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SUM"~n-n.e pOlarization characteristics of silo established electropolishing ud elcctrobrightening solutions 
for alwninium have been determined. It is sugpsted that the distinction between electropolishing and electro
brighlcoin. can be made in tcmlS of activaAion energies (or dissolution and transilional temperalUres establishin, 
• threshold condition {or sat!sfactol}' performancr. The ad,,'antages of II 20% pert:hloric acid in methanol 
solution ~ pointed out, this. solutlon living e,.;a:lIent mirror-bright finisbes. 

INTRODucnON	 'devnudging' operation to produce the luslrous surface 
finish. By contrast, electropolishing yields II polished sur·1HE distinctjon between eleclrobrightening and electro

polishing, particularly relevant in the case of aluminium. face directly and without need for any post-treatment. 
has never been completely clarified. The former is a term Ahuninium. being amphotuic, may in principle be 
widely applied to metal finidting operalions and the latter electroRPlished or ele.ctrobrightm.ed in either alkaline or 
in melallography. but this is certainly not exclusive. We acid solutions. In practice alkaline conditions are usually 
may define electrobrightening as a process for increasing used for etching to produce matt appearances and only 
the lustre of a meta·1 but not necessarily improving ahe one solution has found ",:ide application for brightening
levelling or smoothing. whereas eleclropolishing increases a carbonate-phosphate solution1-' typified by the Brylol 
lustre but also the smoothness of tbe surf.ace. In tenns of process (see Table I). The acid solutions may be classified 
refJmi.ity the former increases specular reflectivity while in four categories: a mixed sulphuric·chromic acid soro· 
the tatter improves the reflected image quality, that is the tKm"·7 similar to the Aluflex process. a sulphuric-phosphoric 
mirror property. In practice. electrobrightening solutions acid solutionS in which nitric acid is the oxidant, and a 
frequently yield a sueface; on which'a residual bulky phosphoric acid based solution containing chromic acid as 
oxide film is present and which must be dissolved in a oxidant typified by the. Battelle patent' and also knovm 
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TABLE II. PERCHWRIC ACID SoUITIONS FOIl EI.ECTROPOLlSHlNG AWMI"nJM . 
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as nIC G5 process. (The laS!. two solutions also appear to when a potential 'plateau' may be observed). The over
have been widely used in Russia.1D

) The fourlh acid polentials recorded therefore refer to the anode and no 
5OJution, known in its original form as the Alzllk proc:ess.,n attempt has been made to measure cell voltages or solution 
is based upon tluoboric acid but modifical ions include resistivities.. 
hydrofluoriC: acid in the c:omposition.17 Solutions in cadi 
of these five categories have been namine:i in this in. EXPERIMENTAL 
vestigation. details of composition use:l and commercially Six solutions were selected for detailed examination. repre
recommended conditions are given in Table l Proprietary senting the six main types reviewed earlier; the exact 
additives., for example ce1losolvC'; have not been used solution compositions are given io Table I and Table II 
because it was hoped 10 discriminate between basic solu (5 Rond 20~~ perchloric acid in melhanol). Each solution 
lion types. was used lO eleclropoJish or electrobrighten aIuminiwn of 

Metallographic electropolishing is conventionally a small. 99·8 % purily. during which treatment potentiodynamic: 
scale laboratory operation; while phosphoric-sulphuric anodic polarization curves were determined for the range 
chromic acid types of solutions can be used. perchloric 0-3 V overpo'enlial at 200 mV, min scanning rate using an 
acid based solutions have found wide acceptanee for over Antel potentiostat and S(',voscr;b~ potentiometric recorder. 
thirty years but the explosive hazards associated with the (NB. All polarization curveS have been plotted as over
original 'Jacquet' solutions.u -u in which acetic anhyjride pot:nlial ra~her than electrode potential against current 
acts as solvent. have made them unacceptable on a large deh&ily jn order to make comparisons between various 
scale. Replacing the anhydride with acetic acid makes solulions at various temperatures ralher easier.) Tempera· 
them safer but less satisfactory in peorfonnance. but the tures were varied over a wide range. from -lOoe to 
recent interest in methanol or ethanol as solvent for per. +120°C where appropriate. Once polarization curves were 
chloric acid and its possible application as a "universal established. tbe bright polishing regions were identified in 
electropolishing solution:lo• 2J. suggested that a frab terms of the overpotentiaJ· and potentiostatic measure· 
approach might be useful. The composition of perch&oric ments of the polishing current I p were made at a large 
acid solutions is given in Table II; recent work suggests nwnber of temperatures throughou1 the selecled DJI8t,. 

