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~Ll~ grwth of an aligned microstructure of a ccntro lled eutectic

alloy tria1u~inun nicke1i~~ (Al 3Ni) has been investigated by several

~~rksrs as a n~ ans of providing tensile strength enhanc~~ent in aluminum

(1). A practical netbod of producing Al
3
Ni whiskers in an aluminum matrix

utilizes a unidirectional solidification technique (1-3). ~nall diameter fibers

ocuçosed of A1
3Ni are also expected to find useful a~~lication in indus-

trial and military microelectronics if they can be r~~~ved undamaged fran

the aluminum matrix in which they are iirbedded. Investigators of the

~~~~~ Air Develop~ent Center (RADC) , Hanscan AFB, ?°~~~, have succeeded in

grating A1
3
Ni f iber bundles lcngittxiinally in a rod shaped aluminum matrix

with a process which sluqs pranise for industrial pilot plant scale-up (4).

Thus, the developtent of a practical means of r~ vving and separating

aluminum fran a t~~ phase Al-A13Ni matrix witbout damage to the A13Ni

fibers pranises to solve a fundamental pr~~lan in their mass production.

Previous attatpts using aqueous electrolytes or acid etches for

ra~)ving or dissolving aluminum fran an Al-A13Ni matrix have alnr st

always been ac.x~tpanied by gas evolution resulting in “birdsnesting” of

the fiber burid.les as they are exposed (4) . Another problan reported to

be encountered with aqueous acid etches is low selectivity of attac k ;

i.e., the A13Ni fibers are dissolved as well as the bulk aluminum (4) .

An electrolyte that ~~uld sustain aluminum electrolysis witbout gas

evolution while permitting selective attack on the bulk aluminum phase

s~,uld be a potential way to circumvent these problans.

Ahm~inum has been anodized in aprotic n~~lia (5 ,6 ) ,  but

generally the rate of re~vva1 of aluminum is limited by the low

I
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electrical conductivi ty of these ir ~~~ia. Application of molten salt

media, particularly those containing aluminum chloride , to the anodiza-

tion of aluminum has been deir~nstrated in both alkali chlor ide - aluminum

chloride (7 ,8) and organic salt - aluminum chloride (9 ,10) mixtures .

Separation procedures using these types of materials provide a number of

advantages over the use of other electrolytes. Foraiost, the method is

electrolytic in nature , and therefore provides a great deal of control

in the attack. Secondly , the process results in formation of an additional

amount of one of the cat~onents of the electrolyte, a chloroaLndnate ion :

4C1 + Al ———-4 A1C14 + 3e [1]

This process is not acccxrpanied by gas evolution provided the electrode

is not made so anodic as to deccxnpose the melt. Finally , because the

electrolyte used is a molten salt , the conductivity is high , al owing a

rapid r~~oval of material.

King, Brown , and Frayer (7) sk~~~ed that the anodic dissolution of

aluminum proceeds at 100% efficiency at 175°C in a 2:3 molar ratio

Mad -Aid 3 melt over the current range 63-500 m1~/an2 . Recently , Gale

arid Osteryoung (8) found simi lar results in a 1:1 NaC1-AlCl3 melt over

the current range 0.03—6 .30 mA/an2 at 175°C. Anodization of aluminum in

an organic containing rcxin tatperature molten salt such as 2:1 A1C13-1-

ethyl~~’ridiniiin branide was also reported to occur with 100% current

efficiency (10) .

This investigation was undertaken to examine the practicability of

using these types of electrolytes to re~tow~ the bulk aJuminum fran a

t~o phase A1-A13Ni rnatzix.
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EXPERI~Th~~TAL

All experiments were conducted in a glove box (VacuuiVAtnosphere

Co., ~cdel HE 43-6 DPI -LAB) . ~~ moisture content was maintained below

10 ~ zn; the oxygen concentration was determined to be between 10 arid 25

p~~ as measured wtth a calibrated light bulb (11) .

1-ethy l pyridinium branide (EPB ) was prepared by ref luxing ethyl

branide (Baker A.F- -. Grade ) with 10% excess pyridine (Baker A.R. Grade )

in acetone (Easkm~ n) as the solvent for 5—6 hours. The resulting white

hygroscopic crystals were suction dried , washed with anhydrous diethyl

ether (Baker A. R. Grade) arid vacuum dried at 34°C overnight . After drying ,

the salt was transferred to a sto~~ered storage bottle in the glove box .

The melting point of the dried EPB was 121°C arid canpared favorably with

the literature (12) -

