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1 

INTRODUCTION 

Feathery crystals occur in DC-cast ingots of nearly all 

auvi.iniuai alloys. This unique solidification structure was 

first noticed after the introduction of the DC casting process 

and has since then been the subject of several investigations 

(1-7). 

It has been shown that the feathery crystals are built up by 

numerous lamellar twin crystals wita a thickness of 50-200 \m 

piled together almost parallel to each other to form large 

regions, the size of which may amount to some ten centimetres. 

£ach lamella is divided by a central (lll)-twin boundary, 

parallel to tue plane of the laiaella. The grain boundaries 

between tne lamellae are of tue normal, nigh-angle type. The 

growth direction of tne lamellae is one of the [ll2J-type 

directions in the twin plane (7). It nas been shewn (2) that 

the feathery crystals grow more rapidly than ordinary, single-

crystal grains. For tnis reason, together with the fact that 

new twin planes can easily be forned nearly parallel to the 

original one, feathery crystals easily spread out over the 

cast structure and can under certain circumstances take up 

almost the entire volume of the ingots. 

Depending on the number and 3ize of the feathery crystal regions 

in them, the ingots exhibit a iiiore or less pronounced solidifica-

tion texture, öome traces of this texture may still remain after 

subsequent production processes of rolling and heat treatments. 

In this way the feathery crystals give rise to a texture banding 

on the surfaces of plates after anodizing. Another type of 

surface defect which can occur in the presence of feathery 

crystals is the difference in brightness of tne anodized plate 

surfaces which is a consequence of the smaller mean distance 

between second-phase particles formed during solidification in 

feathery crystal regions, as compared with the same distance in 

normal structure. 
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From these facts is evident how feathery crystals can hinder 

the production of an even quality of anodized products. Effort 

has tnerefore been made to modify the casting conditions in 

order to avoid their formation. It has, for example, been 

clearly demonstrated how feathery crystal formation depends 

on the manner in which the melt is fed into the mould (l). 

To ensure the production of ingots free from feathery crystals 

grain refiners containing titanium diboride are normally added 

to the melts. In the production of bright anodizing quality 

tais technique is not entirely satisfactory, however, due to 

the tendency of the boride particles to agglomerate into bigger 

clusters which luay give rise to streaks on the plate surfaces. 

A better understanding of the mechanisms involved in the 

nucleation and growth of the feathery crystals would be of 

great help in establishing better casting conditions. In some 

recent investigations the importance of composition of the 

solidifying melts for the twin nucleation has been demonstrated, 

but a closer connection between composition, casting conditions 

and feathery crystal formation is still lacking. 

The earliest statements concerning the composition come from 

Nakao (cited by Morris et al (2)), who found that feathery 

crystals formed only if the melt contained more than 0.(A w/o Ti, 

2 w/o Cu, 2 w/o Mg or 8 w/o Zn and the solidification rate was 

higher than O.OU cm/s. 

Morris et al could find no feathery crystals in dilute Al-Fe 

and Al-Hi alloys, nor in Al-Ti alloys with a Ti content lower 

than 0.1 w/o. The solidification rate in the mould used was 

0.12 cm/s near the chill and O.Oo ciu/s at 10 ca away from it. 

The temperature graaient in tne melt ahead of the solidification 

front was found to vary from Ά C/cm near the chill to almost 

zero at a distance from the chill surface. 

Under these conditions the same authors obtained relatively 

few feathery crystals, even in the Ti interval 0.10-0.23 v/o 11. 

These results led to the conclusion that the nucleation of twins 

is of rare occurrence. 
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The twins were found to be nucleated as a rule near the chill 

US veil as at some distance from it. 

KaUatani et al (3,U) investigated the feathery crystal formation 

in several alloys. They found that feathery crystals were formed 

in Al-melts in which the following elements had been dissolved 

to at least the concentrations given: 0.7 w/o Fe, 3.91* w/o Sn, 

10.Vf w/o Cu, 5.06 w/o Mg, 1.02 w/o Hi, 0.08-0.13 w/o Ti. Ho 

twins could be found after addition of 1-10 w/o Si, 0.5"1* w/o Mn, 

1.0-1» w/o Cr or 1.0-10 w/o Zn. The cooling rate at the chill was 

0.10-0.20 cm/s. 

These authors tried to explain the different tendencies to 

produce featnery crystals from the solidification characteristics 

of the different alloying elements, i e from segregation ratios 

and diffusion rates in the melt. 