that 5-20'~ pen::hloric acid in methanol offers valuabk thereby enabling activalion energies for dissolutjon to be 

Oexibilily In the case of steel.'· determined. The Arrhenius relation is: 

Particular ambiguity is associated with these solutions 
Jp con" ex. (-Q I RT)

beca~se in general a cell voltage is quoted as a criterion 
of optimum performance. ambiguity arising because the or I.,. I. I.,. con" -Q/2·303 R .IIT 
main factor affecting cell voltage in these solutions ;, 
usually solution resistance rather than the anode reactions. where T is the temperatun: (0K.). R is the gas constanl 
High solution resistance is caused by large anode-cathode (8-31 JrK. mol) and Q is the activation energy CJ/mo1). 
distances and gives rise in turn to large heating effects. the A graph of log Ip against lIT results in a straight line of 
cause in tWD of further ambiguity in the temperature slope (-Q/2·303 R) when dissolution takes place by a 
requirements. prcvious investigations have emphasized the common mechanism for that temperature range. 
need, to consider anode potential rather than cell voltaee The perchloric acid solutions, being relatively new in 
to obtain the truly optimum conditions•. for both copper in the field. wet'e used also to electropolish three aluminium 
orthophosphoric. acid. which exhibits classical 'polishing alloyo-AI.3-2% Fe, A1-3'26% Cr and AI·2·55% MI-tbe 
plateau' features.2lI and also mild steel in perchloric: acidl first 1'WO being duplex and non-eommrrcial and the last 
methanol solutions. which exhibits limiting current charac:· one a commercial single phased anoy.
teristics.'. J.t is belicved that the critical temperature raJtge 

Distinction has beat made between eleeuobrigbtenedcan be established by examining transitions in tbe activa
surfaces in which the specular reOectanee was improvedtion energy fur dissolutionp·28 and in view of the rather 
and electropolished surfaces in whicfJ the total rellectarteesketchy Polarization data available for alwniniwn thit 
and jmage quality was improved. No attempt has beeaapproach has been used to examine a range of both electro
made at this slap. to compare reOeclivities but it js hopedbrightening and ~lectropolid\ingsolutions. 
later to compare susceptibilities to anodizing and sealing.

In order to obviate voltage ambiguities in this investip· 
tion a potentiostatic technique has been employed in wder. 
to establish the anode potential unequivocally and enable • For unifonnity 2·'V oYC'J'POlcnliai was selected in each 
the anode cunent density to be measured accurately (this instance execpc. Ihc Battelle solution, wben 1·5 V was con

sidered to be more appropn-te. is particularly important lor the phosphoric acid solutiOOI 

/' 
II;" • _ • .,,_~_._•• ·.r ~ '¥. (~""'~--""""--"L .Ai -1(44;; €% •.~~ .•.,...~~ -""'---"·'Cl':-· , 

r 
---~'''''''.' '_~, ;~.-_ .."->-~'k~~"''''·",·_.Jq'~ ~~,~~;",_J"'~n> ",!,~(C~..._".•• 

33 

I 



--

""' ;< !'- 

,.» .. ........ • iii; ':,;:;:::--#:dif; '~titf1f.ia~; :-~f;~~-d- ,£ "'&ii"" ';v1'·Y'iht -%5 we a -....

T,1IIUtiICtitHu oll~ InJtit.U of Mr,al Finishing, 1973. VoI5r (i.! 

i
•>.»1 

I 
1. 

& l-. ~ 

, ----.0 
CUAAOlT D£NSrTY•..ue-~ 

01 

Fig I. Polarimlion cun.·cs for aluminium in lJr)'IQ/ solution. FiB 3. Polarization curves	 for aluminium in 5ulphuric-cbromic 
solution. 
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FII 4. Adivation energy lrapb for cJcctropolishins in 
sulphuric-chro.lhic solution. 
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RESULTS 

BILvrAL SoUJTJON 

Potentiodynamic polarization curves· are shown in Fig I. 
from which it may be SCM - that the 'passive' limiting 
current dmsity increases progressively with temperalure. 
However. the potentiostaUc values of J (Fig 2) show that 

! 
J p 

I 

a change in behaviour occurs at about 76°C with a much 
higher activation energy for dissolution apparent at tem
peratures a~e this transitional value. The activation 
energy values., transition temperature and polishing current 
density found by polarization measurements for the tem
perature commercially recommended are coUated in Table 
Ill. 