A 2:1 molar ratio roo’n t~~perature melt of AlCl3-EPB was prepared by

adding al~r’inum chloride (Fluka , A .G., iron free) to the EPB. Consider-

able evolution c-~ heat acca~~athes the addition and precautions should be

taken to keep the tanperatures of the mixture below 50°C; other~Jise , sate

EPB may decxi~ ose during the addition resulting in a mixture which is

difficult to purify . All glassware containing this melt was painted

black since experience in this laboratory and that of other ~orkers (13)

indicates that the mater ial is photosensiti ve . A melt of 1:1 molar ratio

AlC13-NaCl was prepared by fusing the correct amounts of aluminum chloride

and sodium chloride (Baker , A.R. Grade) at 175°C in the glove box.

Both of the melts were purified utilizing a constant current elec-

trolysis procedure (14) . After a~~roximat ely 10 days of electrolysis both

melts were clear and water -like . They exhibited no peaks with cyclic

vo1t~~~~~~~ at a glassy ca~~on electrode (F i~ ire 1) .

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ _  
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Constant current and controlled ~ t~ n t . ~ electrolysis were accan—

p1is~~id with a potentiostat/galvanost~it (Princeton P~pplied Research

Corp , ~t~1el 173) . A voltage prograirirer (Princeton ~~ili& Research Corp,

Z&)del 175) was coupled to the potentiosta~/y~d’;;~~cstLtt for linear sweep

‘voltanr~~tr;.

Samples of the Al—Al3Ni matrix were obtained f rat RADC as 1.25 inch

by 0.125 inch diameter rods. In -~~~it on, a pure sample o~ A13N1 alloy

was furnished which had been produced by fus ing stoichiaietric quantities

of aluminum arid nickel. Electrodes were fashioned fran the samples by

wrapping aluminum wire around the ends of the specimens that were not

irmersed in the melt to provide electrical contact. The ntiiersed area of

the particular Al-Al 3N1 specimen under investigation was measured geciretri-

caily. The A13Ni electrode was quite porous, arid only an approximate

gearetrical area , 1 an2, could be measured.

In a typical electrolysis experiment the Al-Al3Ni matrix rod or a

piece of Al3Ni was used as a ~~rking electrode in a three electrode cell

(Figure 2 ) .  The cell was constructed of Pyrex . Cell t~ nperat ure for

experiments with the 1:1 A1C13-NaCl nelt was maintained to ±0.5°C by

means of a platinum resistance controlled furnace. The counter electrode

was a cup shaped piece of aluminum foil (Research Organic/Inorganic Co.,

m5n purity) , while the reference electrode was a spiral aluminum wire

(Alfa—Ventrai, m5n purity) isolated frcin the melt by a 10 mm fine porosity

Pyrex t n t .  All potentials described during this investigation were

measured against this electrode , ~~~~~~~ ., the Al (111)/Al couple .

For experiments requiring a flowing electrolyte stream , a centri-

fugally induced conventive stirrer (Figure 3) was constructed. When this

4
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device was turned with an electrode rotator (Pine Instrtment Co. , I~SR-2)

at speeds above 50 RPM, a flowing electrolyte stream was present at the

electrode suspended in the center of the stirrer .

H 

_ _ _ _ _ _ _ _ _ _  _ _ _  _ _ _  _ _ _ _  
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _L _ _ _ _  _  _  _ _  
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• RESULTS 1~.ND DISCUSSICE

In onder to determine the a~proxiinate potential ran ge n which

aluminum could be r~~oved by electrolysis witbout appreciable dama ge to

the trialuminun nickelide filaments, current-p otential curves for the

anodization of aluminum and trialuninum nickelide were constructed using

linear sweep voltasiietry . The ~~rking electrode was either pure aluminum

wire or A13Ni , respectively. The potential of the ~~rking electrode was

varied linearly fran a potential of 0. OV vs. Al (111)/Al to the anodic

limit of the melt under consideration . In the 1:1 A1C13-NaCl melt at

175°C the practical limit is about 2. 2V anodic of the aluminum reference

electrode and represents the oxidation of chloride to chlorine (14) . The

useful limit of the 2:1 A1Clj-E~ B melt is about 1. 75V (Figure 1) and

probably represents the oxidation of brcmnide to branine. The potential

at which attack on the A13Ni occurs in 2:1 A1CI3-EPB is about l.OV

(Figure 4) at the 20 mV/sec sweep rate used for these studies.

