
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to sodium cHrbona.te was nm.de by fusins 74 '?:rems of lithium 

cerbone. te and 53 grerns of sodium ce.rbon~t e in a platinum 

dish. An a luminu.r:1 sheet ·was then c1 ipped into the fused 

mixture s.nd observed. The e luminum sheet wes removed from 

t'hc fused liquid, 3. 00 gra:ns cf boric acid { O. 05 mole) was 

added to the fused liqvid and the mixture was tb.oroughly 

fused. Another alui:-o.inum sheet w1:1s dipped tnto this fused 

liquid, s.nd the behavior VJG.S observed. 'rhe addition of 

boric acid ( 3., 09 i:;rams) an6. fusion were repeated, and the 

action of' the result inc liquid on alumj_num ws.3 observed. 

The pr·ocess \"las repeated until finally 1:. black deposit was 

formed on the surface of the metallic sluminum. 

A fresh mixture of 148 groms of J.i th:tum co.rbona te and 

106 gra.ms of sodium c2rbona t e was prepared by fusing in e. 

platinum dish. An aluminum anode G>.nd platinum cathode, 

both being 2.0 by 3.0 cm and 2.0 cm apart, connected to 

the direct current source, were inserted into the fused 

liquid, so as to maintain a current of one anpere. The 

behavior was observed. 

Ther::ncdynamic Study of the Eenctions of' Fused Elect1"0-

studied by means of thermodynamic methods. According to 
( 53) Dodge · , for the purpose of' ascertainincr quickly, but 

only approximately, if any reaction is promj.slng; at n 



given temperstvre, the following guide may be useful: 

AF~<O. Reaction is promising • 

..AF~>o, but ~10,000. Reaction is of doubtful prom:l.se 

but warrants further. study. 

~F~>lO, 000. Very unfavorable. Would be feasiblo only 
J. . 

under unusual circumstances. 

v~bere ~FT = Free energy change of the reaction at ab-

solute temperature 11T~ 

Superscript" 011 refe1"s to st&nc1ard state of low pressure 

where gases are ideal. 

The free energy of the reaction at absolute temperature 

T can be calcul2.ted from the enthalpy, entropy and the ab-

solute tempern.tm·e 11 T~ as show;.i by the following equation/ 50} 

Where 

(1) 

H2 - Enthalpy of the products of' the reaction at -
the absolute tem1Jersture 11 T~ .. 

H1 = Er1thalpy of the reactants of the res.ct ion 

at the absolute tenperuture"T~ 

s2 = Entropy of the products of the reaction at 

th.e absolute temperature"T~ 

s1 = Entropy of the reactants of the reaction at 

the absolute tempera.ture"T~' 

Let (A Hr )T rep1"eson t the heat of react ion et absolute 

temperature 11T 11 and ST Pe present the entropy ch..ange of the 

reaction at the absolute temperature 11 T~' reaction (1) can be 
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sh1plifif;d to: 

( 2) 

'The heet of resctlon at te~nper£":tur:e 11 T 11 ca.n be calculs.ted 

from the heat of Nn~ction at some base tempera ture 11 '1'~, by 
( 52) the followin:::'.: formula: 

(A IL. )T-" = (.A Hf' )T +f T CpdT ( 3} 
I ~ O To 

The enthalpy and entropy of a substance at absolute 

temperature11 'r 11 can be calculated from the enthalpy and en-

tropy :.cd; sov.ne bese temperv.ture by the followinr:; formulse: 

HT= Ho ... JTc~dT {4) To.1:J 

ST = S -tfTc dT/T 0 rp p 
~o 

{ 5) 

The possible reactions studied in this way were: 

3002 + 4Al ...- 2Alz03 .. 30 

3Ha20+ 2Al ~ Al203 + 6Na 

3Iii20+ 2A.1 9'- Al203 + 6I.i 

B203+ 2Al .,... Al203 + 2B 

( 51} 

The possibility of the form.ation of e.luminum boride 

said to have the f'orr;!ula A1B12(SO) by the follow1.ng equ~.t:lon 

was also considered: 
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Do.ta snd Results 

Analysis of the Raw Ni.aterials. We anslysis wes ma.de 

of the sodium carbonate. It was le.beled chemical pure. 

:B'or boric acid, the material lns oluble in alcohol 

passed A. C. S• test. 1'The nonvolst1le with methanol''vms 

found to be 0.0023 ~~ram in fjJ 2-gram ss.:nple, correspor:ding 

to 0.115 per cent which is more than A. C. s. stande.:rd 

limit of 0.05 per cent, but it is ~ood enough to use to 

prepare the fused bath. 

For 11thJum carbonate, the ce.rbon dioxide content 

we.s deter:n':ned to check the purity. The carbon dioxide 

content was 59.5 per cent by weight ~iich ls identical 

with the theoretical percentage of carbon d10xide in pure, 

?.nhydrous li thi u•~. ca.r·bonat e. 

The !Jlun1i.num phosphate was r:i technical grade, obtained 

from ><i sher Scientific Co., and was known to be impure. The 

phosphorus pentoxide content was found to be 33.8 per cent 

by weight, while tbe theo:retical content of phosphorus pent-

oxide is 58.1 per cent by weight for aluminum phosphate. 

This would indic1;1.te an aluminum phosph~t te content of 58.3 

per cent by weight, the remainder probably conslstlng of 

aluminum oxide. For explor·ntory experiments, it w2s not 

thought necess&J:'Y to use a. more pure grade of aluminum phos-

phate, as would have been secured if experiments had been cf 

sufficient promise to warrant further developinent. 
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The Limit in,r;;; · C omposi.t ion of Boric Acid and Alka 11 

CarbonBte Mixture. The "Limiting: Ccmposit ion" ls expressed 

as the m.inbmm content of bo:ric oxide which w:i.11 el:lminate 

all carbon dioxide from the sodium oxide-lithium oxide-

boric oxide mixture. The absence of ct?.rbonate in the 

mixture was proved by taking a sample of the fused mix-

ture, cooling, dissolving it in water snd adding 3-normal 

hydrochloric acid in excess. This test was assumed to 

show the absence of carbonate if a sample gave no e;as 

bubbles when so treeted. The results are summarized in 

Table I. The points were plotted on triangular paper in 

Figure 5. 

Fluid Range of Various Mixtures of NazO-Lj-20-~203 

Svstem. The fluid range data of '.rarious '.nixtures is sum-

nuirized in Tsble II and F1gurG 5. From the experimental, 

fluid-range data, interpolations were made to obtain the 

m:lxtures which have an upper value at 660 and 600 oc as 

shown in Te.bles III and IV. Two curves were plotted on 

the triangular dl2grom by connecting isothermal, fluid-range 

points of 660 and 600 °c respectively, as shown in Figure 6. 

The areF, encl os ea. between the lim.i ting composition 1 ine t-rnd 

the curve of 660 °c fluid range represents the possible 

wo:rking region from which selected mixtures were used for 

electrodeposition. 
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Figure 5. UPPEH FLUID RANGE-COMPOSI 1:1.1ION 
DIAGRAM FOR SODIUM OXIDE-, 
LITHIUM OXIDE-BORIC OXIDE 
SYSTEM 
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FIGURE 5 · UPPER· FLUID RANGE-·"COMPOSITION DIAGRAM FOR SODIUM OXIDE-LITHIUM 

OXIDE-BORIC OXl 



-124-

T)BLE II 

Fluid lfon··e of Various ?,iixtures in 

}:~ ols.r~ ~l.n ti D c; or:llJDE 1 ti on F'luicl fo:m:;0 

Ifa 2 0: Li 2 0 :fo_.,:>o 
'"' 

Li20 T:3203 Uppe1., Lew er 

Mol r1 Mol c1 Mol c1 OC Oc /0 ;<J ;O 

().0 !)Oo O ::io. o 845 :325 
o.o f:.Oo 0 40.0 ?82 ';60 

0:1 o.o 66. "/ ,...._ - 6SO 670 ~; t..~) • .:; 

o.o 71.4 28.G 676 662 
.~o,, o '75.0 25.0 664 661 
(). 0 5 4: • '(j'---;_rn. 0 r:·oo 6 ~--~ !) 

6.6 S0..7 3~). t? G'.SO 6·:b5 
1:9 ?.0 63.0 30.0 620 615 

n ··-I e D (-)7. 2 ,- . i:,; :~, 

<::;.; • .) G50 645 
10.0 40.0 ·50.0 ·1mr 75:-1 
11. <l 1PJ.7 42.8 650 6f.L0 

1: 1- 13~3 53. <~: 33. :; 600 5~-·o 

14.8 ss,. 4 25.8 590 5t.?O 
27.0 ~~6. 5 '36. 5 2·20 or.":() 

28.8 3S. 0 32.2 630 620 
1:1.34 29.5 3~:. 5 ·31. 0 620 613 

30.0 41.2i '~2?.8 5f 0 560 
'lo r; 15-Y--t>ft) D ?00 , • .. t.: • v 

12.8 or.; r,i ('_, i_,. I 6'"' ~-..... v ro'f'O ?32 
lE.7 r-; "·~ r;~ 

v~.•~1 50.C (S ~; () GGO 
1 .-; n 
..i..•~}. ;_,, ~")6. 5 I~!) • f3 66!5 61:,0 

1:2 l~'. l {l :0,. ~1 1'.~. 5 C40 63l) 
~:w.o <J0.o 4C.O ()~)5 1330 
21. ,1 ·~·2 0 ~: 

,., - ,.. .... 610 600 ,, 0,). { 

20.n t1?. (3 2B.6 550 540 
2J1 .• l '~~~. ~ 

01· ~ 535 535 ,_, .c 
27. 2 2;:.i. 2-- 45. 5 '760 r; 53 
30.8 ';t,.') c, 

,_... '....!. ,_. ~58. 5 753 746 
1:1 33.3 33.3 33.3 ""'il2 700 

35.8 35.9 2t.l. 2 635 620 
1:0 66.0 o.o 34.0 '752 ?52 
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TABLE III 

C ompos1:_ ti ens in ?ystem Na20-Li;aO-B2o3 

w:t th_ yppe_E Fluid _Range :ir. ~60 °c 

Components 

i.-Ja20 Li20 B203 

Test 
No. Mol % Mol of Mol % to 

1 35.3 35.3 29. 5 

2 2.0 68.0 30.0 

3 5.3 60.0 34.l 

4 6.4 58.6 35.0 

5 2?.6 37.4 35.0 

6 5.5 56.7 37.8 

7 24.0 38.0 Z)8. 0 

8 24.5 34.5 40.0 

9 9.0 51.0 40.0 

10 7.0 52.3 40.7 

11 D.5 50.2 41.3 

12 12.2 43.9 43.9 

13 11.0 45.0 44.0 

14 17.7 35.7 46.6 
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TABLE IV 

Compositions _!!: System Na20-Li20-B203 

with Upper F'luid Hange of 600 °c 

Compositions 

lfa.nO Li20 B203 
Test &:,, 

No. iVlol 01 1iol (if_ ulol d ;o ,a /'1 

1 30.3 40.7 29.0 

2 28.4 41.6 30. 0 

3 12.0 58.0 30.0 
; 

4 ~3.0 53.6 33.4 

5 21.8 44.3 33.9 

6 15.0 51.0 34.0 



Figure 6. COMPOSITION-CONSTANT FLUID 
ru\NGE CURVES FOR LITHIUM 
OXIDE-SODIUM OXIDE-BORIC 
OXIDE SYSTEM 
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BORIC OXIDE SYSTEM 
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Effect on the Fluid Rnnge of Adding Aluminum Phos-

J?h'1. te to the F'used BorQtes. The fluid range of 

B203. l.94Na.20 • 1. 06Na2co3 alone G.nd its mixture with 

aluminum phosphate were shown :ln Table V. A plot of the 

welght per cent of' f<l.luminum phosph~- te in :f'used B203. l• 94Na20 + 
1. 06Na2C03 against the upper fluid ro.nge is sh own in 

Figure 7. 

The eutectic temperature derived from the plot is 

688 °c, 6lt a composition of 11.3 per cent by weight of 

aluminum phosphate in B203. l.94N~-20 + h 06N'a2C03• 

The fluid r~nges of the selected mixture, 

5Na20. lOLi20. 6B2Qs, and the mixture of this with aluminum 

phosphs.te are summ&rized in Table VI. A plot of the fluid 

rnnge llgainst the weight per cent of ~luminum phosphate ln 

the chosen mixture 5~fa20. lOLi20. 6B203 is shown in Figure 8. 

It shows that the addition of aluminum phosphate h~s little 

effect on the fluid ran:;e to 18.68 per cent by weight of 

aluminum phospb:.. t e. 

Co1"roslon by the Ft~sed Mixture. The results of cor-

rosion tests on seven m9.terials ls summ~.r:l.zed j_n T&?.bl@ VII. 

Obviously, except for the gr0phite crucible snd the ple.tlnu;n 

dish, no material wns suitable for use as a container. 

Decomnosition Potentials of Fused Borates and Borates-

Phosphate Miz:tur 0. The current-voltg3e relation dat& for 

the mixture 5Na20.lOLi20.6B203 at 560 !. 10 °c with a.luminum 

anode and platinum cathode are shoV'm in Table VIII and 
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TABLE V 

Exnerimen to..l ~ f..9£. 
Ccmposltion-Fluid .Range of AlP04 

Compos it; ion, 
A1P04 

Weight ~ 
0 

8.75 

29. 6 

46.4 

56.3 

F'luid Range, 

oc 
735-752 

682-702 

669-706 

?16-735 

716-782 

above 900 
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TABLE VI 

Experiments.1 Data for 

C omposi ti on-Pluid Ranr.se .2f. AlP04 

..!:!:. 5Na20.lOLi20.6B20s 

Composition, Fluid Ha.n3e 
AlP04 

Weight /~ oc 
0 540-550 

2.34 550-560 

4.68 560-570 

7. 02 555-560 

9.35 555-560 

11.69 555-560 

14.01 555-560 

16.34 555-5()0 

18.68 550-555 
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TABLE VIII 

Decom2osition Potenti&l 

~Fused ~Na20.lOLi20.6B203 

with Alumlnum. Anode a.nd Platinum Cathode - -
Composition of Electrolyte: 

Grams 
123.6 
123.4 
88.4 

Di~ension of Electrodes: 

A.luminum e.nodGi 2. 5 by 2. 5 era 
Platinum cathode 2.5 by 2,5 cm 

Temperature: 560 ... 10 °c -
A:sits.tion: None 

Voltage,, Current Voltage, Current 

volts ma volts ma 

0.1 190 1 •. 3 650 
0.2 225 1. 1J: 700 
o.3 275 1.·5 738 
0.4 300 1.6 775 
0.5 350 1. '7 825 
0.6 388 1.8 8'?5 
0.7 412 1.9 900 
o.s 450 2.0 950 
0.9 488 2.2 1050 
1.0 525 2.4 1150 
1.1 588 2.6 1200-lt-
1.2 625 

-::· The current suddenly dropp0d from 1200 to 950 
milliamperes, probe.bly because of pole.ri-
zation. 



1200 

IOOO 

I/) 800 
l&J 
a: 
l&.I 
~ 
~ 600 
c( 

:J 
.J 
~ 400 

200 

A 

B 

c 8 0 

FUSED 5NA20· IOL120· 6B203 WITH ALUMINUM ANODE AND PLATINUM 
CATHODE AT 560:t.I 0 •c 
FUSED MIXTURE OF 9·4 •A. BY WEIGHT ALP04 ANO 90·6 O/e BY WEIGHT 
5NA20· IOLl20· 68203 WITH ALUMINUM ANODE AND PLATINUM CATHODE 
AT 1580~.IO •c 
FUSED MIXTURE OF 9·4%. BY WEIGHT ALP04 AND 90·6°/o BY WEIGHT 
5NAt"O· IOLl20· 68203 YllTH PLATINUM ELECTRODES AT 600:t.10 °C 
DUP ICATE RUNS 

AGITATION NONE 

0 ~ 

-0·4 -0·2 0 0·2 0·4 0·6 0·8 1·0 1·2 1·4 1·6 1·8 2·0 2·2 2·4 2·8 
VOLTS 

FIGURE 9· CURRENT-VOLTAGE CURVE FOR FUSED BORATES 

I 
t--' 
(N 
01 
I 



-136-

curve A in Figure 9. The current Wf?.S proportional to the 

applied voltage when the r.~pplied voltage w~s below the 

number of 1. 6 vol ta, the current w"s inore~.sed out of direct 

proportl on and then suddenly dropped to o. ?5 of the or:lgin£i 1 

current ~t 2.6 volts. The cell potential extrapolated ~t 

zero current was found to be -0.36 volt. 

After the current-voltage determin~tion, the platinum 

cr;.thode w2s coated black, e.nd the aluminum :anode WRS co11ted 

with a lsayer of yellow-brown substance which looks like a.n 

alloy. There was s.lso few blaa.ck p~.rticles il-dherlng to the 

aluminum anode. In the fused electrolyte, aluminum c~n be 

detected qualitatively. 