The relative tendencies for feathery crystal formation in 

different alloys have also been studied by Watanabe et al (5) and 

iiiyazawa et al (b). The influence of composition was best 

demonstrated in Al-iig alloys. Feathery crystals were observed in 

directionally solidified Al-Mg alloys containing at least 10 a/o Mg, 

but When the Mg-concentration was raised to la a/o and above, the 

grain refining which accompanied the Mg-additions was so intense 

that tne feathery crystals did not appear. 

In separate castings which were vibrated during solidifications, 

twins were produced in an Al-2.5 w/o i<i£ alloy and also in jil of 

99.85 % purity or better. 

To account for their observations these authors (6) proposed a 

theory for the twin nucleation which is based upon tne grain 

refining which occurs at the chill. If the number of randomly 

orientated crystals formed at the chill increases, a greater 

number of crystals will have an orientation such that a | I n -

direction is nearly parallel with the heat flow. It is supposed 

that twin growth is most likely to start from these grains. 
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From this short account it is clear thai, tAtre is some 

uncertainty about vhich conditions will lead to the formation 

of feathery crystals. The presence of certain second elements 

has been shown to be necessary, but for the time being the 

aviilaole information contains some contradictions and it is 

not easy to predict the influence of a certain element in a 

given casting process. 

The present investigation has been undertaken to improve the 

knowledge of the factors which govern feathery crystal forma-

tion. The experimental work has been carried out on a laboratory 

scale using a casting technique which is considered to represent 

an uu.eciua.te model of tne solidification situation which prevails 

during DC-casting. With this technique it has been possible to 

arrive at 3ome further clarification of the significance of 

composition and cooling conditions for feathery crystal formation. 

äXPERIMEHTAL TECHNIQUE 

To produce feathery crystals samples were taken from melts by 

directional solidification using tne equipment shown in Figure 1. 

The casting system has the form of a vertical, water-cooled lance 

which has a tip of copper screwed to its lower înd. ihis tip is 

surrounded by a silica tube with a su>all nole (diameter 3 cm) at 

its bottom througa which melt can enter tue tube when the tip of 

the lance is dipped down into a melt, when i-elt cores into contact 

with the tip it bdgin3 to solidi^V ai».i a microscopically planar 

solidification front neuves downwards inside »he tuoe. i\ie to trie 

shrinkage of the soli'Jific-î· «ΐε.1 the cast cylinder is firally 

held to the tip, ensuring a good thermal contact during the growth 

of the full length of the samples. To prevent sticking the tip 

was coated with a thin layer of colloidal graphite. 

The distance from the lowest, flat tip surface to the solisifics-

tion front varied with the time from contact in accordance with 

the square-root law: d = a»t wnere d is distance, t time and τ ii 
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a proportionality constant. By using tips of different geometrical 

-oil., c.e constant in the equation could be changed. In the follow-

ing discussion the different solidification rates obtained are 

characterised by assigning the corresponding solidification constants. 

Solidification of the samples taken with the apparatus described 

proceeds towards the hotter melt. The thermal conditions thus are 

quite similar to those in a DC-casting at high or moderate super-

heat. The solidification rates obtained were in the region of 

practical interest, whicn was inferred from trie dimensions of the 

segregation pattern in the microstructure of the samples: 20-75 urn. 

i.iaaer solidification rates were obtained very near the cooling tip, 

however; see below. 

Using the lance, samples were taken from melts of different 

composition. The melts were prepared in an induction furnace using 

a hign-alumina ceramic crucible with a volume of about 1,5 1· 

Aluminium of technical purity (containing 0.2 w/o Fe and 0.1 w/o Si) 

was first melted, after which the alloying elements were added in 

elementary form or as master alloys of a purity comparable to that 

of the base metal. After each addition the melt was held for some 

minutes before any aample was taken in order to ensure complete 

dissolution. A sample was then taken by immersing the lance tip 

slowly into the melt with the aid of a hydraulic device. Solidifica-

tion was as a rule allowea to proceed until the solidification front 

had almost reached the oottom of the silica tube, wnen the lance 

was raised and tiie melt excess ran out through the hole, iihorter 

samples were taken with tne lance wuich gave the slowest solidifica-

tion. 

The sampling tiiie for the tnree lance tips used was about k^, 70 

and 1Ô0 s respectively. 

In the test series the content of the alloying elements was 

successively raised to a final level which was supposed to lie 

well outside the region of practical interest or otherwise liritec. 

from the characteristics of the corresponding binary phase diagram. 

A thermocouple (chromel-alumel) protected with an alumina tube 

continuously recorded the melt temperature, which was neit, ί.ί>-3-'-· -

440 = 



QMJÜG ra@(M 

above the liquidus temperature of each actual composition. 