The voltanitogram for aluminum anodization in the 2:1 A1C13-EPB melt

(Figure 4) exhibits an interesting feature. The shape of the current-

voltage curve suggests formation of a passivating layer of aluminum

chloride. Similar behavior has been obtained in other aluminum chloride

rich melts (7 ,15) . This feature was not observed for the 1:1 A1C13-NaC1

melt (Figure 5) during the time span of the voltamrograrn. Ti~o factors

may have contributed to the absence of passivation in the latter case .

First, the melt is able to solvate approximately an additional sole of

aluminum chloride per mole of electrolyte before forming a solid aluminum

chloride layer . Second, thermal convection currents in the heat ed melt

prevented format ion of a sodium ion depleted diffusion layer . Therefore,

6
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passivation behavior c.in be alleviated scx~~ hat by using sate type of

forced convection. A special stirrer (Figure 3) was constructed in order

to provide uniform forced convection . An experiment with this device

is descr ibed below. Such a stirrer should provide other advantages as

well ; for example , a more car plete stripp ing of aluminum fran the

interi or of the exposed filament bundle as a resul t of the flowing

electrolyte stream.

The relative amounts of material that can be r~ ioved anodically fran

an aluminum specimen in the two melts examined in this study can be

judged by comparison of the linear sweep voltaimograms at a given

potential (Figure s 4 and 5) .  At 0. 8V vs. Al (111)/Al the current at an

aluminum wire electrode in the 1:1 AlCl3-NaC 1 melt was about 20 tines

that of a similar electrode in the 2:1 A1C13-EPB melt. Since the quantity

of material that can be r~ tr ved ancidically is governed by Faraday ’s law,

the weight in grams of aluminum , W , that can be r~ roved by electrolysis

in t seconds at a current of i amperes is:

W = 9.33 x l0—~ it [2]

For a typical specimen of 1.28 g containing 20 wt-% Al3Ni as the rod

phase , an electrolysis tine of 15 hours in the 1:1 A1C13-NaC1 melt and

336 hours in the 2:1 AlCl3-EPB melt would be required to r~ tove all bulk

aluminum. These times were calculated for an unstirred solution assuming

that the limiting current at the electrode is that reflected at 0. 8V vs.

Al (111)/Al fra n the linear sweep voltanuograins. The values calculated

represent an upper bound in tine since stirring increases the current

density. For example , Holleck and Giner (14) observed that the anodic

current increased linearly with the square root of the rotation rate at

a rotating alumin um & ectrode. Their study was an example of ideal forced



convection and such efficiency was not realized with the apparatus used

in the present work .

Prel iminary electrol ysis experiv~nts were accatplished in the 2:1

AlC13-EPB melt by anodizing the A1-A13Ni matrix workin g electrode while

stirring with a propeller . Portions of the rod which were not desir ed

to be anodized were coated with heat shr inkable Teflon* tubing. A micro-

photograph of an unpolished Al-Al 3Ni matrix specnten prior to electrolysis

(Figure 6) shows no evidence of exposed A13Ni whiskers. The sane specimen

was subjected to anodization by constant current at 0.16 A/c~rt2 in a

- 
- stirred solution of 2:1 AlCl3-EPB, removed and washed successively with

dinethylsulfoxide, distilled water , and acetone . MicrophotographS

(Figure 7) revealed that bulk aluminum had been removed fran the surface

of the specimen and exposed AI3N1 whiskers were present . Visual inspec-

tion revealed no discernible damage to the fibers. During electrolysis

the potential of the Al-A13N1 electrode rose to 0.1V vs. Al (111)/Al. An

experiment at 0.54 p~/~~2 with 0. 22V polarization produc ed the sane result

(Figure 8) .  At this current density the cell potential exceeded 3V vs.

A(III )/Al when stirring had been discontinued.

Al-Al 3Ni electrol ysis was accarplished in the 1:1 A1C13-NaCl melt

in a manner similar to the procedure used for the 2:1 A1C13-EPB melt.

Electrolysis at a current density of 0.180 Wan2 in an unstirr ed solution

resulted in a polarization of 0. 3V vs. the Al (111)/Al couple . Micro -

photographs revea led essentiall y the same result as that obtained

previously , except that electrolysis was much faster and no stirring

was req uired to offset pass ivation .

