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ELECTR09EPOSITION OF ALUMINUM, ALUMINUM/MAGNESIUM ALLOYS,
AND MAGNESIUM FROM ORGANWIETALLIC ELECTROLYTES

BY

Anton Mayer
Los Alamos National I.aboratory

Materials Science & Technology D:vision
[’,C.Box 1663
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ABSTRACT

The clectrodeposition of illuminunt,magnesium, and the c.ornhin.ationof

these metals from I,nnaql:eous media is discussed. Pl:lLillF,I)ilths for

depositing A1/Mg alloys or tor platitl~ ,ssdntiallv pure M& wcr(I duvt~loptId.

‘rhese solutions l:ont,lin :ilkali metal !’luort.lcor (l~l:ltrrnarydmmonium

llnllde/aluminum nlkyl compl(!xcs ;~d dialkyl miig[~esi(~ dissolved iII;Iromatic

l)vcirocarbons, Alloy ch?posits over the whole (’ompositic)n rilll~,(’CilllI)(*

I]latecifrom tt~esesolutions hy vilry~ng the relative quantities 01 tl~t~ ;Ilu-

mtnum anti magnesium alkvls :IIICIhV changing the hnth-(~pcrnt[l~gp,lr;lmctrrs.

... ..-....-— ..-. . . . . ..— . . _____ .

INTRODUCTION

TIIC il(~tlv(l In(!t:11s of most intorcst !’orrl(lctrol)l:lt111~~:Ir(l;Iltunllllm,

m:l~;l)(lsium,I)rrvll i(un, ;111(1 t Il;llll(lln. T]lc (l[}~l(~sltsw()(l](ll)ilV(’ ii})l)ll(-ii[ [OII!;

Ilot 01II% f“dr ![liwt 10IHI1 iIII(l (1( ’f ’orn! lvc (.o;I[ 111/\s, I)\lt ,’11so tot” 1:1})1”[(’(1( 1(111

III 1l}\lltw(*lF,ll[, ll!~;tl-!;tl-(hll}~,ttlslrti(.t~lr(ls01 Illy,tlv;il(l(.s(lrll;l:::;lJ:l(”(,ll:lr(l-

“Jill”(,. TII(’S[Jm(’t:11:;(“:lllll(lt 1)4’ l)l:it(’(1I“rom ;l(l{l(I()(ls:;OI{lIloll:;11(.I’;III::I’ 1111’

Ilydl”(l};(’11 lolls (11 (11(1 wilt 1~1- :11”{~ :)1”(,I (~1.(tll( I ;11 Iy I-r(lllr(, (l (lv(~l” I 11(, ;I(’t I\’l. Illltt :11

I 011s , AttomI)[s 10 l)lilt(~ tll(~ il(’t lV[* m(~tuls I rom :Il)l”ot 1[’ !i[)]v(tl)t !;0111[ 1011!;

lI:IVII 11(1(111 m:l(l(l !;i Il(-11 tll(, l)l,}!, llllllll~,, of 1111:; (’l~lltlll”y. 01 1114* 11)111” m(~l, n!;

1[1(’1)[ 1011(.(1 ;Il){)v(, , I)llly ;1 lllmllllllll 1)1,’11 III}), 11;1s I)tl{lll !:II(”I’,’!;!: IIIIIV 11,1111(’l,fl !(1

111(1!1!;1 I [:!1 I)l”:l(”t 1(”(’,
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irom the (~ri?,[~arci-tvpet):lths. An dluminum :illov of 93% Al, ?ti Mg was

~)btaincd I)v (Ionnpr tt-om a b:~th c-onEaiI~ing magnesium bromide, ~luminurn hro-

.l!idL~ , .Illd 1 itt]ium ;iluminum t~vdride . }lowt?\’er , the hardness of this allov

.;.1s i]pprcciat)l~ lt)wt.r t}I~II (Ilnt ot })ure ~’lcctrodeposited aluminum, su~gest-

i:lc,l~crh:lpst!):ltthe (ieposiL was Ilot [u1lv (iense. Brenrrer and Sligh
1[,

l“cpot-ce(i 011 the (Imposition ()t m:lp,nesiumfrom ether solutions of [;ignard

rc.1tentsL .Illdhol-illlrs.‘I”lleirdt’posies were K}lite, duct~lc, :Indcontained at

lt?asL ‘J~% .nagnesium. Fin(tlc’[:11.15 patented a process for magnesium elec-

:rocivposit iol) I);lse(ion (;ri~nilrdcompounds in ether solvent. The patent

(lrscriht~stl~c (“olltil)uous(lddition oi an alkvl halide to the pliiting solu-

:ion (Iurini:~ll(j~-tl-()(lrposiril)r~;It n sui’ficienc rate ‘o dissolve the sponF,e-

1 ikt, InilF,llc’ s 1(1111 xllilt, Il,)t ~’orro(l i IIyl [ Ill? sound magnesium deposit . I.ui

,,: .Ii.li),i:“L, IIIIJ[l, CI Llll:ill c’k-t, !ist, llllv tc) dt!-Jc’lop ~ln A1/MF, :IILOV plil[.il]~, t)a~ll

!)iIstI(l on .I II .llumi Ilum l!tllol”i(lcl 1ithium-alllminurnhydride bath to which was

l[lill(lln/i)otils.;i(lln1Iuoritlt’(’ompl(,xt~s;lnd

,Irom;ltic I)vllro(.;ll”t)olls”.