The d~t.t& for the current-voltage relation for the fused 

liquid containing 9.4 per cent aluminum phosphate ~nd 90.6 per 

cent 5Na20.lOLi20.6B203 at 580 ± 10 °c, with aluminum anode 

and pl:i tinum cathode, ar<=J shown in T~ble IX a.nd curve ~ in 

Fi~ure 9. The current readings were not stable when the 

&ppl:i.ed voltages were greMter thm.n 1.0. In each set or 
current readings for the same applied voltage, the lowest 

reading of the curr0nt fitted better in the current-voltQge 

curve. The cell potenti~l was -0.l volt as extr~pol~ted from 

the current-voltage curve. This experiment w~s not continued 

to the point where current fell off ~s in the previous case. 

After the experiment, both electrodes were covered 

with the black film. 
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TABLE IX 

Decomposition Potential 

.£! F'used Mixture _Qf 2_d per ~ of'llAlP04 

~ ~ ~ ~ ~ 5Na20.lOLi20.6B203 

Composition of Electrolyte: 

Grams 
185.4 
185.l 
132.6 

27.1 

Dlmenslon of Electrodes: 

Aluminum anode 
Platinum cathode 

Temperature 

i\.gi tatl on 

2.5 by 2.5 cm. 
2. 5 by 3. 0 cm. 

580 .! 10 OC 

None 

_Volte.ge., Current., Voltage, Current, 

volts ma. volts ma 

o.o 55 0.8 350 
0.1 100 1.0 350( 450).Z!-
0.2 130 1.2 425( 525 ).ZI-
0.3 165 1.4 500( 575) ~~ 
0.4 200 1.6 550( 600).Zl-
0.5 230 1.8 600 
0.6 280 2.0 650 

~;. The value in parenthesis are not shown in the 
plot. 



-138·- ' 

The current-voltage data for the fused liquid of 

9.4 per cent aluminum phosphate s.nd 90.6 per cent 

5Na20.10Li20.6B2o3 at 600 .! 10 °c, with pl2tinum elec-

trodes, are shown in Table X and curve Q. and Q in Figure 

9. 

The decomposition potentie.ls, extrspolated :from 

two duplicate tests, were 1.35 and 1.51 volts. 

During the electrolysis, many small gas bubbles sur-

rounded the anode, but there were only a few of them f\lround 

the cathode. No color change wns observed on the anode, 

but some black powdEH'S we1"e deposited on the cathode. 

Unsteady Electrolysis in Fused Borates-Phosphate 

and Borates Mixture. The data for the effect of time on 

current at constant volta;r,e 1.n a fused electrolyte con-

sisting of 9. 4 per cent of aluminum phospba te rmd 90. 6 

per cent of 5Ns.20. lOI.1i20• 6B203 with a.luminum anode and. 

copper c~thode at 560 + 10 °c are shown in Table XI and 

Fi~ure 10. The relation is rether irregular and cannot 

be reproduced. 

The da ts for the effect of s tirx•ing for the same 

electrolyte with platinum electrodes at a constant potential 

of 1.5 volts and at 560 ± 10 °c are shown in Table XII. 

The effect of moisture on electrod~s s.nd electrlyte is 

shown in Table XIlI and li'l~sure 11. In Figure 11, the 

data for the curve for current flow in system without 
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TABLE X 

Decomposition Potential 

.2! Fused Mixture .Q.f W per ~ .2f. AlP04 

!.!!£ 90.6 per~ of 5Na20.lOLi20.6B203 

Voltage, 

volts 

0.6 o.e 
1.0 
1.1 
1.2 
1.3 
1.4 
1.5 
1.6 
1.7 
1.8 
1.9 
2.0 
2.2 
2.4 

Composition of Electrolyte: 

Grams 
185.4 
185.l 
132.4 
27.1 

Dimension of Electrodes: 

Platinum anode 
Platinum. cathode 

'rempera ture: 

Agitation: 

Test I 

2.5 by 2.5 cm. 
2. 5 by· 2. 5 cm. 

600 + 10 Oc -
None 

Test II 

Current, Voltage, Current, 

am volts am 

o.o 1.0 o.o 
o.o 1.1 o.o 
o.o 1.2 10 

20.0 1.3 40 
37.5 1.4 50 
65.0 1.5 50 

120.0 1.6 100 
H?2.5 1.7 175 
288 1.8 240 
400 2.0 400 
500 2.2 725 
575 2.4 925 
650 2.6 1125 
863 2.8 1300 

1150 
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0 . 1 5 0 . 1 0 . 1 5 . 1 0 o. 
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• • . 1 1 . 1 00 0 . 225 
0 . 0?5 0 . 1 25 . 200 . 200 
o. 0'7 5 0 . 125 • I . 200 
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TABLE XII 

Effect of Stirrino; .2!l 

the Current-Time Relationship 

in Fused Electrolyte 0.4 ;.;er cent .i\1PO ... and --- _____ ,_ - ~ - '"' -

Electrodes: Platinum anode and platinum cathode. 
560±10 °c. Temperature: 

Voltage: 
Agitl:ttion: 

1.5 -volts. 
· l'sin'.7, a chromel \'lire and stirred by 
hand. 

1rinie, Current, 

min 

0 
5 

10 

15 
25 

35 

40 
45 
55 
65 
75 
85 
95 

105 
115 

0.250 
o. 075 

0.075 

0.075 
0.0?5 

0.0?5 

0.075 
o. 075 
0.,075 
0.075 
0.075 
Oo075 
0.0?5 
0.075 
0.075 

Description of Phenomena 

After stirring, the current 
dropped to 0.040 ampere. 
1l1l'le current was not che.n.J;ed 
by stirring. 
ditto. 
The current dropped to 0.050 
ampere sfter stlrrin€, but 
recovered to 0.075 ampere 
after resting. 
The current was not changed 
on stirring. 
ditto. 
ditto. 
ditto. 
ditto. 
ditto. 
ditto. 
ditto. 
ditto. 
ditto. 
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'11ABLE XIII 

Effect .Q.f. ,,\ Disture on 

the Current-Time hehttionshin 

in Fused Electrolvte 9.4 per cent AlP04 and - ----

Electrodes~ 
~emperatnre: 
Voltar,:;e: 
Asitation: 
Li oir~tur•o: 

Platinum anode and platinum cathode. 
560 • 10 °c. 
1.5 volts. 
Hone. 
I\ ~:~"'" .::>eo note • 

T:tme, Current, 'T1 i ,.,, e -..... ' Current 1 

min. an1p. min. amp. 

0 0.40 55 (). 45 
5 0.45 60 0.45 

10 o. ·'15 65 0.45 
15 0.45 70 0.45 
20 Q.45 ~i 5 o. ".1~5 
2r:: v 0.45 20 o. 115 
30 0.4:5 85 0.45 
35 Oo45 95 o. 115 
40 0.45 105 0.45 
45 o. •15 115 0.45 
50 0.45 

*The electrodes nnd 259.2 Grams of electrolyte were 
moistened wibh o.5 grams of water &nd heated 
to 560 • 10 C before electrolysis. 

- < 
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water were ta.ken from Table XII. The e.ffect of pcr:lodic 

immersions is shown in Table XIV and Fi?;ure 12. The 

effect of temperature ls shown in T11blo XV. 

The result for the time-current r0lation for the 

same electrolyte at constant volte~e 2.5 volts and 

560 + 10 °c with platinum electrodes is shown in Table XVI 

and F'igure 13. Vigorous evolution of ge.s occurred dur:tng 

electrolysis. Af'ter ~3 le ctrolysis, tr; e ca thods w8.s com-

pletely burnt off, but the 8-node was still in good con-

dition with the shining white color of pln t1num. In 

the fused electrolyte around the cathode, a porous black 

mass was suspended. After this black mass was treated 

with 3-nornml hydrochloric acid, ignited to '!;'.r~ite ush flnd 

then extr1;3 cted w:i. th 3-normal hydrochloric ac:i.d again, 

.fragm.ents of plati:1um cathode were found. Such fraSJ11Emts 

were very brittle and sr2yish in color. 

For the electrclyte, 5Na20. lOLl20. 6B203, rm aluminum 

e.node and pla tlnum cathode were used at 560 .!. 10 °c s.nd 

1.5 volts. Duplicate runs 'Here m.ade. The first test 

lasted only two hours. Since the current readin[;s dropped 

low as compared with readin~s at the start, the electrolysis 

was stopped. In the seccnd test, the same electrolyte was 

used, but the aluminum anode W8 ;:. r eplecec \'Ii th a new cne. 

The current rendings showed tbe ssme tendency of dropping 

to very lov.r value. As the electrolysis continued, part of 
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TABLE XIV 

Effect of Jnsertin~ and 

Removing Electrodes from Fused Electrolvte 

Qd 12er cent AlP04 

~ ~ per c~nt 5Na~.Q.lOLi20.6Bz03 

Electrodes: Platinum 2node and platinum ccthode. 
Temperature: 560:tlo 0c. 
Volta3e: 1.5 volts. 
A.si te.tl on: £~ -:ne. 

Time, Current, 

min. amp. 

0 0.45 

20 0.40 

25 o.45 
35 0.45 
45 0.45 
55 0.45 

70 0.45 
80 0.45 
90 0.45 

100 0.45' 

145 0.45 

3S5 0.40 

400 0.40 
410 0.40 
420 0.40 

Description of Phenomena 

Electrodes we'.l'.'e removed from 
fused electrolyte. 
When the electrodes were first 
put into the fused electrolyte, 
it was 0.40 ampere, then drop-
ped, but rebuilt to 0.40 
s.mpere graduDlly. 

The electrodes were taken 
from the electrolyte. 
The electrodes were reinserted. 

The electrodes were removed 
from the electrolyte. After 
the electrodes were inserted 
into the fused liquld, the 
current was gradually reised 
to O. ll.5 ampere. 
The electrodes were taken frcm 
the electrolyte. 
The electrodes were inserted 
into the liquid. 
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Tf\BLE XV 

Effect of ·remperature on 

the Current in Fused Electr·olyte 9.4 per cent AlP04 

" 90. 6 per cent 5Nn?0.10Li20• G~ o3 

J.i;lectrodes: Platinum anode and platinum cathode. 

"" ' .::(:~. 0 ...L 10 o,., • ·.L empero. t.ure: ::; _. :I;" v 

Voltage: 1.5 volts. 

Agitation: None. 

Tempere tu re, Current, 

amp. 

524 o. 37 !_) 

560 0.400 
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Tl~BL:8 XVI 

Current-Time helatlonships 

in Fused Electrolyte 9. 4.·.:.per ~ AlP04 

and 90.6 per cent 5Na20.lOLi20.6B203 

Electrodes: 
Tempe1'a 'cure: 
Vol tap;e: 
Agitatlon: 

Time, 

min. 

0 

5 
8 

9 
10 

15 
20 
25 
30 
35 
40 
45 
l18 

Platinum anode and platinum cathode. 
560:1: 10 °c. 
2.5 volts. 
None .. 

Current, 

a 

5.4 

5.0 
~l. 8 

4.6 
4.6 

4.6 
4.6 
4.6 
4.6 
4.6 
4.6 
4.6 
4.6 

Description of Phenomena 

Vi:s:orous gas bubbles around 
both electrodes. 
ditto 
Solid b<::c::;innin~~ to form 
sround the anode. 
ditto. 
Anode completely covered 
with sclid salt. 
ditto. 
ditto. 
dlttc. 
'ditto. 
ditto. 
ditto. 
ditto. 
dittc. 
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the blaclc depos 1 t :tor~ned en the electrodes dispersed in to 

the :.:used liqu:i.d and the current inc:reRsed a:::;ein. Soon 

after the increase in the current, the dep.osit on the elec-

trodes built up, and the ct~rrent dropped age. :tn. As the 

electrolysis went on, the hi~h current existed for a shorter 

duration &nd the low current for a longer. The results 

ar•e shown in TRble XVII and Figure 14. 

I~s tho curr·ent dropped below 0.05 ampere, the evolution 

of :as bubbles :.eretmd the pl~.tinum cathode stopped, but 

there were a few around the alur1dnum anode. 

After the electrodes vrere taken from the bath, the 

platinum cathode were found to be covered wlth a thin black 

layer, s.nd the alum:i.num nncdc, vdth a thic:'.'. black mixture 

contG.ln5_nz white nlu~~15num oxide. 

!~fter the electrolysis, the fused electrolyte becan1e 

turbid with both black and white ps.rticlos. 

ElectrodeRos:lti on Test ln PhospbD. te Mixture. A fus0d 

electrolyte of G9 per cent of s odiur.i metaphosphate and 31 

per cent of sodirnn pyrophosphate with 10 per cent of a lurai-

num phospl'ltit te dissolved in it wns a cleHr, colo~<'.'lcss liquid. 

It was electrolyzed wlth copper cat1:10de and three dj_f'ferent 

anodes: aluminum, en &J. l oy of 75 per cent s.l umlnum and 25 

per cent copper, and platinum at 600 !. 10 °c. In no case 

could aluminum be deposited on the cathode. r.t1he copper cathode 

were covered with a layer of black coatiri .. g ln all exp0rimen ts. 

'11he results were sum:narized in Table XVIII. 
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TABLE XVIII 

Electrodeposition ~ 

Alum5.num Phosphate 
:&.:utecti c 111.x.ture of Phosphates 
Composition of the eutectic: 

Sodium Pyrophosphate 
Sodium iAeta.phosphate 

600± 10 °c. 
i~ on E:. 

Electrodes used 

Anode 

fl,_luminum 

An alloy, 
:f • '75 ;;:i alu-

minum and 
25 i~ copper 

Platinum 

Ct?. thode 

Copper 

Copper 

Conner ..... 

Description of Phenomena 

1) Strong anode effect. 
2) The electricsl conductivity 

we.n :;:;~ood n t ste:rt. T;'.1e cur-
rent readin3s were very un-
stable and quickly dropped 
to zero. 

3) Aluminum anode was covered 
wtth a layer of aluminum 
oxide.· 

4) Bl:::c1.ck.coating on cathode. 

1) No anode effect 
2) 1'he current was stable, 0.5 

ampere at 3 volts. 
3) Black costing on cathode. 

1) No anode effect. 
2) The current was stable, 

0.35 e.L1pere at 3 volts. 
;:;) Bluc1< cos tin:::; on ca th.ode. 
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Analysis of Black Coat from .Phosphates Buth. The 

black cont fr·om different tests using the eutectic mixture 

of sed.ium meta.phosphate 2nd sodiu~n pyrophosphate, 2nd 

aluminu:n phosphate were, separ1i1.tely, put in por.9elain 

crucibles and i ;;;hit ed over a. buns en flsme. It wns not 

combustible,; A ft er ignition, the black powder was soluble 

in the concentrated hydrochloric acid. The solution, green 

in color, changed to deep blue when amn:onia solt:tion was 

added.; 'I'hus; the bl&. ck co:::. t 't'lJ&S probably £t copper compound. 

Eloctrodeposition Test in Borates B:lth. QuantitFltive 

electrodcpcsi ti on tests were m&.de usin3 fused 5Na20.10Li2o. 
6B203 with copper cathode o.nd aluminum a.node a.t 600 !:. 10 cc. 
~oth electrodes were immersed in water after electrolysis 

to re-11ove the s.dhering salts o Both electrodes were c ea ted 

·with a black powder. In the first test, there we s much loss 

of blscx coating on boiling the electrodes wl th dist:tlled 

water to remove the odherinr:; selts. The electrolyte, after 

electrolysis, turned a red color. The a.luminum an ode was 

covered with a lsyer of bra.ss-yellow color and some 1)8.rts 

had a red brown surface under the black coat. In the second 

test, cavities were observed on the surface of the aluminum 

anode. 

The alumi~um cnode was sli-~htly eroded by boiling with 

water. Particles of the black coat, on both electrodes, 

sep~rated when immersed in boilin-; water. White aluminum 
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oxide was also found on the surf~rne of the almrdnum s.ncde. 

The dats are showu ln Table XIX. 

Electrooeposltion Test in Borate-Phosphate Be.th. 

(iuali ta ti ve electrod eposi t ion tests were made ln fused 

electrolyte of 9. 4 per cent alrnninu:.'., phosphnte and 90.6 

per cent 5Na20.10L120·6B203 with alumh1um anode and plati-

num cs.thode at 560 .! 10 °c. In no case could aluminum be 

deposited on the cathode. The aluminum a.node ws.s generally 

coated bla.ck. The surface of the copper cathode was stained 

with a red-brown deposit and sometimes it was coated black 

also. 

During the electrolysis, an ~lumim::m anode was surrounded 

by fine gas bubbles and the copper cathode wes surrounded by 

ls.rser ga.s bubbles. At the start of the electrolysis, only 

the s.n ode :wo.s surrounded by the gas bubbles. 

Two quantitative electrodeposition tests were made with 

the above electrolyte e.t 600 !. 10 °c. In the first test, the 

cathode was surrounded by a big porous bulk of so 1:1.d wh~ ch 

wHs lost when sn attempt was me.de to remove the adhering 

salts. No calculation was mrnde f'or the cathode efficiency. 

