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ELECTRODEPOSITION OF ALUMINUM, ALUMINUM/MAGNESIUM ALLOYS,
AND MAGNESIUM FROM ORGANOMETALLIC ELECTROLYTES
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Anton Mayer
Los Alamos National lLaboratory
Materials Science & Technology Division
¢.C. Box 1663
Los Alamos, NM 873545

ABSTRACT

The electrodeposition of aluminum, magnesium, and the combination of
these metals from unnnacieous media is discussed. Plating baths for
depositing Al/Mg alloys or for plating .ssentially pure Mg were developed,
These solutions c¢ontain alkali metal fluoride or quaternary ammonium
hallde/aluminum alkyl complexes and dialkyl magnesium dissolved in aromatic
hvdrocarbons. Alloy deposits over the whole composition range can be
plated from these solutions by varying the relative quantities of the alu-

minum and magnesium alkvls and by changlng the bath-operating parameters.

INTRODUCTION

The active metals of most interest for clectroplating are aluminum,
magnesium, bervilium, and titanfum. The deposits would have applicatlons
not only for functional and decorative coatings, but also for fabricatlon
o1 Hphtweipht, hlph-strength structures of high value such as space hard-
wilre . These metals cannot bhe plated from aqueous solutfons hecause the
hydrogen lons of the water are preferentially reduced over the active metal
tons,  Attempts (o plate the active metals from aprotic solvent soluttons
have been made sinee the beplonlnpg ot thlis century, Of the four metals
ment foned above, only alumlnum plating has been suceosstully reduced tao

Industrfal practice,



Aluninum Electrodeposition

Aluminum can be c¢lectrodeposited from aluminum compounds complexed
with alkali metal hvdrides or halides dissolved in orpanic aprotic sol-
vents . I"lol'niknvl in 1902 and apain in the 1930s° successfully deposited
aluminum trom aluminum bromide/alkali metal halide complexes dissolved in
aromatic solvents, Peled and Gileadi’ and Capuano ot al.* more recently
reported their investivations ot the aluminum bromide plating baths. The
tirst practical aluminum plating bath was discovered by Couch and Brenner”’
in 1952, This bath contained aluminum chloride/lithium hydride or lithium-
aluminum hvdride complexes dissolved in dlethyl cecher.  Spurred by inter-
vsts of the acrospace industry tor lipghtweipht clectrotormed parts and for
cipineering coatinps,  the Brenner bath and modifications thercot were
developed into pilot plant processes.  Schmidt and Hess® usad the hydride
hath tor clectrotorming JH-cm-diameter solar concentrator mirrors, l.ul/
modificd the Brenner bath with a mixed anisol-ether solvent for electro-
torming, nardened aluminum for hollow-core solar panels. Daenen ot .'l]..8
discussed  the  clectrodeposition ot aluminum  frem  hydride complexes
dissolved in tetrahvdroturan,  Ziepler and Lehmkuh1? in 199 discovered a
new class ot aluminum-plating electrolvte based on trialkyl aluminum/alkali

. . . : 0
metal fluoride or quaternary ammonium halide complexes. I)nl;.‘vrl in 1964

1

and Blirkle and Stoper in the carly 19805 further developed the orpanoalu-
‘)
minum clectrolytes  into practical commercial  processes. S'm'.hvn(runkl'

teported on an indasteial application of the organometallic plating system,
Mapnesium Electrodeposition

Flectrodeponftion of mapnesiam and mapnesfam alloys from nonidqueous
solutions has been Investipated tor over /70 vears without yielding a prac
tical method for commevefal nase Most ot the solutlons from which My has
been deposited, ax they are reported fo the Titerature, are based on Grip,
mard reapentsy Cotiner  ctoal H teported on mapneshan plating throm ether
~olut fons comtaining mapnesium halfdes, mapnes{fum bovohydride ) and Gripnand
Tearent o Theit best coatiny was o mapnesiam alloy  (90% My, 10x 1)

