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ABSTRACT 

The principles of the electrolytic polishing and etching 

of aluminum and of polarized light metallography are revie't·7ed. 

Experim~nts are described in Hhich aluminum Has extruded to give a 

variety of substructures l'lhen vieHed Hith polarized light. The 

same samples t-lere also studied by seanning, replica and transmission 

electron microscopy and by electron diffraction. It was found that 

the subgrain sizes and mis orientations determined optically were 

larger th an those obtained by electron metallography, and therefore 

unreliable. l t 'tolaS also observed that the same dislocation sub

structure led to a l'lide range of optical substructures, depending 

on the plane of section. 

A close correspondence 'toTaS observed between the optical 

substructure and certain features of the mtide topography. HOvlever, 

the latter l-ms not found to be epitmdally related to the aluminum 

substrate, although a loose relationship did eJeist. A mechanism 

is proposed relating the shade of the subgrains observed under 

polarized light to the detailed geometry of the mdde surface. 
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1. 

CHAPTER ONE 

INTRODUCTION 



lfuen certain metal specimens are viewed under an optical or 

electron microscope, a substructure can be detected \·lithin the normal 

grain structure of the material. Sorne characteristics of this sub

structure are that each subgrain ls usually relatively small (in the 

range of 1. to 100 microns) and that the boundaries betw'een adjacent 

subgrains are 10iV angle boundaries (i. e. the mis orientations bet,o]een 

the subgrains range from about a minute up to 10° or so). By compar-

ison, the misorientations across normal grain boundaries are of the 

order of twenty or more degr'ees, and grain sizes can go up to 10
5 

microns, or more. 

2. 

Subgrains can, in general, be produced by a number of methods, 

including growth from the melt or from vapour. However, for the pre

sent purpose, only tl170 methods will be considered: polygonization 

during static recover~and polygonization during dynamic recovery. The 

first involves a stage of deformation followed by heating at temper

atures above half the absolute melting point. In this case, on 

deformati"n, small cells outlined by dislocation tangles are formed 

within each deformed grain. Upon annealing, the dislocations move by 

glide and by cross-slip or climb, depending upou the type of disloca-

tion, so that a considerable amount of dislocation rearrangement and 

annihilation occurs. J?inally the cold worle ce·Us are transformed into 

subgrains whose interiors are relatively dislocation free,and whose 

boundaries are mncn neater and tidier th an the original taugles fotm .. 

ing the walls. lbe driving force for polygonization is the lowering 

of the elastic strain energy associated with the walls as the cells 

turn lnto subgrains, and the boundar'y dislocation densi.ty is decreased. 



3. 

This 18 a recovet"y process since the subgrains a:r:e formed by the motion 

of dislocatioUf; and not by a nuclGation and gro'tVth mechani.sm. 

The second proce.ss for the formation of subg:rains i8 polygon~ 

ization during high temperature dynamic recovery. This process is 

peculiar to the high stac1dng fault energy metals. In this case, 

deformation occurs at elevated temperatures and polygonization, i.e. 

the formation of subgrains, occurs concurrently v7ith the deformation 

and not subsequent to it. The driving force for this type of polygon

ization is still the lowering of the dislocation density,but in this 

case the annihilation of excess dislocations is promoted by the pre

sence of the externally appl:Led stress, in addition to the internaI 

stress fields of the di.slocations themselves, and to the thermal acti

vation. Here again subgrains are forme.d with lo'tV angle boundaries 

and relatively dislocation free interiors. In general, the perfection 

and size of such grains depend upon the strain rate and temperature 

of deformation for any particular metal,and the case of polygonization 

of di,fferent metals depends upon their relative stacking fauit energies. 

In work performed at McGi1l, Wong et al (1) have shO'tVU that, 

when aluminum is extruded at homologous temperatures of about 0.75 

and strain rates of the order of 0.02 to 0.03 per sec., polygonization 

of the second type occurs throughout the material and no recrystalli

zation takes place. 'l'bey also showed that, for conditions of constant 

temperature and strain rate, the subgrain size (as determined electron 

microscopically) remains constant (2). Hmvever) v7hen such specimens 

were investigated under the polarizing microscope by the present author, 

a "tvide spectrum of substructures was observed. These substructures, 



as revealed by electrolytic etching, vad.ed from \vell-defined, equimced 

subgrains, through various ill-defined directional substructures, to 

areas of no substructure at aIl. 

It was not clear from the literature why such a spectrum of 

substructures should be observed after uniform deformation,and so the 

major object of this study \·ms to de termine the meaning of the various 

substructures, and thus alloV7 interpretation of the optical results. 

As the eJ~periments involved the polarized light exumination of anodi.

cally etched samples, the following t'to1O chapters 't'7ill dea! with the 

principles of electrolytic poHshing and etching, followed by the 

principles of polarized light metallography. 



CHAPTER 'nI0 

PRINCIPLES OF ELECTROLYTIC POLISHING 

AND ANODI C ETCm NG 

5. 



t'Hofold: 

6. 

2.1 PRINCIPLES OF ELECTROPOLIS1ITNG 

lhe functions of an ideal electropolishing process are 

a) "smoothing" by the elimination of large-scale irregular

ities (above a micron in size), and 

b) "brightening" by the removal of smaller irregularities 

(down to about a hundredth of a micron in size). 

During electropolishing, the metnl to be polished forms the 

anode in an electrolytic cell, and continued solution of the metal occurs 

in such a 't-my that the surface becomes smooth and bright. By varying 

the conditions of operation, the anode (specimen) can either be etched, 

polished, or partially or compietely passivated. 

If the variation of potential across the cell with anode 

current density is determined, a curve of the shape shown in Fig. 1 i8 

obtained. This curve can be broken up into five main parts which are: 

A - B etchiug; B - C unstablej C - D stable plateau with polishing; 

D - E slOtv gas evolution with pitting; E - F polishing 'tvith rapid gas 

evolution. The optimum condition for polishing is in the are a C - D 

adjacent to D. Thus, elec tropolishi.ng can be recognized as a particular 

case of the more general anodic phenomenon of concentration overpotential 

and passi.vity (3;. 4) which occurs in irreversible electrolytic cells. 

The theories that describe the mechanism of eiectropolishing 

invoive the formation of two distinct layers (5): 

i) a thin film on the surface of the anode, 'tvhich controis 

the brightening action; 



General curve 

voltage. in an 
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B - C 

C ~ D 

D - E 

FIGURE l 

relating anode current density and cell 

electropolishing electrolyte. 

etching conditions 

uns table conditions 

stable polishing 

slow gas evolution and pitting 

E - F polishing with rapid gas evolution 

From Tegart (5). 
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ii) 1:1 rel1:1tively thic1t viscous layer 'Hhich controls the 

smoothing action. The thick layer consists of 

reoction products and sUI'rounds the specimen and the 

thin film, as shotm in I!'ig. 2. 

8. 

Various detailed theoriefl have been proposed for. the way in 

1:·]hich polishing occurs, though little ag:reement appears to exist.' Sorne 

of these theories 'will nOH be outlined) although a complete revie\<] -v7ill 

not be attempted. 

2.1.1 Smoothinr; 

Jacquetts Resistance Theory. Jacquet (6) found the viscous 

layer of (ii) above to be about 50?- thic1c 't-lhen operating in the stable 

polishing region. lUth moderate stirring, the thic1cness decreased to 

35/A- and with vigorous stirring a thickness of only about 25 ~ 'filaS 

observed (5). 

He found the viscous layer to be dielectric in nature,and 

obtained an increasing potential at the terminaIs of the cell when the 

current density was increased. 'l'his can be seen from Fig. 1. Jacquet 

concluded from such results that the resistance to the passage of 

current was greater in the valleys,and there the current density was et 

a minimum., The opposite wes the case for the ridges, and there the 

current density was at a mm::imum. The variation in resistance resulted 

in the ridges dissolving more qUickly,and an effective smoothing oper

ation taldng place~ 

Elmore' s Concentration Gradient Theory. A some'tV'hat different 

explanation was proposed by Elmure (7, 8). Though he·agreed that the 



~'lGURE 2 

Schematic diagram of metal surface and viscous layers 

formed in electrolyte during electropolishing. 

FIGURE 3 

Schema tic representation of dissolution of surface . 

irregularities. 

9. 
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viscous film Has,a factor in polishing, he claimed that its insulating 

properties were not solely responsible for the preferred dissolution 

of the ridges. He proposed that the smoothing action was olso due to 

the difference beb'Jeen the valley and the ridge concentration gradient 

in the viscous layer. Since the concentration of the solution products 

in the vicinity of the ridges w'as lOï'ler thon thot in the valleys, the 

dissolution of anodic metal from the ridges occurred at a faster rate 

than that from the volleys. This the ory oscribes differences in layer 

resistance to differences in concentration gradient 't'Jhich in turn 

depend on concentration parameters. 

Anion Acceptor Theory. Halfaw:y (9) proposed another theory 

of polishing suggestingthat in sorne cases it 't'la.s not so much the 

diffusion of metallic ions that controlled the dissolution of the metal, 

but rather the distribution of the anions over the ridgesand depress

ions on the anode under the action of the electric field and the vis

cosity. ln a re1ated piece of work, Ed'tvards (10) shO't'led that the 

polishing effect 'toms due to the impoverishment of the anolyte in. respect 

of "occeptors", Le. anions or cel:tain pola.rizable molecules Bueh' as 't·mter. 

2.1.2 Brightening 

Most'investigators believe that the brightening action 

of electrolytic polishes, lUte passivation, is connected with the 

formation of a very thin film·on the surface of the anode. These 

may be the result of the partial crystallization of the products of 

solution, either to form complex salts or, more frequently, to form 

mddes (11). Other possible mechanisms are the sasorption of atoms or 
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molecu1es of oxygen, or the adsorption of anions. The various mechanisms 

'Hill now be examined in turn. 

Crystallization of Complex Salts Theory. The crysta11ization 

of a compleJ~ salt (12,13), due to supersaturation of the ions during 

polishing, cannot easily occur at the smaii peaks and irregularities 

involved in the brightening process. It is prevented from doing so by 

the flm'j of the supersaturated film and by the diffusion of ions mmy 

from the irregularities. Conversely, salt formation is favoured at 

the bases of the peaks where the concentration of the solts is higher 

and ~'Jhere diffusion i8 more difficul t. Thus brightening can be 

explained on the basis of the crystallization of complex salts. 

~~ide Film Formation Theory. Brightening can also be 

analyzed in terms of potential variation and oxygen formation. The 

electrolyte layer in contact 'with the general anode surface is more 

quickly saturated with the dissolution: products than the electrolyte 

near the peaks and irregularities. Thus the potential of the metal 

in the former areas ls higher than at the peaks where diffusion is 

easier. The necessary potential for o~gen liberation by electrolytic 

means is in turn reached first in the lotv-lying areas. Once oxygen i8 

liberated, but before it eJcists in quantities large enough to allot·;.r 

the formation of bubbles, a thin film of oxide is formed (14) or a 

layer of mà1ecules is bound by adsorption in these areas. Both of 

these effects result in the electrical insulation of the ~ow-lying 

areas,and in this way passivate them with respect to the peaks. This 

permits bd'th brightening and polishing to take place, with the former 
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being observed first since the irregularities ure smaller. 

Adsorption of Anions Theory. Sorne investigators (15 - 18) 

consider that p01ishing involves the adsorption on the anode of anions of 

the e1ectrolyte, especially 'to]hen u$ing electrolytes containing perchloric 

acid or its salts (19, 20), or fused salts for high temperature polishing. 

In this case, dissolution of the anode tattes place by the indirect 

method Hhich can be represented by the follow:Lng equations: 

-> n AO 

n A + M :-..-=::=. An M 

AnM nA- + 
-.J.~_ + M • 

Here, MI- is the metal ion and A- is the ani.on in solution (monovalent 

in this caseh and may be of the form CI04-. The anions are believed ta 

set up a thin compact film about the anode, which is belOi.J' the viscous 

layer. This film sets up an electrostatic field which is sufficiently 

intense to detach the metai ions from the lattice and carry them into 

solution. By this m9thod both the peaks and the plains are dissolved 

at the same rate. However, smoothing and brightening of the surface 

still results, as can be seen from the follot-1ing argument. Suppose that 

the surface irregularities are represented by equispaced, parallel, 

rectangular irregularities, as shm·ffi by the solid line in F:égO. 3. 

The width of these irregularities is W, and their height is H. After 

a given time t, a quantity of material "a" in thickness is polished 

U't.J'ay from each surface. The ne't.J' surface of the specimen is then 

represented by the dashed outline. Eventually "a" attains the value 

W/2 and the rectangular irregu1arities are replaced by smnller peaked 

ones. This process repeats it~elf until the final surface ia as smooth 
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as desired. 

The main hypotheses regarding the mechanisms of electropolishing 

have just been revie~·led. It is the opinion of som~ investigators, and 

also of the present author, that electropolishing i8 a compleJt process, 

incorporating several of the above mechanisms. The principal mechanism 

for a particular. metal/electrolyte combination then de pends on the 

detailed conditions involved. 

2.2 FACTORS IWFLUENCING ELECTROPOLISHING 

2.2.1 Choice of Electrolyte. 

At present, electrolytes are available for polishing most metals 

and alloys. These are summarized in several lists (21, 22, 23) for which 

the following principles apply. Electrolytic polishing is most useful 

for polishing single phase alloys and multiphase allo~s where al1 the 

phases are solid solutions. In general, it Is not suitable for polishing 

alloys containing intermetallic phases bec~use these have electrochemical 

properties thatare quite different from the matriJc. Different electro

lyte~ are generally required for the polishing of different metais and 

in ~ome cases, the different alloys of a give~ metal. There, are sorne 

electrolytes that are capable of polishfng several metals (5); however, 

such solutions are usually not' acceptable for research but are ueeful 

in commercial practi'Ce for routine eJcamination. 

2.2.2 CeU Voltage and Anode Current Density. 

It is possible by means of a simple apparatus to obtainvalues 

of eeU potential drop, ~Y'hether a potentiometric or series circuit is 
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used (5). A graph relating the cell pot~ntlal and anode current 

density was shown in Fig. 1. From this graph it can be seen that 

varying the cell vo~tage will cause different reactions to teke place 

at th~ anode. Along A-B the specimen i8 etched; at B-C instability 

occurs and it is possible to get periodic oscillations of the current 

density. At C-D, polishing occurs at constant current density. The 

rate of polishing as He11 as the quality of the polleh increases as 

the point D ls approached from C. The value of current density for 

this plateau is commonly called the "limiting" current density. The 

section D-E of the curve rep-cesents condit,ions at 'Which gas evolution 

and pitting occur. At cell voltages much higher th an E, the surface 

of the anode is both etched and polished. Thus, the most favourable 

conditions for polishing are described by the C- D part of the curve. 

2.2.3 Temperature 

Increasing temperature has a t~'1O- fold effect on electropol

ishing. With increasing temperature, the resistance of the electrolyte 

decreases, and thus the cell voltage required to give the same current 

density is less. The voltage required to obtain a given current density 

cangenerally be described by an empirical equation of the form: 

V = K/(aQ + b) 

where V is the voltage, Q is the temperature and K) B) b are constants 

determined by the conductivity of the electrolyte, the dimensions of 

the cell and the current passing through the cell (24). 

Also, on increasing the temperature, the viscosity of the 

bath decreases, nmking it more difficult to maintain the viscous 

layer on the anode,and so retarding and impairing the quality of the 



15. 

polish. If the bath is too cool, it may be belo't·] the critical point. 

for the precipitation of solid products on the anode and so again 

hinder electropolishing. For perchloric acid solutions, this point 

is about 15 - 18°C. 

2.2.4 Stirring 

Under normal conditions, the dissolution products tend to 

accumulate about the anode and stirring is necessary to allO'tV' fl:esh 

electrolyte to come into contact l'7ith the metal to be polished. 