The aluminum anode wss slightly attacked by bolling 

with water, prob2bly because of alkali present. Meanwhile, 

pa.rt of the black coating on both electrodes sep8rated on 

boil:'i.n:; wtth water. White aluminum oxide was also found on 

the surfeca of the aluminum anode. 
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Data from qualitntive electrodeposition test are 

shown in Table XX and those of the quenti ts.tive electro-

doposit i.on t8st &tr·e shewn in Tt;i.ble XIX. 

Prepar&i.tion and A.rnalysls of ~_lack Powder from Borates 

?fixture. The total wei.ght of ft1 sed liquid used in two 

b~tches for the prepa.ratlon of black powder wa.s 1'72.8 grsms 

of 5Na.20. lOLi20• 6B203 and 10 r.srrams of n lumlnum foil. The 

tt:>tal amount of black powder prepared weighed one grra.m. 

The black powder w11.s insoluble in 3-normal hydrochloric 

acid, 3-normal nitric acid or 3-molar sulfuric acid. It wns 

not attacked by hydrofluoric ~.cid alone, a mixture of hydro-

fluoric acid snd concentrated sulfuric r.t~.:!h'l, concentrated 

hydrochloric acid, 0nd squa regi2. Tt w~s ~mt dissolved 

when hes ted with sulfuric acid to fuming. Finally, :t t was .. 

not s.tts.cked by fu sin::; wl th potassium bisulfa.te, sodium 

peroxide, or sodium hydrexide. 

The i;:;nition loss of the black powder v1a.s 83.6 per 

cent. 

In the identification test for ca.rbon ~.n bl~ck powder 

by the Ct;rnbustlon method, the clear btarium hydroxide solution 

W3S suddenly turned to ·white HS soon as thG brillis.nt s~rk­

lin:-~s were observed on the black powder. The bl3.ck color 

of the powder w&s then chmn:;ed to a Vwhi te color. The white 

preciplts\te in the barium hydroxide solution wos dissolved 

with the evolution of ;;:as bubbl·3S after acidifying with 
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3 ... normal h;idr·ochloric acid. It ls, therefore, pro11ed 

the. t the ble ck powder really contains carbon. 

A quantitt-\tive anEl.lysls .fo1• carbon in the black 

d d b . 'I • ' T h T b t ( 136 ) pow ers vms ma e y i1.icro- ec ...,s or& ory , 8000 Lincoln 

Avenua, ·Skokie, Ill. The carbon content of the black powder 

was 80.85 per cent and hydro(:';en content was 0.86 per cent. 

The element c which were found in the blnck pov;·der by 

ordinary spectrographlc analysis were aluminu,n, boron, and 

traces of sodium snd lithium. 

A spectrographic tinslysis, reported by M~terial Labora-
. (126) tor•y, Air 'M$.terial Com..'11and , Dayton, Ohio, on the black 

powder, indicated the presence of major 0_mounts of aluminum, 

boron, nnd sodium, minor amount of iron and copper, and 

traces of lead, silicon, titanium, nickel nnd chromium. 

'i'.1inor amounts a.ncl. traces of materials may be introduced 

from the chro~el-wire st:trrer used for mixing the fused 

electrolyte. 

A report of analys:ls of" the blG ck powder by X-r~y from 
( 126) 

tfaterial Lnboro.tory, P:_ir k.a.terial Command , Ds.yton, o.,-
indic~3 ted that the crystalline material was principally 

e.lur::inum oxide and very finely divided elements.17 alum:Inum. 

The block appesrsnce of the material was attributed to large 

amounts of r-m orphous carbon. The results of X-r'-1~?" d iffr&ct ion 

analysis are shown in Table XXI. 



No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 
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TABLE X."<I 

Analys:ts .Q.f X-ray Dif'.frr-ction Pattern 

of Dle_ck Powder ~ E~action of 

Intensity 

Weak 

Fa:tnt 

Medium 

Strong 

Strong 

Weak 

Very at:rong 

Faint 

11 a" value 

2.88 

2.55 

2.43 

2.29 

2.11 

2.00 

1.84 

1.41 

1.34 

1.1? 

Indicated Che~ical 
Composition 

Ha2B2o4 

ol Al203 

YAl203 

Al 

ol A.1<"107 
&:. v 

Ai+Y'f~12o3 · 
ol..A12o3+H20 

Al + A12 o3 

d..ti12o3 

Al 

* >Iateris.l Laboratory, Alr; <<l.aterial Command, Personal 

communication, April 2, 1D3l, \~/right-Patterson 

bir .?'orcc Eo.se, Dayton, Oh:to. 
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Ane.lysis f'or C8rbC'n-Dioxide ln the F'used 5Na20.10Li 2o. 
6B203. The res ult s of de term ina ti on of cnrb on di oxide in 

5lfa.20.10Li20. 6B203, formed by fusing 3. 09 grams of boric 

acid, 3.08 grams of lithium carbonate and 2.21 grems of 

sodiu:n cllrbona te a.t 900 °c for two hours s.:re s umms.rized 

in Table XXII. 

Chemistry of Formation of Black Pov:der in FusBd Borote. 

The aluminum sheet was lmmedl8taly covered with a black 

layer when the a lu2:1num. sheet was immersed ln fused 

the crmbustion method to cants.in carbcn. 

The reaction product fro~ boric acid with aluminum 

constituted of two different kinds of substances. One is 

white powder, 1 ooks like al uminrna oxide, while the other is 

shining purplish bl&tck flakes of unknown composlt i.on. ':Phis 

flaky product cannot be burnt. It did not contain carbon 

as shewn by the combustion test. 

Spectrographic s.m.1lysis from Materi2,l Laboratory, Air 
{127) . !fiateria.1 Com.ma.nd , Dayton, o., indice.ted that principal 

elements vrnre boron and Gluminum with minor amounts of sili-

ccn r.tnd copper. X-ray diffract:lon [<nr::.lysis( 127 } from the 

same laoora to?y, ind :tea. tcd that the me. t erlal was principally 

aluminum oxide and :notallic aluminum, and smell amrnmt of 

iron oxide. ~:he report< 9 ) from X-rny department of the 

Aluminum Resee.rch Ll?boratories in Alu:ninum Comp2ny of America 



1. 

2. 
3. 

5. 

TA£J....J::: XXII 

Anc.lysis of 5Ni:i..,,O. l..Q!:i 20. 6B,.,03 

for Carbon Dioxide 

Composition of Roacti~1g mixture: Boric i'\cid 
Lithium Carbonate 
Sodium Carbonate 
2 hours at 900 oc. Temperature of Fusin3: 

VVeight of 
8c.;:ilple, 

<b. 32 

'1. 32 
tl. 3;3 

~4. 32 

'ifa ter used t c 
dissolve the 
sn~·,1ple, 

200 

200 
200 

200 

Acid to dacomnose the 
r< ,, r>1) O"'..., :<_ "'"' Ve .......... -t.1<..::-1...i.J\Jr....">J 

3.09 grams 
3.013 G;ram.s 
2.21 grams 

O.lB 
2. 57 

0.22 

0.37 

0.27 
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stated that the sample contained a large amount of 

aluminum oxide with a am9ll a.mount. of unidentified phase. 

A spectrographic fl.nalysis of the rn:;iteris.l by the same 

labor•atory showed nl uminum &1.nd boron to be present. The 

material appears to consist of' aluminum oxide mixed with 

some .boron or boron compounds.;-

The insoluble residue,, efter treating the above prod-

uct with a fused equim.ol@.r mixture of sodium ca~c-bone te 

and llthium c11:rbonat e s.nd extracting with water,, did not 

contain carbon, as shown by the combustion test. 

Met~.11 le aluminum was reacted with two carbon€.!. te mix-

tures whose molal ratios of sodium carbonate to lithium 

cerbone.te were one to one s.nd one to two. They did not 

react with metallic aluminum, even when the tempernture of 

the bath was raised to the melting point of ~.luminum. 

The results of reaction of a fused mixture ha.ving a 

molal r·at:'l.o of one sodium carbons.ta to two lithium carbon-

ate and various amounts of boric acid nd.ded ere shown in 

Table XXIII. Black powder was only formed when o. 25 mole 

boric e.cid wo.s added to 1. 5 moles mixed cnrbonsL:':.::.;, or when 

there was 8. 33 mole per cent of boric .oxide in fused c.':r-

bona tes. 

Though mete.llic 1.1il umtnum· we.s not r..cted upon by fused 

carbonates alone without boric acid, if an Gluminum anode 

and a ple tinum cathode were imn:ersed in a.n equimolmr mixture 



TABL.L<; .XXII I 

E~j'ec.~ .££ Ccntent .2.£ Boric Acid 

.£Q Jill& Act :ton of P,J::...l:f.iq,i. Ca rb ona t es ..£~ ~ trn1i n um. e. t 6 00 °c 

Quantity of Boric Acid in ~ole 

Added to: 

1 " 1 L' 0 0 '''C C i2v '.3 

0 
0.05 
0.10 
0.15 
0.20 
0.25 

0 :::: ,, 1 ,.. c('\ • ,) :ri o e d a 2 · .... 3 

Pheno:nens Observed 

No action. 
No action. 
Slisht ~es bubbles, no black deposits. 
Jas bubble,, no black deposit. 
r,]or·e gas bubbles, no bli.ack deposit. 
~ore ~as bubbles and black deposits 
appesrin.'~~ on the surface of aluminum 
sheet. 

I ...... 
cr~ 
{'.,'1 
I 
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of fused socUum and lithium carbonate, ble.ck deposits were 

formed on the su rfr:;ce of the nluminum anode. G~ s bubbles 

were s.lso observed 2round both electrodes. The ple tinurn 

dish used to .fuse the cnrbon8.tes mixture wBs covered with 

a cost of green color on the portion not covered by the 

fused liquid. 

Thermodynamic Study of the Hee.ctions of F'used Elec-

trolyte 5Nn20.lOLi20.6B203 on Aluminum. For the re:?cticn: 

--4)11~ 2Al203 • 3C 

{~Hr )291 for C02 e -92 Calories/mole{ 87 ) 

C AHf)291 for Al203 = -380 Calories/mole( SB) 

Cp for C02 = 6.85 • B.533 x io-3T-2.475 x io-6T2< 97 l 

Cp for gr&phite = 0.314 Calories/gram, 0 c between 
892 00 ( 198) 

40 and 

Hee.t cPpocity of ~,lum.inum( 56 ), and al um in um oxide{ 200) 

s.ine shown in Tables XXIV s.nd XXV. 

i (ao) b ~i 1 • (91) Stnndard molar entropy of alur{1 num " , cr.r on c, ox ae , 

aluminum oxide( 9 l) a.nd cB.rbon(gl) are shown in Table XXVI. 

The result of ca.lculstion of free energy of this re-

action is shovm. in Table XXVII. 
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TABLE XXIV 

Heat Capacity .Q.f Aluminum* 

Temperature, Heat Capacity, 
oo or;: cs.1/gm, oc cal/gm• mol 1 oc 

0 273 0.2220 5.99 

100 373 0 .. 2297 6.20 

200 473 0.2374 6.41 

300 573 0.2451 6.61 

100 673 0.2529 6.83 

500 '773 o. 2609 7.05 

600 873 0.2683 7.26 

657 930 0.2727 7.36 

>?r- Edwards, J. D., P. c. Frary and z. J effrles: 

"The Aluminum Industry, Aluminum Products 

and Their Fabrication", p. 33, McGraw-Hill 

Book Co., Inc., New York, N. Y., 1930, 1 ed. 
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.. 
~leAt Cr-nc~~~i o~ t1u~~nt1~ r~1c1iew J., ·'(,.; ~'-~JC:( .LG '- .. "' .. - !.:1.!. . .u .l.r.,._. - __, ___ . - .. __ ·---· 

-------------·-----··----
Temperature, Heat Capac:t ty, 

oc °K cal£~m, Oq C9] f D'm. mo], Oq 
~' 

0 2?3 o. ·13 17.8 

50 323 0.83 20.2 

100 373 0.8:J. 21. '7 

~zoo tl ~~i 3 0.9'1 23.6 

400 6'?3 1.07 2G.O 

600 8'73 1.12 27o2 

·~r Washburn, E. Vi.,: 11 Internations.1. Critical T2hles 

C>f l·iumerico.l Data, l'l:r;rsics, Chemlst!"'y and 

Technology", Vol v, p. ~;··3,, I'.'.cC:·rnw-i.lill Book 





T1\ 3LE Y..XVII 

Pree EnerP;y C~l.'3.tionr,_ f~~.: '-01}.!' heac:tions at 8?0 Cl~ 

Yr0e li;ner:-:i;y Change 

l".eactions Equation, Per Tl o1e Al1-1minum, Hote 

ce.l ories calories 
. ~~~~~~~~~~~~ 

3C02 + tJ}~l--+1•1203 -t 3C 

3Na20-+ SA.l ~A 1203 + 6lfa 

3Li20 _.. 2A,l ~ l\ 1203 + i:)Li 

-570, 690 -113,200 Promising 

-115,100 -57,500 Prom1. s inc: 

fl8,91Ptl,716x 9640t858x ., n fs.vore.ble 

B203 + 2Al Al203 + 2B -G3,l30 -31, 570 Prondsing 

. 
x represents unknown mcle.J: entr·opy cf Li20. 

I 
I-' 
--..1 
0 
I 
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For the reaction: 

{'1Hr)298 for }fa20 = -99.4 Calories/nole( 182 } 

AS293 for the formation of Na2o : 17. 4 

Calories/mole, 0 cC 182} 

Cp for solid Na.20 = lG.3 Cr.lories/mole, oc{l82) 

S298 for solid Na = 12.2 Calories/mole, oc\182) 

Cp for solid Na:=: 6.'79 Cnlorles/mole, oc(lB2 } 

Fusion Point of Na : 371 OK (182) 

He[o'.t of li'usion at 371 O-_t<: = 630 Calories/molc(l82) 
; inr.i) 

~S of F'usion for Na. at 371 °K 1.'7 Cnlories/nole 0c' _,..._ . 

.ACp of Fusion for Nn at 371 °K = 0.51 Calories 

per mole, oc{182) 

The result of calculation of free energy of this re-

action is st own in Table XXVII. 

For the reaction: 

(AHr) 298 for Li2 o = -142.4 Calor·ies/mole(H31) 

Cp for Li20 w::<.e estimated by Kopp's ruleU09)to 

be 15. 30 Calorios/nole Li20. 

S29s for Li = 5. 65 Calories/mole, ocC 181) 

Trans :1 ti on tempere. tur·e for Li = 353 °F~ ( 181) 
- ( 181) 

Heat of fusion for Li at 353 °K - 1000 C~lories/mole 

t1S for Li at 353 °K.: 5.55 Calories/mole, ocflBl) 
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The result of cal cu 18. t ion of' the free energy of this 

resction is shown in Table XXVII. 

For the reaction: 

B203 "' 2Al __..,. Al203 • 2B 

( AHf-)298 f0r B203 in glass st~te = -297.6 

C~loriesfnole(lBO) 

AS2g8 for the formG.tion of B2 o3 18.B 

Calories/mole, oc\ 180) 
i (180) 

Cp for B206 in glFJ.ss state = t 14. 6 Oe.lgries/mole, 0c 
' 

S29s for B:, = 1. 56 calories/mole oc( lSO) 

CD for B : 2.86 Calories/mole oc(lSO) .. 
The result of calculation of ~r~eiRne~~~ of this ..... '-J !' J . - (. t> 

j 

reaction is shown in Table XXVII. rl 

Because of the lack of data on both the heat of for-

ma.tion and st~ndard mol0.r entropy ef alrnninum boride, no 

cslcula ti on cn.n be ma.de on the change of free energy of the 

res.ction of boric oxide on aluminum to :t"'orm almnlnum bcride. 



-1'73-

Ssm.ele Cal cul.a ti one 

The calcule t ions involved ·in this investigation were 

of only two types: c&lcu'Jfl.tion of the limiting composition 

of borates, and calcul:a t ion of the thermodynamic functions 

of the possible reactions of fused 5Na20.lOLi20.6B203 on 

aluminum. 

Limitin.\) Composition of Bo1~z.tes. The limitlqg com-

position of the system Li20-Na20-B203 as given in Te.ble I 

were cslculated from the experimental results 111s f'ollows: 

For Na2o-B2o3 System 

Weight of pl&tinum dish 

Weight of H3B03 (1 mole) 

Weight of Na2CO~ { 1. 5 moles) 

Weight of platinum dish end its 
contents before fusion 

Weight of platinum dish ~md its 
contents after fusion to con-
stant weir1.~ht 

Weight loss in fusion 

Weight loss due to water on the 
assumption of total expulsion 
( 1.5 moles) 

Weight loss assumed due to co2 

49. 25 gm 

61.84 gm 

159. 00 gm 

270.l gm 

200.4 gm 

69.'7 gm 

27.0 gm 
42.7 gm 

Theoretical loss of C02 for complete 
decomposition of Na2 C03 (1.5 moles)66.0 gm 

Per cent of Na2co3 decomposed 
(42.7 x iooL66.0) 64. 7 ron 
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Composition of the fused mixture may be calculated 

as: 

Components ~ Mole Ra.tio 
... 

