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1
L4TRODUCTION

Feathery crystals occur in DC-cast ingots of nearly all
alwiinium elloys. 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).

t has been shown that the featinery crystals are built up by
suserous lameller twin crysials witi a thickness of 50~200 um
pilea together almost parallel to each other to form large
regions, the size of which mey amount to some ten centimetres.
Zach lamella is divided by & central (1ll)-twin boundary,
parallel to tae plane of the lamella. lhe grain pounderies
between tne lamellae are of tne normal, nigh—angle type. The
growta direction of tae lamellae is one of tne [112]-type
directions in the twin plane (7). It nas been shown (2) that
toe feathery crystals grow more rapidly than ordinary, single-
crystal greins. For this reason, together with the fact that
new twin planes can easily be forued nearly parallel to the
original one, feathery crystals easily spread out over the
cast structure and can under certainu circwustances take up

almost the entire volume of the ingots.

Depending on the number and size of the feathery crystal regions
in them, the ingots exnibit & wore or less pronounced solidifica~
tion texture. Some traces of this texture way still remain after
subsequent proauction processes of rolling and heat trestments.
In this way tue feathery crystals give rise to a texture banding
on the surfaces of plates after anodizing. Another type of
surface defect whici can occur in the presence of feataery
crystals is the difference in brigntness of tae anodized plate
surfaces which is a consequence of the smaller mean distance
between second-phase particles formed during solidification in
feathery crystel 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 tiaerefore been made to modify the casting conditions in
order to avoid their formation. It has, for example, been
clearly demonstrated now feathery crystal formation depends

on tiue manner in which the melt is fed into the mould (1).

To ensure the production of ingots free from feathery crystals
grein 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 way give rise to streaks on the plate surfaces.

A vetter understanding of the mechenisms 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
Nekao (cited by Morris et al (2)), who found that feathery
crystals formed only if the melt contained more than 0.04 w/o Ti,
2 w/o Cu, 2 w/o Mg or 8 w/o Zn and the solidification rate was
higher than 0.04 cm/s.

Morris et al could find no feathery crystals in dilute Al-Fe
and Al-Ni alloys, nor in Ai-7i 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 0.0% cw/s at 10 ci away irow it.
The temperature graaient in the welt ahead of the solidification
front was found to vary from 24°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 i interval 0.10-0.23 w/o ii.
''hese results led to tue conclusion that the nucleation of twins

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

48 vell ws ot some distance from it.

Nalatani et al (3,4) 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, 3.94 w/o Sn,
10.47 w/o Cu, 5.06 w/o Mg, 1.02 w/o Ni, 0.08~0.13 w/o Ti. No
twins could be found after addition of 1-10 w/o Si, 0.5-4 w/o Mn,
1.0-% w/o Cr or 1.0-10 w/o in. [he cooling rate at the chill was
0.10-0.20 cm/s.

These authors tried to explain the different tendencies to
prouuce featnery crystals from the solidification characteristics
of the different alloying elements, i e from segregation ratios

and diffusion rates in the melt.

“he relative tendencies for feathery crystal formation in

aifferent alloys have also been studied by Watanabe et al (5) and
liiyazawa et &l (6). The influence of composition was best
dewonstratea in Al-ig alloys. Feathery crystals were observed in
directionally solidified Al-Mg alloys containing at least 10 a/o Mg,
but waen the Mg-concentration was raised to 10 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 vibratea during solidifications,
twins were produced ir an Al-2.5 w/o iig alloy and also in sl of

99.85 % purity or vetter.

To account for their observations these zuthors (C) proposed a
theory for the twin nucleation which is based upon tae grain
refining which occurs at the chill. If the nunber of randomly
orientated crystals formed at the chill increases, a greater
number of crystals will have an orientation such that a |112]-
direction is nearly parallel with tue heat flow. It is supposea
that twin growth is most likely to start from these grains.
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From this short account it is clear theu tacre is some
uncertainty ebout which 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
aviailaole information contains some contradictions and it is
not easy to predict the influence of a certain element in a

given casting process.