Stirring is also necessary to prevent overheating of the electrolyte 

in the vicinity of the anode. Since the heat of reaction is usually 

quite large, the temperature of the electrolyte neal:' the anode may 

become dangerously high; e.g. in perchloric acid - ethanol solutions, 

for a bath temperature of 20°C, the temperature near the anode can 

get as high as 60 - 70°C. At high tempe ratures there is a possibility 

of this solution burning or even eJcploding. lt ls therefore necessary 

that fresh electrolyte be continuously supplied. Too vigorous a 

stirring, however, ~7ill destroy the viscous layer and so prevent the 

attainment of polishing conditions.. ln many cases, stirring can best 

be accomplished by rotating or oscillating the anode rather th an by 

agitating the solution. 

2.2.5 Prior Surface Preparation 

In general, the finer the initial mechanical polish, the 

less tinœ is required for electropolishing though there appears to 

be an optimum finish in sorne cases (25). In aluminunl, a 400 emery 
ad 

paper finish has been reconunended. This author obtai.n" best results 



after 0000 emery paper. If the finish iG too coarse, the time 

required to produce a smooth surface is too long,since a large amount 

of the metal has to be removed. The prolonged time may also cause 

excessive pitting due to the build-up of temperature, 

2. 3 MECHANI SM OF on DE FORMAT! ON 
DURING ANODI C ETCHI NG 

Etching is the name given to the process that maltes the 

structure of a metal apparent under an optical microscope. This 

usually involves the selective solution of the polished metal surface 

at the grain boundartes,or else, the preferential attack of different 

grains, depending on their orierttation) composition, or cyrstallo-

16. 

g'raphic structure. Su ch a process is generally referred to as chemical 

etching. 

A different form of etching may be used in sorne cases to 

reveal the structure of a metal. In this case, the material ta be 

'etched is made the anode of an electrolytic cell and carbon, platinum, 

or sorne ather suitable material ls used as the cathode. Depending on ' 

the electrolyte used, one of two reactions may occur~ 

a) accelerated preferential corrosion of the grain 

boundaries or of certain grains, as in pure chemical 

etching; or 

b) the formation of an oJcide film on the anode lV'hich 

produced a visible structure under the microscope. 

(Sometimes special microscopie techniques mustbe 

used to show up the structure, such aspolarized 
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light or phase contrast.) 

As· mdde film formation played an important part in thifl 

investigation, it Hill be considered in more detail belm·7. 

2.3.1 Detailed Mechanism of Oxide Formation 

Most metals, with gold as· a notable eJweption, are unstable 

at room temperature ivhen in contact uith oxygen under atmospheric 

conditions and have a thermodynamic tendency to form mddes (26). In 

the case of aluminum, after electropolishing, an oxide coat severa1 

tens of ÀngstrHms thiclc is pt'esent, as has been stated earlier. If 

the metal in this condition i8 made the anode of an electrolytic ceU, 

where the electrolyte does not dissolve the mdde nt an appreciable 

rate, the applied voltage will set up an electrostatic field in the 

oxide. This field, in turn, produces growth of the oxide fi!m by 

causing metal or oxygen ions to move through the film. OJeide grm'7th 

is, then, a phenomenon of ionic conduction at high field strengths, 

which involves tl'70 interfaces ~ metal/mdde and mdde/solution. Ionie 

transfer must occur at both these interfaces. 

2.3.2 Porous and Non-Porous OJddes 

'l'he eJtact mechanism of mdde growth on aluminum in a hydro-

fluoric acid - ethanol - water electrolyte (which wal') psed in the 

experiments described below), has not been investigated per se. HOi'7-

ever, it can be cla!:Jsified under the general study of the formation 

of porous mddes on the valve metal group~'c(26). l t is generaUy 

~'( The ,valve metal group includes such Inetals' as Ta, Nb, Al, Zr, Hf,! 
t-J~ Bi, and Sb. 



accepted (27) that the anodic aluminum OJdde formed in an acid bath 

consists of t\-70 layers: a ûon-porou8, barrier layer adjacent to, the 

metal and a much thicIcer porous layer above the harrier layer. 

In the initial stages of anodizing, a continuous, compact 

oxide film i8 :cormed, possessing a ne,arly constant thiclcnes8. If, 

lB. 

at a pnrticular point, the film is momentari1y thinner than else'i'jhere, 

current is concentrated. at that point and the thiclmess is built up. 

Hm'7ever, as the 1imiting thiclmess (1l: .• 5 A/volt) 1s npproached, the 

groi'7th of this film becomes slm'7, and the limiting thiclmess is 

approached aS:Y'11ltotically, until the non~porous layer finally censes 

to grm'7. 

The mdde film thickness can increase to a considerably 

greate'c extent, though, by the grm'1th of the poroue oxide, whose 

thiclme8s i8 governed only by . the length of time the voltage diff

erence ls nmintained acr08S the metal/electrolyte boundary. The 

porous film generally begins to grmv before completion of the growth 

of the non-porous barrier layer) and continues to gro't-1 simultaneously 

't-ïith it. If the porous film is present, the barrier layer is believed 

not to reach it8 final limi~ing thiclmess since the resistance to flow 

of the anions or cations through both 'films becomes equal to the driv

ing force at a Im'1er value of the barrier layer thidmess. 

2.3.3 Ion Hobility 

In order to determine the exact ,mechanism of OJdde formation, 

it is first necessary to determine \>1hether the anion, cation, or both 

m:e the mobile ions. In the case of aluminum,. in a number of different 

electrol.ytes, it \>1as suggesteq by Plumb (28), Amsel (29), and Rununel (30) 
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that the migrating substance ~vas the metal ion. 

In 1962, Devies et al (31) maintained, on the other hand, 

that oxygen was the ion undergoing transport. T.n 1963,. Devies et al 

presented tHO papers suggesting that both matai and mcygen ions Here 

mobile and migrated to form the mdde (32, 33). In 1965, us'ing 

d · . X:1. 25 D . . 1 (3') f' d Iii • d ra l.oactl.ve ~ e , eVl.es et a '-} con l.rm3 t lat a Uffi' num mel. e 

was form3d by both aluminum and oxygen :i.on migration. They a1so 

shOHed that the amount of aluminum dissolved in the ammonium citrate 

electrolyte which they used could be very high. 

From these results it can be seen that the method of trans-

port and solubility of the mataI in the electrolyte vary considerably, 

depending on the electrolyte chosen, the anodecurrent density, and the 

voltage of the system under consideration. For barrier layer form-

ation, it can be 'assumed . that mcygen i8 the mobile ion. For the 

formation of the porous layer, the work of Plurilb (28) most closely 

resembles the experimental conditions used by the present autho~ so 

that metal ion migration may be the operative mechanism. 

2.3.4 Oxide Cell Formation 

The mechanism. of formation of a porous layer l'1hich ia some-

what soluble in the electrolyte 'tvasinvestigated by both Evans and 

Keller and associates. Evans (27) maintained that AI+~ ia the mobile 

ion, and assumed that the limiting thickness of the barrier layer is 

never reached. Thus, cation movement continues through the oxide and 

"most of the E.M.F. falls over the barrier layer". Of the aluminum 

ions, part enters the liquid producing a salt solution,keeping the 



film PQrQus, while the Qther part fQrms fresh mdde at the solid part 

Qf the PQrQUS film, pushing QutiV'ard the SQlid matter already present. 

This allows the film tQ thicken indefini tely. 

Keller et al (35), Qn the Qther hand, firet cQnsidered the 

fQrmatiQn Qf a single cell Qf mdde "by virtue Qf the sQlvent actiQn 

at a single pQint", Le. where a lQcally high rate Qf dissQlutiQn 

already e:ldsts. This causes a highe1' current tQ flQW at that parti

cular pQint,and there fQllQwe an assQciated increase in temperature 

iV'hich further increases the rate Qf dissQlution. This mechanism i8 

believed tQ result in the fQrmatiQn Qf a PQre which i8 illustrated in 

Fig. 4. The abQve picture can Qnly hold j,f the effect Qf the temper

ature rise is greater than the effect Qf the increased current; Le. 

that the increase in SQlubility of the Qxide is greater than the in-

20. 

crea se in the rate at which Qxide is fQrmed due tQ the increased current, 

each taken frQm an equi1ibrium value. 

Assuming that a stable PQre is fQrmed,and that current flQWS 

thrQugh it, Qxide is cQntinuQusly being created and dissQlved. If the 

PQre acts as a PQint SQurce of current, the current field and the 

voltage field are spherical, and the advancing front Qf the o:.dde cell 

alsQ tends tQ be spherical. Since the cell walls cannot be thicker 

than the limiting value (14.5 A/vQlt fQr the PQtential drop beti.V'een 

the PQre face abQve the barrier layer and the electrQlyte Qutside the 

wall), a cylindrical cell is fQr.med, having a rQughly hemispherical 

end and a central cyl indri cal PQre. Because the mdde cells must 

cQmrletely CQver the enQde surface, the y cannQt be perfect1y cy1ind

rical, hQiV'ever, and ad opt a hexagQnal stl'ucture. A similar mechanism 



FIGURE 4 

Schematic representation of a porous OJdde cell 

formed on anodic etching. From Keller (35). 
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produces a star-shaped configuration in the central pore. The structure 

of a cell which agrees with these considerations was shown in Fig. 4. 

2.3.5 Cell Formation and Subgrains 

It i8 interesting to note here that Keller observed that 

single rows of cells form along either side of a subgrain boundary in 

aluminum. This is said to occur because at these points the amorphous 

mdde film is discontinuous, and therefore offers less resistance to the 

floiV of CUlTent. Once nucleated, the celI structure fills in the sub

grain area~ and if further growth is allO\ved, the identity of sorne of 

the subgrains may even become masked. 

204 FACTORS INFLUENCING OXInE FORMATION 

Of the factors that influence the type of oxide coating 

obtained, the electrolyte 3eems to be predominant. In borate, tart

rate, succinate, citrate, phosphate or carbonate solutions, the mdde 

is non-porous and has high ionie resistance. This type of film is 

generally amorphouso It grOiVs in a very short time to a certain limit

ing thickness, depending only on the applied voltage. The fi11'1!'l formed 

in sulphuric, phosphoric, o2œlic,or hydrofluoric acid solutions, on 

the other hand, are generally porous (ab ove the barrier layer) and have 

a low ionic resistance. They usually have lower dielectric strengths 

for a given ionic current than the other films. 

The operative distinction between the two classes of elect

rolyte is probably that porous films are formed in an electrolyte which 

dissolves the oxide at an appreciable rate,while no dissolution takes 
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place during the formation of the non-porous films. Other cell vari-

ables, in general, only have an effect on the kinetics of film form~ 

ation, Hhich ure eJlce11ently revie~ved by Young (26), and \'1i11 not be 

touched on in this treatise. 

2.5 RESU1.TS OF ELECTROPOLISHING AND 
ANODI C ETCHI NG 

It has been stated that for uluminum polished in El perchloric 

acid-ethyl alcohol electrolyte, on oy.ide film thickness of severai 

tens of AngstrHms i8 observed itmnediately after polishing (19, 36). 

It is possible that this OJdde film results from operation for a short 

period of time in the etching stage of the curve shawn in Fig. 1. 

Another possibility i8 that it 'results from the adsorption of oxygen 

ions on the surface of the metal during the polishing operation. In 

either case, this film, and the oxide layer formed during anodic etch-

ing, may be expected to possess somewhat simi1ar properties. 

In 1949, a furrow-like structure "tVélS first reported on an 

e1ectropolished surface by Brown (37) and by Buckne11 (38). In 1957, 

We1sh (39) investigated this phenomenon more c10sely and found that 

the "furrotved" patter.-n was not the on1y one obtainable. He a1so 

obtained a "dotted" and a "globular" pattern. Each of these cou1d be 

obtained using a perch10ric acid-alcohol electro1yte, but under 

different conditi.ons of applied potentia1 élnd bath temperature. The 

conditions can be summarized as fo11ovlS: 

a - la v. (app1ied potential) - no detectable structure 

la - 20 v. - furrotv structure 
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20 ~ 30 v. - transition from furrow to dotted structure 

30 v. and up to breakdown limit - dotted or globular 

structure, the latter appearing only at 

temperatures belo,·] oOe and potentials 

eJ~ceeding 40 v. 

In 1952, Bucknell et al (l}O) and Bussy (l}l) plotted their 

results stereogrnphically and showed the range over which the furrow 

orientations \'lere straight and pnrallel. Their results may be 

sununarized as follo\'ls: on faces near (100) orientations, the lines 

were, with minor deviations, constant in th.e (100) direction. As 

the orientation changed t'owards the (100) or the (111) poles, less 

regular patterns were observed. On or near (111) faces) the furrows 

changed into rows of granules. 

Thus it may be seen that under certain conditions of electro

polishing in perchloric acid-ethanol electrolytes, an mdde layer i8 

fQrmed on the surface of the metal. This oxide layer has a definite 

structure which seems to bear sorne relationship tothe metsl substrate. 

Severai investigators have determined that the surface after 

anodic etching in a 2% hydrofluoric acid, 49% ethanol, 49% water 

electro1yte is also striated. TIle striations or grooves are paraI leI 

or nearly 80 (42 - 47). The groove spacing can vary from part of a 

micron to several microns, depending on the thickness of the mdde 

coating. After short anodizing times (1 - 2 minutes), no striations 

were detected by polarize~ light inspection; however, using phase

contrast, small striations 'Vlere observed (47). Increasing the anodi:dng 

time to about 15 minutes led to striations of several microns spacing, 



which are visible under polarized light (l~2). l t 'tvas also shown 

by Hone (42) that the grooves of highly ov~r-anodized surfaces 

penetrate to about one quarter of the oxide thickness. These stri

ations or grooves do not forrn in perfectly parailel rows, but are of 

the same overall direction, although in the short range they may 

differ by 5° to 100 from the generai directiong The ends of such 

grooves may be oriented by as much as 45° to the overaii direction 

of the furrD\vs. An example of such an over-anodized film is seen 

in Fig. 6 of the paper by Pearson et al (l~l~). 

Returning no'tv ta the averall process of anodic etching, it 

ls known that the microstructure of aluminum can be revealed by the 

use of polarized light metallography in conjunction 'tvith electralytic 

etching. When a given sample is rotated with respect to the plane 

of incident polarized light, regions of the sample change from black 

to white through shades of grey, or through different colours if a 

sensitive tint plate is used. For a specific orientation of the 

specimen, particular shadeo of grey or particular colours will con

sistentlr be observe~1. l t remains now to examine the principles of 

polarized light metallography, in order that the manner in which the 

oxide coating produces this effect may be determiIled. 

25. 
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CHAPTER THREE 

PRINCIPLES OF POLARIZED LIGHT METALLOGRAPHY 



27. 

This chapter consists of a brief description of plane 

polariz~d light and certain of its characteristics. It is not in-

tended as a review of the physics of polariz,etl light since this is 

well covered in n number of te~(ts on the topic (L~9 - 53). It is 

presented~ rather, to emphasize sorne of the characteristics 'uhich 

enable the microscopie technique used in the optieal investigation to 

be effective. 

Light can be described as a transverse electromagnetic wnve 

where the oscillating quantities nre the electric and l1ugnetic vectors 

vlhich are perpendicular to each other. It has been shm-JU by Heinner' s 

eJ~periment (54) that the electric vector produces the observed effects 

and can therefore be identified as the "light vector". If vIe assume, 

as in Fig. S, that a beam of light is travelling in the Z+ direction, 

the light vector may, nt a given instant, be pictured as eJcecuting 

a vibration, the ampl;ltude and direction of vlhich are indicated by 

AA'. The light beqm then may be described aS a linear vibration of 

varying amplitude ;;'71th suddel1 randoIn changes in orientation (9) 

-8 
occur~ at time intervals of the order of 10 sec. If the vibrations 

are restricted to being linear, though of varying amplitude, and the 

angle Q (defined in Fig. 5) is not permitted to change, the light is 

said to be plane polarized,and is in a plane containing the Z axis 

and is oriented at an angle Q to the X mds. The azimuth angle ('17) 

of plane polarized light (illustrated in Fig. 6) ia defined as the 

angle between the plane of vibration of the incident light and the 

plane of incidence, the latter being the plane containing the incident 

beam and the normal to the surface of incidence at that point. The 



FIGURE 5 

Representation of vibrations of light by vector MI, 

'tV'here AA 1 changes in amplitude and orientation 9. 