SULPHURJC-CHROMIC SoLUTION 

Below about 6O"C a sy10tematic increase in Jp was found but 
instabiJity existed in the range 65-SO"C (the commercially 
rccomm-eoded temperature range), as shown in Fig 3 and 
the dramatic chaDge shown in the activation energy graph 
(Fig 4). WlthiD this temperature range the currentitime 
relation, at constant potential. showed oscillatory featwes 
attributable to uneven, incomplele or spasmodic film form
alitm. 

SuLPHURK·PlIOSPJ-JORIC SoLUTJON 

A wholly systemalic polar¢atjon behaviour was apparent 
(Fig 5) with a change in dissolution charaClef occurring at 
about 58"C (Fig 6). 

BATTEu.E SoLUTION 

This solution showed many of the classical electropolish!ng 
characteristics often associ,ated Wilh phosphoric acid bawd 
solutions, for example systematic polarization behaviour 
(Fig 7) with a fall in current densily al the crilical cunent, 
Flade potential region. and a highly polished meta) surface. 
Rapid polishing occurs above aboul 8Q°C bUI above about 
IOO"C pitting was evident. The visible polishing transition 
seemed to occur at aboul 7S"C bUI the activation energy 
graph (Fig 8) indicates a lransition at 43°C; hoWeYef. this 
could be associated witb the low solubility of chromium 
trioxide al low temperatures, 5OIutioa of the requisite 
amountODly being achieved above about 7O·C_ 

A1ZAI< SourrION 
Systematic: polarization behaviour "Ws observed (Fig 9) 
wjtb Ii lIansitioo in behaviour apparent at IODC (Fig 10). 
BrigbteninC appeared to takc place at temperatures below 

i 
>:
 

,oR; 

D
about lO C and above !SDC a matt-satin finish was usual. 
The commercially recommended temperature of 2)OC 
therefore perhaps represents the highest temperature (or 
fastest di5solulion ratc) commensurate with brighteninl. 
although this invesligation su~su that )ower trmpera1ures 
would be preferable. 

PERnJLCNlIC.Mrru,VYQl SOUJTIONS 

Together wjth the BalleJle solution these eauly gave the 
higheSl degree of polish. Polarization measurements sho....ed 
that the curves had the same form at both 5~; and 20 % 
HCI04 com;entralion (Figs II and 12) but that the 5~ 

solution had somewhat higher dissolution rates at higher 
ovcrpotcmiafs. showed less. marked limiting curren I density 
and offered inferior polishing ability. The activation energy 
graph showed no transition over the temperature range 
investigated (Fig }3J. Observation sugges15 thar for Ihe 
20% solulion Ihe minimum over['lOtent;al for e1eclro
polishing was 2'1 V at 25°C and l·g Vat SoC. 

The effect or acid concenlralion could be seen more 
clearly in the poli~hing of some dilute aluminium alloys. 
For both Ihe AI-2-SS~; Mg (Fig 14) and AI-l26~; Cr (Fig 

TEt.4PERATURE:C. 
100 ~9 60 40 20 

.........---",....".
 

." 
6-401lJ/m 

I1 
.!. 
~ 

I I J
2-8 30 3'; 304xD 

1,,.fI<~ ) 
Fie: 6. Acfj\"ation energy graph (or elearopolishinl io 

sulphuric-pbosphoric solution. 

.'It 

>' 

r
 
, '~'-.-.~~ ., ,.:....-~---;:;-- - -  -'-. ".-,- •.__.._ ....~,,~- '~"__ '·""'-'_'''',.'''P''''''~_-'''' ' ...,....,...."..~.•_o ...... _~ .__,,__',_. 

, __ ~,~ "'- •.~, >'-e _.,~....._·_._-~-~.,~.- ..__.....~_L~_' __'~'A..:..t~,~ , ...~.;:_~ ... ,.,, __ 
• 



--------,....-. 

0.' 

j nj 

..... iii' .. 
... ~, 

~'j;li t"Ott: "' A 

""""'""" 
t C 

-

""' 
~-' 

!"e'f 

~~_. ---•... 

.~
"'~, "'$rriSbte~, .7- -7"~' ,, r 

TransactiQns 0/ 1M InS,i'"'e of Mela}. Finishing. 1973, YoI'. 