The t&.-̂ ersiture control was attained by adjusting the power 

of the induction field which was switched on during the sampling. 

in separate experiments, it was shown that the induction field 

did not affect the solidification structure. It can be concluded 

that no stirring action could occur inside the silica tube. 

After the lance had been drawn up from the melt the solidified 

cylindrical samples were removed from the tip and cut into halves. 

One of the section surfaces was ground with wet grinding paper 

with a finest (jrain size of uOû uesh. The ground surface was etched 

in a UxtC^-HCl-hF-mixture to reveal the macro structure. Every sample 

surface, prepared in the way described, was carefully studied with 

a iov-):iagnific<j.tion binocular microscope and the presence of feathery 

crystals was recorded. In some instances further structure examina-

tion was carried out on conventionally prepared micro-sections. 

All samples were analysed individually by wet-cheiaical or X-ray 

fluorescence methods. Analysis data from ill series are collected 

in Tacle 1. Analyses made at several points along the whole length 

of some samples have shown that no significant macro-segregations 

occurred during solidification. 

To get a better picture of the statistics involved in the nucleation 

of feathery crystals a series of Al-i'e alloys was run separately. 

Only three different coapositiont- were studiea in tuis series but 

15 samples were taken i'roai each inelt. Data i'roui this series are 

given in Table 2 and in ïit;uru ... 

Some attempts were .uaae to ae Genuine tue coolie,«; rate ac different 

points along the samples. Ïheniiocouplo3 (eiir&uer-aiuc.ül) vita a 

rapid thermal response were inserted in the silica tuoesat different 

positions along the tube axis, ihe rate of cooling of the solid 

immediately after solidification was evaluated directly from the 

time/temperature curves recorded. 
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3 

RESULTS 

3.1 

Influence of composition 

Using the apparatus described 13 binary alloy systems were 

investigated. Composition and structural data have been collected 

in Table 1. Mo feathery crystals at all have been observed in 

those alloys consisting of Al together with the elements Cr and Zr. 

In the systems Al-Mn, Al-Fb and Al-Bi one or two samples per series 

contained a feathery crystal. As there was no systematic increase 

in the number of twins with rising concentration of the second 

element in these systems the feathery crystals are considered to 

be a consequence of the impurity level of Fe, see below. 

In the alloys of Al together with 'i'i, Fe, Si, Mg, Sn, Cu, Si and Zn 

feathery crystals have been produced when the concentration of the 

alloying elements has exceeded a certain critical value. This 

concentration is very different for different elements, however. 

When the critical value has been exceeded feathery crystals occur 

in every sample taken and the number of nucleated twins increases 

slowly with increasing element content. An example of a sample 

series is shown in Figure 3. 

When the solidification rate was changed it was found that the 

critical composition values varied a little. Structure data for all 

Al-Ni series are shown in Figure k. The critical composition is 

displaced towards lower values for the higher values of the solidi-

fication constant. Similar observations were made by Hakatani et al 

(4). A possible explanation for this feature is discussed below. 

Data for all systems in which feathery crystals were produced 

have been put together in Figure 5. It is seen that titanium is 

by far the most efficient element in promoting formation of the 

crystals and that for the other elements a considerably higher 

concentration is required. All series show the same displacement 

of the critical composition with solidification constant. 
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The significance of the critical composition values is 

demonstrated by the special series of Al-Fe alloys. The 

results are shown in Table 2 and have been plotted in 

Figure 2. The points in the figure represent the probability 

of obtaining feathery crystals from melts of different 

compositions if only one single sample is taken with a lance 
1/2 

giving a solidification constant a s 5.96 mm/s ' . If the 

two points of the lowest Fe-content are connected by a straight 

line and extrapolated to 100 % probability, this value is found 

to correspond to a composition of about 0.9 w/o Fe. The critical 

composition found for the same solidification constant in the 

other series when only one sample was taken with different 

compositions is about 0.8 w/o, in reasonably good agreement. 

Although no lover concentrations than 0.53 w/o Fe have been 

investigated statistically in the manner described, it is very 

likely that the probability of obtaining feathery crystals is 

reduced to zero if the Fe-concentration is made still lower. 

Samples taken from aluminium melts to which no alloying element 

had been added had a coarse structure with the columnar crystals 

radiating out from the tip. 