FIGURE 6 

Azimuths and amplitudes of pInne polnrized light 

refl~cted externally from a dielectric surface. 

28. 
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azimuth angle of the reflected light is similnrly defined Hith respect 

to the plane of reflec~iona 

Plane polarized light may be produced by severai means 't-Thiçh 

include the following three procesoes: reflection, double re::;rnction 

and pasonge t;hrough a dichroic ohect. These \'li11 no\'] be cJmminod in 

turn. 

301 POLARIZA'rrON DY REFLEC110N 

lt v1l1.S f,ound that vlhen ordlnary light :1.s reflected from a 

dielectric like glass, the reflected liSht: i8 pinne polarized Hhen the 

angle of incidence assumes a certain critical value called Dre,qster's 

angle. Bre"tqster 1 slow stFltes that when the refracted and reflected rl,lys 

are 90!> apBl't, the reflected ray ia plane polarized and the angle of 

incid~nce at which this condition ia mot depends only on the refractive 

inde~~ of the dielectric. The refractive indeJc (n) is defined as 

(1) 

where 0 Flnd @! are the angles of incidence and of refraction respeçt" 

ively. If à1 is the angle of incidence at 'tqhich the reflected ray ia 

plane polarized (see Fig. 7), then by Brelo1Ster 1 s laH, the angle ROT ls 

90° t\l;ld sin Ç1' Q cos i. Therefore 

n 
sin (iJ 
c~ 

sin '(Ii' 
:= sin 13 

cos VI 

So that Bre~qster' sangle ls tan -1 n. 

tan {ij (2) 

Thisprinciple a180 applies to the production of polar~.~ed 

light by reflect~on from a pile of plates. If the angle of i~cidence 



FlGURE 7 

Reflection from and transmission through a transparent 

dielectric material, uhen the ongle of incidence is 

equal to Brewster's angle. 
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io not exo.ctly Brev7f;;ter' sangle, the reflected ray is only partially 

pIo.ne polarized. 

3.2 POLARIZATION BY DOUBLE P~FRACTION 

Double rerraction io oboerved to a lesscr or greoter qegree 

in 011 transpo.rent crystals that are anisotropic, i.e. ones in which 

the physical plL"OperUes vary with direction. AU crystals, eJ~cept 
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those belonging to the cubic systQm, ore anisotropic o.nd in these, the 

mdo of h:~gheot cryotollographic symmetry io called the optic mds. 

The' onisotropic crystals, e. g. calcite, mica, qU1ntz, etc. demonstrate 

the phenomenon of double refraction or "birefringence" "7hen light entera 

the crystal olong a direction other thon the optic axis. t~en the light 

travels alpng the optic axis, the phenomenon of birefringence:.is not; 

observed. 

For light travelling other than along the optic mds, the 

incident ray of light i8 divided into tl'j'O beams, termed the ordinary 

(0) and e:ctraordinary (E) rnys. The 0 ray ahmys lies in the plane pf 

incidence ,(\1hi1e this is not geQeral for the E ray. '.Che 0 and the E 

ray travel at different speeds through the crystal. Th~ relative re

~ardation. d, divided by the thickness of the crysta~ i8 called the 

birefringence. Also the planes of polarizotion of the 0 and Erays 

are perpendicular tp each other, i.e. the amplitudes of vibration are 

oriented at 90° to eoch other. 

The production of plane polarized light by double refraction 

io best illu.stroted by the nicol prism, l'7hich removes one of the two 



refracted roys by total reflection. The construction~l details of a 

COffiJllpn nicol prism can be seen in reference (t~9). 

3.3 POLARIZATION BY DICHROIC CRYSTALS 
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These crystals have the property of selectively absorbing 

one of the tl-lO rectangular components .of .ordinar.y li-ght; gener.ally it 

is the 0 vibrations. The result is that only vibrations perpendicular 

to the 0 vibrations are transmitted and so plane polarized light i8 

obtû:tned. The Ulost common dichroic crystal io tourmaline and it pro

duces plane polnrized light lvhen the optic mds of the crystal is 

parnllel to the face of th.e tourmaline plate. 

l t 18 dso pos.sible to have polarizing films 'tvith properties 

similar to those of tourmaline but vlhich have been artificially pre

pared. Such films are called "Polaroid" films. They contain sulphate 

of iodoquinine, which forms' Il mass of ultramicroscopie needlelike 

cyrstals that are made to align themselves in one direction. Each 

tiny crystal behaves optically Hlte a thin plate of tourlualine. When 

ordinary light pa.sses through such a film,it emerges'as'plane polarized 

ltght. A~ the present time, Pola~~d sheets are commpnly used as 

polarizers and analysers in opticai apparatus. 

1:..4 OBSERVATIONS HITH REFLECTED LIGHT 

If the possible conditions thatmay arise on inspection of 

a metai covered with a transparent mcidf.! are considered, it will be 

noticed that: 
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1) the mdde layer may be isotropie or pnisotropic. 

2) the metal may also be isotropie or anisotropic. 

3) the mdde mny be doub1y refraetive or optically 

active and have various possible orientations of 

its optic mds lvith re.spect to the incident light. 

Hith regard to the metallogruphy of aluminum, the processes 

thut must be considered are the follm7ing: reflection at the <:\ir/oxide 

interface; refleetion at the oxide/metal interface; und transmission 

through the transparent dielectric. These items Hill be considered in 

turn in the following sections. 

~.l Reflection from an Isotropic Dlelectric 

In this case, the amplitude vector of the incident beam of 

plane polm:ized light (E) can be resolved into t'(-10 components, one 

pe:t:'pendicular (ES) and one parallel(Ep) to the plane of incidence, as 

in Fig. 6. The azimuth angle (~R) of the reflected ray (R) can be 

calculated from the follot-1ing equation: 

tan 1if"R = = 
Ep cos «(lJ + 0') 

Es cos «(lJ 13') (3) 

ijere the subscripts p and s represent the parallel and perpendicular 

components, respectively, of the incident and reflected ray6, and 13 

and 13' have been defined previous1y. 

Equation (3) is based on Fresnel 's 10'(-1 of reflection which 

mny be e~cpressed as follows: 

sin (çJ - 13 '1 
sin (13 + (iJt) 



~ 
E p 

tan (0 - 0') 
tan (0 -+ 0 ') (4b) 

From these two equations, several interesting quantities 

can be found. For any angle of incidence, the reflectance (r) of a 

pnrticular material can be calculated from equation 4 since 

= 

? 
(R ) '

P 

(Ep)2 

(5a) 

(5b) 
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A plot of these reflectances l.s shmm in Fig. 8 for cC - A1203' 

It io interesting to note that for small angles of incidence, only a 

small portion of the light is reflected, and that for high angles of 

incidence, the amount of light reflected is relatively large. Use will 

be made of this fact in a later section. It should also be noticed 

that, at specifie values of 0, the p and s reflectances are usually 

different. Thus there is a change in the relative amplitudes of the 

p and s vibrations after refl~ction, so that the plane of polarization 

of the reflected beam is rotated a"tvay from that of the incident beam. 

The amount of rotation depends both on the angle of incidence and on the 

orientation of the plane of polarization with respect to the plane of 

incidence, as can be seen from equations (3) and (4). 
Rs 

From equation (4a) it can also be seen that the sign of E: 
s 

is al't-mya negative. This means that reflection produces a phase 

dlfference of J.80° betlveen the incident and the reflected light. For 

the p or parallel component, the aign is positive for small 0, indi-

cating no phase change. Hhen (0 + 0') reaehes 900
, the denominator 



FIGURE 8 

Reflectances for oc. - A1 203 , of the components per

pendicular and parallel to the plane of incid~nce 

of polari,zed light. 
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in equation (l}b) goeg to infinity and then there is a 1800 phase change. 

A plot of the phase difference bet'tVeen the p and s components of the 

reflected light i8 ShO'tVIl in Fig. 9. 

2.4.2 Reflection from an Anisotropie Dielectric 

The effect of anisotropy in a dielectric material upon the re

flection of polarized light has not been thoroughly investigated to date. 

However, :tt can be assumed that, as in the case of isotropic dielectrics, 

the reflectivity ls hlghest at high angles of incidence and the nbsorp

tivity is highest at lOv7 angles of incidence. l t is a1so probable thnt 

the optical properties depend on crystallographic orientation,although 

the form of the dependence is not ImO'tVIl in detail. lUth regard to 

reflection from such dielectrics, the effect of anisotropy 'tVould be 

most significant at high angles of incidence where the reflectance is 

highest, qnd least important at normal incidence. 

3.4.3 Reflection from an Isotropie Metal 

If plane polarized light strikes the surface of a metal, it 

will, in general, be reflected as elliptically polarized light (49, 50). 

This i8 80 since, on reflection from a metal, a phaae difference ia 

introduced bet'tVeen the p and s components. 

The effect of introducing a phase difference bet't'1een the p 

and 8 component8 can be seen from the addition of tlolO sine uaves of 

the same frequency, but having dis placements in t't'10 perpendicular dir

ections. If we choose the y Z plane, and therefore the y andZ 

directions, the tl~O componentsmay be expressed as 

(6) 



FIGURE 9 

The phase difference betw'een p and s components 

(oip - ols) for a dielectric and for three metais 

of increasing absorption index (49). 
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FIGURE 10 

Relative amplitude quotient (rp/rs) and relative 

phase difference (~) for the p and s components 

on r.eflection from aluminum (27). 
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(7) 

Rere y and Z are the instantaneous vibration amplitudes along the 

respective axes, al and a2 are the maximum ampl:i.tudes of vibration, 

W is the angular frequency of vibration, and cC land c:C 2 are the 

respective phases at tima t equals zero. 

NOH, on squaring each equation and subtracting to cancel 

the t terms, the folloHing is obtained as the equation of the result~ 

ant path. 

cos (cCl - cG2) 

This is the equation of an ellipse and the phase difference 

(~) = (cCl - 0(2). Thus it can be seen thata plane polarized beam 

i.s converted to elliptically polarized light on reflection from a 

metal surface. 

If the incident light is not plane polarized, asabove, but 

elliptically polarized, the light reflected from the metal is still 

elliptically polarized; with the phase difference- and the amplitude 

betl-leen p a,nd s components in the reflected light being different from 

that of the inciclent light. It must be remembered that plane- and 

circularly polarized light are only extremes of elliptical polarization. 

3.404 Reflection from an Anisotropie Metal 

Anisotropy means having different physical propertiesin 

different crystallographic directions. Sorne of the properties that 

vary 'tvith direction are the reflectivity and phase difference bet't'leen 

the p and s components. As a consequence, for any particular com-

(8) 



bination of angle of incidence and orientation of the plane of polar

ization, different orientations of the m3tal lead to different amounts 

of rotation of the plane of polarization. For example, if a polished 

polycrystnlline specimen of an anisotropic metal such as zinc i8 

inspected under polarized light, the different grains are seen in 

different shades of grey, depending on the amount that the plane of 

polarization of the reflected ray is rotated into the plane of the 

analyser. The amount of rotation of the plane of polarization depends 

on the crystallographic orientation of the grain 'uith respect to the 

plane of polarization of the incident light. This effect ~'70s investi

gated by Jamin (55) in 1847, 't·7ith succeeding wode by D.lyton (56) in 

1935. This topic is also excellently revie't-yed by Mott and Haines (57). 

3.5 TRANSMISSION THROUGH TRANSPARENTDIELECTPJCS 

The behaviour of the portion of the light that is refracted 

into the transparent anisotJ:'opi.c surface layer must nm-7 be considered. 

Under typical conditions of small angles of incidence, this can con~ 

stitute about 90% of the total incident radiation, as can be seen from 

Fig. 8, abo'V'e. In the study of the transmission of light through an 

anisotropic substance, three different cases must be considered: 

a) the optic aJds is para11el to the direction of 

normal incidence. 

b) the optic mds is perpendicular to the direction 

of normal incidence. 

c) the optic mda is nt an angle to the direction of 



transmission of light. 

These cases will nOV1 be examined :ln turn. 

3.5.1 Optic fueis parallel to the Direction of Normal Incidence. 

'fo simplify this discussion it ls possible to malce use of 

a principle of mechanics which states that any simple harmonie motion 

in a straight line may be considered as the resultant of two opposite 

circular motions. 'l'hen, according to Fresnel, plane polarized light 

entering a crystal along the optic axis can be decomposed into two 

circularly polarized vibrations, R and L, each rotating in opposite 

directions with the same frequency. 

If the anisotropie substance is not optically active, the R 

and L motions travel at the same speed through the layer and their 

resultant at any point along the path is simple harmonie motion in 

the plane of original vibration. 

If the substance is optically active, the two circular 

vibrations move forward with very slightly different velocities. The 

result of this is that the plane of polarization rotates as the ~eam 

passe~ through the material (Fig. lIa). If polarized monochromatic 

light is used, only rotation of the plane of polarization is observed; 

if polarized white light is "passed through the optically active material, 

rotary dispersion ia obtained. This is due to the fact that different 

colours (light components of different 't"mvelengths), are rotated by 

different amounts. It has been found that the amount of rotation is 

very nearly proportional to the inverse square of the 't·;ravelength (49). 

If such light is viewed through an analyser~ it Hill be seen that the 



FIGURE Il 

Transmission through an optically active crystal at 

different angles to the optic mcis. 

42. 



~+> 
~r:> 

""""1-> 
<.'--ê> 

J~ . 

-f:-,ft 
~".!-:.!-I... . ..I.-!--!.-I 

(a) 
OPTIC AXIS PARALLEL 

TO PLANE OF INCIDENCE 

~ ________ ~,.,J:o_~ ________ ~ 

:t 
'il 

(b) 
OP TI C AiIT S PERPENDI CULAn. 

TO PLANE OF INCIDENCE 

v 
(c) 

OPTI C AXI S AT ANGLE 
TO PLANE OF iNCIDENCE 



light is coloured, since light of certain 1;·mvelengths is eliminated 

to a greater extent than that of others. 

The total amount of rotation of the plane of polarization 

is dependent on the total thickness of the optically active material. 

Usually this material i8. a single crystal, e. g. a single crystal of 

quat·tz but it can also be a liquid. The property of optical activity 

is not general for aIl anisotropic materials but is limited to specific 

cases such as quartz, cane sugar solutions, etc. 

3.502 0ï?tic Axis PerJ.~endicular te Light of Normal Incidence 

Hhen the optic mds of the mdde is paral1el to the surface 

of the metal, an incident beam perpendicular to it Is not affected by 

the anisotropic material, 'tvhether it ls optically active or nota This 

means that plane polarized light continues as plane polarized light in 

the original plane of polarization (Fig. lIb). 

3.5.3 Optic Mels nt an Angle to Norma11y Incident Light 

l~en the optic axis is not perpendicular to the incident 

light, the effects of optical activity are seen to a greater or 1esser 

elctent, becoming greatest when the alcis is parallel to the direction 

of incidence. When the incident vibrations lie in the principal 

section (Le. the plane containing the optic axis and the normal to 

any c1eavage face), the y are decomposed,on entcring the crystal into 

t'tvO ellipses LE and Ro of different size (Fig. llc). The major alces 

of these ellipses. are at right angles to each other and their senses 

of rotation are opposite. Except when the angle between the incident 

ray and the optic mds ls very small, the lntensity of the ray Ro is 



very 101'7 and LE is a very slim ellipse. The result of this is that 

two rays are emergent from the optically active material and the one 

of greater intensity (LE) is elliptically polarized. The major mds 

of this ray lies in the same plane as the plane of vibration of the 

incident light. 

Hhen the beam of light reaches the mdde/metal interface, 

it is reflected by the bright metal. On reflection, this light travels 

back through the cïielectric, following the same interactions 'tvith the 

material as it did on entering this medium. This has .already been 

discussed. It is then refracted again on entering air, a rarer medium, 

from the dielectric. 