TEMPERATURE,·C. 
80 60 «l 20 

.........='" - - 

...31<;'" 

/ 

§ 

2~ 3'4. 
'10'/TfK") 

Fi& 8. Acll\-alion encrg~: graf,h .for electropolishing in Battelle 
so utum.. 

r----- ~ 2l'"c----'--------- 
.."c 

, 
i 
~ 

~ 
ii' 

., 
CURA£NT D[M5lT'I'._"'". 

Fig 9. Polarization curves for aluminium in AllAk solution. 

15) alloys the higher concentration impr-oved polishing and 
the polarization curves showed a more markej faU-back 
in current densi.y at poltshing potentials. This 1ame effect 
may be seen for an AI-3·2 % Fe alloy in S % solution by 
lowering the temperalUre from 2ZOC to 6"C (Fig J6). 

DISCUSSION 
It has long been apparent that distinction ought to be made 
between electropolishing and electrobrighteoing of alum
inium in the context of metal finishing. and some attempt 
has been made to do this.::9 As was emphasized in the 
Introducfion. instinctively one attempts to do this in terms 
of levelling ability and reflectivity but also in terms of the 
need to subject the metal surface to .. post-treatmenl~he 

so-called desmudging treatment-which may be necessary 
to remove relatively mauive thicknesses of oxide film, 
thereby revealing the brightened metal surface. Despite the 
comparatively good understanding of electropolishing of 
some other metals in lerms of polarization behaviour 
(polishing 'plateau', diffusion-limited disso)u'ion etc), Ijttle 
hu been done for aluminium io this respect. 10 faet, some 
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Fig 10. Activation energy graph for electropolishing in .A.Jzal:. 

solution. 
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e.t.RA(NT~.-NcJ. 
Fir: 11. PolariZation curves for aluminium in 5% perchloric

methanol ~Iution. 

analogies drawn with the clauK:a1 behaviour of copper in 
orthophosphoric acid where the 'plateau' has a small aDd 
finite potential range can be misleading.%9·2o 

Shenoi and Indira21 have shown. for example. that the 
oxygen evolution reaction which limits the upper potential 
range by virtue of ils diffusion layer diYUption and side 
effect of surface pitting commonly has an overvoltage of 
10 V or more associate::J with it in both acid and alkaline 
aqueous solutions. while for essentially non-aqueous per
chloric acid solution it would be even higher (the equivalent 
value for copper would be __ )·5 V). Furthermore. am
biguity commonly arises because operating conditions tend 
to include cell voltages as criteria and unfortunately these 
merely reflect the resistive nature of the electrolyte and 
the variable anode-cathode electrode spacings which arise. 
It is in fact fortunate Ihat the oxygen overvoltage is as 
high as 10 V. otherwise pl?lishing might not be possible 
with such a vaguely defined anode potential. The conse
quence of tWng such high voltages is that solution heating 
is marked; while this can be advantageous for the solutions 
used at 70_90°C. io the case o[ the low temperature solu
tions it can be a problem. In this context the frequenlly 
quoted~uirernent [or perc:hJoric: add solutions o[ a 
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temperature as low .s -70b C is primarily as a heal sint 
for the excessive heat generat~d helow lhe- critical tem~ 

perature. which may be as high as 2O·C.:J.,u 
Of the solutions examined in this investigation. ohserva~ 

-tion in terms of the need to f\OsHreal hy desmudging places 
the BryJaJ and A/:at solUlions and possihly the sulphuric
chromic solution as electrohrighlening processes, the per
chloric acid, methanol and Battel1e solutions and' fIOs."iib1y 

.1 

>. 
~ 
~ z 

~
 the SUlphuric-phosphoric !;o!ulion as electroflOliming so/u· 
w rions. On Ihis basis it should be possible to classify thr:rn 
is .'	 by other criteria also involving the mode of dissolution 

and the build up or absenc:~ of mas'Sive surface films. The 
critical electropolishing condition may be characterized jn ~--j 
masl cases by the appearam:e of a current 'plaleau' on 

, " the polarization curves and for the Brpa/, sulphuric. 
CUAA£NT DENSlTY,~·. phosrhoric. Battelle and perchloric acid solutions lp= SO· 

100 mA/cm~. although for the olher rwo solutjon\li theFig 12. Polarilatit\n cu["\-es for aluminium in 20~~ pcrchloric· 
mC1hanol solution. value is an order of magnitude lower. 