In some of the systems investigated the successive additions of 
alloying elements produced a certain grain refining. The number 
of equiaxed grains which had been nucleated ahead of the so l id i -
fication front was very small in most systems, but in the Al-Ti 
system the effect was considerable. When the Ti-content was 
raised to the vicinity of peri teet ic composition, i e 0.10-0.15 
w/o Ti, the grain refinement had increased to such an extent that 
the growth of those feathery crystals which had been formed, 
stopped, and for even higher titanium content no feathery crystals 
at a l l are visible. Separate experiments have shown that the 
contribution from this grain refining mechanism could be reduced 
by increasing the superheat, but i t was s t i l l considerable at or 
above peri teet ic composition. Hence i t i s probable that the 
intense nucleation in this system was a consequence of the peri-
teet ic reaction between melt and undissolved Al3Ti-particles from 
the master alloy which had been added. I t is well known that the 
rate of dissolution of the A^Ti-particles i s very low. This grain 
refining may have stopped the growth of the feathery crystals but 
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it is not supposed to have affected the critical composition 

for their formation very much. 

The basic mechanism for the grain refining observed in the other 

systems has not been fully clarified. In these système the number 

of grains formed in the melt is so small that their influence on 

the feathery crystals has certainly been negligible. 

3.2 

Influence of cooling rate 

A thorough inspection of the cast samples showed that the feathery 

crystals were nucleated at or near the cooling tip. This is not 

always evident from the longitudinal macrosections shown in Figure 3» 

but it has been confirmed by separate studies of microsections and 

also from series of successive macrosectione along the samples, with 

the section surface perpendicular to the cylinder axis; see Figure 6. 

Since no nucleation has been found to take place far from the tip, 

it can be assumed that the cooling rate required for the nucleation 

of twins is very high. Attempts were made to estimate the cooling 

rate at the tip surface from the cooling rate data obtained from 

measurements by the inserted thermocouples. At a distance of 0.5 cm 

from the tip surface the cooling rate was found to be about 30 C/s; 

1.5 cm from the tip it vas 3 C/s and was only slightly reduced 

farther away from the tip. Extrapolation from the cooling rate/ 

distance data indicates that the cooling rate at the tip surface 

is about 100 C/s or higher. 

Estimation of the cooling rate at the tip from the dimensions of 

the segregation pattern gives the same order of magnitude; at the 

tip the average distance between phase particles formed during 

solidification was 5-10 um, which, according to data published 

by Matyja et al (9) corresponds to a cooling rate in the order of 

102 °C/s. 

The solidification rate during sampling was varied by changing 

the copper tips. The cooling rate very near the different tips was 

found to be of the same order of magnitude, however, as was shown 
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by the dimensions of the segregation pattern. The cooling rate 

at a distance from the tips was of course very different in 

accordance with the different overall solidification rates. 

Evidently the initial cooling in contact with the tip is very 

rapid due to the fact that during this period of cooling the 

heat abstraction depends upon the heating-up of the copper tip. 

When the tip has been heated, further solidification and cooling 

rates depend on the access of cooling water to the back of the 

copper tip and on the area of contact between the tip and the 

solidified sample. As has been mentioned above nucleation of the 

twins was restricted to the first, non-stationary period of heat 

extraction through the copper tip. 

The growth rates in the different samples varied from 0.1-0.5 cm/s 

near the tip to about 7· 10 cm/s at h cm from the tip giving the 

lowest solidification constant. Feathery crystals were found to 

grow under all these conditions, which shews that they,like ordinary 

oendrites, can grow under widely varying conditions. 

1* 

DISCUSSION 

k.l 

Conditions for the formation of feathery crystals 

From all the experimental data available it is evident that two 

necessary conditions must be fulfilled for the nucleation of 

twin crystals; the presence of certain alloying elements and a 

sufficiently hi^h ccolinQ rate during solidification. These facts 

were realised already by ilakao, but a comparison of the results 

from all the earlier investigations showed that widely different 

statements have been made concerning which elements it is that 

produce feathery crystals, what concentrations of these are neeaec. 

and what solidification rates nust be exceeded. 
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For example, Ilakao obtained feathery crystals in Al-Zn alloys, 

and yet this could not be done by îiakatani et al. These authors 

produced feathery crystals in Al-Fe and Al-lli alloys at a rela-

tively low concentration, but Morris et al found no twins in 

dilute alloys from these same systems. In the Al-Cu system, 

ilakao founa a critical content to be about 2 w/o, while Hakatani 

et al had to add more than 10 w/o and Watanabe et al more than 

about 2 a/o (circa k w/o). 

The possibilities of determining the elements that produce 

feathery crystals ana also of establishing their critical contents 

are very dependent upon the experimental techniques used to produce 

and also to detect the feathery crystals. To realise this, the 

concept of a critical concentration must first be clarified. 