EXPIRIMENTAI,

Ill .1 I)t”{ivio(l:;1)(11)1i(”:l[ionIH W(} I“llpor-t(!(1t11(1(,v:ll~l;ltio[l (1I III(J

(Jr}r,:lllom(’t;lI1i(.,Il{lmllltlmI):ltIIf01”(.1(.(”tro!ormill}!”ill)l)l I(”il( 1[)11S . ‘HI(’ Ill(*(”l ro-

ili,~)(,:;i(IIV {i,;~),,i,;ioll 11,11,1111

I’1,,l.. III I ‘.:11 tll(, ll~tl)l(, l~xl)l(

,1!1111111, I 11,111 1111, (111,,; 11101111.1;11



~lloying constituent because magnesium alkyls are inexpensive and readilv

available commercial chemicals.

Because some of the organometallic compounds are pyrophoric in air

and react violenclv with water, all operations were carLied 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 Letramechyl arnnroniumchloride or fluoride,

commercial triethvl aluminum, triisobutyl aluminum, 1.5 M diethyl magnesium

in ciiethyl ether or 0,6 M dimethyl magnesiuo in diethyl ether Reagent-

~’,rndetoluene was used as the solvent,

In trying to formulate a magnesium-plating bath, we first attempted

LO form complexes of magnesium alkyls and the alkali metal flllorides (for

example NaF”2 [(C2H5)2Mg] analogous to the Ziegler organoaluminum elec-

trolytes, Complox formation between the alkyl magnesium and the metal flu-

orides did not occur. The alkali mstal fluorides did not react with the

alkyl magnesium in either diethyl or aromatic solvents at room or elevated

temperature . The solutions showed no appreciable conductivity at 29 volt

cell potential and no metal deposition occurred. When al~rminunralkyls were

slowly added to the above mixtures, a reaction probably formed the soluble

;Ilkylaluminum/alkali metal fluoride complex. These solutions showed good

conductivity and the deposits from them were either pure magnesium

(>09 at.%) or alloys of aluminum and magnesium, Whether pure magnesium or

:llloyswere deposited depended on the relative corlcc~tr.ltions of the ilctiv~

Sp(,c

:11}(1

(,rn1

illkv

es In the bath; that 1s on the alkyl magnesium and the alkyl aluminum

~ il lesser cxt{inr on the operating parameters of the bath, 111 ~ell-

clectrolytus containirl~ mole ratios of alurFIIIum ;Ilkyls to Inigilesium

!: () t’ 3.5 or less deposited essentially pure. magnesium. The A1/MF,

,’.



The plating solutions can be prepared hy combining the alkyl magne -

sium/ciiethyl c’thor solution with the alkyl aluminum and slowly heating rhe

mixture to about 100”C to boil off the ether solvent. The toluene is then

:lcidcdto the solution followed bv S1OW 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 alternate bath

preparation technique is to combine tl~e alkyl magnesium with at least an

equal molar quantity of the .nlkvl aluminum in the manner described above

and separarelv f’ormthe alkvl aluminum-alkali metal fluoride (or quaternary

mnmonium halide) complex The two solutions are then combined in the

:~ppropriate molar ratios to ii~hicvc the desired bath composition.

A typical bath [’or 11,’positil~gpure magnesium was of” the followi,)~

composition:

(Iomnonont Mole Ratio—

CSF 1

(C21{5)2Mg 2

(C2t15)3Al 4

iso(C14H9)3 Al 2

Toluene 3

,\ 2.5 cm x 2.5 cm x 25 pm f-oil wiis t)lectroformed in this Solut-loll .1r

1 A/dm2 uncler mo(lcrate il~itiltiO1l il~ l+O°C. The X-ray fluorcsff.ncc spcc-

t roscopy and analysis done hy inductively Couplocl plasmn atomil:-ilm~sslon

spectroscopy ●nd mass spectroscopy showed the deposit

‘)’),>dt.% pure mafinesium.

A typical h:lth [“ordcposItlIIp, il ?l~/Al iIlloV (o~~ta

(Iflml)Ollrl~t._ MKI1(*R:J~io

KF I

((:,,1l,));)M}! (),(1/

((:,11,)), Al ,),.‘)

i:;(j((:llllo)~ ,\l (),H)

‘1’0111(,1)(1 1,’)



A brass panel plated in this bath at 1 A/din2 (typica1 cell voltage was

I-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 batb an aluminum electrolyte containing the NaF”2 (C2H5)3

Al complex in coluene was added in increments and the composition of the

resulting deposits was analyzed by x-rav 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 left) to one that is

:~lmosc pure Al (lower right).