B2o3 {l mole H3B03 ) 0.50 1.00 

Na20 ( l. 5 mole x o. 647) 0.97 1.94 

Na2C03 (1.5 mole-0.97 mole)Q53 1.06 

This may be represented by the empricQl formula: 

B2o3 • l.94 Wa20.1. 06 lfa.2C03. 

The limiting composition wss calculated from the 

a.bove mixture by excluding the undecomposed sodium car-

bonate, as follows: 

Com:eonents ~ 

B203 0.50 

Na20 0.97 

Total 1. 47 

V·ielght of ple. tinum di sh 

Weight of H3Bo3 (1 mole) 

Weight of Li2c95 (1 mole) 

Weight of Na2co3 (0.5 mole} 
' 

Mole 

V~el3~t of p1_a tinumfdi.!% and its 
contents 15~f'ore us ~n 

~ -. ' } 
l I 

Weig~t of platinum dls& and its 
contents after fusio~ 

Weight loss in fusion 

Weight loss due to wo.ter on the 
assumption of total expulsion 
(1.5 moles} 

Per Cent 
34 

66 

100 

48.5 gm 

61.8 gm 

74.0 gm 

53.0 gm 

237.3 gm 

152.1 gm 

85.2 gm 

27. o Rn'! 
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Weight loss due to co2 

Theoretical loss of C02 f r . o com-
plete decornposi tion of carbonates 

58.2 gm 

{ 1. 5 moles) 66. O gm 

Per cent of c~rbonG.tes decomposed 
( 58. 2 x 100/66. 0) 88. 2 gm 

Composition of the fused mixture on the b~sis of the 

same degree of decomposit 5.on of both carbone.t es msy be 

c2lculated a.s_: 

Components 

B203 ( 1 mole H3B03) 

Li20 (1 mole x 0.882) 

Na20 (0.5 mole x 0.882) 

Li2C03 ( 1 mole-0. 882 mole) 

Na2C03 ( o. 5 :r.ole-0. 441 mole) 

Moles 

0.500 

0.882 

0.441 

0.118 

0.059 

The lb1iting ccmposition can be ca.lculB.ted from the 

fused mixture by excluding both undecomposed ca.rbone. t es, 

as follows: 

Components 'Moles Moles Per Cent 

B205 0.500 27.4 

Li20 0.882 48.4 

Na.,..,o • Gt 0.441 24.2 

Tot~.l 1.823 100.0 
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Thermod.,rnn.mlc. Stuchr o_:f' tho Reactio'.1 of F'vsoc'l 

5~·1a 0 1or -~ O ~e 0 on ... l 1,,,-i· . .,.,,,.~ .1,. 2 • ..t·l.J-2 .o? ..,, ,_ ,:!-__ ... cfl. t.t-;.!a• For a sample calculation 

of the thermodynamicafunct1-ons, trrn case of thA recctlon1 

was chosen. For this reaction, 

(tHif )291 ft>r co2 = -92 Cal o:r:i.es/mole ( 89 ) 

(A Hr >291 for Al2o 3 = -380 Co.loriBs/mole { 88 ) 

(..1.Hr) 291 for the reactlon=-3COx2-(-92x3) 

= -·178 Ci;ilo1,ies 

~vhere (AH-r )001 represents the heat cf for::no. t :i. on of - "-'~· ~ 

compounds or heat of reaction Ht 291 °l:. 

The enthalpy of a substi:cnc0 11 11T 11at nbsclut<?- temperott1re 

n.ru can be ce.1cula ted from the enthalpy 11 H0 11 at some b£ se tem-

pera tI:re nT 0 °by the foll ovdnc:; formula( 51): 

Hm - H0 =f,T Cr.dT 
.t To .. , 

Cu for co2 == G.85+ f3.533x10-3T-2.475xlo-6T2(87) 
"" 

H370-H291 for 002 

=J:.f 6. 85 + 8. 533xlo-3'1'-2. 475x10-6T2 )dT 
e1 . n 3 : 6. 85( 0'/0-291) i- ~x8. 533( 870t::.-2912 )x10-

-2. <175( 8703-2713 )x10-6/3 

:6336 calories per mole 

11 C II of aluminum. was shown in Table xxrv. A plot of 11 C ti p - p 

versus r:.bsolute tempersture shows thnt the"Cp 11 of'. aluminum 

is a linear function of the absolute temperature vllthin 

the temperature limits 271 to 870 °K. Therefore, 



Fg70-1r2"1 fol' ~,1-,·;:;1·i•"t'c·;r,r, c.!C''l r."•i·' ... ... J ';:) --~ "' • ·-I M• .. - -"• '-- .J ~ 

"c 11 - t t ,., p '" '°' ""Yl ''' () t '°'!'1 n c L"' "' ,l. "r l7' p v ... , "'\.:..\:....-,. ·~ '-" •-.,c~.._,. i.;,, JL·. ~ lirli ts rnn1 tip1ie( -I"'"\.:' 
•j ,• 
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in Table X~"'CVI. 

II II The entropy of a substance ST &t ~bsolute temperature 
11 II II T!' c&n be calculated fror:l the entropy 8 0 of the same sub-

stnnce at some b::-.:.se tcmperB.ture 111:rg by the equa.tion(51): 

Slj1 -s -:J"f C dT/T • 0 ..,. p 
JO . 

F'or co2 , 870 

(' Q -J. ( r-. 0 h + 0 r:3tz io-3T 2 .~AC:~ 10-6T2) 'T/T v8?0-u291- egf Oel.Jt) u.v<-vX - , I ~~JX Q 

::: 6. 85x2. 303( 10~8'7 O-log29 l} 

~ 8.533x10-3(870-291)-1378xl0-6(8702-2912) 

== 11.16 cftlor:i.es/grn. mole, oc. 

Por ~.luminu~a, 11 Cp 11 cr:m be rouzh~y represented by the 

l.i., - n 06 1Q-3rn + 5 lP n-.:-.•. ;1 x ..... ,..J 

- 870 1 ... > I '" o - · n ..,.. -,:,,; c::: 1 fi1 c 870- ... ,291 - e9I ( r.:;.96.:-.10 .P + ...... .:..8 dl T 

-0 (';')'"lr)-3f cno '>01 )' - """ • 'J \._ -"':. \.. \ u ( - /...; . .,, 

f 5.1Bx2.303(log8?0-loB291) 

==6. in c~lories/gm mole, 0 c 

T' 1 · t · a i <>5 ··- l • I 1 °c· -·.~1e vc. ue oD r.inc . s c.. .o ca ories gm mo_e, 
. (870 

For graphite, i.:\ 8 '7 0 -s2,_::n ::::.Jf9I o. 314.xl2 dT/T 

+ o. 3ltlxl2.x2. 303{ log870-log291) 

= 4.11 calories/;;m mole, oc 
11h8 entropy chf'ngc fer the given reaction at 298 °c 
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TABLE XX VII I 

•Jranhi~ Inteqration .E£ 
Entropy .2.f Aluminum Oxide 

Absolute Temperature, Heat Ct?.paci ty, 
T, 

OK lop; T cal/p;m mol 

291 2.463 18.2 

323 2. 509 20.2 

473 2.571 21.7 

673 2.674 23.6 

8?3 2.828 26.0 



28 

26 

24 

~22 
...... 
.J 

~ 
20 .. 

UJ a:: 
::> 
cnl 8 
(/) 
w a:: 
Cl. 

1-16 
z 
~ 
~14 
0 
(.) 

1-

-182-

----1 
I 
I 
I 
I 
I 
I 
I 
I 
I 

c( I 2 
>-
1-
() 

~10 
c( 
(.) 

~ e w 
J: 

~ 6 
...J 
0 
~ 

4 

2 

I 
I 
I 
I 
I 
I 
I 
I 
I 

0 I 
2·4 2·5 2•6 2•7 2·8 2· 9 3•0 
LOGARITHM OF ABSOLUTE TEMPERATURE°K 

FIGURE 17· GRAPH fCAL INTEGRATION 
THE ENTROPY FOR AL203 

OF 



-183-

i o• '-' . 

= -151+2x2:::-.C+3x4. 11-cxl.l.16-4x6. -11 

The free ~ncr~y decreRse of the reaction; 

cnJorier;, or 
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IV. DISCUSSION 

The previ cus v..v :rl~ of electrodepcs it ion i.'11 th aluminum 

snd the results of the investi,;otlon on the bor::.tes, phos-

ph~tes a~a borates-phcsph~te systems will be reviewed, ana-

lyzed and criticized under the general headin~s of discus-

sion of prBvious work, discussion of res"...llta, reco'11men-

dra. t ions ian d limi tl!i.t :'! ons. 

Discussion of Previ0us Work 

The prev'5. ous worl< vir:i.11 be discussed under the topics 

of dis9.dvanta.~es S1.risin.('· from uae of a.luminum ha.lides til.S 

electrolyte, systematic review cf the use of e.luminum SG.lts 

as electrolytes, conductivity of electricity and molecular 

structures cf aluminum complex compounds and the selection 

of systems for electrod0positlcn study. 

Disadvanti;i~es of UsiQS, Alumi~m H9lides as E1ectro-

lytes. Alumlnum halides, espech1lly the chloride, htave 

been the salt most frequently used to supply aluminum i0ns 

fol"' the electrodeposi ti on of aluminum. According to Pa.velka 

and Zuchelli{l5l), aluminum chloride is B strong peptizing 

~.gent for elum:inum oxide and its hydrm.te. The decisive 

factor in the cor:>osion of fllu~1inum is the behnvior in the 

system of the sl um1num and aluminum oxide which is e.lwnys 

present :;is @. surface filmo Articles plated in " beth con-
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taining &luminum chloride may have sluminum chloride 

occluded on the surf9.ces. Therefore, severe corrosion 

of &lum1num coatings from ia b:.i.th cont&ining ha.lides is 

expected. This is the re~son why steel coated with 
( 26) 

gluminum by the Blue snc1. Mather's method is said by 

them to ~fford no better protection against rusting than 

a coating of an equivalent weight cf zinc. 

Furthermore, because of the moisture-absorbing prop-

erty · of aluminum. h&lides, all processes involvin~ them 

require specis.1 prec9.utions to maint:;i.in the life cf the 

electrolytic bath. Even the b~th suggested recently by 
( 41) 

Couch ~nd Brenner will ~ve a longer life if protected 

from the moisture in the air. 

Systematic Review of the Use of Aluminum Salts as 

Electrolyte!!., Since b&l ides promote the corrosion of the 

aluminum coating, other eluminum salts seem to be more 

prom is in~. In selecting pas sible aluminum salts, those 

v1h:tch &re insoluble in water will probably not peptize 

the film formed on the surface of the ~luminum plate. 

The fused bs.th should possess low wiscosity and a melting 

point below the melting point o.f P.luminum. High conduc-

tivity of electricity is another criterion for the utility 

of a salt. 

A system~' tic study cf the inorganic ss.lts shows that 

the avsilable selts B.re very limitedo Aluminum chloride, 
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aluminum bl"om.ide e.nc1 e.lumtnum iodide have the defects 

mentioned previouslyo Llolten metal sulfates react with 

aluminum vigorously. Violent explosion may occur when 
( 72) sulfates e.nd .'.?.J. um.inum are melted together • Thus the 

possible use of a. fused sulfate be.th ls excluded. Cye.11ides 

and cyanatea of many metals are succsssfully used for the 

electroplating of certain metals. Unfortunately, there is 

no literature evidenc~ that aluminum cyanide exists. 
( 210) Williams ste.tes that aluminum cyanide does not appear 

( GCl '?O) to have a separate existence. Forbes end Anderson ., 

have prepared a number of inorganic cyanides and cyanates, 

but no l"eference was made to aluminum 5.n the wor1{ of these 
( 11) suthorso The American Cyanamide Company has no evi-

dence of the existence of r.1 umlnum. cyanide or cyo.nate. 

An attempt was made to correle.te the knowledge of existing 

cyanides and cye.na.tes w:!. th their posi tl on in th0 periodic 

table to try to predict the possibility of existence of 

an e.luminum ae.lt. In the same group as aluminur1, the only 
{69) 

element that forms a cyanide is l1oron. Forbes and Anderson 

prepared boron cyanide, but were unable to determine any 

of its properties or chars.cteristics because of its ins-Ca-

bili ty and extreme del:i.quescence. In the se.me series as· 

aluminum,. the cyanide of the adjacent magnesium is unknown 

and s:i.licon forms a stable cyanide, but is difficult to 

isolate. There.fore, it seems that existence of aluT!l.inum 
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cyanide is improb~ble. Even if it did ex.tat, it probably 

would be extremely unstable and not easily isolated, 

Another possible method of utilizin~ the c~ran:lde 

system is t. o use ~n a 1 um:i.num a node :i.m:·,ersed it1 the fused 

cyanide to supply tho aluminum ion for the electrodepo-

sition of eluminum by dissolvinq; anodically. However, 

because of the toxic nature of cyanides and the possibility 

of a violent explos 5-on, such e.s occurred to Forqes and 

Anderson{'70) in the JnvestL::ation of chromyl cyanide, the 

!)ossib:l.lity of elt;;;ctro<leposition of elnm:1:m . .tm. from fused 

cye.nid e electrolyte was not in\•est:l ";ated. 

Aluminum cxide has a v-ery hl<':h meltinr.: point, 20f>0 °c. 
There :ls no known liquid which can dissolve it; forming a 

mixture melting below 660 oc. 
Puschin and B0sl-::ov(l75 ) reported that potassium 

fluoride and al um:l mF\1 fluoride formed an eutr0ct le mixture 

conto1nina; 40 ·_nole :'.-:er cent alumi".lum fluoride and 60 mole 

per ce·~1t •ctEi s si um fluoriae, which melts at 568 °c o 

Fedotie ff imd TimofeefrJ 64 ) gevo the eutectic composi t1on 

at 45 mole per· cent aluminum fluoride with melting point 

at 575 °c. ThmJ~<;h th0 d:?,ta for composition cHffers, the 

melting point data may be said to a~ree. The eutectic 

tempereturc o-r this fluoride 07lixture is r.:bout 100 °c below 

the melting point of 21 mninum, but because of the very 

corrosive nature cf the fused fluorides, their use as elec-

trolyte for el e c trodcpor1i t ion work does not ~eem prom is :lng. 
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Aluminum sulf:lde hes been said to bo successfully 

utilized as the electrolyte for the isolation of aluminum. 

Ront8en and Borchers( l?S} el!':ctrolyzed a mixture of 40 

peI' cent sodium chloride 8.ncl. 60 per cent nluminu'n sulf:T.de 

at 700 °c, Elementary al um:i.n1Yn w~s obtnined. They claimed 

that the electrolysis of this 8lt.rn1.num sulfide-sodium 

composition potentiRl and 25 per cent hi5hor current 

efficiGncy than Hall's process. A similar report ·was 

made by Khezanov and Belya.ev( 99) with sluminurn sv.lf:tde 

dissolved in n. fused mixture of ?O per cent of sod:lum 

chloride rmd 30 per cent sodi1:'.fl hexcfluosluminate (Na3AlF5) 

at 800 °c. Rontgen. anc1 Borchers a.lso tried to reduce 

the wcrkln;;:; temt.::erature 'by utilizing tho eutecti.c mLxture 

of' s oc.11 um chl or ide-potass iurn chJ. or id e OJ:' 11 th:l um chloriclc-

potassiu!ll chloride to dissolve Dlum1.nt1~ sulfide. No melt 

of the s.'7S t0·.11 sorU um chl or ice-9otas s :ium chl oride-s l u:ninum 

chloride :ts sufficiently fluid b1o:;l ow the mel tirn~ point of 

alumj_num.. T0e melti_n':- point of the eutectic m.ixture of the 

potassium chloride-lithlum chloride system is rather low 

at a composlt ion of' 40 mole per cent pots.ss:1um chloric1 e, 

at ebout 352 oco But 8n addition or 2 per cent of ~iluminum 

sulfide ra1.ses the melting point to 500 °c. Electrolysis 

of ~uch e. mixture on1y produces finely divided, incoherent 

a.lumj_'..1.um. ~ccom:)anied by a.n Pnode effect. Adfl:i.tlon of more 

aluminum sulfide cen eliminate the anode effect, but the 
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melting point of the electrolyte then rises above the 

mel t1. n~ point cf al umlnu'.11 .• 

It s-ems of interest to study the utlllzation or the 

eutectie of' the sodium :Tulf1de-s1.Jlf'ur system as solvont 

for alumim .. :.m sulfiae. 'rho melting point o.'.'" this eutectic 
' ( 192) cc:-;1positlon, as rer;orteo by Thome.s Hnd hule , is 

142 °c, with the empirical formula, K2s3 • 5, but this poly-

s·u. l:Cide is combustible in air, es tbe t t:i:iipera tur e :ls r sis ed 

above its meltin::; point. F'or· thi:=.i reason, even if thls 

system \%;re pr<Jmis in:::;, j_t 1'11: 'lt. be operated in '!n 2tmos phere 

of n:l.t:cegen,, and therefor·e, lt is considered as ir:1practical. 