cntained trom an o ether colation of mapnestam bromide and Tithioam horohy

A de hey peported orpante matter contuamina ed poor gqual Bty My depo-cine,



from the C(riynard-type baths. An aluminum allov of 93% Al, 7% Mg was
obtained bv Conner trom a bath containing magnesium bromide, aluminum bro-
aide, and lithiuwn aluminum hyvdride. However, the hardness of this alloy
was appreciably lower than that ot pure clectrodeposited aluminum, sugpgest-
ing perhaps that the deposit was not fully dense. Brenner and ‘:IlighUl
reported on the deposition of magnesium from ether solutions of Gignard
reagents and boranes. Their deposits were white, ductile, and contained at
least 99% magnesium., Findl et R patented a process for magnesium elec-
trodeposition based on Grignard compounds in ether solvent. The patent
desceribes the cvontinuous addition of an alkvl halide to the plating solu-
tion during clectrodeposition at a sutficient rate "o dissolve the spongpe-
Vike magnesium while not corroding the sound magnesium deposit. Lui
ot .11.“) @otempted unsuccesstully to develop an Al/Mg alloay plating bath
hased on an aluminum chlovideslithium-aluminum hydride bath to which was
added the Findl patented magnesium-plating solution. The mixed Al-Mg bath
vielded a pure aluminum deposit with improved tensile strength and no cevi-

dence of codeposited magnesium.

We developed plating solutions based on the organometallic elec-
trolytes tor depositing essentially pure Mg and Mg/Al alloys spanning the
total composition range. L The solutions contain trialkvl alu-
minun/potassium  {luoride complexes and dialkyl magnesium dissolved in

aromat ic hydrocarbons.
EXPERIMENTAL

Development ot Me/Al Alloy Bath

In a previous publicat innIH we  reported the evaluation of  the
orpanometallic alumfmun bath for clectroforming apptications.  The electro-
tormed deposits were ot hiph purity and therefore exhiblted a relatively
low ultimate tensile strenpgth of 659 MPa, Attempts to strenpthen the
deposit by cigspersion hardening with codeposited flne partleles were unsae:
cesstnl . We theretore explored the possibility of plating, an alloy of alu

mnur trom the oveanometal Tie —oluatjons, woe o considered magnesiam as an



alloying constituent because magnesium alkyls are inexpensive and readily

available commercial chemicals.

Because some of the organometallic compounds are pyrophoric in air
and react violently with water, all operations were carvied out under posi-
tive pressure with a continuous flow of dry nitrogen or argon. Most elec-
trolysis experiments were conducted with bath volumes in the 100- to 500-ml
range. The plating solutions were prepared from reagent-grade alkali metal
fluorides or technical-grade tetramechyl ammonium chloride or fluoride,
commercial triethyl aluminum, triisobutyl aluminum, 1.5 M diethyl magnesium

in diethyl ether or 0.6 M dimethyl magnesium in diethyl ether Reagent-

prade toluene was used as the solvent,

In trying to formulate a magnesium-plating bath, we first attempted
to form complexes of magnesium alkyls and the alkali metal fluorides (for
cxample NaF'2 [(CyHg),Mg] analogous to the Ziegler organoaluminum elec-
trolytes. Complex formation between the alkyl magnesiun and the metal flu-
orides did not occur. The alkali metal fluorides did not react with the
alkyl magnesium in either diethyl or aromatic solvents at room or elevated
temperature. The solutlions showed no appreciable conductivity at 29 volr
cell potential and no metal deposition occurred. When aluminum alkyls were
s5lowly added to the above mixtures, a reaction probably formed the soluble
alkyl aluminum/alkali metal fluoride complex. These solutions showed good
conductivity and the deposits from them were either pure magnesium
(>99 at.%) or alloys of aluminum and magnesium. Whether pure magnesium or
alloys were deposited depended on the relative concentrutions of the active
species In the bath; that {s on the alkyl magnesium and the alkyl aluminum
and .1 a lesser extent on the operating parametcrs of the bath, In pgen-
cral, clectrolytes containing mole ratlos of alumrinum alkyls to wagnesium
alkyls of 3.5 or less deposited essentlally pure magnesium. The Al/Mp,
alloys were typleally deposited from solutions containing aluminum alkyl to
mapnes{um alkyl ratios ot preater than 3.5, In all cases, the mole ratlo
of the aluminum alkyls to the alkall metal fluoride or quaternary ammonium

hallde was preater than 2.