In the present investigation it has been demonstrated that there 

is no sharp concentration limit above which the feathery crystals 

suddenly appear. From the study of the twin nucleation frequency 

in the Al-Fe system it is obvious that there is a slight probability 

of twin nucleation even at a low concentration and that this proba-

bility increases with rising concentration of the element added to 

the Al-melt. Due to this fact there will always be a fundamental 

uncertainty in any determination of a concentration dependence, 

unless the determination is made from a great number of samples 

taken over a limited composition range. 

The concentration dependence of nucleation can possibly explain 

the irregular occurrence of the feathery crystals in the Al-Mn, 

Al-Pb and Al-Bi alloys. There is apparently a low probability of 

nucleating twins in these alloys, either due to a low twin-forming 

tendency of the elements successively added or to the effect of 

the impurities in the base metal. A3 there was no systematic 

increase in the number of twins when the concentration of the 

alloying elements was increased, the most probable explanation for 

these twins is that they have been nucleated under influence of Fe, 

which is present as an impurity in all alloys studied. The Fe 

content in the Al metal is about 0.2 w/o and from the investigation 

of the nucleation statistics it is probable that Fe, also in such 

a low concentration, may have some influence on the twin formation. 
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The tendency of different elements to produce twins can be 

defined by finding the lowest concentration above which every 

sample solidified under standardized conditions shows at least 

one feathery crystal. Such a definition has been used in the 

previous works as well as in this investigation but with 

different results. Evidently the detection of the first appearance 

of feathery crystals is influenced by experimental factors. Some 

factors will be discussed nere which are considered to affect 

formation, growth or detection of the featnery crystals and 

therefore must be controlled during any determination of the 

concentration dependence, The relative influence of these factors 

is different under different casting conditions. 

If a melt with a given concentration of a twin-producing element 

is chill cast, the number of nucleated twins is greater the larger 

the area of contact between melt and chill. For this reason the 

critical composition, as defined above, will be inversely propor-

tional to the area of the chill and the latter must be specified 

if any statement about » critical composition is to have any meaning 

Different chill areas nave been used in different investigations and 

this variation may to some extent have affected the results. In the 

present investigation the solidification rates were changed by 

changing the geometrical form of the lance tips, This change was 

accompanied by a change in tne area of the mantle surface, which 

was found to be the most effective ciiill surface. Tnis variation of 

tip areas is the probable explanation for the slignt variation in 

the critical composition values as shown in Figure lj. A similar 

variation was observed by ijakatani et al, who also varied the chill 

area in order to change the solidification rate. 

The probability of twin nucleation coula, in principle, be evaluated 

per unit area of chill wall, io do tnis the total number of twins 

has to be counted over a known area. Such an evaluation has not 

been included in the present work, mainly due to the difficulties 

of determining the total number of twins formed round the tips of 

such a complex form. 

All evidence from the present work indicates that the nucleation hus 

taken place near the tip. From this it has been concluded tnat tue 

From Light Metals 1972, W.C. Rotsell, Editor 

initial chill is the most important factor in feathery crystal 

nucleation. This is also in agreement with what has generally 

been found in the samples in the earlier investigations. It has, 

however, also been stated that feathery crystals have been 

nucleated a considerable distance (several centimetres) from 

the chill (2). The reasons for this behaviour are not clear. 

The intensity of the initial chill depends on the casting 

conditions, the dimensions of the chill mould, its thermal 

properties and the effectiveness of the water-cooling. Tne last 

factor will only influence the initial cooling if the mould wall 

has a low thermal capacity and high tnermal conductivity. It is 

possible that the very high superheat (150-200°C) of the melt in 

some of the previous works has reduced the intensity of tne 

initial chill effect and in this way reduced the frequency of 

twin nucleation. In the present investigation the superheat has 

only been 20-30 C, so the conditions for nucleation have been 

most favourable. 

In any experimental technique which is based on the casting of 

a melt into a chill mould a very high superheat is necessary, 

however, to avoid an extensive chill nucleation. At low superheat 

a great number of grains can be formed ana if they are too 

numerous the growth of the feathery crystals can be hindered 

or made more difficult to detect. This fact may possibly explain 

the difficulties experienced (2) in obtaining feathery crystals 

when casting was carried out at a moderate superheat (20-100 C). 

Grain refining by any otaer mechanism also hinders the growth of 

the feathery crystals. Grain refining by Ax3Ti-particl.es has been 

described in the present work and similar effects nava been 

described by others;, e ^ in Al--i<, alloys v.ith s high "'j-contcut (£). 

The chances of detecting the feathery crystals also depend on the 

method used to investigate the structure of the samples. Usually 

it is easy to detect feathery crystals on a macro-etched surface 

if they have grown to a size of some millimetres or larger. Small 

twins can be difficult to observe: at least, in some alloy systems 

where the development of the structure details by the etchant is 

inferior. In these cases the investigation of the samples must üe 
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carried out on polisnea micro-sections. 