S .... t ( 186) , ~ i ., . . . . . .,_, t: bt . i ~ . cot.- scuv. ea r;rns sys·cem v:ivnou.., o a:Ln ng a.tum:i.num 

by electrodepositlcn. 

J:1 lumlnum th i ocy~na te is an ot!H7 r nluminum cor:ipound of 

doubt i'ul value. It is s~Jl d - ( 36,) to be unstaole anc1 must be 

kept dry ttnd out of c ontBct with air. 

Alum:i.r~um fluoborat e, as prcpf:l!"ed by r eactin?; freshly 

preciplt8ted e.lumim.m hy0roxid0 with fluoboric s.c:ld, r::1.c-

c ordinc; to BerzeLtus< 21 ) !I contains an unknown amount of 

water of crystallizat:i.on. It decornposes on fusion at r~d 

heat, giving oi'f water and hydro,;en fluoride and leBving 

aluminum bora.te. 

Kirk end OthraeY'(lOO) have shovm a method of preparing 

on anhydrous, fluoboretc mixture by the followins reactions: 

8 T • -.:r " An1:rr-c1rous ... 11.1. + 2r.1Cl3 -· ether Ion 

f 
7.f:i..•J 1H4 .... 1613H3 Anhydr, ous __ 
v..., ~. ... .... • " ether .......-

2LiAlH4 + 6LiCl 

2B2H6 + 3Al ( BF4 }3 + :3LiBF'4 
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Because no details of this reaction are given, it is 

sti 11 difficult to ss.:y whether or not this compound can be 

t1sGd for electPodeposit:lon of tllum.inum. 

Smlth(lSO) h2.s shovrn that alum:lnum mctnl 2nd potassium 

nitrate can b0 fused tor~ether without l"GActlon, if the 

trn:nperHture is net h:lr:h enou::.;n to decompose the niter. But 

tent present in the cryst~d., a tria.1 with this salt s0oms 

unnecessaryo 

A system~tic sur•:ey cf orc:::::,nlc elu~ .. :tnum co•npounds 

si.:::l.tn.ble for t:se ns electrclytes, ~s .r'0th81· <llf.licult. 

There is little :;_nforms. t:t en on or·;icu1ic ~.lw1".:i.num com9ounds 

mlsi~/ or~snic aluminum ccmpounds are: a moltins point 

belo~ its decomposition temperature, m· sclubility in other 

crgan ic solvents or in fu scd snl t at tc.:a.peretures below 

tbosc c8usinG deccmpositlon, and sult~blG cond~ctivlty of 

the: fused on;e.nlc 3.lu:11i.num c rn.pounds or its solut lens .. 

Gcncrnl ly, th·:::, mel tin::: j_)Oint s cf' orr;,on ic cl uminum compounds 

are below the mel tin;:-:- point of alu:nh~um. :!:lan y or~an:lc a.lum1-

num com~)o1 .. mds h~vc a me1t:1.ng pcint below thelr dcccrinposition 

te:nperature, b'i.:;t they do not conduct eleetricity; for E:xam.ple, 

clu~i~um derlvstlves of alcohols. 

Aluminum derivatives of beta-G~cetones, beta-ketonic 

nldol::.yc1es and b8t& ketonic-esters are Et cln ss of compounds 
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v:1l'lich seer:i prc~1ls in:::; on study of their melt in:~ points. 

But for ~uch c.. t;v·pc of compound, only the dc~rivatives 
(123) 

of lhe alkali metals po sess typical salt-like properties • 

';ifr1en2v8r tho ~c.ordinate number of 2. metal atom. is t·Nice that 

of its o~:idotlon s tr,t;::, the chelate compound formed is a 

nonelcctrolyt0, or it is a.1 :tnncr complex compound of the 

to this clcss. It is still posslb1c tlw.t :3luminum d.s-

ri vati ves may form co:n9l0x ionn -..vi th aodlum dori vo. tives, 

but the complex ions fO~'mcd are lLnltcd to the co:np01mds 

1-:ith coordination m~m.be:r. less than twice the value of that 

of the oxidation stat0a ror th:ls re:-:,son, it does not iJEH.m 

pror:1is in:::: 'co exp3 rln10nt v:i th this type of c cmpound .. 

Al:.~'.i1inum clerivatives of .i:J"10ncls itw.y be considorc:cl. It 

stron::; acids, rmd the:ir sodium der·iv:·)tivcs m~e true s&lts, 

!:mt f;1J.l phenols arc subj·'Jct to c.x.iC'at:i_on. r.r;.c produ~ts of 

oxidation will coat the e.node one~ 'hinder the passugc of the 

curr:::n t. 

hlumlnum (J2rh1 stivcs o:· f2.tty c..cids a~;e 8:.J.othcr series 
(30) Bourgoin explained 

the well knov:n J!,olbe•s synthesis -oy assuming the s•J.lt itself 

was decomposed, dv r'Lnc e1e ctrolysis, :into the metal and the 

s.cid radical, and that subsGquently two acid radicals con-

dens0d to form a molcc1;lc of th0 afthyc:tride o:::' the r:cid with 
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at om of ox·ygcm o 

cH3co,0 
2f;j + CE3C 0 / ( O) 

As to the electrolysis of anhydrous fused salts, 

Brocknan quoted Pars.de.y( 63 ) as sa;-:--ine;: 11Acet~te of 

soda, fus~?d and anhydrous, is directly decomposed, being, 

a~ I believe, a t~ue electrolyte, and evolving soda 

s.nd acetic acid at the cethod0 end. ... ·mode. These, how-

ever, hs.ve no sensible duration, but e.re immediately 

resolved into other substances; charcoal, scdiuretted 

hydrogen, etc., being set free a.t the former, •••• ". 

Berl ( 20 ) repeated the work of Faraday, using pu.re, 

fused, potass:ium acetate s.nd e.lso n fused mixture of 

sodium and potass5.um s.cete.tcs. He suggested 11 The de-

co;nposition of the electrolyte is due to the action on 

th0 fused salt of metF.llic sodium liberated et the 

cGthode." This mechenlsm wes susta·:ned by experimental 

ev ldence. 

As s. deduction from this mech.anisr:, aluminum. ma~r be 

expected to be electrocJepositcd from either a be.th of 

fused salt or• from the nonaqueous solution of the alumi-

num salt. 

The possibility of electrodeposition of elu:n:inum 

from a bath of aluminum hydride ln organic solvent has 
( .. il) 

been suggested by Gibb • 
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Selection of Systems for this Study. In this thesis, 

a lum:i.num phos_phP. t e tva s utilized s s tbe com pound supplying 

aluminum ions to the fused electrolytes. Aluminum phos-

pha te ls insoluble in water. .Al though aluminum phosphate 

or metaphosphate has high melting point, ~rester than 

1500 °c, it was shown by James A. Lee( ll5 ) that "Fusi-

bllity and meltability can be greatly improved by small 

additions of 'rn.rious com:non oxides or flue.ride fluxes". 

As shown by Kreidl and Weyl(llO), the mixture of aluminum 

phosphate with ether ox.ides may have a softening point 

below 400 oc. The phosphate glasses possessing such low 

softGning points !We constituted from the follow:lng 

oxides: phosphorus oxide, Rluminu.:n oxlde, boric oxide, 

potassium oxide, soc'llum oxide and zinc cxide. F'rorn the 
( 218 219) 

depositicn potential st~dy of Yntema and coworkers· ' , 

made in the presence of only alkali or alkaline-earth metal 

se-.1 ts, the fused a lum:tnum salt bn th ce.n deposit pure s. lum:i.-

num. If other heavy metallic ions ere present in the bath, 

the heavy mete.l will deposit before the aluminum. Thus 

tha use of zinc selt in the electrolyte was excludedo The 

successful use of potassium salt :tn the bath ·wa.s doubtful, 

b0cause B0ketoff(l9 ) showed that aluminum reacted with 

potassium hyc.roxid0 at high temperr.tures. As to the sodium 

s~rl t, there is no dBnger ths. t it will attack the a luminu.m. 

Deville< 45 ) showed that even fused sodium hydroxide did 

not atteok aluminum. KloosterC 104 ) said that the eutectic 
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mixture of 1.1 thhF"a metabo1•ate-sodium metabora te melted 

at 650 oc, whlle that of sodium metaborata-potass:i.um 

metaborate melted et 850 °c~ Therefore, it seems more 

promising to use· a lithium salt instead of a potassium 

salt !n the melt. 

The literature also zives some information as to 

the possibility of deposition of e.luriinum frcm. the ·fused 

borate mixture. 1\.ndri0ux( 13 ) shovrnd that !!lctl!l.llic sodium 

r.il;,ht be obts. ined b;r electrolyz in~ fused bor!lx. The pro-

duct o.f electrolyr:ds, whlch msy be metallic sodtum, boron 

or s. mixture. of two, depends on the temperature of the 

ce.thode ano tl10 lntroduction of slightly soluble oxides, 

such as s.l umina. er c2.lc:i.nf,d beryl le. Since alumim::m. is 

ensler to deposit than sodium, ther9 seams a possibility 

of cbtelnin,5 9.luminnm b;\7 deposit1on .~·ror.a e. borete mix-

ture in presence of aluminum ion. 

Another method cf approach was to utilize the fu.sed 

eutectic mixture of sodium metaphosphate enc soaium pyro-

phosphat'~ ss the solvent to C.:tssolve the aluminum phos-

phat~. 

Ccno.uctivity of Electricity and ~:~oleculE'.r St~™ 

of Alumtnum Complex Compounds,. A. study was made of the 

relationship between the conductivity of electricity ~nd 

the molecular structure of e.luminum complex compounds so 

as to know how to select €,luminum compounds for supplying 

e.lum1num ion in the electrolyte. Coordiue.tion compounds, 
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except those which ere neutrel, are good electrical con-
( 194) 

ductors • There is still no ~nown complex cyanide, 

a!11mine of glu:ntnum Y1hich occurs very frequently for 

tr8nGiticn elements in the periodic tableo A survey of 

the a er:t 'ire ti vcs on s luminum halides :i.nd ice. tes th~1. t, the 

structure of the ci-•yoll te-c on: pl ex type of compounds: 

3K~' l~ 1 Ti'.,.. •• r.. '.l--1.' .:;, 

the term of the coord'.i.n.?tion theory. The structure of 

all other co~nplexc·s of' alum:lnum he.lides cannot b0 ex-

plained by this theory. A list of cc~plex cc~pcunds of 

cblortdc~s anC! bromides is shovm in Table XXIX. 

Alum is representative of another type cf important, 

complex compounds. 'J1he conductlvity of e solution of potas-

slum a.1um is equal to th2 t of ::m nncombined mixture of 
( 226) potassium and alurninum sulfates • This sbows that alum 

is not a ccordination compound, since it is decomposed in 

solut5on, into its components. 

Gro~c;ins( 223 ) st::.tc;s that st8ble, stiochiometric ed-

dition products of &lkyl halides nnd aluminum halide hnve 

not yet been isolated. But th:ls does not precl1J.de thelr 

existenc8 in solution. p . (228 229) Wohl a;_id \~ertyporoch ' , by 

means of electrlcsl conductivity measurements, have succeeded 

in :i. no l ca ttns the formn ti on of complexes of the met~ 1 hs. lld es. 

The concucti vl ty we,s traced to the f orma ti on of solute- -

solve.mt currple.xes. 1\ccordinri; to ;:r~co:..,;s;ins( 222 ), 111,1eerwin 

hos shown thst m:.:i.ny i.~·e$k electrolytes o.r0 increased in 
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'I'ABLE XXIX 

C omp1 ex C cnp ound s of 

Aluminum Chloride and .Aluminum. Bromide~~ 

Aluminu~ Chloride Complex Compounds: 

A1Cl3. LiCl, AlCl3.m:~c1, AlCl3.KCl, AlCl3.J.'rH4Cl; 

2AlC13.NaCl, 2AlCl3.KCl 

Aluminum Bromide Complex Compounds: 

A1Br3 • LiBr, AlBr3. NaBr, AlBr3.KBr, A1Br3.i~H4Br; 

7A lBr3. I,iBr, 7A 1Br3. lfaBr; 

3A lBr3. J:HI.:!.B:r; 

2J~ 1Br3 ~KBr, 2A1Br3.NI-I4Br. 

*Kendall, J., E. D. Crittenden and H.K. Miller: 

A Study of tho Factors Influencing the 

Compounds Formation and Solubility in 

Fused JHxtures, J. Am. Soc. 45, 963-96 ( 1923) 
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strength by the formation of comple:<: ions. Although simple 

solvatlon leads to ionization of molecules as a precursor 

of electrolytic dissod.etic1.1, ia complex for~n.e.tiori ther·e is 

also the for·:ns. ti on of a chemical bond between ono cf the 

pct0ntiel ions and part of its environment. Tb.ls union re-

sults in th~ mnscenoe of an ion of latger radius and the 

same char:T,e which is, consequently, less firmly bound to 

its fellow.n 

In the organic field, the formation o.f' binsry, ionized 

s.ddi ti on compounds with al um5-m ... m chloride or bro111id0, is 

simil&r to solvent-solute complexes, which &r-e chi::.r:::icter-

ized by conductivity. Bec~use the aluminum and three 

chlor:tne e. toms in the aluminum chlor:i.de molE•cule combine 

by a process oi' electron-shaI'ing, the e.luminum atom in 

tr·_e ~1luminum chloride molecule is ~n electrN1 acceptor. 

Cl 
•• 
f:.l:Cl 
•• Cl 

Hence, it causes atoms or groups coming v.ii thin the orbits 

of influence to m:tgr•e.te with their bonding electrons so 

that there is a virtual conversion of t covalent to an 

electrovalcmt bond a.s shown by 1''a.lrbrother( 62 ). 

, .. CH "' AlCl -it 2 • • • • • • • .• • • 4 

itCO:Cl "'AlCl3 ---- HCO+ ••••••••••••• P.lCl4-
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Such rem.ctions are only known for e,luminum chloride 

and bromide. Such complex formation is not a property of 

the aluminum atom nlone, but may be ascribed to the co-

valent combination of the .aluminum m.tom and chlorine atoms. 

Chelate formation is a reaction which may prevent solu ... 

tions of complex _aluminum compounds from conducting the 

current. For example, aluminum derivatives of beta-diketones, 

bete.-ketonic aldehydcs and betP.-ketcnic esters, which form 

chelate structures, do not conduct the electl''ic current. 

On the other ha.nd, the alkali salts of these same compounds 

possesss typical salt-like prprerties and conduct the cur-

rent. 

Discussion of Results 

The results obtained in this investigation will be dis-

cussed and criticized under following topics: 

'.i:'he Lim.i tins-; C om2osi ti on of Borates l.iixtures.. Boric 

acid is t»- weak tribasi.c 11.cid. 'l'heoretics.lly, one mole of 

boric acid can decompose one and one-half moles of alkali 

carbonates. Morey and ~fcrwin( i 4o) claim to have obtained 

&1. compound of 2Na20.Bz03. They further showed that the 

liquids in the region between Na20.B203 and 2Na20.B203, 

contained about one per cent carbon dioxide. Therefore, 

for complete decomposition of sodium carbonate, the molar 

ratlo of sodium carbonate to boric s.cid may be still smaller 

than 1 to 1. This rs.tio may be different for carbonates 
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of differ•n t alls.lJ :netnls. In ordei• to £:void the dis-

turbing effect of evolution of csrbon dioxide ~as ln 

':)lectrcdepos1.tion, the 1:1'-nitln~; composition of the re-

sultlnr: :nixture made frcm lT1E.1:imum rs.tio of cr.rbonates 

to boric acid was deter~lned. 

From th::: deta of the reaction of: a sin:;le csrbonat@ 

with bo1':i.c e cid; it wo s sh own ths t li thh~m er rbona t E> was 

completely deco~posed by a stoicbicmotric r~tio of boric 

acid_, b1Jt sodium. carbonate ~·ss not. Tl1er0fore, in tbe 

three- compon8~ ts s·ystem, the undecomposed cs:rbonate is 

wholly attribvted to sodium carbonate. The c~~1c1}]8tion 

of undec OJ'l)OS ed carbonn. t es !'or the three components system 

wr:.s based on the assumption that equal amounts of both 

carbonates were le fta The error· ca.used by such an as-

sumption is small. This ~1ethod of calculn tlon 0~ ivcs 

directly limit:ln::; composition for a 'P.ven :rntio of lith-

:i.um carbonate to sodium cP.rbonate used. Oth.::;r·.~·ise, the 

limitin~ conposit~o~ for mixture of e c0rtain retie of 

litbiu:-n c2.rbcnatc to sccl.iu:n carbom~te csn only be ob-

tained by extN1.p cl<! t ion, which would probably result in 

greater error than thc:i direct method just described. 

This c8lcu1Gticn was justif'ied by tJ:c results of the test 

for absence of cvrbon dioxide in new mixtures which were 

prepared w-tth co:n::-.,osi ti on b8.sed on the 2bove assumptions. 
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In the f'lrst str:ic.:e of :fbs:1-on of 'cioric acid and 

carbonates ali.x.tur e, the re was e. 1 os s bJ spa tte1"ing. In 

the second s t.:~\:\0 of he&tin'.: the mixture to 900 oc, there 

might h.8.v<c~ been som0 volat:i..l::.zs..tion loss. The tote.l loss 

duri n;~: ti:s ion cnn be est1mn tea from the experiment in 

"Hhich bo:r:lc HCi0. W8.S fi~;scd vd.th lithit.:m car·bonate alone. 