The plating solutions can be prepared by combining the alkyl magne-
sium/diethyl ether solution with the alkyl aluminum and slowly heating the
mixture to about 100°C to boil off the ether solvent. The toluene is then
added to the solution followed by slow addition of the alkali metal fluo-
ride. The solution is then heated and stirred to form the complex salts
that are the conductive species of the electrolyte. An ualternate bath
preparaticn technique is to combine the alkyl magnesium with at least an
equal molar quantity of the alkyl aluminum in the manner described above
and separately form the alkvl aluminum-alkali metal fluoride (or quaternary
ammonium halide) complex. The two solutions are then combined in the

appropriate molar ratios to achieve the desired bath composition.

A typical bath for depositing pure magnesium was of the followiun

composition:

Component Mole Ratio
CsF l
(Colig)o Mg
(Collg)q Al
iso(C,Hq)q Al

w NN

Toluene

A 2.5 cmx 2.5 cm x 25 pm foil was electroformed {n this solution -t
)

1 A/dm® under moderate agitation at 40°C. The X-ray fluores~ s nce spec-

troscopy and analysis done by inductively coupled plasma atomic-cmission

spectroscopy and mass spectroscopy showed the deposit to be greater than

79,95 at . % purc magnesium.

A typical bath for depositing a Mp/Al alloy contatned the tollowing:

Component fole_Ratio

KF 1

(Cally)y Mp, 0.6/
(C?H”)‘ Al A
huH(MHq); Al 0.8}

Toluene 1.h



A brass panel plated in this bath at 1 A/dm2

(typical cell voltage was
1-5 volts) at 109°C produced a bright deposit of the approximate composi-

tion 50 at.% Mg/50 at.% as analyzed by x-ray fluorescence spectroscopy.

To determine the range of alloy composition that can be obtained from
these solutions, we first prepared a bath that plated essentially pure mag-
nesium. To this batk an aluminum electrolyte containing the NaF'2 (CyHg)4
Al complex in toluene was added in increments and the composition of the
resulting deposits was analyzed by x-ray spectroscopy after each addition.
Figure 1 shows the x-ray spectra of these deposits as the composition
shifts from an essentially pure Mg deposit (upper lefr) to one that is

almost pure Al (lower right).

— e = -
- eamaw —-

Al

0 1 2 ktvy O 1 2 Kev

Fip. I - X-ray spectra of deposits {rom a magnesium bath with incrvemental
additions of NakF-? ((Z.,ll.,)-l Al

Typleal cel! voltapes were in the 12 to 5 volt ranpe.  The Mp content
ot the allov penerallyv increased with colevating the bath  temperature,

Anodes of mapnesium anel aluminum and inert anodes ot pold plated copper or



brass panels were used. Cathode and anode efficiencies have not been
determined. The alloy deposits were generally smooth and bright in the 10%
to 90% composition range of both metals. Qutside these 1limits, the
deposits remained smooth but were mat gray in color. The microhardness of
a small number of deposits from these solutions plotted against their com-

position is shewn in Fig. 2.
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Fig. 2 - Microhardness of Mg, Al, and Mg/Al alloys electrodeposited from
organometallic solutions.

A fivetold increase in deposit hardness over the pure deposits was observed
at an alloy composition of Al_goMB.20- The harder deposits suggest an
increase in strength, and therefore the alloys should have advantages for

clectroforming applications,
DISCUSSION

The deposition of pure My and Mp/Al alloys from aluminum alkyl com-
plexed solutions was surprising because the alkyl mapgnesium alkall metal
tluoride complex could not He formed thermally, l)b'tz('r“) listed Mg among
other organophilic elements that are anodically dissolved In Al((Z.)IIL-))-, con-

taining clectrolvtes:  however, he tound no appreciable codeposition of My



with Al in experiments on Al electrorefining. Typically, the anode scum

was richer in Mg than was the starting commercial aluminum anode material.