3.6 maDE SURFACES AND METALLOGRAPHIC OBSERVATIONS 

In Chapter T'tvo, it 'tolas stated that after electropolishing 

of aluminum, in, sorne cases, a thin oJdde film is found on the surface 

of the specimen. After electrolytic etching by menns of anodizing, 

an mcide film of cons'iderably greater thiclmess is present on the 

metal surface. In both instances, various topographie fentures can 

be detected on the outer surface of the aluminum mcide. The metallo

graphie eJcamination of these surfaces, both after electrolytic polish

ing and etching, revealed microstructures 't'7hich would not have been 

apparent on inspectins the untreated metal surface. Several theories 

have been presented to eJcplain the effectiveness of the etching 

technique inrevealing the structure of the metal substrate. These 

will uO'tv be considered in turne 



3 0 6 0 1 Optical Anisotropy Theories 

In 1947, HubeI' and Gangler (L~8) put fOI"tVard the proposition 

that the grains of aluminum appeared in different shades when observed 

through crossed polarizers as a result of the optical anisotropy of 

the nluminum oxide coatingo They maintained that mdde "crystals", 

't·]hich w'ere anisotropie, gre'tv in a manner 'Vlhich had a definite relntion

ship to the metal matrixo 'rbese authors suggested that the mdde 

crystals were optically unimda,l in sorne cases, while in others they 

were opticnlly biaxial. The unimdal crystals were so oriented that 

the optic mds was normal to the surface of the metal, so that no 

apparent rotation of the plane of polarization of the incident light 

resultedo The biaxial crystals, on the other hand, resulted in 

different amounts of rotation of the plane of polarization of the 

incident light, depending only on the angle between the incident 

plane of polarization and the bisectriJc of the biaxial crystal. They 

displayed a stereographie plot on which the y indicated the planes 

't'1here they considered the uniaxial and bimcial crystals to be formed, 

and they also indicated the directions of the bisectr1Jc of the bimdal 

crystals in the appropria te regions. 

Barlter (61) in 1950 and t-Joodard et al (62) in 1951, worldng 

wtth different electro1ytes, supported the opinion that the apparent 

structure is visible under polarized light as a result of the an1so

tropy of the mdde surface. 

3.6.2 Topography lheories 

Several investigators determined that, under certain condit-



ions of polishing and etching, the surface o,f the mdde film can have 

a striated appearance due to the presence of parallel grooves or 

furrmvs (39, 42, 43, 55). On large grailled samples, the striations 

orgrooves 1:'7ere found to change direction from grain to grain and 

1:'lere believed to be related to the aluminum substrate (39). Helsh 

(58) suggested that the striae in aluminum were parallel to traces 

of the ('100) directions on the surface. It has a1so been suggested 

(39) that the striae observed afte~ electropolishing and those 

46. 

observed after anodizing bore identical relationships to the crystall

ography of the substrate. Buclmell et al (40) observed that a furrO't'7ed 

structure was present on the polished and etched face only when that 

face was associated with particular planes of the crystallographic 

lattice. The planes on which a furrowed structure was observed were 

plotted on a stereogram and are presented in Fig. 12. 

The authors referred to above discuss the presence of a 

furrow structure on the surface of the mdde, but do not come to any 

conclusions regarding its optical effects. In 1951, perryman (63) 

showed that the effect of polarized light is dependent on the topo

graphy of the surface and that it depends on the orientation of the 

furrO'tvs 1:vith respect to the plane of polarization of incident light. 

He based his arguments on his mm eJcperimental resul ts ,and on the 

supporting eviden~e of Baeyertz (64),who used both a scratched sur

face and lamellae of pearlite to ShOt-l the effect of an irregular 

surface on polarized light. These results are in agreement with a 

theory for the reflection of polarized light from irregular surfaces 

put forward by Jones (66). 



FIGURE 12 

Standard 100 stereographie projection incorporating 

the follO'tving resul ts: 

(a) Bucknell et al. (40), shmving the surfaces on 

which a furro~v s truc ture was observed in 

recrystallized material; 

(b) Huber et al. (48), shO'tVing the projection of 

the bisectrix of what was considered to be an 

optically active biaxial crystal; or the location 

where no optical activity was observed; 

(c) Present author, indicating regions l'lhere the 

different substructures were observed. 

(d) The composite quadrant Shov7S that there is agree

ment between the three sets of results. 
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3.6.3 Other Theories 

A similar furrow structure 'tV'ElS observed by Hilsdorf et al 

(59) on specimens of aluminum containing a,lloyed copper. These 

authors agreed that the structure 'tms not due to plastic deformation, 

as first suggested by Brown (37), but implied that the furrm'7s were 

due to the preliminnry stages of precipitation of copper. Neverthe

Iess, they reserved the possibility that the furrowed topography may 

be the result of electrolytic polishing or etching. 

Berghezan (60) 't'7as the firs t to note the appearance, uuder 

the optical microscope, of a substructure by the use of this et ching 

technique and very short etching times (in the range of 15 to 30 

secs.). In hi8 work, sorne subgrains were visible in the one micron 

size range, 'tV'hile in other cases, subgrains were visible uhen the 

average size was 10 to 15 microns. No mention wus made of a furrmV' 

structure but he suggested that the variation in colours observed 

between subgrains could be attributed to an interference effect 

involving polarized light. (No mention '(Vas made of the use of a 

sensitive tint plate.) 

These are, in summary, the major proposaIs for the effect

ivness of the polarized light technique in observing grain structures 

in aluminum. 
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CHAPTER FOUR 

EXPERIMENTAL PROCEDURE 
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4.1 l1ATERIAL AND BILLET PREPARATION 

The material used in the investigation ";'TaS 18 aluminum 

supplied by the Aluminum Company of Canada Ltd~ in the form of 1.5 

inch diameter rods, 12 feet in length. These rods had been extruded 

by Alcan under the follm·ring conditions: 

ingot size 

die reduction 

ingot reheat temperature 

press container temperature 

ingot extrusion temperature 

extrusion speed 

9" dia. x 25" long 

36 : 1 

l~45° C 

M·O°c 

4l.0°C 

120 f.p.m. 

extrusion cooled by circulated air. 

The composition of the material, as determined by spectrographie 

analysis*, was: 

Cu 

0.008 

Fe 

0.26 

Mg 

0.008 

Ni Ti Bi 

aIl Iess than 0.005%. 

Mn 

0.008 

Cr 

Si 

0.09 

Pb 

Zn 

0.006 

Sn 

Ga 

0.014 

V 

0.007 

B 

0.001 

The bil1ets.were prepared by cutting the as-received materia1 

into 4 inch 1engths, facing the ends on a lathe to obtain fIat para-

11el surfaces, and strain-annea1ing each billet to obtain a grain size 

of 10"to 15 mm.. Strain-annea1ing was necessary to ensure uniformity of 

structure and to produce a large grain size in the billet so that each 

* Courtesy of R. Langdon, Aluminum Company of Canada Ltd., Montreal. 



grain could be followed through the die into the extrusion. This 

is discussed more fully in Appendix l. 
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The conditions finally selected for strain annealing ~]ere: 

preanneal at 640°C for three hours; strain in compression 3.8 - 4.0%; 

final anneal at 640 ± 5°C for L~8 hourso 

L~. 2 EXTRUSlON CaNDI rIT ONS 

After preparation as above, the billets ~-:ere eJctruded by 

the direct method on a 150 ton vertical hydraulic eJctrusion press 

follo1'7ing the procedure outlined by Hong (65). The dies used 't'lere 

squnre-shouldered, with circular apertures 0.247 inches and 0.494 

inches in diameter, resulting in eJctrusion ratios of 40: 1 and 10: 1 

respectively. This led to reductions in area of 97.5 and 90.0%. 

Extrusion was performed,over the homo1ogous temperature 

range of 0.74 'to 0.79, and ram speeds from 0.022 ta 0.032 inches per 

second 't,lere used~ The latter resu1ted in strain rates in the range 

0~7 ta 008 per second for the 40:1 die, and 0.11 ta 0.16 per second for 

the 10:1 die. The detailed conditions of extrusion are presented in 

Table l. 
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TABLE l 

CONDI TI ONS OF EXTRUSION 

~rature Ram Speed EJctrusion 
.Test No. ~'h 0 C inche.s/sec. Ratio 

1 0.740 L~17 0.0222 40 : 1 
, 

2 0.74S L~22 0.0250 L~O : 1 

3 0.745 L~22 1 0.0310 10 : 1 

4 0.745 422 0.0323 10 ~ 1 

5 0.750 427 Oe0232 10 · 1 · 
6 0.750 427 0.Q305 ·10 : 1 

7 0.755 431 0.0235 40 : 1 

8 0.760 436 0.0265 40 · 1 , 

9 0.760 436 0.0264 10 : 1 

10 0.775 .,450 00 ;('>265 L.O : . 1 

11 0.780 455 0002"42 40 : 1 

12 00790 464 000222 40 : 1 



L~o 3 pREPARA'I'ION OF SpECIMENS FOR OPTICAL EXAMINATION 

10 1. 5 inch lengths were cut from the 0.247 inch rods 

and 1/8 inch lengths from the 0.494 inch diameter 

rods. 

2. Longitudinal sections were then prepared by using 

a special clamp to hold the sample, and reducing it 

to nearly a half-section on a rotating belt grinder, 

using varsol as a lubricant. 

3. This was follO\V'ed by hand polishing on 0, 00, 000 and 

0000 emery papers, aga in using varsol as a lubricant. 

Hashing between the different papers was don~ with 

acetone. 

4. The samples were electropolishecl for 2 to 3 minutes 

follO'tV'ing the method described by Raether (19). A 

solution of 16.7% commercially concentrated (70%) 

perchloric acid in ethanol l'laS used in conjl.lnction 

't·lith a carbon cathode. Optimum polishing conditiona 

Here obtained at a ceU voltage of 18 - 20 volts, 

2 a current density of 3 - 4.6 amp./in. (48 - 73.6 

amp./dm. 2), and a temperature of 20 ± 2°C. 

5. The specimens 'tV'ere electrolytically etched for 2 to 

3 minutes in a solution containing by volume (47): 

49 parts ethanol 

L~9 parts distilled 't'later 

2 parts hydrofluoric acid (48%). 
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A cell voltage of 40 to 60 volts ~vas used, lvith 

a current density of 0.40 to 0.60 amp. lin. 2 (6.l~ 
2 to 9.6 amp./dm. ), and a super-purity aluminum 

cathode. The bath temperature Has also 20 ± 2°C. 

4.l~ pREP.ARATION OF SPECIMENS FOR OPTICAL EXAMINATION 
OF CENTRAL FI BER 

The variation in the apparent substructure Hith the angle 

5l~. 

of section lvas investigated as follm·7S. Using the 10 : 1 die, eJ~tru-

sions T,oj'ere made l'7ith the aim of producing one l-lith a single grain or 

fiber running mdally dO\ID the center of the extrusion. Each extru-

sion was examined for such a fiber by taking 1/8 inch samples every 

six irlChes along the length of the extrusion. 

The first and second steps were identical to those mentioned 

above, except that great care was taken to remove just less thon half 

of the sample on the belt grinder. Steps three and four were then 

repeated successively until the section was lvithin fifty microns of 

the exact center of the original specimen. 'the sample was then etched 

as described in step five. 

Inside - outside calipers were used to mark the center of 

the extrusion ori the polished surface. These markings were made by 

fine scratches. The sample was then inspected ul1der a Vickers pro-

jection microscope with a high pressure Jcenon light source. AU the 

optical observations lvere carried out with crossed polarizer and 

analyser, using white light. 

If the sample did not contain a relatively large fiber 
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running centrally down the ext'cusion axis, it ~vas discarded, and the 

next sample taken six inches away along the extrusion- 'toms similarly 

tried. If the specimen did contain such a fiber, it was investigated 

as follows. 

Similar 1/8 inch samples 'were cut from the adjacent mater-

ial on either side of the original sample. Each sample was polished, 

by the method described above, at different angles to a reference line 

(SI) p'reviously inscribed on the surface of the eJctrusion. The angle 

of section 'tvas determined by measuring, on the surface of the rod, a 

distance equal to the arc subtended at the surface by the required 

angle. This distance 'tvas marlced on the rod surface by a fine scratch 

(S2) (see Fig. 13a). 

The specimen was then placed in the polishing clamp (Fig. 13b) , 

after ensuring that the surface of the rod was in contact with the semi-

circular portion of the clamp and that the scratch (S2) 'tvas aligned 'tvith 

the lip of the clamp (see Fig. 13c). Care 'tvas taken to ensure that each 

specimen was positiol1ed in the same way and the technique 'toms estim.ated 

as being accurate to ± 3° of the quoted value. 

4.5 OPTICAL METHOD OF MEASURlNG MISORIENTATION 
BETHEEN SUBGRAI NS 

The sample was mounted on the Vickers projection microscope 

so that the eJctrusion axis 'tVBS horizontal on the screen 'tvhen the 

stage protractor read zero degrees. If a substructure l'ms visible, 

the type of substructure was noted. The stage \Vas then rotated in 'one 

direction until this structure appeared in maximum contrast, that is, 



FIGURE 13 

(a) Schema tic diagram shot-1ing the methods of obtaining 

sections of the central fiber at various angles 

(9:) to a reference 1ine. 

(b) Clamp assemb1y used to support the specimen during 

grinding. 

(c) Clamp with specimen in position for grinding. 
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the set of subgrains 'Has at its position of maximum contrast with 

respect to the mntrix. The angle at this position of the stage was 

noted, and the structure, termed structure A, WOlS photographed using 

a pola~~0r, series 420 camera. Further rotation of the stage pro

duced a field that 'was completely dark, though different smnples did 

not produce fields of equivalent darlmess. 

As rotation of the sample 't,ms contin.ued, a visible sub"l' 

structure 't-TaS again encountered. This "t'7as called structure il (see 
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Fig. ll~). The subgrains that appeared dark or black in structure il, 

appeared light in structure A, and vice versa for the ones that 

appeared light in structure il. On further rotation, aIl the contrast 

betl'leen the subgrains disappeared and the whole field turned white. On 

continued rotation, contrast between the individual subgrains began 

to reappear and iucrease in intensity. The structure that 't'las visible 

now l'70S again structure A. 

It l'70S extremely difficult to de termine the point at which 

the field l'70S lightest; therefore, a note was made of the angle at 

which a11 sign cf structure disappeared and the angle at which a struct

ure began to reappear. The arithmetic average of these two angles WBS 

th en used as the angle for a white field. The angles at which the 

;:'hite field, the dark field, structure A, and structure il were observed, 

were recorded for a 360 0 rotation of the stage. These r,eadings were 

used to determine the mis orientation between subgrains as discussed in 

Section 8.3. 



FIGURE 14 

Optica1 micrographs showing appearance of fiber 

with the stage set to the position considered as: 

(a) Structure A (Po1arized Light 200X) 

(b) Structure B (Po1arized Light 200X) 
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4.6 OPTICAL DE~BRMINATlON OF SUBGP~~IZE 

The subgrain size 'Ims determined by random traverses of the 

samples Vlith a moveable cross-hair in the ocular. The distance of 

travel of the cross-hai:!:: per r:evolutiol1 of the micromzter had previouoly 

been calibrated using a microscope stage microm8ter. The number of 

subgrains crossed and the total distance travelled in each traverse 

Here noted. Several traverses Here mnde 't'71th the stage nt each setting. 

The, stage 't'laS then rotated filightly and the procedure '\'7[\S repeated. 

This \'JaS necessary since certain subgrains, 'uhich appeared ns single 

entities at a particulm: setting of the stage, 'were found to brenl" 

up Into two or more separate s ubgrains as the stage 't·ms rotated 

slight1y. Subgrain size measurements were carried out on each of the 

tl"70 substructures (i.e., A and B) observed on stage rotation. For 

any one fiber containing detectab1e subgrains, an average of 300 to 

500 subgrains were traversed in order to determine the average sub-

grain size. 

4.7 EFFECT OF VARYING THE maDE COATING THlCIŒTESS 
ON CONTRAST BEïVŒEN SUBGRAINS 

i 

To determine the e~fect of dlfferent thicknesses of coat-

ing on the optical appearance of the substructure, a polygonized 

samp1e of lS a1uminum and a coarse-grained recrysta11ized semple of 

super-purity aluminum uere po1ished and anodized for increa~ing 1engths 

of time. These were: 30, 60, 90, 120, 150, 180, 240, 480 and 960 

seconds. Doth samples l'Jere anodized for the 'length of time shoun first, 



observed under the optical microscope and photographed, and then 

anodized further to produce the successive accumulative lengths of 

tim~. A note 'tV'qs mnde of the exposure tim~ required for each photo

graph and of the relative amount ai grain or subgrain contrast, as 

seen in section 5.4. 

l!,.13 OPTICAL EFFECT OF TILTING SAMPLE 

60. 