In Table )II the activation energy values ilnd transition 
temperature data have been collated. together .....·jth similar 
dala for copper':~ and mild steel,~· both of 1.lo'hich are .....ell 

TEMPERATURE~C. defined electropolishing syslems. Inspection sugges«s that 
10 if the ac,.vation energy decreases with increase of tem

perature across the transition value electropolishing takes 
. place•. otherwise electrobrighlening occurs. However. it 

cannot be quite as simrle as tflat, because of the tendency 
to form well pau;valed surfaces whelher the film be a 
phosphate or an oxide-hydroxide type such as may be 
found typically after anodizing and sealing. Thus in solu
tions like the alkaline Brywl elecLrolyle dissolution may 
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AI inFia 13. Activation energy graph for elcctropolisbin, Fig 15. Pal.ulLation cunes for AI-J·2h% Cr allo)" in S% and 
20% percbJoric-mdbanol solutioG-. 20 un pelchloril:-m~hanol solullon at 2rc. 
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Fig 16. Polanza-licn cuncs for A)·3·2% 'Fe al10y in 5'; 
Fig 1". Polarization curves for AI-2'$5 X Mg alJoy in 5% and pcrddoric-mcthanol solution at 6- and U·C 
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be rapid and easy at low temperalures but more difficult 
at higher temperatures When the monohydrated oxide 
(bOIunite) may be more stable-the optimum temperature 
being said 10 be 7O-80"C.3~ which coincidts exactly with 
the transition temperature found here (76°C,. By contrast, 
the Battelle solution which is phosphoric acid baSCjf:J behaves 
rather more conventionally, offering a phosphate-passivated 
slate at lower temperatures but electropolishing above the 
transition temperature as the film becomes less stable. 
and at temperatures above 100°C pitting develops quite 
rapidly. This may be interpreted in terms of a decreasing 
a..laH~O ratio in the electrode diffusion layers as the 

temperatute -is increased as suggested by Hoar.llI In "the 
~ of the perchloric acid solutions it seems likel-y that 
the complex film is only stable at relalively low tempera
tures and higher concentl;"31ions (20% -polishes better than 
5% solution), while for the Alzak solution (ftuobork acid 
based) it may become too thick at temperatures above 
2S"C thus necessitating desmudging to obtain even a satjn
matt finish_ The sulphuric-chromie and sulphuric-phosphoric 
solutions behave more like the Battel1e solution. but by 
modifying the solution com-position the film constitution 
and its stability at various lemperatures are modified. 

Without direct evidence it is not- possible to do more 
than speculate about the fill'1Y"com-positions. The charac
teristic -presence of pho~horic acid uS1!ally suggests a 
phoSphate-type film. but it is realfy unlikely-to be stoichio
m.etri<: AJPO.. as has been suggesled.2 Similarly, perchloric!l 

acid solutions give rise to i whiie. predominantly per
chlorate film but which is known to 'contain C, O. S. CI 
and N as- trace elements.34 •3 $ Both the AI-Cr (Fig 15) and 
AI-Fe (Fig J6) alloys were duplex and the polarization 
curves indicate that selective etching of the lwo phases 
occurs, In the case of AI-Mg (Fig 14) increase of Hel04 

c:oncentntion from 5 % to 20% clearly promotes film forma
tion and iIIuslrales this critical change in behaviour which 
was found also for mild Sleel.24 

If the history of electropolishing is lJ"aced it may be seen 
that perchloric acid plays quite an important role.14 but 
until recently almost entirely with acetic acid or anhydride 
as solvent (see Table ]I). The notoriety of this latter solu
lion is in view of its explosive hl\Z~rd. primarily during 
mixing but also in operation if allowed to overheat. There 
is no· evic:h:na: that lhe perchloric acid/methanol solutions 
suffer frorn this same hazard. although they are of course 
inflammable and toxic but not ~o an abnormal eXlel}i.. 
7bey have Jhe advantage of being used cold ntJlu--(han 
hot. are not highly concentrated like lhe sulphuric acid 
based solutions. no desmudging is necessary and they give 
excellent polishes. Therefore. the methanol· based solution' 
deserns :some consideration in view of possible saving in 
unit process demand and power consumption for external 
heating. The large JR drop and consequent elec1rolysing 
curren' healing can bC minimize4 by careful jtgging. but 
refrigeration and circulation are obviously desirable. The 
perch1oric;.methanol and Banelle selutions give the best 
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polished surfaces both in about 5-W min, but owing to 
the lower current density employed in the former case 
(25 compared to 100 rnA/em') the dissOlulioo rate is 
slower and the amount of metal removed less (00038 com
pared to 0-015 min/min). 
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