A closed-loop mechanism for the electrodissolution and deposition of
aluminum in aluminum alkyl electrolytes, flrst proposed by Lehmkuhl and
critically reviewed by DBtzer,lo is shown in Fig. 3. At the anode, alu-

minum is dissolved by the alkyl radical according to the reaction:

On the cathode surface, deposited sodium metal first chemically reduces

aluminum from the aluminum alkyls according to the reaction
4 Al (CoHg)3 + 3 Na=—=Al + 3 Na [Al (CyHg),]. (2)

If one assumes the formation of the complex Na[(CZHS)Z Mg F Mg (C2H5)2] an

analogous cycle can be constructed for Mg electrodeposition (Fig. 4).

However, because we were not able to form the NaF-2 (C2H5)2 Mg com-
plex thermally as mentioned before, a different explanatlion for Mg deposi-
tion, particularly at the beginning of the electrolysis process, is
required. Perhaps the alkali metal fluoride/magnesium alkyl complex is
formed electrochemically by the cathode reaction of (C,Hg), Mg and Na in
baths containing both (CZHS)B Al and (C2H5)2 Mg according to:

3 Mg (CyHg)y + 2 Na—=2 Na [Mg (CyHg)q] + Mg. (3
At the anode (in a freshly-mixed Al/Mg alkyl electrolyte with Mg anodes)

the alkyl radical formed electrochemically as shown in Fig. 3 dissolves the

Mg and the Al (CZH5)2F complex combines with the Na[Mg (02H5)3] to form the

intermediate complex according to
AL (Colg) F + Na[Mg (CyHg)q]—» Na [(CoHgq)y Al ¥ Mg (Cylg),]. (h)

[€ this mechanism is valid, the complex Na[(Cylg), Mg F Mg (02“5)2] would

cventually form as the plating solution is electrolyzed.



3Na[(C,Hg)s AL FAL (CoHg)al

Al- Anode Cathode
v ¥ ¥
+
3[(CoHs)3 ALF] +  3AL(CHg)y  + 3Na
{ -3e
3[(C,H)4 AIF 1° ,
+Je
3 Al (C,Hg),F + 3 (CaHs)
| 3Na°

3Al(C,Hg ) F + Al(CoHg)s
3Na[ Al (CyH5)y] +AL

¥

3Na[(CyHg)s ALFAL (CoHsg)al

Fig. 3 - Lehmkuhl proposes closed-loop mechanism for electrodissolution and
deposition of aluminum from aluminum alkyl electrolytes.

2Na[(CaHs5)2 Mg FMg (CoHg )]

Mg Anode Cathode
v
2[(CaHs )aMg F]™ +  2Mg (C,Hg ), + 2 Na*
‘-29 M
2[(C,Hg),Mg F |°
‘ +20
2Mg (C,Hg) F +2(C,H,)» '
2 Na®
l + Mg = 3 Mg (C,Hy), —of

2Mg (C,Hg)F + Mg (C,Hc), J
2 Na [ Mg (C,Hs)a] +h=ﬁ_g

¥

2Na| (CZH5 ) Mg F Mg (CoHg 1]

I'ig. 4 - Possible wechanism for the reduction and oxidation of Mg in
organometallic clectrolvtes.
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The magnesium and aluminum/magnesium alloy-plating processes
described here were ased on one small scale laboratory evaluation and
require further development before they can be proved commercially feasi-
ble. 1f proved practical, these processes should find applications .or

electroforming of lightweight components and for engineering coating appli-

cations.

SUMMARY

1. Solutions for electroplating sound deposits of essentially pure mag-
nesium and alloys of magnesium/aluminum of a wide composition range
have been developed. The solutions contain alkali metal fluoride (or

quaternary ammonium halides), trialkyl aluminum and dialkyl magne-

sium,

2. Thin alloy deposits (<25 um) between 10-90 at.% of either metal are
typically fine grained and bright. Beyond these composition limits

the deposit appearance is mat gray.

3. The hardness of the alloy deposits reaches a maximum of approximately

300 DPH at a composition of Al_gnMg_5(.

IS

A mechanism for the electrochemical formation of the alkali metal
fluoride/alkyl magnesium complex and for t! » deposition or codeposi-

tion of Mg is suggested.
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