If tue cast samples are cut lengthwise ana the section surface 

is etcued, some feathery crystals may escape observation if they 

are not cut tnrougn ay tue section surface, ïhis fact will also 

cuucri'out« to tue uncertainty of une détermination of a critical 

composition, À more reliable methoa to aetect any featnery crystals 

formed is to cut tne unidirectional ly solidified samples perpendicular 

to tue (growth direction at some distance from the chill. 

ϊΰ explain tue liifiuence ci' W e alloying, exements ou tue twin growth 

two aillèrent theories nave ueeu propose^., m e present experimental 

data nave been used, to test the validity 01 these nypotheses. 

ueui&tatii et al suggested ouat tue stauixity 01 tue featnery crystals 

depends on tue segregation puenomen·» occurring ouring solidification. 

luis hypothesis was tested oy correxatiuo the tendencies to produce 

twins expressed oy the critical compositions, found in tnis work, with 

distribution coefficients anu other characteristics of the corresponding 

phase diagrams, i'neee attempts nave not been very successful and there 

cannot, at any rate, be a simple relationship Between tne ability of 

an element to produce twins and tue se6regation oenaviour of tne 

same element in Â1. 

If the mechanism suggested by iiiyazava et al should be responsible 

for the feathery crystal formation, it could be expected that the 

grain size in the nucleation areas ougut to vary in accordance with 

the varying tendencies to produce twin crystals. xo check this, 

measurements of grain size at tue chill in several alloy systems 

have been carried out on samples from the present work. 

A slight reduction in grain size witn increasing element content 

has been determined in ail series stuuieu for this elfect, but no 

systematic grain size trend, such as that elements which were more 

effective in producing twins also gave a smaller grain size, could 

be found. 

The present experimental material thus cannot give support to 

either of the two theories for feathery crystal formation. 
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FQ1-...S.; 1.i. of feathery c r y s t a l s i n t he DC-casting process 

ji^aii-bi t u t uüCk^rcunu of tne experimental r e s u l t s , most ^aiovn 
iVicts about tne appearance of tne feathery c ry s t a l s in DC-cast 
iji^OöS und .low tney are influenced, by the e a t i n g va r iab les 
can ue explained. 

Aluminium of t echn ica l pu r i ty always contains soma Pe and Si as 
impur i t i e s , i a e ujs>ii commonly ^-^dt dlai-Lniim. ÎL, of ί'^.'ϊ ,-■ pur i ty 
ana contains d^ouu d.f w/v i j ί-a- ' . .J-> W/O _ i . u. t . i id a l l ey i t 

can Od d i i i i e u t h a t , in accordance v.ith the oxpcrij-ental r e s u l t s , 
Fe has the stron^c-st influence on ths twin nuc lea t ion . As a 
consequence of wie dta t id t . .cb invo ivo- , «^ί 'ΰ i s ■.. d l i ( >at 
p robab i l i t y of nuc lea t ing twins even a t t u i i lev iiV-ccutent. I f 
tue coolià^, race id u i j i ana tn=re id a la rge c h i l l a rda , some 
twins may de nucleated a t a s t i l l lower impurity content . -nus 
twins nave been repor ted formed in J C - e a s t Al of jj.'j ,'. pur i ty (Ö). 

As i t uas been found tha t most of tne common a l loy ing slemer-ts 
oy themselves favour twin nuc lea t ion , l u r t u c r a l l o y i n ö of tue 
base metal w i l l increase tue tendency of the melt t o produce 
feathery c r y s t a l s on s o l i d i f i c a t i o n . 

ïhe composition requirement which was found necessary for twin 
formation i s thus f u l f i l l e d for most aluminium a l l o y s , which i s 
born out by tne fact t u a t featnery c r y s t a l s nave a l so been observed 
in most DC-cast a l l o y s . 

ïhe second requirement for tne nuclea t ion of twins was t u a t the 
melt had t o be cooled a t a su f f i c i en t ly iiigu r a t e , in uruer to 
est imate the cooxing r a t e s uu i in 0 ao l iux f i ca t ion of uC-cao» i n g o t s , 
measurements of dendr i t i c arm spacings nave ueen c a r r i e d out from 
the surface and inwarus t o tne c e n t r a l p a r t s ox an ingo t , rue 
dendr i t i c arm spacings were found t o be about 10 pm a t the outer 
su r face , increas ing over t he f i r s t mi l l imet res inwards and then 
suddenly f a l l i n g to a second mi »-i im«» value of 10-15 urn about 10 _m 
from the su r face , a f t e r which there i s a s l i g h t increase towards 
the cen t r e . ï he mi ni mum values of about 10 urn show t h a t s o l i d i f i c a -
t i o n has taken place t he re a t a cooling r a t e of about 100 C/s. Ά 
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cooiin-s rate of this order of magnitude was found to be 

necessary to nucleate twins so this condition is fulfilled 

in these two surface layers. 