It \'l.'BS estimated that tre ::naximum losu (1\.:rinr~ fu~ion is 

a.bout one :~rc.;r per !rrolc of boric vcid ussa, r:b.ich corres-

ponds to an e:r•ror of 1. ,~, mole per cent o:f 13203 in the 

estimat:i.on of the limiting co!Ilposition. 

A check on this t:tethod of dstermin1.n,.:; th<;; limiting 

composition for ths reaction of boric acid vdth nlkali 

carbomttes can be ms.de frcm. UorE;y ~ind Mer·,~in' s data( i 4o) • 

The co~npounO. 2Na.20.B2o3 which they claim to have formed 

contains 33.3 mole per cent bcrlc oxide,, but the molten 

mass, from -~·•b.ich the coi.lpound 2Na20.B203 crystallizes, 

contains a.bout one per C!ilnt of c~rbon d:Loxid.e. Therefore, 

the limiting compos:i.t ion of the Ns.20-B2o3 system Should 

contain more boric oxidG thsn 33.3 mole per cent. The 

composi t "ion d0ter:""1lned by the propos<:3d method ls 34. 0 mcle 

per cent boric oxide •• 

"Fluid Ran0c" of Fused l\ax.tures. !V~ethods of determi• 

nation of' the meltin::; pc•int of o system may be divided into 

two general classes: t . t t. (l(:; s 8 l c and d:/namic. 
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Hea tins and cooling curves are the usual dynamic 

methods used for the determins.tion of the mEll ting point. 

The experir:1en tal arrangement for th:i.s method consists of 

a crucible containlng a substance in whlch e thermocouple 

either prctGcted or unprotected ls concentricnlly inserted. 

The crucible :'ts placed in a uniformly heated portion of 

an electric furnace. When a melting or a freezing point 

is to be observed, the temperature of the furnace is 

gradually raised or lowered, and the temperature as indi-

cated by the thermocouple is noted at frequent and pre-

ferably uniform intervals of time. 

If all the conditions were ld eal, tb.e temperature of 

the charse would remain constant during melting or freezing. 

Thus the temperature-time curve would be cheracterized by 

a straisht line exactly parallel to the time axis and by 

a discontinuous change of slope at either end of the line 

markin~T, the be3inning and ending of the period of melting 

or freezing. Actually, however, the change of state 

shewn by the curve, even for ptrr' e metal is not sharp, but 

more or less gradual. Only a part of the freezing curve 

will be flat, and the :neltins curve usually possesses 

greater obliquity than the freezing curve. The reason 

for the obliquity and for its existence to a greater 

degree in melting curves have been discussed in detail 

by White( 20B). The first plrt of the approximately flat 
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portion of the freezing rn1r~e corresponds to the true 

freezing point, and the latter part of the flatter 

portion of the melting ctu•ve corresponds to the true 

melting point. 

Heating and cooling curve methods are suited to the 

study of systems wbich reach equ:i.llbrium rapidly snd where 

the heat effect in transition is large. 

The most useful stat:i.c method is the "quenching m@thod" 

since it permlts the use of sm811 samples. It is suited 

for a syste~awhere the chetnrse is ruf.ficlent sluq;gish to 

prevent transl ti on during quenching. The melting point 

of silicates and other compounds of metallic oxides are 

usually comparatively high and their great viscosity when 

liquid, slow melting, slow crystal lizatl on and und ercooling 

in trodt; ce many difficulties in determ:i.neti on of the melting 

point by a cooling curve method. Many crystalline s:llicates 

which have a definite meltj_ng point do not show a sh2.rp 

freezing point on account of the high viscosity of the 

liquid, thus preventing the formation of crystal nuclei. 

The liquid subcools and the viscosity may so increase that 

a glass is formed. In another cese, the melting of the 

subst~nce requires a large time-interval, probably on 

account of the high viscos1.ty cf the liquid, so tm t the 

material will easily superheat as well as supercool. Both 

the melting and cooling curve will be so oblique that no 

halt in the curve is perceptible 11 
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The procedure of the "quenchin.:_~ method 11 was de1.rnloped 

by Geophysical Laborn t ory, Wnshin.ston, D. c. Shepherd, 

R8.nkin and Wri:?;ht(lB?) and Ferguson and Mer\uin( 6 G) used 

this method in the study of the silice.te system. Morey 
{139) (84) and Ingerson and Hill, Pa.ust and Heynolds applied 

it to determine the melting point of the phosphate systont. 

The procedure for tm quenching method ls -ll'ery tedious. 

A small sample is enclosed :in a small container, usuRlly 

an envelope of' platinum foil end he:::·ted ln a specially 

designed quenching furnace held at e. constant temperature 

within 1 °c for a sufficient time ( 20 minutes to three 

weeks) for equilibrium to be estal)lished. ':Che sample is 

then rap:idly quenched from that temper8.ture by dropping 

it into a liquid at low temperature an6 the equilibrium 

cond i t:t ons provailing at high temperntur e are frozen. 

Phases a re ldent if j_ed by pet r·ographic microscopy and 

X-ray powder diffraction methods. If the sa.mple ls a.11 

glass, the temperature of treetment is above the liquidus; 

the presence of crystals indicBtes tm t the temperature 

is below the liquidus; and by successive tiipproxims.tions, 

the melting temperature can be located as closely as 

desired. 

In some systems, such as sodium oxide-boric oxide, 

the heating-curve method cannot be used to determine the 

melting point, because of its gless-like properties. 
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The quenching method is el so not :~ood, because the 

hygroscopiclty and the existence of more then one .form, 

of s o~ne of the compounds rria y cause confusion as to the 

identity of the materl.al. Furthermore, a study of the 

melting points shows thet they do not help too much in 

the actual application of the fused salt to the electro-

deposition work. For 0.x~mple, though the melting point 

of boric o.xide ls reported &round 57.? 0 c, the viscosity of 

the result in.;3 mass is so h:l.gh tm t even when the tempera-

ture is increased to 800 °c, the salt is still in a pasty 

state. Other substances lil£ .aluminum trlstee.rate may be 

reported to have a sharp melting point, but is very viscous 

up to e. tem.pere.ture of deccmpos:i. ti on. F'or thjs reason, 

the melting point was not determined, but a new term 

"fluid r-a n!Se" Wf3S introduc8d. 

This "fluid renge" is s. temperature ran,€e, the upper 

value of which ls thv. t tempereture at which s. thick liquid 

starts to form, ·while the lower value is the temperature 

e.t which the first sppenrance of the solid mnss occurs. 

The lower value sometimes can be observed from the freezing 

curve, but is generally obtained by d:trect obse1"'1r~tion and 

by using a freezing curve as reference. As to th-3 upper 

value, it is alvn:i.ys obtained by visual observation and by 

the resistance offered dur1.ng stirrin.-;;::. fi'or pure met1?tls, 

both end v e.lues of the fl uio r-r.n1 :7,e a re t.h0 same and become 
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identical with the melting point. For glass, no lower 

value can be observed. In gener&l, even the lower value 

of the .fluid range is h:i.gher than the melting point. The 

fluid range defined and determined in this way is more or 

less arbitrary, but it is more significant for electro-

deposition investiEsP-.tlon than the meltin•;i; point determination. 

The ideas of using a. spec:lal term in worldng w:t th 

fused S9lts is not new. In other technical fields, many 

similar terms are used insteRd of the melting point; for 

example, no melting point is determined for lubricants. 

The general terms usod :tn lubricant field are ncloud point'' 

anc ttpour point". In the glass iri..dustry, ''softening point" 

is generally used instead of the molting point of the glass. 

Recently, a further new term "flow point 1t(ll7 ) hs.s been intro-

duced as describin5 the behavior of glass. 

Fluid Rs.nge of F'usod Na20.;.r,120-B203 System. The binary 

system of sodium oxide-boric oxi.de has been syste~atically 

studied by Ponomareff(l? 4 ) ana Morey and Mervri.n(l 40). Most 

of u~,e informatlon relating to thG phase equilibrium was 

obtained by the quench:J.ng method. In the case of sodium 

metabornte, the crysts.11':.zation takes placo so rapidly thst 

the phases cannot be determined by the quenching method, so 

it was studied by the heating-curve method. The investi-

gation of this system is further complicated by the hygro-

scopic:t ty of different bore. tes of sodium and the existence 
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of more than one form. of so:ne of different borates. This 

has caused confusion :1.n the identification of different 

borates. Por this i.,eason, Horey a:i d lfterw:n did not comment 

on the dlscrepancy of the data, from different observers(35, 

3'1, 40, 43, 104, 140, 184) for t' .:i l 1 ne seme compounus, as s1own ·n 

Table XXX, page 2cr7. 

Except for these tml6stL::;r.iLions on the compound 

2Na20.B203 reported by Morey and :Merwin, e.11 investigations 
> l 

were on cempounds in this system wlth e content of boric 
·~ 

oxide gre$. ter than 50 mole per cent • 

.A survey of the data of previous investigators, shows 

that except in the region where the boric oxide is greater 

than 95 mole per cent, the melting point of all mixtures 

with a molal retie of B203 to We.20 ,'];reater than 1, is hlgher 

than the melt:ln·; point of aluminum (660 °c). Therefore~ no 

detern:.ination of the fluid range v1as made in the region 

where the content cf B203 is greater than 50 mole per cent. 

The binary system of lithiu.rn oxide-boric ox.Ide hs.s 

been systematically studied by Mazzetti and Carli(l29 >. 
Here a.;ain, the date. show throi.t wher€ the !llolar retio of 

Ll20 to 3203 is smaller than 1, the melting point of the 

mixtu1>e is .s;enera1ly higher than 660 °c. The eutectic 

mixture having a boric ox:i.de content of o.bout 81 mole per 

cent woulcJ be ·Jis cous at 660°c. Thereforo, no determi-

nation of the fluid £'&nge was made in the region Vil1.ere the 

boric oxide content is greater than 50 mole per cent. 
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Kloost0r(l04 ) studied a mixture of sodium metaborate 

and lithium metaborate in a wide rP-ng-e of ccmpositions, 

and observed that s. eu tee tic mixture is f orm.ed at a. com-

position of 66.7 mole per cent of lithium metaborate and 

33.3 mole per cent of sodium meta.bors.te. This is the 

only literature reference to the three components system 

Na20-I1i20·B203. 

The literature dealil'.12; v:ith the system Na20-Li20-B203 

concern 1s itself only vfith the melting point-composition re-

lation for the system cbntainins more. tha·n 5D mole per cent 

B203. No information is· give·n concerning the· viscous behavior. 

of the system at 660 °c. For example, althou5jh the melting 

point of boric oxide is reported to be about 577 °c, the 

viscosity of the resulting fluid is so hi<T,h that even when 

the t e:nperature is increased to 800 °c, it is still in a 

pe.sty state. This is the reason why Andrieux< 13 ) electro-

lyzed fused borax at 880 °c, while the melting point of 

borax was reported at 742.5 °c. 
The accuracy of the fluid range as ~iven in this study 

is 5 to 10 °c which is better than the difference of melting 

point for the same compounds ss reported by different in-

vestigators and surl.'lmer1.zed in Table XX.X. The smooth curve 

obtained by interpolation for the 600 and 660 °c upper 

fluid range further indicates the utility of the proposed 

method. 
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Effect on the Fluid Renr.:e of Adding; Aluminum Phosphate 

to Fused Borates. In the first pla.ce, the fused mixture, 

B203.l.94Ne.2o + l.06Na2C03, bas a sharp melting point. The 

fluid ra n,ise of thEJ mixture is lowered by the addition of 

aluminum phosphate. A plot of the weight percentage of 

aluminum phosphate in the ~bove mixture, e.gainst the fluid 

range of the mixture CTives a very sharp eutectic point as 

shown in F'igure 7, page 130, but the melting point of the 

eutectic was above 660 °c. 
On the other hand, the fused sf!lt, 5Na20.lOLi20.6B2031 

is more or less ·vitreous. Any change in the fluid range 

of the fl!S ed m. i.xture on the addition of al um in um phosphate 

is rather obscure, as shown in F'17.~1 re 8, pasr.e 132, since 

the fluid range is affected by both the l~vering of the 

melting point end the inc.cease in viscoai ty. 

Corrosion by Fused 5Na20. lOLi20. 6B20!5. The attDck of 

5Na20.lOLi20.6B203 on various materials wes studied by 

using the mster:tals as contai.ners for the melt, and ob-

serving the deterioration of the conts.iner B.nd the contami-

nation of the fluid. 

From the standpoint of contamination, crucibles made 

of porcelain, grs.phite and platinum were satisfactory, but 

from the standpoint of corrosion, only graphite and platinum 

crucibles could be used for containers. 
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The Dec.omposi tion Potenti~l of the Fused Borates and 

Borates-Phosphate Mixture. '11he ·.,roltnge-curre11t curves for 

aluminum anode in both 5Ha20. lOL:t2o. 6B203 ID-no. in the mi:r.ture 

of 9. 4 per cent of ~.luminum phosphate and 90. 6 per cent of 

5Nr~20.10L1 2o. 6B2o3 s.s shown in Figure 9, page 138, are straight 

lines. ThiB sho\'IS that the anode is in t-~qnilibrimn with the 

electrolyte anc. the electrolyte was not decompossd. The 

s.lumlnum. 1 onn ~n the fu.sed 5Na20. lOLi20• 6Bz03, probably came 

from solution of th0 slum:i.num nnode in the fused electrolyte, 

since the presence of aluminum ion in the fused electrolyte 

he.s been id::mtlf'ied by :the chemlca.l test. · Since both of tha 

atrai.ght ltnes did not start from the zero point of the 

coordinr.te t<Xfls, it is impossible to conclude whether or not 

there wae electrodeposit:!.on of aluminum on the c.nt.h0d0. The 

sudden drop of the current &.t 2. 6 volts in curve A in l1'igu.re 

9 m8.y be e.xplai.ned a~ resul tin~?; from eoncentra. t:t on polyr,1eri-

Z8tion a.t the high current. 

The accurate data for the above experiment~ were d.:t.fficult 

to obtaln, beco.use tne current ui1der the working condition was 

rather unst~ble as shown in F18ure 10 on "p~ge 141 and Figure 

14 on pA.ge 153. 

After electrolysis, the aluminum anode we.s yellow-brown 

in color, which shows that some dlsple.cement reaction has 

ta.ken place. The yellow-brown color may be due to the forma-. . 
ti on of an alloy of the liberri.ted subs ta.nee with the s.luminum. 



-811 ... 

In the fused mixture of 9.4 per cent of aluminum 

phosphate and 90. 6 per cent of 51fa20. lOL:tzO. 6B203,, if 

platinum electrodes were nsed, the electrolyte w~s decom-

posed as is shown by the curves £ and Q in Pigure 9, page 

138. 

Electrodeposition from m P}J.osphates Mb;:tm:•e. The 

eutectic mixture of sodium mettaphospha.te and sodium py1"0-

phosphate a.s determined by Morey s.nd Ingerson( 139 ) ca.n be 

used as a solvent for aluminum phosphate. The resulting 

solution is e.·c;ood electrical conductor, but has a strong 

oxidizing power. It oxidizes the surf~ce of the sluminum 

anode to fa non ... conduct:lng oxide film which is not dispersed 

by the fused nixture as shown by Table XVIII,, page 154. 

The copper cathode is also oxidized by th2 electrolyte 

to copper oxide. 

The forr11Htion of tJ-w non-conductinr:; fllm of aluminum 

oxide on the anode surface csn be prevonted by using an 

oluminum-copper alloy made as is used in Hoop's process(86) 

for refininQ; aluminum •. 

The purpose of using ple.tinum as an anode in the second 

test is to show that the black copper oxide is formed on the 

copper cc~ thoG.e v:ras not r0ls.ti;;cJ to no. terial transferred from 

the anode. 

Electrodeposi t:lon from Bore. tes and Bora tes-Phosphn te 

l:11ixture. As shown in TG.ble XX,, page 159,, no aluminum can 

be electrcdeposited on the copper cathode from a fused 
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mixture of 9.4 per cent; of aluminum phosphate c..nd 90.6 

per cent of 5Na20.lOLi20.6B203 with 9.luminum unode and 

copper cathode, within the r·s.ng(' of 1.5 to 5.5 volts and 

current densities from 1.0 to 10.4 amperes per square deci-

meter. The aluminum anode: 1110.s always coated blsck which 

was also the result of the reaction between tho a.lun1inum 

and the fused electrolyte, without passage of current. 

The meche.nism of such a reaction will be discussea. later. 

The brown color on the copper surf&ce might be phosphide 

of copper~ formed by the reduction of phosphate at the 

bath tempsr~.ture. But when the voltage o.pplied was 

smG.lle1" than 1. 5 volts, there was no chc.nge on the copper 

cathode. This is prob&bly 'because the potential is to low 

to cathodicGi.lly reduce the phosphate. 