,11.,

o
Al ““

!1 Al

,,
~.
1’:4‘a- 1 2 KLV

Al. . . . .

1

.—.

~1’

!,

,,

~:

i’

0– 1 2 I(CV

Fi ~,. 1 - X- I-:lV:i,J(L(”(r:I of (1(, ~)osi t:; I t-em ii ma~,tl(,siiun I):it.h willl ilwl”(lm(~llt;ll
(1(1[Ii[ion:;(J!‘J:ll:”;)([:.)ll,,))Al.
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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. Outside these limits, 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 shcwn in Fig, 2.

Mdat.u)

“i

oL.
o 50 lU

Al(mt.%)

Fig. 2 - Microhardness of Mg, AL, and Mg/Al alloys electrodeposited from
organometallic solutions.

~\ fivefold lncrense in dcposic hardness over the pure deposits was observed

at :In alloy composition Of A1-RoMg-20. The harder deposits suggest an

increase in strength, and therefore the .-Illoys should have ‘advantages for

electroforming applications.

DISCUSSION

The

1111’x(’(i !;()

dcpos i t i 011 of I)urv MB :111(IMp,/.\l iIl OYS from :Iluminum illkyl com-

llt 1011s W,’ls :iu~”l)rl:; i IIy, 11(’(!:111s(’ (}1(} ;Ilkyl milp,ll~sl~ (Ilk(ill metal

[)i;tzrrl” Iis[(ld MHII(lt)l-i(l(’(’om~}1(Ix {’0111(1110[ !)(’t(~rm(!dtllrrmnlly. ;Imollp,

otll(,ror};;lll(~l]ll[1i(’(,l(,mcllt:;(11:1[;ll(lilllO[lit’;llly (llSSol\’(}d 111 A1(C;)115)]cc)[l-

I:lillillp,(,1(1 (’fro lV II,:;: Ilowf,v(, r“, II(I tII(IIl(l II(I :ll~~)rr(:iill)l(~c(](l(~posit ion (~1”My,



with Al in experiments on Al elect rorefining. Typically, the anode scum

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

A closed-loop mechanism for the electrodissolution and deposition of

aluminum in aluminum alkyl electrolytes, first proposed by Lehmkul~l and

critically reviewed by Dotzer, 10
is shown in Fig. 3. At the anode, alu-

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

Al + 3 (C2H5)”4A1 (C2H5)3. (1)

On the cathode surface, deposited sodium metal first chemically reduces

aluminum from the aluminum alkyls according to the reaction

4 Al (C2H5)3 + 3 Na~Al + 3 Na [Al (C2P5)4]. (2)

If one assumes the formation of the complex Na[(C2H5)2 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 explanation 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 (C2H5)2 Mg and Na in

baths containing both (C2H5)3 Al and (C2H5)2 Mg according to:

3 Mg (C2H5)2 + 2 Na-2 Na [Mg (C2H5)3] + Mg. (3)

At the anode (in a freshly-mixed A1/Mg alkyl electrolyte with Mg anodes)

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

Hg and the Al (C2H5)2F complex combines with the Na[Mg (C2H5)3] to form the

intermediate complex according to

AL (G2[{.,)2FI Na[Mg (C21{5)3]~Na [(C2H5).JAl F MR (C2115)2]. (/,)

If this mechanism is valid, the co~plex Na[(cY115)2 Flg F Mp, (C2115):?]wolll~l

evcn~ually form ils !hc plati[lp, solution is ulcct.rnlvzcd.



3Na[(C2H5)3 Al FA~ (czH5~3]

Al - Anode I Cathode

r—-~3
3[(c#5)~A[Fr + 3A1 (C2H5)3 + 3 Na+

{ -31?

,,,1 I3[(C2H5)3AIF]0

i
+3e

3A1 (C2H5)2F + 3 (C2H5) *

I 3 NaO

i

+ Al + 4A1 (C2H5)3

3A1 (c2H5~F + Al (czH5)3 1

I 3Na[A1 (C2H5)4] +&

S Na[(C2H5)3 Al FA~ (czH5)3]

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

2Na[(CzH5)2 Mg Ffdg (C2H5)J

Mg Amde Cathode

~~
2[(C2H5 )2Mg F]- + 2 Mg (C2H5 )2 + 2 Na+

{ -2e

2 [(C2H5)2~ F]”
i

T

+2e

2 W (C2H5) F + 2 (C2H5) ● +

I+w,,+--#5)2~a0
2M9(c2~)F + MW2H5)2

I 2Na[~ (%IH5)3]

i

2Na[(C2H5)2 MgFMg (c2H5~]



The magnesium and aluminum/magnesium alloy-plating processes

described here were based on one small scale laboratory evaluatic)n and

require further development before they can be proved commercially feasi-

ble. If 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/aiurninum 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 pm) 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 A1-80Mg-20.

~. A mechanism for the electrochemical formation of the alkali metal

fluoride/alkyl magnesium complex and for t!? deposition or Codeposi-

tion of tlg is suggested.
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