‘ne present investigation has been undertaken to improve the
knowledge of the factors which govern festhery crystal forma=
ticn. Yne experimental work hus been carried out on a laboratory
scule using & casting technique which is considered to represent
an aoeequate model of tne solidificetion situation which prevails
auring DC~casting. Witn this technique it has been possible to
arrive at some further clarification of the significance of

composition and cooling conditions for feathery crystal formation.

sl
i

£/P2RIMENTAL TECHHIQUE

To produce feathery crystals samples were taken from melts by
directional solidification using tane equipwent saown in Figure 1.
The casting system has the form of a vertical, water—cooled lance
which has & tip of copper screwed to its lower =nd. wiis tip is
surrounded by & silica tube wita a suall nole (diamcter 3 rm) at
its bottom througa which melt can enter tue tuve wher the tip of
the lance is dipped doww into a melt, when reli cores into contact
with the tip it becins to sclidily awa a macroscopically planar
soliaification front uoves aownwards insice tile tube. Jue to tae
shrinkage of the soliuifiec wmetal the cast cyiizcer is firmly
held to the tip, ensuring a ¢o0od thermal contect during the growtn
of the full length of the samples. Yo prevent sticking the tip
was coated with a thin layer of colloiual graphite.

'he distance frow tae lowest, flat tip surface to tae scliicificu—
tion front varied witia the time frow contact in accordance -ita

the square-root law: d = avt woere 4 is distance, t time and n iz
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2 proportionality constant. By using tips of different geometrical
Jorh. tue constant in the equation could be changed. In the follow=
ing uiscussion the different solidification rates obtained are

cuuracterised by assigning the corresponding soliaification constants.

Lolidification of the samples taken with the apparatus described
proceeds towards the hotter melt. The thermal conditions thus are
guite similar to those in a DC-casting at high or moderate super—
neet. The solidification rates obtained were in the region of
practical interest, wnica was inferred from the dirensions of the
se regation pattern in the ricrostructure of tine samples: 20-T5 um.
Ligner soliaification rates were obtained very near the cooling tip,

however; see below.

Using the lance, samples were taeken from melts of different
couposition. The melts were prepared in an induction furnace using
& high-alumina ceramic crucible witn 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 eacii addition the welt was held for some
ninutes before any sample was taken in order to ensure complete
Gissolution. A sample was then taken by irmersing the lance tip
slowly into the melt with the aid of a hydraulic device. Solidifica~
tion was as a rule allowed to proceed until the solidification fron®
had almost reacied tiie bpottow of tue silica tube, wnen the lance
was raised and the melt excess ran out through the Liole. Shorter
samples were Lakesn witn tae lance wulea pave tiae slowest solidifica~

tion.

The sampling tiwe for tue tnree lance tips used was about 45, 70

and 160 s respectiveliy.

In the test series the content of the alloying elements was
successively reised to a final level which was supposed to lie
well outside the region of practical interest or otherwise liritea

Ifrow the characteristics of the corresponding binary phase dizgran.

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

continuously recorded tie melt tewperature, which was neit ~0-30 O
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above the liquidus tempersture of each actuel camposition.

Ine e gerasture control was attained by adjusting the power

of tne induction field which was switched on during the sampling.
in s¢garate experiments, it was shown that the induction field
did not affect toe solidification structure. It can be concluded

that no stirring action could occur inside the silica tube.

Atter the lance had been drewn up from the melt the solidified
cylindrical samples were removea from the tip and cut into halves.
une oi tae section surfaces was round with wet grinding paper

with a finest grain size of 600 uesh. Tae ground surface was etched
in & J03-HCl~iF-mixture to reveal the maero structure. Every sample

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

a lowv-umgnification vinocular ndcroscope and the presence of feathery

crystals was recorded. In some instances further structure examina=~

tion was carried out on conventionally prepared micro-sections.

41l samples were analysea individually by wet-chemical or X-~ray

fluorescence methods. im.alysis Gdata from all series are collected
in Table 1. Analyses made at seweral points along the whole length
of some samples have suown taat nc significant nacro-segregations

occurred during solidification.

To Zet a better picture of the statistics involved in the nucleation
of feathery crystals a series of Al-Fe alloys was run separately.
Only three different coumpositiouns were studied in tois series out

15 samples were taken froa each weit. Data froa tiais series are

ziven in Table 2 aud in Figure ...

Some attempis were .uane tC aecermine tuc cooliig rate at dilferent
points along tae samples. 'laermocouplss (carousl-alumel) wita =
rapid thermal respoase were iascited in tue silica tucesab different
positions along the tube axis. inhe rate of cooling of the solid
immediately after solidification was evaluated directly from the

tine/temperature curves recorded.
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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. No feathery crystals at all have been observed in
those alloys consisting of Al together with the elements Cr and 2r.
In the systems Al-Mn, Al-Pb and Al-Bi one or two samples per series
contained a feathery crystal. As there was no systemstic 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 1i, Fe, Ni, Mg, Sn, Cu, 8i 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 criticel value has been exceeded feathery crystals occur
in every sample taken and the number of nucleated twins increases
slowly with increasing elewent content. An example of a sample

series is shown in Figure 3.