In Table XX, l t vms shown that s.. copper cf~thode was 

not always cos.tE'd with a bl&ck deposit. The properties of 

this blgi.ck deposit were the sar.ie as those of the bl&ck 

deposit obtained 011 aluminum reacting with the fused 

51ifa20 .. 10Li20.6B203, and analyzed s.s shown on poges 158, 160, 

and 161. On this b:?.sis, it ls &.ssum.ed that the black deposit 

·was obtained by electrodcposi ti on of sluminum from th0 melt, 

which then reE",cts with co.rbonr.i.tes absorbed by the electrolyte. 

As shown in Table XX, pac;e 159_, the amount of black deposit 

formed on & copper cathode from the ~olte.n electrolyte con-

·ca:!.ning aluminum depends on time as well as on the cu1"rent 
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density. The time must be sufficient for absorption of 

appreciable c.arbon dioxide from the atmosphere. 

Accurate results in quantitative electrodeposition 

tests c~n not be expected from & borates-phosphate bath or 

mixed borates bath, 'I'able XIX, page 157, because the 11node was 

sli;z;htly eroded. away during cleanin:; in boiling wD.ter. Also 

the black coat on both electrodes partially separated on 

boiling the electrodes with water. A further difficulty was 

that the surface of the ~luminum anode was oxidized to 

aluminum oxide during immersion in the fused electrolyte. 

In the first quantitative electrodeposition test with 

fused 5Na.20.10Li20.6B2o3, aluminum a.node and platinum cathode, 

in Table XIX,, page 157, the low electrode efficiency may be 

Hscribed to loss of· ble.ck particles when the electrodes were 

he&ted in boiling vrn.ter to remov-0 the s.dherin:; salts. The 

electrode during electrolysis, turned red. The aluminum 

anode was covered with. a bruss-y0llow coating· spotted 

with red-brown. The re&son for such a color change h~s 

been given ~lreiady on po.;.:;e 210, in the discunsion of the 

decanpositicn potential of the fused borates and borates-

phosphate mixture. In the third test, cavities were observed 

on the surface of the aluminum anode. It was impossible-to 

cG.iculate the cathode efficiency for this test because p~rt 

of the platinum cathode broke off. 

In the first test of the qu~ntitstive electrodeposition 

from the fused electrolyte consisting of 9.4 per cent of 
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aluminum phosphate and 80. 6 per cent' of 5Na2 0.10Li20• 6B203 

with aluminum anode and p1e.tinu"!l cathode, as shown in Tsblo 

XIX, pa?e 157, U1e co. thode we.s surroimded by a porous lump 

o:f s ol:lc s '\."?hich wr, s lcs t 2,r; <:n f:' ttempt vrn.s mftdG to remove 

it from the-; electrodes. No cathode efficiency could be 

determined. 

It seems the,t an o.luminum anode will be really dissolved 

durir),3 the electrolysis, but the gcin in weight cf the c13thode 

is doubtful. The anode loss is a better measuring stick for 

the efficiency th:?- n the ce.thode ;:_;r:.:t n. In the fl}S ed 

5Ha20.10Li20 .. 6B2o3 alone, co long as the al;plied voltage ls 

great er th.En the d ecompos1 t.t on voltage, tbe anode e::: flc ioncy 

is gre;:tter than 1.00 per cGnt. It is therefore log:lcc•.l to 

ss.y thn t the anode Ior-:s ls a combined action of both chemical 

attack and an ode reaction. 

In tho fused electrolyte of 9. 4 per· cent of G.luminum 

phcspbc. t e and 90. 6 per cent of 5~fa20.10Li2o. 6B203,, the an ode 

loss is .;one rally scm J.lor the.n the t uri.r1 er tl1e same· spplied 

potential in the fu s ..:~c e lee trolyte 5Na20. lOLi20. 6B203. No 

cEse is found with an anode efficiency greater than 100 per 

c€:-:nt, Enen when the current density is so Ligh t:bn t the 

cs th ode is surrounded by· a big porous bulk of solids which 

cnused difficul.tic:'s in determlna ti on~ 

Determine.ti on of the Carbon Di oxide in 5Na20. lOLi20. 6B203. 

A quantitative c':letermlnetion of carbon dioxide in fused 

5Na.20. lOLi20. 6B203 we.s me.de by th® method used for the determi-



-:~15-

nation of carbon dioxide in limestone. Because the fused 

s~lt oont~ined boric acid, which is ~ very we~k ~cid &nd 

may have buffering action, the quantity of acid used to 

decompose the carbonste in this process was j_ncree.sed. 

According to the methode recommended by Kolthoff E1.nd 

Sande11f lOB), only 50 par cent excess acid is used to de-

compose the carbonate. In this experiment, for the total 

alkali, both combined ~.nd fl"ee, equr:J.1 to 0.1248 grnm 

oquivalent, in p~escnce of 0~150 gram equivnlent of borio 

~cid, th~ ~cid usGd to decompose the possible carbonate was 

varied from 0.?12 to 3. 560 gi-·am equivalents. 

Another modification used was that, in the cas0 of 

limestone, since calcium chloride is water soluble and 

cnlcium sulfate is insoluble, hydrochloric acid rnthar 

th&.n sulfuric acid is used to decompose the ce:.rbcnate. In 

this investigation, both the sulfate and chloride of the 

alke.li metals are ver7 soluble. ilydr•ochloric acid, if 

too much in excess or too concentr~,tcd in the decomposi-

tion flask, is likely to pass along with th?.3 cs.rbon 

dioxide. 

Except in the second test, Table X.XII,, page 163, wh0ra 

too much concentrated hydrochloric acid wss used, the re-

sults may be said to check wi th:i.n experimental error. Be-

cause of the limited accuracy of analysis ae shown by Wil-

li;i.rd and Furman( 209), one cannot say that the electrolyte 

ls absolutely free or corbon dioxide. 
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The Properties of the Bl~ck Powder Obtained from 

the Action of F'used Bors.tes on Aluminum. X-r~y f;!nolysis 

and spectrogr~phic ant•l;rsis,, Table XXI, prn.ge 161, show 

certain inorganic constituents in the black powder,, but 

these substs.nces are not responsible for the bl~ck color. 

Chemical tests show tb.s.t the bli:i.ck 3ppeare.nce of the powder 

may be attributed to cnrbon. The presence of c~rbon in 

the black powder wos further proven by the combustion test. 

The carbon content in the blr,;.ck powder was 80. 85 per cent. 

This value is very ne11Jr that of loss on ignition, 83.6 

per cent. These seem to be a good indication of the 

presence of c&.rbon in the bli:;ck powder. 

M.echa.nism of Forma t1 on of Bliack Powder from the Action 

of Molten Borates on Aluminum. There was n possibility 

thi;t the block deposl t might be formed from the :residual 

c&rbon&te left in prep&ring the molten mixture. To test 

this possibility, ti!. mixture, 5Na20.lOLi20.7.5B203, whlch 

contained six mole per cent of B203 more tht::in th~.t on the 

limiting composition curve, but still hmd & fluid range be-

low 600 °c, was chosen for study. The reason for selecting 

such ~ mixture w~s to prove that the formation of c~rbon on 

the mluminum was not due to the presence of csrbon2te left 

in the prepar®.ti on g_nd resulting from an error in loco.ting 

the limiting composition curve. The mixture selected for 

electrodeposition stuoies, 5Na20.10:120.6B203,, hG.d oniy one 
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mole per cent more boric oxide than that on the limiting 

composition curve, f.~nd the experimG:ntal error in det:Grmining 

the limiting composition may be as large as 1.4 mole per 

cent of boric oxide. 

As shown in Table XX.III, page 165, aluminum does not re1;1ct 

with fused ~ur~li carbonate mixtures. The norms.l esrbons.tes 

do not attack aluminum. However, if an s.luminum anode a.nd a 

platinum cathode were first connected to the direct current 

source, then inserted in the moltem m.lkali carbona.tes mix-

ture,, c&:1rbon formed on the surfe.ce of the aluminum anode• It 

may be conjectured that the reaction may tAke pl~ce between 

the aluminum and the bicarbonate ion mt the anode. The bi-

carbonate ion may be formed from a minute quantity of free 

carbonic acid diasobred in the molten borate electrolyte, 

Vlhich is in Gquilibrium with the carbon dioxide !ind wf.lter in 

the air. Thus, at anode: 2Al + HC03- ~ A12o3 ~·c + lH2 + e 

at cathode: H+ ~ e---+o !H2 

As soon as the quantity of boric acid added to the mix-

ture exceeds 0.10 mole per 1.5 moles of the molten alkali 

carbonates, the direct Qttacl{ on alum~.num starts Gs evidenced 

by the evolution of gas bubbles and the formation of aluminum 

oxide on the surface of the aluminum. This action is ex-

pla:tned by assuming thi:i.t tho presence of boric oxide in the 

molten alltali carbonates increases the absorptive power of 

the fused mixture for moisture, 9.nd the mixture 1.s then 
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suffici<'.mtly active to rf:JOct with aluminum accord:i_n~ to 

the reaction: 

As the 2.ddition of boric acid exceeds the quantity 

of O. 20 mole per 1. 5 :Ti.oles of molten car·bon8tes, the effect 

of more borate in the mixture shows its influence further 

by formr~tion of carbon on aluminum in the melt. More cnrbon 

dioxide and moisture are absorbed in the molten mixtm'.'e to 

such a degree that tho concentretion of free carbonic acid 

is sufficient to react with aluminum as follows: 

Though the liberation of hydrogen 3as in all reactions 

has not bE::en proved directly, the presence of hydrogen in 

the black powder has been determined by the quantitative 

combustion method. 

The product formed from the reaction between the boric 

acid and aluminum is not well defined as reported by different 

analyses, but it is certainly known to contein almainum oxide 

mixed with some boron or boron compounds. There is sufficient 

roason for tho presence of the above mentioned materials in 

the product, for when boric acid is fused \tl th alum:i.nurn, a 

).X',rt of aluminum is oxidized to e.luminum oxide e.nd meanwhile, 

a part of boric o:xide is reduced to boron or· boron compounds 
( 225) by aluminum • It was also shown that the product from 

the reaction between the boric acid and aluminum, did not 

give the posltive test for carbon by the combustion method. 
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A ne0;:1 ti ve test for c:a.rb on, on the insoluble residue 

formed by fus:tng the product, from the re2ction between 

the boric Gtcid and oluminum, with r..lko.li c:arbonates mixture, 

showed trli. t the forms ti on of c~1rbon is not by the reaction 

of boric acid with aluminum first t:i.nd then by the reacti.on 

of such products with fused carbonates. 

The Source of C&rbon j_n the Bls.ck Powder Obtained 

_from Action of Fused Bormtes on Aluminum. Black powder 

was propG.red by the &ction of the fused 5Ne.20.lOLi20.6B203 

on the metallic alun1i::lum in a platinum dish. The mixture 

w~s in turn prepared by fusing together sodium ctn·bonate, 

lithium c:arbonate atnd boric acid. Before this mixture 

wss tre@ted with s.luminum, it w::as tested with 3-normal 

hydrochloric acid to show that no cHrbon dj_ oxide bubbles· 

were evolved. The maximum carbon dioxide content of 

such n S@.mple, ~s detex•mined by acid digestion, was O. 37 

per cent by weight. However, the presence of carbon dioxide 

in the mixture is still doubtful, since this method only 

can be ohecl{ed within o. 3 per cent of carbon dioxide in 

the sample. 

Furthermore, one gram of blG.ck powder with a. carbon 

content of 80.5 per cent has been prepared from 172.8 grams 

of 5Na.20. lOLi20. 6B203. This would correspond to i;. carbon 

dioxide content in the molten electrolyte of 1.65 per cent, 

which ls much greHter thim the cmrbon dioxide content ob-

tained by an~lysis. 
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However, 1.65 per cent of c8rbon dioxide in the fused 

electrolyte, as celcul.B.ted above, does not mean the.t no 

more carbon can be obtained from the fused sa.1 t. \.Vhen 

pieces of aluminum foil were continuously added to the 

fnsed mixture, bl8.cL deposits continue to form on the 

surfaces. Therefore, it seems that the formation of carbon 

is due to aluminum reacting with the cerbon dioxide absorbed 

in molten mixture from the air. The vieu is supported by 

M. el lor ( 224 ) that potassium metaborste absorbs gas while 

being melted, and that the gas :i.s rejected on c·ooling. 

This v,;ould also explain why the .fused salt, after cooling 

gave a negative test for carbon dioxide, but v•ould form e. 

black deposit with aluminum v.1.1en the salt was molten. 

Such explanation is also supported by the observation 

that the molten mixture, 5Na2 0.10Li2o. '7. 5B203, reacted with 

alumlnum to form black d epos 1 ts. This mixture should be 

free of carbon d :l oxide because of the high bor:lc oxide con-

tent. 

This theory m ii_; ht be more di rectl;r proved by electro-

lyzlng the molt en 5Ne.2 0.10Li2 0. 6B2?3 in an a tmosphcre not 

containing carbon dioxide. But in order to perform this 
· . .;' 

expe1"iment, s. large gas-tiGht cabinet with n height at 

least three times thst of the heating furnace should be 

us eel to enclose the furnace and the rack of electrodes. 

The material used to build such a cabinet must be capable 
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of withstanding high temperatures, be r:;es-tis~ht and permit 

observation of the experiment. The position of the elec-

trodes should be 2.djust2.bl0 from outside the cabinet. 

Because of the limited time available, this experiment 

w8.s not performed. 

Unsteady Electrolysis in Fus cd Borates and Bors.tes-

Phosphate Mixtures. For the .fused electrolyte of 9. 4 per 

cent of el rnnim .. vn J;ihos:·ba te and 00. 6 per cent of 

5Na2 0.10Li2 0.6B203 , when s.lu:n:i.num anode and cc·pper cathode 

were used for electrolysis, the c,_1rrent readings were rather 

irregular under various constaDt voltages as shown in Table 

XI P..nd Figure 10 on pages 140 and 141. If a platinum a.node 

r,nd cathode were used, the current was constant. With plati-

num electrodes, at 1.5 volts, the curr0nt reading was not 

che.ngod by stirring, presence of moisture and by alter-

nating immersion, as shown on parjes 142 to 150. In a 

separate experiment, a. test with aluminum anode and plati-

num cathode gave the same irregular current ree.dlng as in 

the case of using E!.luminum. a.node end copper cathode. Thus 

the irregnle.r changes of the current reading at cons tent 

voltage seem to be attributable to the aluminum anode, end 

are not related to th E: mat erlal of the cathode. 

With platinum electrodes, the steedy electrolysis only 

took place at tv10 constant voltages: 1.5 s.n.d 2. 5' volts, as 

shown in Te.ble s XII and XVI e.nd Figures 11 and 13 on pages 
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144 to 150. The reason for not working at hlgh@r vol ta.gos 

is that even at a voltage of 2.5 volts, the platinum cathode 

was destroyed while no harm was don~ to the platinum anode. 

The damage to the ple.tinum cathode was assumed to be due 

to the formation of platinum phosphide by the ca.thode re-

ductl on of phosphate. Platinum phosphide is e. rather 

brittle substance, as was th@ case with the products of 

the destroyed platinum ce.tha:l e. 

For s. further study of th€ reason for irregular 

current readings at con atant volts.g e during electrolysis, 

fused 5Na.20.lOLi20.6B203 alone without aluminum phosph.tllte, 

was used e.s the electrolyte, as shown in Table XVII, page 

152, and Pi_:;;u:re 14, psge 153. Except et the start, the 

maximum current in dt~plicat e tests wi.:ia ne:-?.rly the se.me: 

0.9 ampere in the first test and 0.7 ampere in the second 

test. 

The general tendency of the current-time curve is toward 

a decrease of current tvith time. At the start of the elec-

trolysis, the current wes high, around 1.7 amperes at 1.5 

volts. The current was rapidly decree.sod as the deposit 

on the electrodes was continuously built up. When the 

current becf:"lme very small, ·the building-up of the deposit 

on the electrodes ceased. Then the deposit already built 

up dispersed into the fused mixture and the current increased 

again. The process was repeated in this way per i odice.1 ly. 
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As was shown for the mechanism of formation of the block 

powde1 .. , pf.ge 21.7 1 the chemical roe.ctions during the electro-

lysis probably arc: 

At surface of electrolyte: 

.... H2co3 
+ -

H + HC03 

At cathode: 

+++ Al + 3e Al 

At unoae: 
+ti 

Al ,. Al + 3e 

2r~1 + per· - Alo03 + c + M-r2 + .l u3 (.,, e 

2f\1 + tr CO L2' 3~ Al203 + c + ::1..., 
c.,, 

In the period ~ivhen the current dropped belmiv o. 05 ampere 

at 1.5 volts in the seme electrolyte, th~ evolution of the 

gas bubbles ::-.round platinum c~.thode stopped. There \"1BS still 

slight evoll-1.tion of s;ns bubbles around the nlumlnt~c:1 a.node. 