£ne feathery crystals probtioly originate from the second rapidly 

cooleti layer, 1Q un under the ingot surface. i'his conclusion can 

be made from the fact that feathery crystals are never observed 

at the very surface of the ingots. If a DC-cast ingot is cut 

perpendicular to the casting direction and the section surface 

is macro-etched, a surface zone with a thickness of about 10 mm 

is seen all around tne circumference of the ingot section. If 

such an ingot contains rendons with feathery crystals these are 

always enclosed within this surface shell. 

i'nis 10 mm surface layer is formed during tae casting period 

when tne in^ot is cooled by the mould wall* see Figure T· I'he 

very first metal that solidifies is rapidly cooled by direct 

contact witn the mould wall but, due to the shrinkage of the 

solidified crust, the direct contact is lost and further 

solidification proceeds at a lower rate. !^he total number of 

nuclei formed in the outermost, rapioly chilled surface layer 

(tuickness less than 1 mm), is so great that any twins which 

may oe formed there cannot grow to any appreciable size. 

Possibly the stirring action of tue melt oscillations at the 

mould wall may contribute to hindering the growth of the twin 

crystals. 

2he sudaen rise in cooling rate Ιϋ mm from the ingot surface 

is uue to tne onset of tne direct water-spray cooling under 

the moula. In this layer twins can be nucleated and start to 

grow inwards, but any outwaros ^rowth is nindered by the already 

solidified surface sneli. 

i'he inward-facing "surface" of this shell can be considered as 

aa internal cnill from wnich tne feathery crystals are nucleated, 

i'he total area of tais "cnill1' in an ingot of normal dimensions 

amounts to several sq.uare metres, iais area is so large that even 

üt a low content of a twin-producing element one or more twins 

are lively tc be formed. 
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Once they are foruea the twin crystals will spread themselves 

out through the ingot structure if their growth is not effectively 

hindered. Ί Ό stop the growth a very intense nucleation ahead of 

the growing lamellae is required. Îhis is normally achieved by 

addition of commercial grain refiner, containing Tiß2_particles. 

liucleation of the Al-pnase, stimulated in this way, is made more 

easy if an alloying element is added. This is a consequence of the 

depression of the growth temperature of the solid which follows the 

addition, and by whicn the effective supercooling is increased. For 

this reason the common opinion has arisen that alloys are less prone 

to feathery crystal formation than Al containing less of other 

elements. As has been shown, the contrary is actually the case but, 

if alloying elements are added to an aluminium nelt all processes 

are simplified that can lead to the formation of new grains, which 

hinder the growth of any feathery crystals formed. From the practical 

observation that alloys can more easily be given a satisfactory 

grain-refining it can be concluded that the latter effect is 

predominant. 

Studies of the influence of the casting conditions have shown that 

more feathery crystals are formed if casting is performed at a high 

temperature, if no grain refiner is added and if the melt is fed 

into the mould slowly and in a horizontal direction (l). Obviously, 

all these three factors will reduce the number of grains which may 

hinder the growth of the twins: a slow inlet of melt into the top 

layers of the melt pool will give rise to very few grains by dendrite 

fragmentation, and a high casting temperature will reduce the extension 

of the supercooled melt zone and also remelt detached dendrite fragments 

to a grr ?ter extent. 

If, instead, a cool melt is led in a rapid flow in vertical streams 

down into the sump the number of grains formed by dendrite fragmenta-

tion processes will be high, and together with a ïiB2-addition a 

fine-grained structure will be obtained in this way. 

Another way of hindering the growth of the feathery crystals is to 

stir the melt, which can be done either by mechanical or by electro-

dynamic means. It has been shown (2) that stirring of the melt past 

the growing twins will stop tne twin growth, possibly by making the 

distribution of solute at the solidification front less favourable. 

446 ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ = ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ = 
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Stirring is also known to increase the nucleation and tae 

extra grains formed will contribute as purely geometrical 

obstacles to tne twins. 

ay changing tue casting temperature ana the melt discharge 

as described, the growth, rather than the nucleation, of the 

featnery crystals can be influenced. Their nucleation is 

prouabiy very little changed in this way. As most aluminium 

alloys will give twins if the cooling rate is high enough, 

the only way to avoid nucleation is to reduce the cooling rate. 

fhe secondary cooling can be reduced oy reducing the amount of 

cooling water, supplied either ay a constant spray or oy the 

pulsation technique, ihe fact that in this case the rate of 

casting has to be reduced will probably make this metnod less 

attractive, however. 