'!he effect of tilting the coarse-grained super-purity sample 

was determined after a total of 90 seconds of etching. l'he angles of 

tilt USE'.d 't'lere 1°, 2°, 3°, 4°, and 10°. '!he tilting of the 0.680 inch 

wide sample for the one or two degree pos:f.tj.ons "t-Jas accomp1ished by 

the insertion of an appropriate fee1er gauge under one side. For the 

larger. angles of tilt, the specimen was raised by the insertion of a 

suitab1e uedge under one side. The effect of ti1ting the sample on 

the contrast betHeen grains is described in the results. 

4.9 TRANSMISSION ELECTRON MICROSCOPY 

For elcamination by transmission e1ectron microscopy, 3/4 inch 

1engths 't'lere cut from the Oo49l~ inch elctrusions and prepared as for 

optica1 elcamination. The fiber of interest "t07as marked by fine scratches 

at each end of the fiber and the samp1e was thinned from one side on1y, 

the side opposite the one uhich was observed optically. Thinni~g \,ms 

accomplished by first mechanically po1ishing the nomp1e dO"to7U to a thin 

sheet. A. disc in the fiber. of interest "t-Jas then, jet machined and 

dishec;1 on one side with a water solution of 10% nitric acid at a 
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voltage of 80 volts. The anodized coating was removed using a 10% 

NaOH solution. Final thinning 't'las carried out using a solution of 

20% perchloric acid in ethanol at a voltage of 12 volts. 

The substructure within the chosen fiber 1;'las inspected 

using a JEM - 6A, 100 KV electron microscope following standard thin 

foil techniques. ~.~ The subgrain size was measured by the present 

author using a technique described by Hi11iard (67) and the crystal1-

ographic plane of section was determined by e1ectron diffraction, as 

was the mis orientation between subgrains. 

4.10 SCANNING ELECTRON MICROSCOPY 

The principle of the scanning electron microscope is that 

a beam of electrons, 't'7hich is focused to a very small spot, is made 

to move over the surface of the sample. The electron current leaving 

the sample is collectedand amplified,and is then used to modula te 

the brightness of a spot on a cathode ray tube which is moving in 

synchronism with the spot of electrons on the sample. The moduiating 

electron current ls not solely dependent upon the electrons emitted 

by secondary emission from the bombarded surface but is made up in 

great part of scattered electrons. Electrons are scattered from the 

surface if the mean plane of the surface under examination is set at 

an angle of 25° to 45° to the incident beam. Under these conditions, 

* Thinning and examination of the specimens by electron microscopy 
was carried out by Dr. H. J. McQueen of the Ecole Polytechnique. 



62. 

it is found that the modulating current depends strongly on the 

angle between the incident beam and the portion of the surface on 

which the primary electron beam is falling. This angle normallY 

varies considerably from point to point of the surface, so the 

picture finally built up is related to the topography of the surface, 

rather than to its seeonclary emission properties (68). In this U4~nner 

the topography of the surface may be resolved in great detail, sinee 

large magnifications are possible due to the short 't·mvelength of the 

eleetrons used. 

Representative areas of various samples w'ere eJCamined "7ith 

a seanning electron mieroscope*, first after eleetropolishing and then 

after eleetrolytic etching. Each area of interest was investigated 

at low magnification (approx. 300 X) and then selected areas were 

photographed at higher magnifications, as required to bring out detail. 

As the oxide is a dielectrie material and beeomes charged up in the 

microscope, it was nece~sary to coat the surface of the semple with 

a thin layer (~bout 100 A thick) of vacuum deposited gold-palladium 

alloy (60% Au - 40% Pd). 

* The scanning electron microscopy was performed by Mr. A. Rezanowich 
of the Pulp and Paper Research Institute of Canada. 
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CHAPTER FIVE 

RESULTS OF OPTICAL METALLOGRAPHY 
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5.1 TYPES OF SUBSTRUCTURES OBSERVED 

When a rod of polygonized aluminum wes sectioned longitud

inally and anodically etched, as described in Section 4.3, a variety 

of apparent substructures could be seen under polarized light. These 

can be divided into four general categories which are illustrated in 

Fig. 15. The categories are: 

a) an equiaxed, we1l-defined substructure (Fig. l5a) 

b) a definitely cross-hatched substructure (Fig. l5b) 

c) an indefinitely cross-hatched substructure (Fig. l5c) 

d) no substructure (Fig. l5d). 

The categories are by no means distinct groups but represent 

portions of a continuous spectrum, beginning with a very clear equimced 

substructure at one end and ending ,·.7ith one in which no substructure 

whatever can be seen under the optical microscope. The cross-section 

of an extruded rod can contain aIl four types of structure simultan

eously, though the major part of the sections was usually cross-hatched. 

The average grain size, as determined optically, ranged from 

about 9 to 13 microns. There was little contrast, in most cases, 

be'tween the subgrains in a particular fiber, while the contrast between 

adjacent fibers was usually very striking. This indicated that there 

were large mis orientations between the subgrains in adjacent fibers 

when they were sectioned longitudinally. 

Very litt le contrast was evident, on the other hand, when 

transverse sections of extruded rod were examined,and it was difficult 

to distinguish between subgrains and bl?tween adjacent fibers, as iUus·· 



FIGURE 15 

(a) Optica1 micrograph of equimced substructure. 

(Longitudinal section, polarized light 200X.) 

(b) Optical micrograph of a "definite1y cross

hatched" substructure. 

(Longitudinal section,polarized light 200X.) 

(c) Optical micrograph of an "indefinite1y cross

hatched" substructure. 

(Longitudinal section,polarized 1ight 200X.) 
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(d) Transverse section of an eJctruded rod, showing 

that no substructure i8 visible, and that individ

ual fibers are indistinguishab1e in most cases. 

(Polarized 1ight 200X.) 

-.. 



(a) 

(b) 



Cc) 

(d) 
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trated in Fi~. l5d. The reasons for the difference betHeen the 10n~-

itudinal and transverse microstructures will be dealt ,qith in the 

Dio cussion. 

5.2 TYPES OF SUBSTl1.UCTURES OBTAIi''lED ON SECTIONING 
SELECTED FIBEItS AT DIFFEn.ENT ANGLES 

Central fibers uere sectioned, as descri.bed previously, at 

the follO;:'ling angles to a longitudinal reference line: 30°, l~5°, 60'?, 

900
, 1200

, 135° and 150°. The types of substructure obtained from 

ea~h set of sections are summarized in Table II. The substructures 

f ound in Se t No. 3, 't'7hich cover the "7hole range of subs truc tures 

observed, are shown in Fig. 16. Note that the subgrain size HilS diff-

erent for each angle of section, as shown in Table III. 



TAnLE II 

SUI3STRUCTURES OBTAlNED ON SECTIONING 
FIBERS AT DIFFERENT ANGLES 

SET No. 1 

o equimœd, 1:-Jell- defined 
45 fnintly croBs-hatched 
90 faintly cross-hatched, almost equimced 

135 mostly e~uiaxed 

SET_~ 

o faintly cross-hatched, almost equiaxcd 
30 equimœd, though not very definitely 
60 large equimced 
90 very indefinitely cross-hatched, almost no structure 

120 definite1y cross-hatched 
150 indefinitely cross-hatched, very faint 

SET No. 3 

o definite1y cross-hatched 
30 definite1y equimced 
60 indefinite1y cross-hatched, verging on no structure 
90 equimced, verging on cross-hatched 

120 equiaJCed, very large 
150 equimced 

TABLE III 

SUBGRAIN SIZES FOR SET NO. 3 

67. 

Angle of Section Average Subgrain Size* (micron~ 

0° 
30° 
60° 
90° 

120° 
150° 

~.( Average for 300 ta 500 subgrains. 

9.9 
10.0 
10.1 
10.1 
12.4 
l1.l} 



FIGURE 16 

Sequence of substructures observed 't-1hen one fiber 't-78B 

sectioned longitudinally at different angles to a 

plane of reference. ~olarized light (lSOX). 

63. 
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5.3 l1ISOIUENTATION BETUEEN SUBGRAINS 

Attempts to measure the mis orientation between adjacent 

subgrains by means of stage rotation 'were found to give inconsistent 

results •. :.. lt l'las found that the amount of stage rotation required 

to bring adjacent subgr.ains alternately to the sorne shade of grey or 

darkness depended on the direction of rotation and on the actual sho.de 

of grey chosen for comparison. ln addition to this, lt Has extrem31y 

difficult' to de termine 't·]hen a subgrain v7as at its position of maximum 

darkness, if this was chosen as the point of reference. If a parti-

cular shade of grey was chosen rather than that of ma~dmum darkness, 

it Has difficult to determine when the second subgrain reached the 

'k Orientation i8 defined as the angular relati'onship between 
a crystal or molecular alignment and a set of external reference 
directions. The orientation \difference or misorientation bet'tveen 
tvl0 crystal lattices can be described in a number of ways. 

One sueh 'tvay is to consider the misorientatioIl, as a com
bination of a pure tilt and a pure ttvist misorientation. These 
describe, respectively, a rotation about a cormnon axis in the plane 
of the boundary, and a rotation about an axis perpendicular to the 
boundary. 

A second way is to describe the mis orientation in terms of 
three orthogonal rotations about a set of co-ordinate mees. These 
rotations can be combined to obtain one rotation about the axis of 
a common crystallographic direction, though three parameters are still 
required todefine a mis orientation in this way. These param3ters are 
the follm'ling: two to describe the axis about 'tvhich rotation talu~s 
place and one to describe. the amount of rotation about this mds. A 
method to de termine the orientation of., the common mds and the amount 
of rotation about it, 'tvhen the orientations of the two grains are 
knO'tvu, was presented by Liu (76) in 1964. 

Hhen a section is made through a grain boundary, a t'tvO~ 
dim3nsional vieH is obtained in 'tvhich only a component of the mis
orieùtation ia observed. This component may be smnller or'equal to 
the true misorientation, depending on the plane of section. 



identical shade of grey that the first one had before it '\l'as moved. 

The error involved in this technique '\l'as quite large compared with 

the value of misorientation and so it was abandoned. 
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It was observed, however, that at particular settings of 

the microscope stage, the subgrains within a given fiber could be 

divided into two groups. The two groups differed in shade from each 

other and the subgrains in each group were of about the same shade. 

Usually, when one group was dark, the other was ligh~ and vice versa. 

St.ructure A 'tolaS the name given to the structure obtained when. one 

group '\l'as at its position of mmdmum darkness, and this also corres

ponded to the condition of maximum contrast between it and the group 

of the opposite shade. Structure B was the term applied to the con

dition for which the subgrains that appeared light in structure A 

were at their position of maximum darkness instead. Structure A and 

Structure B for a particular specimen are illustrated in Fig. 14. 

The amount of stage rotation observed between structure A 

and structure B is an indication of the average misorientation 

between the subgrains in the two groups. That ls, it is an indication 

of the maximum optical mis orientation present within a single fiber. 

The results of readings obtained by this method are listed in Table 

IV, and will be further interpreted and discussed in Section 8.3. 



'Vfuite Field 
to 

Test Structure A 
No. (degrees) 

3-1 34.1 

3-2 34.3 

3-3 38.7 . 
3-4 31. 3 

3-5 39.9 

3-6 36.6 

AVG. 35.8 

3-7 39.9 

9-1 39.8 

9-2 35.6 

AVG. 38.7 
L-___ -------' _ -----

TABLE IV 

MISORIENTATION READINGS BY OPTICAL STACE ROTATION 

Structure A Structure B Dark Field 
t·fuite Field across across across 

Structure A Dark Field Structure B to Dark Field I·Jhite Field Structure A 
to to to White Field to to to 

Dark Field Structure B v.Thi te Field Rotation Structure B Structure A t-Jhite Field 
(degraes) (degrees) (degreea) (degrees) _(degreea) (degree~) (degrees) 

8.3 6.8 41. 9 91.1 15.5 77.2 42.2 

7.4 8.8 39.6 90.1 16.1 73.9 41.4 

5.0 5.4 40.9 90.0 10.4 79.6 43.7 

15.3 7.9 35.8 90.3 23.3 66.8 46.3 

7.5 11.1 30.5 89.0 18.6 70.4 47.4 

12.8 12.1 28.6 90.1 24.9 65.1 49.3 

9.4 8.7 36.2 90.1 lS.1 72.0 45.1 

6.0 5.7 38.5 90.1 11.7 78.4 45.9 

4.6 5.0 40.5 89.9 9.6 - SO.3 44.5 

8.7 7.8 37.3 89.4 16.5 72.8 44.3 

6.4 6.2 38.8 90.1 12.6 77.2 44.9 
------ --_ .. _- - --_ .. - --- -- - -- ------ --- - -

Each angle given in this table is the average of four readings. The scatter 

of the readings about the average was approximately ± 2 - 3 0
• 

Hhite Field 
across 

Structure B 
to 

Dark Field 
(degrees) 

48.5 

48.3 

46.3 

43.7 

41. 6 

40.7 

44.S 

44.2 

45.5 

45.0 

44.9 

-.J ..... 
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5.4 TlITCKNESS OF maDE COATING 

l t l'las found that increasing the thickness of the mdde on 

the a1uminum, 'uhile holding the incident light intensity constant, 

resu1ted in an increase in the e11ipticity of the 1ight ref1ected 

from the surface of the specimen. The relative intensity of the rotated 

light Has estimated from the time required to eJcpose a photograph to 

a given degree. The results of this study are shO"tV'n in Table V, and 

sorne representative photographs are pr~sented in Fig. 17. 

TABLE V 

EFFECT OF mŒDE THICKNESS ON REFLECTION OF LIGHT 

Total Time of 
Etch (sec.) 

30 
45 
60 
90 

120 
150 
180 
210 
240 
480 
960 

Subgrain Sample 
Exposure Time 

(sec. ) 

120 
60 
60 
30 
15 

5 
5 
5 
5 
1 
0.5 

Large Recrysta11ized 
Samp1e Exposure Time 

(sec.) 

30 
15 

2 

2 

5 

It was a1so found that after a certain amount of overanod-

izing, the subgrain boundaries become 1ess 'tole11 defined and the con-

trast bet'ween adjacent subgrains began to disappear. As the topography 

of the OJdde surface changes t'7ith etching time (42), this indicated 

that the 10ss of contrast betHeen adjacent subgrains was probab1y 
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FIGURE 17 

Sequence of micrographs illustrating the changes 

in the definition of the substructure with in-

creasing thickness of mtide. 

(a) 30 sec. etch (cl) 150 sec. etch 

(b) 60 sec. etch (e) 240 sec. etch 

(c) 120 sec. etch (f) 960 s~c. etch 



(a) (b) 

,i<':{"iY'::' ," 
. .' '4- "4 .~ 

. f{~f:· ;l.~';.1l: i;'}'!';j':';': 
>':~;I~ 

~.1,:f;;·.·~~~~ 

(e) (f) 



associated Hith chan~es in furrOH str.ucture. 

5 [' 
.,:} rm'FECT OF CI-LI\.NGING 'l'RE L\NGLE OF TILT 

To obtain further data on the mechanism of reflection of 

the incident light from the mdde surfoce, the specim3n sm:face 'Has 

tilted ot small angles Hith respect to its usual horizontol position. 

It 'uns found that on a r.ecrystallized smnple in Hhich the ~roin size 

HOS very large, increasing the ongle of tilt from 0° to 3° increased 

the contrast betHeen adjacent grains, as seen in Fig q 10. Increasing 

the nngle of tilt still further to 4° produced no change in contrast, 

Hhile at 10° there Has al,most no contrast left QetHeen the adjacent 

grains. The e~cposure Ume 'required at 10° of tilt 'toms cOIJ.siderably 

greater than that for the small tilt angles. This can be attributed 

to the fact that there Has a considerable amount of light lost by 

reflection aHay from the microscope mdG. 