1~his m~q be ~::rplainet~. by r..ssu:ninis there is some water present 

in the fused sn.l ts, r:i.nd the hydroxyl ions are neutr!l. lized , 

setting free oxygen. Further e1.ridc.mcc of the presence of 

water is thro observation of hydrogen 1.n the bls.ck powders 

as reported on pas0 160. 
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Recommendations 

On the basis cf experiments done on the borates, and 

borates-phospho.te systems, it is recommended that further 

work be done on these syst0ms as follows: 

Proposed Work to Check the Conclusion. To check the 

conclusion of this work, thfilt the Ctl.rbon dioxide in th0 

electrolyte came from the tatmosphere over the coll, the 

following experiment is su<;30sted. A large gr,.s-tif.jht 

C.9.binet, with &. hei<;ht at le~st three times that of the 

he&tins furnace, should be used to enclose the furnace and 

the ra.ck of the electrodes. T'he m.9.teri~l used tc bulld 

such n c:ibinet must be c0pabl0 of wi thst&i.ndin'.) high temper'1l-

turos, be gas-ti3ht and permit obser·vst1on of the experi-

ment. The position of the el~ctrodes should be sdjustable 

from outside the cf.\binet. It is recommended th2.t an elec-

trolysis be c~:rried out in the hood. in 3.n atmosphere from 

which cf:l.rbon dioxide :ls removed by :absorption in soda lime. 

For further work on the study of the possibility of 

electrodeposltng aluminum, the following recommend@.tions 

are made: 

From Anhydrous Aluminum F'luoborate. From the systematic 

r0view of the use of a.luminum s~lts as electrolyte, anhydrous 

~lumlnum fluoborate· seerr1s to be a p1.,omlssing inorgsi.nic alu-
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minum salts worthy of trie.1. It may be prepsred from lithium 

aluminum hydride ~nd boron hydr•ide lits a mixture with. lithium 

fluobor~te and diborane. The presence of lithium fluoborate 

should offer no difficulty in electrodeposition of aluminum1 

because aluminum should deposit before the lithium on elec-

trolysia. C 218, 219) 

From .t .... luminum Hydride a.nd Lithium A.luminohydride. The 

possibility of electrodeposition of aluminum from a bath of 

aluminum hydride in organic solvent has b<:Jen suggested by 

Gibb{?l). It seem.s th9t lithium :a.lumin.ohydride will also 

b€ ip.· poirs:tbility for it is similar in properties to alu-

minum hydride, 

Lithium aluminohydride is a white cryst&lline m~terial, 

moderately stable in dry air at room temper~ture, but decom-

posing rsipidly in moist ~dr. It re~.cts vlolently with w0.ter 

s.nd with ~.lcohols. It melts with decomposition at 150 °c 
on rsi.pid h0a1.ting. At 120 °o, it loses hydrogen slowly and 

irreversibly in accordance with the equation: 

2LiAlH4-. -~ 2LiH + 2Al "' 3H2 

It is quite so~?ble in a number cf orgs.nic sol vents, parti-

cularly the lower others, for extlmple, c.ie:t;hyl. ether dis· 

solves 30 p~rte per 100 p~rts of ether. ~luminum hydride 

shows many of the rea.ctions of lithium e.luminohydride, al-

though its tendency to polymerize to 9.n insoluble mass is a 

diss.d vs.ntage. 
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From Aluminum Derivatives of Patty Acids. In the field 

of possible organic electr·olytes, aluminum deriv&ti ves of 

fatty acids should be first prepared and the ~elting point 

of the products determined. The general tendency of the 

properties of the aluminum salts of fatty acids ls that 

when the molecular weight is low, the salt decomposes with-

out melting; when the salts are those of high molecular 

weight fatty acids, they possess low melting points, but the 

molten liquid has Q high viscosity up to the decomposition 

temperature. An ~-carbon br:;.nch of a str:itight chm in fatty 

acids hras the effect of st;a.bl:lzing the 'g_lumi.num salt on 

heg_tin;~. Sui tnble aluminum sa.l ts may be obtained by varying 

both the number of carbons in the chain and the different 

branches on the ~-carbon ato1~*'· 

If the organic solution system of ~luminum s~lt Qf 

fatty ~cid is investigs.ted, the method of approach mD.y be 

to find suit&.ble conductive solvents for different s.luminum 

salts of various fQtty acids. 

The method of finding a solution to the problem of 

electrodeposition of aluminum is to make Q study of alumintu~ 

chemistry and synthesis of new aluminum compounds. Aluminum 

is a metallic element, but the chloride possesses the pro-

perties of o.. compound of ne~\1.ets:.llic salts. Thus the pro-

perty of its contpound is difficult to predict f:t1 om ether 

metallic salts. If more aluminum compounds are investig~ted, 

the elactrodeposition problem may be more rapidly solved. 
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Limitations 

The limitations of this :tnvElstigation tnto th0 possi-

bility of depositing 8.luminum from the system containing 

sodium ma 11. thium bor~_te were as follows: 

1) The limit inFs composlt ion curve i,•ms determ:tned w:t th 

an e,ccurecy of !: 1. 4 mole per cent of borlc oxide. The 

r.;i_ccur~cy of the fluid rnnge determ:tna ti on was .!. 10 °c. 
2) Corrosion studies in the fused mixture, 

5Na20. lOLizO. 6B203, v:ere limi b;d to seven kinds of ma t0rials: 

porcelaln, nickel, nm_pco metal, ~~rmco iron, plumbago, graph-

ite e.nd platinum at 650 to 700 oc. 

3) The determination cf the current-volt rcb tionship 

l:lmited to the use of En 8.J.um:l.num anode with a platinum 

c2.thoco, and a ple. tinum anode with a platinum cathode. 

4) The quantitative electrodeposition test for this 

fused borates we,s limited to current densities from 2.6? 

to 26.7 amperes per square decimeter. 

Tho limitations of this investisation into the possi-

bility of deposlting aluminum from 9.4 per cent of aluminum 

follows: 

1) The determination of' the current-voltage relation-

ship was limited to the use of an aluminum anode with a 

copper cathode, aluminum anode with a platinum cathode, and 

a platinum anode with a platinum cathode. 
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2) The qualitative electrodepoaition test with an 
aluminum anode end copper cathode was lim.lted to an applied 

voltage from 1.5 to 5.5 volts e.nd a current density from 

0.733 to 10.4 amperes per square decimeter. 

3) The quantitative electrodeposition test was limited 

to currant densities from 6.67 to 13.3 amperes per square 

decimeter. 

The limi ta ti ons of this investigation into the possi-

bility of depositing e.lum:lnum from 10 per cent of aluminum 

phosphate in the fused eutectic m.:Lxture of sodium meta-

phosphe.t e e.nd sodiurr. pyrophosphate '!!':>ere RS f ollm,rs: 

1) The anode used in the c::ectrolytic experiment was 

of pure aluminum, of nn alloy of three parts by weisht of 

aluminum to one part by weight of copper,. and of platinum 

with copper as the cathode in all csses. 
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V.. CONCLUSIONS 

A. An exploratory inv0sti3c.tlon of the possib:tlity of 

using fused aluminum phospho.te-0ut0ct1.c mixture of sodium 

pyrophosphate and sodium metaphosphate as the electrolyte 

for the electrodeposition of aluminum at tho temperature 

below· the melting point of aluminu.rn, 660 °c, led to the 

following conclusions: 

1. The molten eutectic mixture of sodium pyrophos-

phate and sodium metaphosphate has strong oxldlzing power. 

2. Copp~r cathode s.nd @.luminum anode were oxidized by 

the electrolyte immediately after the electrodes \nJ"ere im-

mersed and P.. la.yer of the oxide formed on the sl.1rfacea. 

3. No aluminum could be electrcci.eposi ted from this 

bs.th. 

B. An explo:ra.tor~r investi~~atton of the pos~libility of 

using th.0 fused system Na20-Li20-Bz03 es the electrolyte 

fo:c the electrodoposition of oluminum at the temperature 

below the melting point 660 °c, led to the followine con-

clusions: 

1. The limiting composlt:i..on or the mEtximum number of 

moles of slkaJ.i ca.rbont.ltes which a.re completely decomposed 

by one mole of boric o.cii.d, :1.ri tht: system N~20-Li20-B203 

was found to be between 25 and 34 mole per cent boric oxide 
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for td.xtures of sodiun1 l1oro.te &md lithium borate respE)ctively. 

'This accurtacy of such dete:rm:i.nation wns within 1. 1± molA per 

cent of boric oxide. 

2. Isothermal fluJd r[m;e curves at 600 and GGO 0c 
of various mixtures in cln20-Li20-B203 aystem were made. 

The reliability of this curve is ~ 10 °c. 

a rirnl ting point about 550 °o, and which contains no resl-

dcs.l carbon dioxid0 will have r;, composition approxinwtely 

4. The corrosive activity of the selected mixture 

rather hir.:i:h. ,_, Ci-•ucibles made from 

porcelain, nic1{el, ampco met~l, arn1co iron :s.nd plu~nb2.go 

were ~~11 ~.ttocked. Only crucibles mad8 from platinum 

~:.nd :~rs.phi te wc~:c sul table for use r:.s cont3l iners. 

not shov1 Gt deco~nposition poti:ential when elec.trol-;{:<~ed wl th 

nn D.lumim.n1 anode 0.nd a pl~:..tlnum cathode. 

6. The cu~rent wss unstable in the fused, 

5Ne 20.10Li20.6B2o3 with aluminum nnodo and platinum 

cathode st 1.5 volts and 560 t 10 °c, varyin3 from 0.05 

to 2.0 amperes. 

7. A. black deposit, formed durins; elect:r-olysls of 

cathode, at 60o+10 °c, 2.7 to 27 amperes per square 
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dGcimeter, was proved to be carbon. 

8. 'I'he source of th<-; c<:J.r•bon to be from the carbon 

dioxide G.bsorbed. fro:-n tho a:t.r by the fused n1xture. 

9. Aluminum wae not electrodcposlted from the fused 

10. The nlurainu:n &node loss, VIhich 'IJ'iG.S sre~ter tb.~n 

100 pel" cent based on current effic1€-·ncy, vms a co1"1blnatlon 

of direct ch0mical and electrolytic action. 

c. kn exploratory investigRtlon of th~ possibility 

of 1.rnins; tho fused mixtu~~'G of rilumlnum phosphate ~-nd 

led to 

tho following conclusions: 

1. The oodit:i.0,1 o:f' 20 por cent by w0ir,ht of aluminum 

~nn~e- 'TI0I~0- ~lJG~ 20 °~ ._ 1-.-..., __ ; .• .• , v . . C.l.J. V • 

2. Aluminum can not be olectrodaposited from a mix-

ture of 9. 4 per cent by \7eight of alumint1m pl-:.osph!:>te in 

90.6 per cent by weight cf 5Ns20.lOLi20.6B203, ~t 560 ! 10 

0 c, us ins en t::.J.um:l.num anode, snc'~ plat. lnum or copper ca thoo es. 

3. If a platinu~ anode 8nd s platinum cnthode were 

used, the curr0nt was stnble at 1.5 and 2.5 volts. At 1.5 

volts, the amount of current was not changed by stirring, 

moisture and elternatin~ immersion. If en aluminum anode 

and copper c~thcde were used, the current wes stable at 



1. 5 i:md 2. 5 volts also, but at 9. potential of more than 2. 5 

volts up to 5.5 volts, the current for the cell was erratic. 

4.. In the cell cont:;,L1ing 9. 'l per cent alumlnum phos-

phate and 90.G per cent of 5Na20. lOLt20.6B203~ r:tt 600 ~ 10 

0c, at 13.3 and 6.7 amperes per square decimeter, the anode 

efficiency WD.s 49 to 56 ;e:c cent ')f theoretict:.i.1 :r·espect:lvely. 
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VI.. SUMMARY 

This investigation wes conducted to attempt to find 

an electrolyte that would be suitable for the electrode-

position of alum:i.num from a fused salt bath at a tempera-

ture below its melting point. 

Aluminum c er>, tea met.sls combine th"3 desirable mechanical 

properties of the bv.se l\1etal nnd the good chemical resistance 

of aluminum. Electroplating, glves fm even and controlled 

thickness of coatlng and possesses very high corros:ton re-

sistance. 

Methods for the deposition of eluminum prevlously in-

vestigated have not been used com~ercially, to any extent. 

Host attempts at the electrodeposition of aluminum were 

from nona.queous organic solutions Bnd from fused mixtures. 

Aluminum halides, especially aluminum chloride, a.re the 

solutes most frequently used. It is known that aluminum 

oxide is peptized by aluminum chloride. Sovere corrosion 

is expected on arti cl~3 s ele ctroplat ea in the presence of 

alum in um ch 1 or :td e • 

In the present investigation, the use of aluminum 

halides was avoided. Aluminum phosphate was employed in 

tb.e system 5Na20.lOLi20.6Bz03 as well as ln the eutectic 

mixture of sodium metephospbate and sodium py:ro9hosphate. 

I".1 none of the investir~eticns was electC'odeposition of 

aluminum obtained. 



:~n investig:stion of the bornte-phosphnte system, a 

fluid range-composi tlon di c.gram of sct.U um oxide-lithium 

oxide-boric oxide V:!B.s first ueterm~.ned n.nd plotted on s. 

tr:1.angu1e.r di a.gram. The fl1;id range here denotes the 

temperature at which tho cooling liqui.d starts to become 

appreciabl~r viscous. This din~Pl?m consists essontislly 

of r, lirni tins compos:i ti on curve anc1 two is othermsl, flu id 

rsn.:;.e-composi ti on curvos at 600 °c snd 660 oc. The limitlng 

composition is expressed as t]1e rninlrnu".11 content of' boric 

oxide which will ol:l:nim: te s.11 carbon dioxlde from the 

sodium oxide-li thi icm or! de-bor•ic oxide mixture. The Hr es. 

encircl eC. b,::tv;een t!:1 e 660 °c and the limit ir..;1, compO[-li t ion 

cur ~1e is the possible work:lng region. In this re;.~ i.on, a 

mixture of the composition 5Naz0.10Li20.6B2 o3 was taken as 

the solvent for the 8.l umi nlJln phospba t 0 &.nd the f lu:ld i~ange-

composition curve of this mixtt1re wB.s determined. It W&S 

found that tho addition of aluminum phosphHte to tho 

5lfa20.lOLi20.6B203 hs..s 1:1.ttle effect on the fluid range 

up to 18.68 per cent by weight of o.luminum phosphate. 

Because of the highly corrosive property of the fused 

electrolyte, its action on different containers VJ8S studied; 

these included p or celo in, n lckel, am pc o meta. l, armco me ta. l, 

plumba.30, graphite 9.nd platinum. Except for the grf'.phite 

crucible :?nd the platinum di sh, no mo.ter.tal "\'.ros suitable for 

use as a contain0r. 
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Electrochemical p~" opertles o:C the system 

5Na20. lOLi20 .. 6B203 as well as its solution vri th al umin•.un 

phosphato was studied. Both the melt en 5Ne.20. lOLi20. 6B203 

and the. mixture cf 9.4 µer cent o:r aluminum phospra te a.na. 

90.6 per cent of 5Ua20.lOLi20.6B203 showe>d no decomposition 

potential on e lectrolyzi'Q,!, wl th aluminum anode and pia tinum 

ca th ode. The ctu•r!.mt wBs unstable when both electrolytes 

were electrolyzed with aluminum anode end platinum cathode. 

If ple.tinum islectr-odos vmr•o used for the bors.tes-phospha.te 

system, the current wos constHnt v,;hen stir!'ed, when moisture 

was H0de<J, snd >::hen the electrodes were immersed perl od:ically. 

The decomposition potential determined for the borates-phos-

pbate system w:tth platltrnm electrodes was about 1.40 volts, 

at 600 ~ 10 °c. Qualitetive elcctrodeposition tests showed 

th~"<t no o.luminum could be deposi.ted from either electrolyte. 

Quantitative electrodeposition test on the molten 

5Na.20.lOI,i20·6B203 showed that t'ne weight loss of the alumi-

num anode consisted of' both electrolytic loss and direct 

chemical attack. 

rrhe ele ct:r.odepos lt ion product was studied by chemical 

methods, spectrographical sna.lysis and X-ray analysis. 

Final results showed that only carbon was deposited. 

A study of the source of ci:J.rbon formed in the olectro-

dep ositi on indicated that lt cem.e from the c1:1rbe:n dioxide 

in air absorbed in the fused electrolyte. A mechanism for 

the reactions was proposed. 
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Also, a eutectic mixture of sodium metaphosphate end 

sodium pyrophosphate was used as the solvent to dissolve· 

aluminum phosph~.te for electrolysis. The molten mix.tu.re 

had strutl.?; oxidh;ing power nnd a strong anode effect if 

t-in a lum:tnum anode wes used. Black cos.tings were formed 

on the copper ca th ode ·w 1th oi th er an £tluminu.m ~ .. node or e.n 

anode of an e.lloy of 75 per cent of ~luminmn nnd 25 per cent 

of copper, or a platinum mode. The bh:.ck coating on the 

copper cathode \•ms found to b~ copper compound by chemical 

analysis. 
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