4.3 

Formation of feathery crystals in other solidification processes 

iron, the experimental results it is to oe expected that feathery 

crystals ought to appear in all solidification processes where 

impure aluminium or aluminium alloys are rapidly solidified. 

Several observations show tnat this is also the case; for example, 

it is known that continuously cast thin bands (hunter) ana weld 

beads are sensitive to feathery crystal formation (lÜ,ll). 

In the continuously cast bands the rate of cooling is 1G2--I03 C/s 

and the area of the rapidly cooled surface is large in comparison 

with the volume of the cast metal. It is quite understandaule that 

i-any twins will be nucleated in aluminium alloys cast an Shis 

process, even with a low content of u twin-producing element. 

Juring welding, the filler metal solidifies very rapidly unoer the 

direct cooling action of tae adjacent metal parts wnich nave been 

welded together. Stuoy of the dendritic arm spacing in the beau 

indicates that cooiir^, rates con be as high as about ID3 C/s. 

Ine filler metal may ae strongly superheated and excessive nucleation 

ia tue molten pool is not very probable, so a03t grains in the weiu 

From Light Metals 1972, WC. Rotseil, Editor 

deposit are grown directly on to the grains of the base metal. 

If a twin crystal is formed it will nave a good chance of 

spreading out.Feathery crystals have also been frequently found 

in weld beads, especially when welding has been carried out at 

a low travel rate (11). i'his is possibly caused 'ογ a higner 

superheat under these conditions, suppressing the nucleation in 

the liquid. 

5 

SUMMABY. 

1 ïwo conditions are necessary to nucleate feathery crystals 

in cast aluminium: Presence of certain alloying elements 

in the melt and a cooling rate of about 10 2 (J/B. 

2 Provided the cooling rate is hign enougn, the number of 

nucleated twin crystals is proportional to the area of 

the chill and to tne concentration of the twin-producing 

element. 

3 Under identical solidification conditions the following 

elements were found to have the same tendency to form 

featnery crystals at the concentrations given (in weight 

per cent): i'i 0.015, i'e 0.Ö5, i>'i 1.10, kg 1.30, Su 2.90, 

Cu 3.50, Si 5.55, in 6Λ5. 

k 'ine surface layers of a DC-ingot solidify at a cooling rate 
which i s of the same magnitude as t a e c r i t i ca l , hunter bands 
and welds are cooled s t i l l more rapidly. 

5 .iucleation of twins in i)C-ingots can be avoided only by 
reducing tne intensity of the secondary cooling. 

6 Growth of feathery crystals can be stopped by an efficient 
grain refining or by s t i r r ing of tne melt, fiiese factors 
can ue optimised by appropriate cnoice of casting conditions. 
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Xable 2 

ïwin nucleation statistics in the Al-Fe system. 

Composition 
of the melt 
w/o i'e 

0.51 

0.73 

1.02 

'iOtal number 
of samples 

15 

15 

15 

niumber of samples 
containing 
feathery crystals 

3 

11 

15 

Per cent of 
total number 

20 

T3 

100 

COOUNG TIP [Cu) 

COOLING WATCH 

(~400cmY») 

u ^ 

u 
Ί4 

* ' 
! l TUBE HOLDER 

^ = Λ ς 

SOLIDIFICATION FRONT 

LIQUID ALLOY 

F i g . l - Experimental equipment. 
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Fig.2 - Composition dependence of the twin 
nucleation frequence in the Al-Fe system. 
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Fig.3 - Sample series from the Al-Fe system. Length of samples 60 mm. 
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Fig .k - Sample s t ruc tu re s in the Al-Ni system as a 
function of composition a t d i f fe ren t 
s o l i d i f i c a t i o n cons tan t s . Tr iangles = no 
feathery c r y s t a l s , c i r c l e s = feathery 
c r y s t a l s . 
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Fig. 5 Critical composition of all feathery crystal-
producing elements at different solidification 
constants. All basic data from Table 1. 

Fig.6 - Successive sections of a sample containing 1 w/o Fe. 
Figures indicate distance in mm from the lance tip. 
Sample diameter 20 mm. 
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MELT 

SOLIDIFICATION FRONT 

Fig.7 - Schematic illustration of the possible sites 
(A and B) where twins can he nucleated in DC-
ingots . 

From Light Metals 1972, W.C. Rotsell, Editor 

451 