50 6 EFFECT OF USING LIGHT OF DIFFERENT HAVELENGTHS 
i 

l'J'hen a polygonized sample 'toms eJcumined 'tqith light 'tolhich hGld 

passed throllgh a blue filter, (W'ratten No. C-49) , it showed consider-

ably more contrast than when vieHed using light that had passed 

through a red filter (Hratten No. F-Bd8). Setting aside differences 

in red and blne sensitivity in the observer, this indicated that the 

mechanism of contrast production operated more effectively with light 

of short wavelength. The effect may possibly be ascribed to the fact 

that the furrow spacings and slope lengths are in the same range of 
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FIGURE 13 

Variation in contrast bet~'7een three large recrystallized 

grains 't'7ith different angles of tilt of the sample from 

t1le normal horizontal position. 

(0) 0° tilt 2 sec. eJcposure 

(b) 1° tilt 2 sec. mcposure 

(c) 2° tilt 15 sec. mcposure 

(d) 3° tilt 15 sec. eJtposure 

(e) 4° tilt 15 sec o exposure 

(f) 10° tilt;: 240 s~co eJtposure 

Polarized l;Lght (200X). 



(a) (b) 

(c) (d) 

(e) (f) 
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magnitudes 0.8 the Havelength of light. 

1-1hen uhite light ,\;'7nS used and a sensitive tint plate 

inserted into the opticnl train, the folloHing results '1:'1ere obtained: 

1) It 'l;o7as eJctrem31y difficult, if at 0.11 possible, to 

distinguish the sepnrate subsrains. 

2) The bands of similarly oriented subgrains \,]e1:e easily 

distinguiohable and adjacent bands appeared in compli

mentary colora such as red-pink and blue-green. 

5.7 R'8JfLEC'l,'ION li'IlOM PARALLEL SCHATCFŒS ON ALUMtNUH SUIlFACE 

Opposing theories concerning the production of contrast 

bet'tveen grains are based either on reflection from the furrO't·]ed sur

face of the o:ldde, or transmission through the optically anisotropie 

mdde and reflection at the smooth mdde/metal interface. The question 

of 't-1hether reflection from the furro't']cd ourface qlone could he re(Jpon ... 

sible for subgrai,n contl;'ast 't'las further investigated as follO'tvs: 

A specimen of aluminum, 't>7hich is optically isotropie, t'las 

hand polished up to 4-0's emery paper. Care Has taken to malte certain 

that on the last fet'l passes, the scratches on the surface uere para

llel and as regular as possible. Another set of flcratches t-nlS made 

at apprOJcimately 45° to this direction, in an adjo:i,ning part of the 

specimen. t-Jhen this sample 'toJUS inspected using plane polarized light, 

it 't-lBS found that e~ctinction occurred ühen the scratches l'lere either 

perpendicular or parallel to the plane of polarization of the incident 

light. Hhen the scratches \'1ere at other angles, thü surface varied 
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in brightness, ''(o]ith maximum brightness being produced 'when the 

scratches 't-7ere inclined at l}5° to the plane of the po;I.arizer or 

analyser. 

This indicated that reflection from a furroHed surface alone 

could produce elliptically polarized light and that th~ presence of 

such light is not necessarily indicative of anisotropie properties in 

the reflecting material. 

5.8 REFLECTION FR0l1 FURB,OHS ON OVEPJ. .. NODIZED 
COARSE-GRA1NED S~~~~~~~L~E _________ ___ 

To determine 't'lhether the furrO'i:-Js on the mdde surface were 

involved in a similar effect, a highly overanodized coarse-grained 

sample, in ;:'lhich the furrm'l directions 'Here clearly visible, 't'Ws used 

to determine the orientation of the furroHs nt e}~tinction. It 'toms 

foul1d that each grain appeared darkest 't'7hen its furrm-7s "Vlere either 

perpendicular or paraI leI to the incideilt plane of po1arization. 

AIso, mmcimum brightness occurred at 45°, as 't-7QS seen previously 't'7ith 

the mataI surface. The results of this test on mcide f1,1rrm'ls thus 

agreed fully with those of the previous section on metal scratches. 

5.9 REFLECTION AFTER APPLYING A NETAL COATING 
ON THE maDE 

A set of samp1es "VlélS prepared fol1oHing the usual technique 

for optical observation. Representative oreas of each type of sub-

structure were photographed, as seen in Fig. 19a. A selected sample 

o 
was then coated with a thin film (about l~OO A) of gold-palladium 



FIGURE 19 

Appearance and c1arity of definition of substructure: 

(a) after anodic etching; 

(b) after anodic etching and vacuum deposit!on of 
o 

400 A thick coating Au-Pd alloy. 

Po1arized 1ight (200X). 
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1t. 

(a) 
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alloy (60% Au - 1(,0% Pd) by standard vacuum depooition techniques q 

The thiclmess of the deposited mater1al '\:o1ao great enough to make it 

opaque to 1ight. This smnple 'Has then rephotosraphed, and part of 

it 1a ShOi'ln in Fig. 19b. 

It can be seen that the same substructure is observed after 

coating 't'7ith gold-palladium, though the relative contrast 10 oome'what 

decrensed, and the total intensity 1s cons1derably less. Thio ohO\'70 

that the ellipticity of the reflected Iight 'tV'nS somewhnt decrensed by 

the addition of the conting. 

The results of this test shoHed conclusively that 'î-7hen pInne 

poinrized light is reflected from the surface of an nnodized aluminum 

specimen, the reflected light is elliptically polarized, and that this 

is due primarily to the furro'tV'ed topography of the mtide surface and 

not to the optical anisotropy of the aluminum mtide. The decrease 

in the intensity of the reflected light after deposition of the opaque 

metal probablyresulted from the alteration of the furroÏ'1 shape, and 

so of the reflecting surface v Also, the p and s reflectivities of the 

metal are different from those of the aluminum oJtide 't'Ihich it 

supplanted as the reflecting medium. 



CHAPTER SIX 

~~SMIS~ION ELECTRON 

METALLOGRAPHY RESULTS 
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60 1 STRUCTURE 

The different substructures observed on the optical micro

scope level could not be distinguished frœn each other on the trans

mission electron microscope level. ln the latter case, equimced 

oubgrnins '\:-rere ahmys observed with fairly well-formed dislocation 

boundaries. The boundaries 't-Jere narrmoJ, did' not shOt-J thick dis loc

ation tangles, and the subgrain interiors Vlere relatively dislocation 

free. The subgrains in each sample did not ShOH any evidence of 

cold -':-1Orlt, ~lere not elongated, and 't-rere similar in mal1y respects to 

those produced by annealing after cold work. 

Representative electron micrographs corresponding to three 

of the main types of optical substructures are shown in Fig. 20. The 

average size of the subgrains ranged froul 7.7 to 9.0 microns, as 

shmm belO'toJ: 

equiaxed substructure 

definitely cross-hatched 

indefinitely cross-hatched 

7.7 microns 

7.7 microns 

9.0 microns 

6.2 ORIENTATIONS AND MISORIENTATIONS 

The mis orientations between the subgrains on the dislocation 

level üere found by electron diffraction., The general procedure ~JaS 

to de termine the orientati.on of several adjacent subgrains in a parti

cular area, and then to find the orientation of one or two subgrains 

a t a dis tance of several subgrains from the original area. 1 t 'toms 

found that the mis orientation betw-een adjacent subgrains was usually 



FIGURE 20 

Representative transmission electron microgrophs of 

the subgrains in the following optical substructures: 

(0) equimced 

(b) definitely cross··hatched 

(c) indefinitely cross-hatched. 

(Each at 200me). 

FIGURE 21 

Electron diffraction patterns obtained from semples 

that appeared: 

(a) equimced 

(b) definitely oross-hatched 

(c) indefinitely cross-hatchedo 
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(a) (b) (c) 

(a) (b) (c) 
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sma11 , of the order of minutes or one or two degrees, l'1hi1e the 

orientations of the distant subgrains differed by 6° to 8° from 

those of the adjacent ones. 

It was a1so found that the mis orientations a10ng a given 

direction in a subgrain field 'were not additive. That is, lV'here the 

average mis orientation betl'1een ten subgrains a10ng a straight 1ine 

\vos say 3°, the mis orientation between the first and the 1ast sub-

grain 'Has ahmys considerab1y 1ess than 30°. Severa1 such sequences 

of misorientation ,-7ere measured for 1inear distances of the order of 

20 to 25 microns. l t shou1d also be pointed out that in no case l'ms 

a misorientation beti'1een adjacent subgrains 1arger than 6° found; 

furthermore, no high angle boundaries were ever observed in the sub-

grain regions. 

Electron diffraction was a1so used to determine the plane 

of section corresponding to three of the optica1 structures observed. 

The results are summarized in Table VI and representative diffraction 

patterns are disp1ayed in Fig. 21. 

TABLE VI 

PLANE OF SECTION AND AVERAGE MISOlUENTATION 
FOR DIFFERENT OPTICAL SUBSTRUCTURES 

Optica1 Structure 

equimced 
definite1y cross-hatched 
indefinite1y cross~hatched 

Plane of Section 

(310), (210) 
(110) 
(110) 

Average 
Misorientation 

4° 30' 
4° 34' 
3° 49' 



6.3 REPLI CAS OF ma DE COATI NG 

It was observed optically that no substructure (or at 

most a faint hint of substructure) ivas apparent on etched trans

verse sections, whereas easily visible substructures were found on 

the longitudinal sections. In order to de termine the reason for 

this difference, plastic replicas of transverse and longitudinal 

etched surfaces i,]ere investigated by electron microscopy. It Has 

found that longitudinal replicas showed slight differences in 

elevation betiveen 'bands or regions of subgrains, and revealed 0 

distinct furrow structure in eoch subgroin. In many cases, there 
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'was a slight difference in furroiv direction betiveen adjacent sub

grains, ioJhile in some cases no such change of directionwas observed, 

as can be seen from Fig. 22a. 

On examining the transverse replicas, no furrow structure 

was observed and the etched surfaces were seen to be someHha.t 

speckled. The subgrain boundaries ivere delineated by small ridges 

\07hich probably i07ere not large enough to be observed optically. 

Periodically, there appeared to be a difference in elevation bet'toJeen 

adjacent subgrains, as can be seen from Fig. 22b. It is possible that 

these differences in elevation are responsible for the substructure 

which can be detected optically using phase contrast. 

In arder to extend the results obtained from the use of 

replicas with the conventional electron microscope, the topography 

of the mdde surface was further studied ivith a scanning electron 

microscope. A selected sample was first inspected after electro-
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FIGURE 22 

Plastic replica micrographs of: 

(a) Longitudinal section where a substructure 

was visible; 

(b) Transverse cross-section where no sub

structure was visible. 

(Each l500X). 



(a) 

(b) 
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poHoh;ln2 an~l before elec trolytic etchin~o In this case, the surfuce 

was fIat °oit11 no sign of fUrrOi-lS, rid2es, speckles or any ot11er 

surface imperfections, even nt magnificntions os 111gh as 25,000 X. 

Afteor anodi3ing, ropresentative areus of the equ:tmeed, definitely and 

indefinitoly croso-hntched substructures wo1'o investigated. 



CHAPTER SE:yEN 

RESULTS OF SCANNING 

ELECTRON METALLOGRAPHY 
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7 • l EQUIAXED SUBSTRUCTURE 

Under the scanning electron microscope, the topography of 

an equicmed region has the appearance shmvn in Fig. 23. l t can be 

seen that the furrOlV's are not psrfectly parallel, and that the furrot-l 

dir~ctions change from subgrain to subgrain. ln any one subgrain, 

the furroH direction is generally constant, though sorne deviations 

can be seen at the ends of sorne of the furrows. lt can a1so be seen 

thnt the furrow density is relatively constant within individual sub

grains. 

Note that the average size of the regions denoted by 

similar furrow directions is in agreement with the average subgrain 

size observed optically and that the misorientation between furrow 

directions in adjacent subgrains coincides with the values obtained 

by optical methods. 

7g 2 DEFINITELY CROSS-HATCHED SUBSTRUCTURE 

In the areas that had this type of optical substructure, 

tlV'O types of furrow structure could be observed: 

a) either aIl the furrow directions were uniform, 

as in Fig. 24a, or 

b) a herringbone pattern was observed, as in Fig. 24b. 

In case a), although the general furrow direction w'as 

constant over the entire fiber inspected, it can be seen that the 

density of the furrows varies from location to location. Moreover, 

the size of these "patches" of furrows agrees very lV'eIl with the 



FIGURE 23 

Scanning electron micrograph of the mcide surface 

corresponding to the equiaxed substructure. Note 

variation in furrov1 direction bet"t'1een adjacent regioJïls. 

(lOOOX) 
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FIGURE 2L} 
._--~-

Scmming electron microgt'élphs corr8sponding to 

definitely cross-hntched regions: 

(0) shol'7ing region where furroH direction ie 

uniform; (1300X) 

(b) ehowing region 't-7here a "h?rringbone" 

pattern eJdsts. (700X) 
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(a) 

(b) 
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oize of " oubgraim;" or croqs-hatching oboerved on optica1 inspection. 

J.i'rom Fig. 25 lt can be oeen that in regions of different 

xurrŒ7 denslty, the slopes of the furro't·7S are different~ In regions 

of clooely arranged fm:rows, the slopes of the grooves are consider~ 

obly oteeper than those of furrows that are a;:-ranged less densely. 

l t con n100 be oeen thot the depth of each of the furrm'7s io opprœc

:i.mately the amne .. 

In caae b), it can be seen that there ~o both 0 difference 

in m:ientotion of the furrov7S and a100 a difference in the density 

of :CUl"l'."OïJ8 f1'01" t'egion to region. The diffe1'ence in fUl."rOH orient

ation olong this herringbone pattern is of the order of 30° to ll.O°. 

7.3 INDEFINITELY CROSS-HATCHED SUBSTRUCTURE 

A typical eJCample of an indefinitely cross-hatched area i8 

shoHn in Fig. 26. Rere it can be noticed chat no definite furrol'l 

structure eJdsts, but that an oJCide film of relathrely uniform thick

ness persista over the ';'1ho1e area. A hint of a furro'Vl structure is 

seell,ond periodicÇllly large depressions are noticed. The "ghost" 

furroH structure is unidirectional over areas that are considerobly 

1arger than the Pattern size observed optically; moreover, the angle 

bet't'leen the furrow direction!,! in adjaçent regions i8 relative1y lorge. 

Therefore, it i8 improbable that the "ghost" furrotv structure p;:o

duces the optica1 effect. Instead, the periodic large depressions, 

l-lhich aleo have sorne directionality, are more likely to be respons

ible for the appearance of indefinite cross-hatching on the optical 



F.IGURE 25 

Scanning electron micrograph illustt'ating that 

differences in fUrrotV' slope are associated 'tV'ith 

differences in f1.lrrOi'l dens;ltyo 
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Scnn'Qing electron micrograph corresponding to nn 

inclefinitely c~~os-hatched regiono (1800X) 

FIGURE 27 

Scunning elec tron micrograph shO't.Jing the boundary 

beb7een a furrO't.Jed and a non-furrO't'7ed surface (nt 

right) 0 The non-furroNed mdde io of npprmdmntely 

the same thicltness as the mdde nt the furr~>t'1 cresto 

93. 
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level. Fi~. 27 shoHs that in regions of this nature, the mdde fi,lm 

~h:l,clmeof] is ~bout equal to the maximum mdde film thickness iIJ the 

furroHed rcgionp. 
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CHAPTER EIGHT 
j 

DISCUSSION 
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In the procedure used to reveal the Gubstructure of the 

polygonized aluminum, nn anodizing etch Hns used after electrolytic 

poUshing. The effect of the etch 'tV'as to build up a layer of 

oxide on the surface of the aluminu.m. The irregular topography 

of the mdde acts on incident plane polarized light so as to produce 

elliptically polarized light on reflection. The elliptical1y polar

ized light, Hhich varies in intensity and azimuth from region to 

ragion, causes differently shaded areas to appear in the field of 

the optical metallograph. 