~~~~istered Tradem~ark



The centrifugally induced stirrer (Figure 3) containing an A1—Al3Ni

rod was rotated at about 160 RPM dur ing passage of a 0.10 A/an2 current.

An apparent resistance polarization of 0. 5V was noted indicating that

the device had caused moderate shielding of the A1-A13Ni electrode within.

Microphotoaraphs (Figure 9) of a portion of the matrix sample after

electrolysis showed that even removal of bulk aluminum fran the specimen

had taken place. At the outset of this experiment removal of the entire

bulk aluminum phase was intended using this device. However, this could

not be realized because the specimen rod was permeated with rn.rerous voids

(Figure 10) throughout the length of the specimen. These voids would not

allow a fiber bundle to be formed for as the fibers were exposed they

became detached fran the rod and were deposited in the bottan of the cell.

9 
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(X~UJJSION

The electrolytic removal of aluminum fran a two phase matrix of

aluminum containing trialumin um nickelide whiskers has been demonstrated

in two different molten salt electrolytes . Both electrolytes were shown

to possess certa in advantages and disadvanta ges. The 2:1 aluminum

chloride -1-ethy l-pyrid inium brcrni de melt was easiest to use since it

could be prepared and maintained at r~~tn temperature . However , this

melt suffered fran severe passivation during anodization , ~~~~~~~~~~, the high

aluminum chloride content did not allow efficient solvation of additional

aluminum chloride produced durin g anodi zation. In contrast , the inor-

ganic melt , 1:1 aluminum chlor ide-sodium chloride , demonstrated no

passivation in the curren t ran ges examined in this study . This was

attributed to the ability of 1 mole of 1:1 A1C13—NaC1 to solvate almost

an additional mole of aluminum chloride . Unfortunatel y , this electrolyte

was more difficult to use because it must be maintained at temperatures

above its freezing point of 160°C.

A forced convection stirring device constructed for this Lnvestiga -

tion has been shown to be practical for carplete removal of aluminum

f ran a two phase specimen. However , this could not be demonstrated un-

anbiauously because of imperfections presen t in the samples tested .

______________________ - 
- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~
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Figure 1. Cyclic voltartirograms of the 2:1 A-1C1 .~-EPB
melt, A, and the 1:1 NaCl—A1C13 melt ,2B, at a
glassy carbon electrode (A 0.215 an ) ,  sweep
rate 100 mV/sec.
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Figure 2. Three electrode cell used for cyclic
voltarnetry, linear sweep voltanr~ try , and
Al-A13Ni electrolysis e>cperiments.

A - Counter electrode

B - ~~rking electrode (Al-Al 3Ni matrix rod denicted)

C - Reference electrode

D - Pyrex glass cell

E - Aluminum cup with Teflon top

F - Cartridge heater 
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Figure 3. Centrifugally induced stirring device.
(Illustr ation approxi mately actual size.)

A - Aluminum chuck att ached to collet of electrod e
rotator and to which glass stirrer was cemented

B - Hole for electri cal lead throug h

C - InTre rsion level

D - Glass buTh blown in 7 mTn O .D. Pyrex tubin g and
perforated with 3 in n boles

E - Arro ws indicate electrolyte flow when device
is rotated
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- Figure 4. Anodic linear sweep voltamtrogra1t~S for Al
- - and A13Ni electrolysis in the 2:1 A1C13-EPB melt

at 23°C

2
Pure Alumnium Wire (A - 1 an )

Thialuminum Nickelide In~~t (A = ~~ ~~2 ) 

Glassy Carbon Electrode (A = o. ~. i ~ ar2
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Figure 5. Anodic linear sweep voltanitograms for Al
and A13Ni electrolysis in the 1:1 A1C13-NaCl
melt at 175°C

Pure Al wire (A = --1 an
2) 

A13Ni ingot (A = - - l an2 ) 

Glassy carlx n electrode (A = 0 .215 an2 )
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Figure 6. Micropbotograph of Al-A13NI matrix
rod prior to electrolysis (X350) 
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• - Figure 7. Micropbotographs of A1-Al~Ni matrix rod
surface after anodiz ation at 0.16 A/an2 in a

- stirred solution of 2:1 A1C13-EPB at 23°C

- A X740

B X1860
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Figure 8. Micropbotograph of Al-A]. 3Ni matrix rod
surface after anodizat ion at 0.54 A/an2 in a
stirred solution of 2 :1 A1C13—EPB at 23°C

X2760
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Figure 9. Micropbotograph of Al-Al 3Ni matr ix rod
surface after anodization at 0.10 A/an2 with
centrifugally induced stirring in 1:1 NaC1-
Aid 3 at 175°C

A X17O

B Xl360
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Figure 10. Micropbotograph of Al-A13Ni rod surface
after anodization illustrating void introduced
into rod during growth of tv~ phase matrix

X41
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