In or der to de termine the relationship bet't-leen the patterns 

observed optically and the actual substructure of the metal, it is 

necessary to consider the phenomenon from two points of view. First, 

there is the question of the relation beaV'een the structure of the 

mdde and the orientation of the metal substrate. The second quest

ion concerns the mechanism by which the oxide layer con verts the 

incident plane polarized light into reflected elliptically polarized 

light. 

These t't'70 questions '1:-1i11 now be eJcamined in turn, and the 

significance of the results described above will be evaluated. 

8.1 maDE NUCLEATION AND GROWTH 

It has been stated above (Section 2.3) that the mdde 

layer uhich forms during the anodic etching of aluminum consists of 

t't·m parts 0 The one nearer the ~e LaI, the barrier layer, is knolm to 

be amorphous, and of a thickness which depends on the potential 
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difference betHeen the metal surface and the electrolyte. It is also 

Imown that the potential of the metal i8 not identical at every point. 

on i.ts surface. The location at i'lhich a grain boundary meets the 

surface is usually at a someHhat lOHer potential than the grain face 

itself o This is due to the greater density of vacancies at the grain 

boundary and invo1ves the ease of electron mobility through such an 

aren (69, 70, 71). As a resu1t of the difference in potential betueen 

the grain faces and the grain or subgrain boundaries, the thiclmess 

of the ban'1er layer is slightly less along the boundaries o Accord

inr; to Keller (35), these depressions in the inner amorphous layer 

act as nucleation sites for the outer crystalline layero 

l t further seems likely that the cells of the puter mdde 

layer nucleate in different orientations with respect to the inner 

amo}:phous layer for different forma of dj.scontinuities in the inner 

lp.yer, al though this has not yet been eJtperimentally verified in 

detailo Once the original nucleus has been formed, as anodizing 

progresses, it has been shown (35) thet additional cells follotV' the 

orientation of the originally nucleated cella Thus regions are 

formed in which the oxide cell orientation is uniform, and in ~'lhich 

the cell orientation differs from that of neighbouring regionso 

As the process of groi'lth progresses, single rotvS of cells 

from along both sides of the subgrain boundaries, thus delineating 

the boundaries (35)0 Continued anodizing results in the formation 

of additional rotvS of cells within the subgrains. l'he rOivS of cells 

le ad to the furrow structure that can be observed on the surface of 

the specimens (l~7) 0 This picture of furrow formation is in agreement 



~·]ith the scanning e1ectron micrographs and plastic repliea resu1ts 

obtained by the present authoro 
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The e~~periments performed by this author also support a 

100se re1ationship bett'leen the mdde topography and the plane of 

section of the specimen. On the other hand, it has a1so been found 

that certain discrepancies exist between the subgrain sizes determined 

optically, and those found by transmission electron microscopy. 

Furthermore, the values of misorientation obtaineQ optically differ 

considerably from the values obtail1ed by electron diffraction. 

Considering that the true substructure of the material i~ 

revealed by e1ectron microscopy, the eJctent to which the apparent 

substructures observed optically are reliable, and the manner in 

which the apparent subgrain mis orientations and sizes are related to 

the true ones remain to bA explainedo This will be done in t't'lO 

sections, dealing first with furrow orientation and, then with size 

of regions of uniform furrow orientation. 

8~ 2 FURRO"toT ORIENTATION AND METAL SUBSTRATE CRYSTALLOGRAPHY 

:r. t has been stated above that the outer o~cide layer 

nucleates first along irregularities in the barrier layer. It is 

probable that nuc1eation does not take place simultaneously along 

the entire length of each sub-boundary, but rather that it occurs 

at various points along the sub-boundaries, where nucleation is 

easiest. For this reason, each subgrain is not necessarily delin

eated by a single set of furrowso It has also been stated that on 



further growth of the oxide, additional rO'iV's of cells are formed 

'tV'ithin the subgl'ains. Thus the amorphous layer exerts no direct 

influence on the orientation of the cells, nor does the metal sub

str~te, due to the presence of the amorphous layer. 
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The direction of grm-7th of the mdde cells is governed 

instead by the details of the irregularities in the amorphous surface 

at the sub-boundary, and so, only loosely by the nature of the dis

continuity i.n the lattice of the substrate. This is to say that the 

sub- boundary' between adjacent subgrains, Hhen exposed by the [IOO} 

plane of section, for eJcample, will produce a different effect upon 

the amorphous layer, than 'tV'hen exposed by the {210} plane of section.' 

Thus the latter plane of section can lead to oxide cells bcing 

nucleated in some'tV'hat different arrangements than the former plane 

of section. When further l'ows of cells are grO'iV'D, 1. e. further furrolV's 

formed, their direction and density simply depends upon the arrangement 

of the originally nucleated cells. 

According to this picture, different planes of section can 

lead to different orientations of oJcide cells, but the relationship 

is not a unique one because the crystallography of the sectioned 

surfaces does not affect the porous oxide directly, but only through 

its effect on the topography of the barrier layer at the sub-boundary. 

The fact that different crystallographic planes can be associated with 

differences in ease of furrow formation or mdde build-up has in fact 

been confirmed hy Herenguel and LeLong (72). 



8. 3 REL..I\.TI ON OF SI ZE OF REGIONS OF UNIFORM FURROH 
ORIENTATION TO METAL SUBSTRATE 

The size of the subgrains observed optically depends upon 
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the are a over 't-Jhich a given furrm'7 direction and density persiste If 

the nucleation and graHth mechanism described above ls correct, th en 

it i8 reasonable that no simple correlation should exist between the 

Gubgrain size observed optically and the subgrain size on the dis-

location level. A 1:1 relationship bet't·]een the optical and electrc.,n 

microscope sÏ.zes can be expected only '{o]hen aIl boundaries and sub-

boundaries lead to discontinuities in the furrOLv structure. This 

1070uld be the case, for example, Hhen a high angleboundary containing 

many good nucleation Dites surrounds the entire grain. In, this 

instance, although the grain diameter 't'70uld be representative of 

the true value, the orientation of the furro't'18 would not necessarily 

bear a simple relationship to the grain orientation. 

In the case of small subgrains, good nucleation sites pro-

bably do not exist along aIl the sub-boundaries, and so nutleatiryn occur~ 

at specific locations only. On grm'lth, one set of furrows can be 

e~r:pected to extend until another. is encountered. In this case, no 

simple rclatioKlship can eJCist bet't'leen the average subgrain size 

obtained fram optical microscopy and that from transmission electron 

microscopy. 

8.4 V/t...RIATION IN THE GENERAL FEATURES OF THE maDE TOPOGRAPHY 
FOR DIFFERENT CRYSTALLOGRAPHIC PLANES OF SECTION 

A preliminary investigation 'tvas carried out in which an 



attempt Has made to correlate the different substructural patterns 

'with the crystallography of the substrate. In this investigation 
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it Has found, by repeated repolishing and re-etching, that each of 

the optical substructures Has qualitatively reproducible (Chaptar 5), 

so that each type of apparent substructure seemed to bear some 

relation to the metal substrate. It Has also seen from the scanning 

electron microscopy that the different optical substructures 't'lere 

ussociated Hith definite topographie characteristics (Chapter 7). 

Further inves.tigations Here then carried out to det,ermine in more 

detail the connection between substrate crystallography and mdde 

topography. The folloHing investigations 'I;'lere performed and 'will 

.be discussed in turn: 

(a) a study of transverse sections (Section 5.1, 6.1) 

(b) sectioning of single fibers in different planes 

(Section 5.2) 

(c) electron diffraction studies of the different 

substructure types (Section 6.2). 

SA.l Study of Transverse Sections. During the me~allographic 

observation of transverse sections, it was usually observed that 

no furrol'7 structure existed on the meide surface, and that very 

little contrast could be obtained optically between adjacent sub

grains or even fibers (Fig. l5d). From a brief survey of the 

literature, it 't'las also found that extrusion of aluminum in the 

temperature range of l~00-500°C leads to a duplex <Ill) , <100> 

fiber texture, l'7ith the former being more pronounced (90-100%) 

(73, 74). In a transverse section then, the plane of section is 
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1ilte1y to be a (111) plane. Thereforû, the areas "t·1ithout furrotoJs 

and w'ithout an optically visible substructUre can probab1y be assoc

iated "t'7ith {i11} 1attice planes. (This conclusion is being verif:l.ed 

by mean~ of se1ected area e1ectron diffraction.) 

~t Sectioning of Single Fibers in Different Planes. Since the <111) 

fiber texture is predominant in a1uminum extrusions, on talting long

itudinal sections, any plane containing the [111J axial direction 

may be exposed. So it is possible for 1arger mis orientations to exist 

betV1een adjacent regions than ure obtained on transverse gectioning. 

This i9 why so much more contrast bet"toJeen fibers i9 produced on long

itudinal sectioning than on transverse sectioning. 

On talting various planes of section across a given fiber, 

a number of different apparent substr.uctures are prod~ced, which are 

separated by de·finite angular distances, as seen in Section 5.2. It 

can therefore be conc1uded that some correlation must exist between 

the different substructura1 patterns observed and the plane of 

section of the specimen. This topic is considered in more detai1 

be10w. 

84.3 Correlation Between the ~ype of Substructure Observed Optica11y 

and the Crystal10graphy of the 'Substrate. From 'e1ectron diffraction 

studies (Section 6.2) it was found that, when an equiaxed region is 

observed after polishing and etching, the plane of section is gener

a11y in the vicinity of the {310} and {210} planes. Simi1ar1y the 

planes of section in the vicinity of the [ll0} plane were found to 

be associated with definitely cross-hatched substructures. 
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The results obtained by sectioning fibers at different 

nngles with respect to a reference plane can also be used to clarify 

t~1C relationship between the optically visible substructure and the 

crystallographic plane of section. Noting that the optical sub-

structure i8 closely related to the oxide topography, as Hill be 

discussed in more detail in Sections 8.5 to 8.8 below, it can be 

scen (Table II) that the angular distances betHeen the successive 

patterns correspond generally to the circumferential distances 

presented on the stereographic plot (Fig. 12). However, the exact 

orientation of the plane of section at the boundary bet't-leen tHO 

types of substructure is difficult to specify, since the patterns 

are p~rt of a continuous spectrum. 

Hhen the results of the present author on substructures 

are compared wi.th those of previous workers on recrystallized 

material2 it cau be seen from the composite part of the stereogram 

that eJccellent agreement is obtained. Considering the 't'lOrk of 

Bucknell et al., it i8 seen that for the substrate orientations 

at which these authors observed a furrow structure on the oxide 

surface, the scanning e1ectron microscope also showed a definite 

furrmV' structure. These areas corresponded to either an equiaxed 

or a definitely cross-hatched substructure. The regions in 1;·]hich 

no definite furrow structure 'tV'as observed by Bucknell corresponded, 
A"/'il 

.in the present work, to areas ofpdefinite cross-hatching, or of no 

optically visible substructure. Here again, scanning e1ectron 

metallography showed that no furrm.Js l'lere developed on the oxide 

sU1:face. 



The 'tV'orle of Huber et al. is also in agreement vlith the 

present results, although they ascribed the effect to the optical 

activity of the mdde, and to a relaf,:ed mechanism which, in the 

vie't'7 of the present author, is incorrect. Disregarding their inter-

pretation of the effect and looleing only at their results, it can 

be seen that the planes of section for lV'hich they observed no 

rotation of the polarlzed light are in agreement l'71th those found 

i.n the present v10rk on lV'hich no furroÏ'7 structure ~-7aS seen. Similarly, 

the substrate orientation of the areas that Huber et al. concluded 

had optical activity correspond to planes of section possessing l'7cll-

developed furrotV's, as revealed hy electron microscopy. 

From this it can be seen that a loose relati,)nship can be 

obtained between the type of substructure observed on optical eJcam-

ination, and the plane of section of the polished surface. 

8.5 EFFECT OF OxrDE THICKNESS ON APPARENT MICROSTRUCTURES 
j 

When plane polarized light is incident on a speci.men of 

anodized aluminum, it vms shown in Chapter 3 that a number of 

different effects could be responsible for producing rotation of 

the plane of polarization of the reflected light. From the results 

of the eJcperiments performed in this worle, it was concluded that 

the effect on polarized light 'tV'as due to the topography of the 

surface of the mdde. This conclusion 't-7aS based on the follo'tV'ing 

considerations. 

If rotation of the plane of polarization occurred during 



the transmission of polarized light through the oxide, then v?rying 

the thiclmess of the oxide Hould necessarily cause a change in 

subgrain contrast. This is so since the angle of rotation is the 

product of the specifie rotation and the total thickness of the 

matp.riaL Hm-7ever, subgrain contrast did not change Hith mdde 

thickness, as 't-JaS shmvn in l?ig. 17. 
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Another point of conl2ideration is that '-1hen Hhite polarized 

light is passed through an optically active materi.al, rotary dispel:'. 

sion j,o observed, since light of different wavelengtJ;w is rotated by 

differr.mt amounts. Such dispersion '(-ms not detected. Therefore, the 

possibility that the rotation of the plane of polarization 't-ras due 

to the optical activity of the oxide 't-Tas eliminated. 

On varying the thickness of the oxide coating, it TNas also 

noticed that: 

(a) for very thin coatings, no contrast 'tolas produced; 

(b) over a large range of intermediate thickne~ses, 

good contrast was produced; 

(c) after eJctensive anodizing, the contrast began 

to disappear. 

These results are consistent with the mechanism of polarization by 

reflection from furrows, as can be seen from the following: 

(i) (a) above can be due to the presence of the 

amorphous barrier layer, unaccompanied by a 

well-developed superstructure of furrov1Sj 

(ii) (b) above can be associated with an evenly 

furrowed surface, as illustrated in the scanning 



electron micrographs; 

(iii) (c) can result from the coarsening of the 

furrow structure 1;'lhich accompanies Over

anodizing (48). 

8.6 EFFECT OF ANGLE OF TILT ON CONTRAST DETHEEN SUBGRAINS 
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It was found, (Section 5.5), that contrasc between reBions 

increased slightly for small angles of tilt, and that it decreased 

for angles ab ove l}o. These results are also consistent 't'lith a 

mechanism which involves reflection from the furrm'7 surfaces. Accord~ 

tng to this model, when a small tilt angle is introduced, the angle 

of incidence on certain faces of the furrows is increased, thereby 

increasing the amount of light reflected from these sides. Simultan~ 

eously, in neighbouring regions which are near the furrm'l orientation 

for extinction, tilting can decrease the amount of light reflected, 

SP that contrast betvleen the regions is increased. 

Above about 4° of tilt, the decrease in contrast can be 

attributed ta the following cause. At increasing angles of tilt, 

only one face of each furrow is active, and the angle of incidence 

on this face is decreased by the tilt, making pol~~ization by 

reflection less effective. 



8.7 EFFECT OF FUHROH DIRECTION ON POLARIZATION BY REFLECTION 

l t 1;'7aS established above that rotation of the polarized 

light 1;'7aS not due to the lransmission of light through the oxide. 

It remains to be determined whether or not the effect i8 due to 

reflection from the surface of the mdde, or from the metal/oxide 

interface. 
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In Section 5.9 it 'Has shown that the deposition of an 

opaque mataI coating over the mdde surface did not significantly 

alter the effect of the surface on the reflected polarized light. 

This then establishes that the relevant reflection takes place at 

the air/oxide interface, and not at the oxide/metal interface. It 

remains nOv1 to examine the details of the effect of furrow direction 

and alope on the furrov7 reflection mechanism. 

The angle bet1;'leen the furrow direction and the plane of 

polarization of incident light determines the brightness of a given 

grain or subgrain, as can be seen on consideration of Fig. 28. In 

section A, the plane of the polarizer is in the plane of the page, 

while the idealized grooves are perpendicular to the plane of the 

page. In this case, as can,beseen from the theory of reflection, 

very litt le light is reflected from the surface of first incidence, 

aince the plane of vibration is perpendicular to the plane of 

incidence. This results in extinction for the particular grain or 

subgrain. 

In section B, the plane of vibration ia paraI leI ta the 

plane of incidence, and so a large proportion of the incident light 



FIGURE 28 ,-

Reflection of the polarized light from an idealized 

furro't-1 structure, for different orientations of the 

plane of the polarizer, with respect to the furrow 

direction. 
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is reflected from each surface. The percent age of light reflected 

depend8 only on the angle of incidence, and upon the reflectance 

of the surface at that particular angle. The latter Has seen pre

viously to depend on the refractive index of the material. After 

the light in this case i8 reflected from the furroHed surface, its 

plane of vibration i8 perpendicular to the plane of the paper. 

This light io then absorbed by the analyser, resulting in extinction. 

In section C, ~·]her.e the plane of the polarizer is at an 

angle other than 0° or 90° to the direction of the furroHs, the in

cident polarized light can be resolved into components perpendicular 

and parallel to the direction of the furrous. At the first faGe, 

the component paralIel to the furroV1 direction· i8 reflected much 

more strongly than the other Gomponent, and it is again reflected 

more f;ltrongly at the second face, continuing to the analyser. If 

components of this vibration are nml1 taken paraI leI and perpendicular 

-to the plane of the analyser, it 'I;·]i1lbe· seen that only the component 

parallel to the analyser is transmitted. Thus this particular grain 

or 8ubgrain appears bright compared to the appearance of areas l'7ith 

furrows perpend~cular or paraI leI to the incident plane of polariz

ation (sections A and B). From geometry it can be seen that the 

pos;i.tion of maJdmum brightness for a given grain or subgrain is at 

a furrm07 direction of 45° to the plane of polarization of the 

incident light. 

Considering for the moment that the furrm] direction is the 

sole factor affecting the contrast betl07een adjacent grains or subgrains, 
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the values of "misorientation" given in Section 5.3 can be taken to 

represent the differences in furroV7 orientation betHeen subgrains. 

This can be made clearer by referring to Fig. 29. In this diagram, 

AA represents the plane of the analyser, and LL and SS represent 

the major and minor axes, respectively, of the elliptically polar

i.zed light reflected from the surface of grain A. Similarly, NN 

and UU represent the light from grain B. 

Under these conditions, the LL component of the light 

reflected from grain A ~vil1 be totally transmitted through the 

analyser, 't-7hile the SS component ~vi11 he tota2,ly absorbed. The NN 

component of the light reflected from grain B will also be almost 

totally transmitted, though not completely so. In addition to this, 

part of the component along the minor aJds 'will also be transmitted 

through the analyser. 

In this condition, both grains A and B appear very bright, 

though A is actually brighter th an B. Since the response of the 

human eye to light intensities is markedly non-linear, and less 

sensitive in the higher intensity ranges, both grains appear equally 

br.ight. These orientations of A and B thus produce the "white field" 

seen in the microscope, the center of which is represented by MM. 

Also, for this position of grain A, the furrows must be at 45° to AA, 

i.e., either parallel to pp or parallel to VVe 

On rotating grains A and B through 45° from their original 

positions, so that the furrows of grain A are now either parallel or 

perpendicular to AA, (1. è. pp ie in the plane of the analyser), the 



FIGURE 29 

Schematic representation of the mcis of po1arization 

of 1ight ref1ected from t'tV'o subgrains, and the angu1ar 

location of the various fields of vie'tol observed. 
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light from grain A transmltted through the analyser is at a minimum, 

causing it to appear very clark. Hhile in this position, grain B 

still transmits a certain amount of light as its furro~vs are not 

quite perpendicular or paraI leI to AA. This produces a high degree 

of contrast betwcen the subgralns, and l.s called structure A. On 

further rotation through the angle POQ, both grains A ancl B trans

mit the same very small amount of light, so that both appear very 

da.rk. This position ls the so-called "clark field" seen under the 

microscope. On further rotation through the small angle QOR, grain 

B groi·,s darker and grain A lighter until, at maximum contrast, the 

furrows of grain B are aligned parallel or perpendicular to AA, the 

plane of the analyser. Here grain B is very dark, and grain A is 

light in comparison. This is termed "structure B". 

From the above it can be seen that the struct1,lre A to 

structure B angular distance is the angle POR, and that this ia the 

apparent misorientation between the subgrains. However, it "t-lould be 

more accurate to say that the angle POR is the angle bet"t·leen the 

furt'o'H directions in the t"t-lO grains and, 1.S has been discussed above, 

since these furrow directions are not epitaxially related to the 

substrate crystallography, the "m~qorientation" is not a true 

crystallographic misorientation, but only an apparent one. It can 

also be seen that the angular distance from black field ta white 

field is 45°, and that the cycle: white field/structure A/dark 

field/structure B/white field ls repeated every 90°. 
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13.13 EFFECT OF FlnmOH SLOPE ON POLlffiIZA'ITON BY REE'LECTION 

l t was seen above tha t the furrov7 orientation in a gi ven 

area affects the apparent brightness of the area 'oJhen it is vie't'7ed 

through crossed polarizers. The inclination of the furrmoJ faces to 

the horizontal also affects the brightness of the area, as can be 

seen from the simplified model which i8 illustrated in Fig. 30. In 

this case, the incident plane polarized light has a mean amplitude 

E at an azimuth angle If Ir This incident light can be resolved into 

tHO components Ep and Es~':. The amplitude of Es is Ecos 1{ E' and that 

of Ep is E sin·~fE. 

From equation 4 in the theory, it can b~ seen that 

Rs sin ~(IJ - (1} , 2 
E == - sin «(1} + ~') s 

and ~ tan «(1} - (1} , 2 
:::: 

E tan «(1} + (1} , ) 
p 

Thus the light amplitudes at point Q of the figure can be expressed 

in terms of Es and Ep' the angle of incidence (1} , and the angle (I}', 

't-1hich is defined as follows: 

sin (Ij' = (sin (Ij)/n 

Here n, the index of refraction, is constant for a given material, 

and Es and Ep are also constant for a given furrmoJ orientation.'t-1ith 

respect to the plane of the polarizer. Therefore both Ra and Rp 

are functiona of (Ij alone. 

Now Ra and Rp can be considered as the light components 

incident on surface B, so they can be denoted as E' and E' s p' 

-1: AU the foUowing notation is as described in Chapter Three. 



FIGURE 30 

'!he effect of furrow slope on the intensity 

of the reflected polarized light. 
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respectively, 't-7ith respect to this surface. Again, by Fresnel 1 s la't-l, 

the reflected light R's and R'p can be found. In this case R's and 

R'p are functions of· E's and E'p and the ne't-l angle of incidence 01 , 

By the geometry of the configuration, 01 can be expressed in terms 

of 0, the original angle of incidence, and the angle of inclination 

of the furrOtV' face. No't-l for vertically incident light, the angle of 

incidence 0 is equal to Q, the angle of inclination of the furrOt-7 

face, so that R's and R ' p ' the reflected light amplitudes, can be 

expressed as functions of the furrOtV' slope alone, aIl other para-

maters remaining constant. 

HOtV'ever, the intensity of the light reflected from a given 

area is not actually the intensity that is observed through the 

eyepiece of the microscope, sinee only the component parallel to the 

analyser is transmitted. The magnitude of this component i8 depend

-1 R' ent on lp- R' 'tV'hich is tan ~,so that the intensity of the light 
R' s 

passing through the analyser is still a function of Q alone (once n 

and V E are fixed). 
-

For the simplified furrovl structure sho't-1U in Fig. 30, the 

values of R' and R' have been found to be the following: s p 

[~n2 - 8in2 0 -
R's :::: Ecos V"E 

~1.12 - sin2 Q + 
cos ~ 
cos OJ 

Qn2 - sin2 3Q + cos 3~ 
~n2 - sin2 39 - cos 3~ 

[
tan Q ~n2 sin2 

Q - sin ~ Cn2 - sin2 Q - tan 9 sin o~ R'p = E sinVE 
~n2 - sin2 0 + tan 0 sin 0 tan 0 ~n2 - sin2 0 + sin 0 

)( r. sin 30 + ~n2_sin2 30 tan 30 ~ n2 - sin3 30 + tan 30 ~ 
.. L\f n2 - sin2 30- tan 30 sin 3~ tan 30 ~n2 - 8in3 30 - sin 30J 



A more realistic model of the actual furrow structure is 

the one shm'lU in Fig. 31, based on sharp peaks and semicircular 

valleys. In this case, two or more reflections can occur, each 

bei.ns governed b)T the value of G, or of o( , vlhere 

c( 

1 

; 

::: 
-1 sin (PH ~ PU~ 

OB J 
(Each of these symbols is defined on the diagram.) 
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In the latter case, the reflected light is not only a function of Q, 

but also of the elevation at ~vhich first incidence is made, and of 

the radius of the valley. The latter quantities are again dependent 

solely upon the geometry of the furrow structure, since for verti-

cally incident light, 0 is equal to G. 

From these considerations, it can be seen that the degree 

of rotation of the reflected polarized light is dependent not only 

on the furrow orientation, but also on the furrow slope. Thus the 

contrast lvhich is apparent between neighbouring regions can be 

attributed to different furrow densities and configurations in adjacent 

areas •. These different furrow configurations are not, however, 

uniquely related to the crystallography of the underlying metal. 



FIGURE 31 

The effect of furrow geometry on the intensity of the 

reflected polarized light. 
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The fo11O'tV'ing are the conclusions of this study. 

1. The type of optica1 substructure observed a;f.ter e1ectro1ytic 

p01ishing and etching ls 100sely dependent on the p~ane of section 

of the specimen. An equiaxed substructure is observed ;;'7hen the plane 

of section is in the vicinity of the (120), (130) planes; the def

l.nite1y cross-hatched pattern ,t-7hen the plane io in tete vicinity of 

the (110) or (230); 'tV'hile the indefinlte1y cross-hatched pattern i8 

seen when sections expose the (150) and (100). No substrueture is 

seen in the vieinity of the (111) plane. 

2. When subgrains ean be deteeted optica11y, the measured 

subgrain sizes are misleading, and are usua11y 1a~ger than the values 

obtained by transmission e1eetron meta110graphy. This is partieu1ar1y 

true for sma11 subgrains (1 - 10 micronG Qiameter). 

3. The values of subgrain mis orientation determined by the use 

of po1arized 1ight and stage rotation are an)T't'7here up to an order of 

magnitude 1arger than the values obtained by e1ec'trron çliffraetion. 

The 0~tiea1ly-determined misorientations are thus jqdged to be un

reliab1e. 

4. The different optiea1 substruetures are associated 'tV'ith 

certain topographie features of the outer mdde layer. The best 

subgrain eontrast is produeed 'tV'hen para11e1 furrol']s are formed on 

the mdde surface, in agreement 'tV'ith previous 't'70rk on eoarse- grained 

reerysta11ized a1uminum. 



5. The outer mdde layer nucleates and groïoJ's on an inter-

mediate layer of amorphous oxide. Thus, the outer mdde layer is 

not epitaxially related to the metal substrate, and the structure 

of the outer layer is only loosely related to the crystallography 

of the metal. 

6. The response to polarized light ia mainly due to reflect-

ion from the striated surface of the mdc;le, und very little, if at 

aIl, to transmission through the mdde layer, or to reflection at 

the metal/oxide interface. 

120. 

7. When the striations or furroHs are either perpendicular or 

parallel to the plane of polarization of the incident light, extinct

ion occurs. 

8. The angle of rotation of the plane of polarization is 

depandent not only on the orientation of the furr.oi'1l:J with respect to 

the plane of polarization, but also on the slope or d~nsity of the 

furrows. 

9. From the above statements, it may be seen that the elect-

rolyti.c polishing and etching of aluminum can, under favourable 

conditions, establish the presence of a substructure. However, for 

subgrain sizes less than about 10 to 15 microns, th~ sizes and mis

orientations observed optically are neither uniquely nor simply 

relatcd to the true structur~ of the metal subst-.:-ate. 
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STRAIN ANNEALING OF EXpERIMENTAL BILLETS 

During extrusion, a polycrystal1ine billet suffers a large 

reduction in cross-section, and simu1taneous1y undergoes a correspond-

ing amount of e10ngation. This means that a so-ca11ed "fibrous" 

microstructure resu1ts after extrusion, as long as recrysta11ization 

does not occur. In previous 'tVork at McGill (1), it Has found that the 

diameter of eoch of these fibers is re1ated ta the original grain 
Il 

size by the square l\oot of the extrusion ratio. To carry out the 

present investigation, it Has found necessary to use a fiber dio-

meter of 1 - 3 mins. in extrusions, and so a grain size of 3 - 10 

mms. 'toms required in the starting materia1.1( To obta:l.n this grain 

size, strain annea1ing techniques ,;vere emp10yed. 

A review of the princip1es of strain annea1ing and of the 

vario\ls factors influencing this process has been pub1ished by 

Gi1man (71). In the present work, coarse-grained e~c~rusion billets 

were prepared according to the follovling procedure. 

1. nie as-received materia1 was eut into 4 inch lengths) 

faced, and identified. l t ,;·ms then pre-annea1ed in 

an air furnace at 6400 C for three hours. The pre-

annea1 'toJaS emp10yed to ensure that the specimen 'toms 

strain free and that the statting grain size l·ms 

reasonab1y uniforme 

2. After coo1ing, the billets 'tolere stroined in compress-

ion by the amounts 1isted in Table A-1. Cqmpression 

~.( Using an extrusion ratio of 10: 1. 



't'ms performed using the ve~,ticnl extrusion press, 

and to ensure uniform straining, grense HuS 

1iberally applied to the top and bottom faces 

of the billets. The length of each billet Has 

measured before compression using n 10 inch 

inriide-outside vernier cnliper. The reduction 

in length 't,ms then calculated fOl~ the requi"l'ed 

percent of strain a~d this value l'las set on the 

calipers. These l'lere placed ne:~t, to tbe billet 

to provide a visual indication of the required 

ram travel.. 

3. After deformatiùn, the billets were cleaned 't'7ith 

varsol, and the final lengths were again measured 

to the nearest thousandth of an inch. From this, 

the actual strain percentages were calculated. 

l~. The billets 't'lere thell replaced in the air furnace 

and annealed at 640°C for 48 hours. 

To check the grain sizes, strain-annealed billets 't'lere 

sectioned longitudinally, polished, and etched in a modified Tucker's 

etch consisting of: 

1t2O (Distilled) 30% by volume 

HCl 30% by volume 

HN03 30% by volume 

HF (48%) 10% by volume. 

From 'fable A-l, it can be seen that the largest grain 

si~e ;:,mo obtained ullder the folloi'1ing conditions: 
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% Strain ----
1.00, 

2.10 

3.00 

3.57 

3. 80~c 

3.85 

3.87 

3.90 

3.95 

~.95 

3.97 

3.97 

4.00* 

4.08 

4.09 

4.14 

1 •• 31 

5.51 

Preanneal at 640°C for 3 hours. 

Strain in compression 3.8 - 4.0%. 

Final anneal at 640°C for 48 hours. 

Billet 

l. 

2 

3 

7 

42 

9 

15 

40 

8 

13 

11 

14 

43 

12 

16 

5 

10 

6 

TABLE A-l 

STRAI N ANNEALI NG TEST RESULTS 

No. Test No. 

--

7 

4 

2 

11 

12 

8 

10 

5 

1 

Remarl~ 

Very fine grain size. 

Very mixed grain si~c. 

FeH large grains (5 x 40 mm), mostly 
very smn11 (apprm~. 1 mm). 

Mixed very large (10 J{ 40 mm) and 
medium sized (5 ~c 10 mm) grains, 
non-uniformly distributed. 

Small to medium aized ~raina, 
fair1y evenly diatributed. 

Very large grain (15 x 30 mm) at 
center, reat large sized, elong
ated grains. 

Fair1y large e'quiaxed gr~ins, 
uniformly distributed. 

Most1y large (5 Je 20 mm) and fel·;r 
small (2 ~~) graina. 

Moat1y fine graina, 't·71th large 
e10ngated grains at the akin. 

Very fine grain size (apprOJc. 
3 mm). 

Note: The abcve billets were pre-annea~e~ a~ 640°C for 3 hours, strained 
aa :::hmm, and final annealed st 640°C for 48 hours. 

'f( 'rliese billets were treated as above, but the final annealing 
conditions w'ere 640°C for 19 hours. 
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