When the solidification rate was changed it was found that the
eritical composition values varied a little. Structure data for all
Al~Ni series are shown in Figure 4. The critical composition is
displaced towards lower values for the higher values of the solidi-
fication constant. Similar observations were made by Nakateni et al

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

Data for all systems in which feathery crystels were produced

have been put together in Figure 5. It is seen that titanium is
by far the most efficient element in promoting formetion 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
giving a solidification constant a = 5,96 mm/sl/z. 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 comstant in the
other series when only one sample was taken with different
compositions is about 0.8 w/o, in reasonably good agreement.
Althougn no lower 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 & certain grain refining. The number
of equiaxed grains which had been nucleated ahead of the solidi-
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 peritectic composition, i e 0.10-0.15
w/o Ti, the grain refinement had increased to such an extent that
the growtn of those feathery crystals which hed been formed,
stopped, and for even higher titanium content no feathery crystals
at all are visible. Separate experiments have shown that the
contribution from this grain refining mechanism could be reduced
by increasing the superheat, but it was still considerable at or
above peritectic composition. Hence it is probable that the
intense nucleation in this system was a consequence of the peri-
tectic reaction between melt and undissolved AljTi-particles from
the master alloy which had been added. It is well known that the
rate of dissolution of the AljTi-particles is very low. This grain
refining may have stopped the growth of tne 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 systems 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 macrosections 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 éata 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 was 3°C/s and vas 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 megnitude; 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 %/s.

The solidification rate during sampling was varied by changing
the copper tips. The cooling rate wery 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
neat sbstraction depends upon the heating~up of the copper tip.
When the tip has been heated, further solidification and ccoling
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. 10-3 em/s at b cm from the tip giving the
lowest solidification constant. Feathery crystals were found to
grow under &ll these conditions, which shows that they,like ordinary

dendrites, can grow under widely varying conditions.

N
DISCUSSION

4.1
Conditions for the formation of feathery crystals

From all the experimental Gata aveilable it is evident that two
necessary conditions must be fulfilled for the nucleation of

twin crystals: the presence of certain alloying elenents and a
sufficiently higih cooling rate during sclidification. 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 featnery crystals, what concentrations of these are neeaec

and what solidification rates must be exceeded.
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For example, Nakao obtained feathery crystals in Al-Zn alloys,
ana yet this could not be done by Nakatani et al. These authors
produced feathery crystals in Al-Fe and Al-Ni 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,
dakao founa & critical content to be about 2 w/o, while Nakateni
et al hed to add more than 10 w/o and Watanabe et al more than

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

‘‘he possibilities of determining the elements that produce
feathexry crystals and also of establishing their eritical 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 probe-
pility increases with risiug 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 wade 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. As there was no systematic
increase in the number of twins when the concentration of tae
alloying elements was increesed, the most probable explanation for
these twins is that they have been nucleated under influence of le,
which is present as an impurity in all alloys stuuied. The Fe
content in the Al metal is sbout 0.2 w/o aund from the investigation
of the nucleation statistics it is probable that Fe, also in such

a low concentration, may have sowe influence on the twin formation.
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The tendency of different elements to produce twins can be
defined by Tfinding 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 tais 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
formetion, growth or detection of the feataery crystals and
therefore must be comtrolled during any determination of the
conceatration dependence. ‘he 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 eovove, will be inversely propor-
tional to tue area of the ckill and the latter must be specified

if any statement about 8 critical cowposition is to have any weaning.

Different chill areas nave been used in different investigations and
this variation mway to sowe extent have affected the results. In the
present investigation the solidification rates were changed by
changing the geometrical form of the lance tips. Whis change was
accompanied by a change iu tae area of tue wantle surface, which

was found to be the most eifective cinill surface. Tuis variation of
tip areas is the probaple explanation for tne sligat variation in
the critical composition values as shown in Figure 5. A siuilar
variation was observed by isakatani et al, wno also varied the chill

area in order to change tue solidification rate.

Yhe probability of twin nuclesation could, ia priweipie, e svaluated
per unit area of chill wall. Wo do tais the total number of twins
has to be countea over a known area. Such an evaluation has not
been included in the present work, mainly due to the difficulties

of determining the total nuwoer of twins Tormed round the tips of

such a complex form.

All evidence from the present work indicates that ithe nucleation nus

taken place near tane tip. From this it has been concluded taat tae
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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 thermsal
properties and the effectiveness of the water—cooling. The last
factor wiil only influence the initial cooling if the would wall
has & low thermal capacity and high tnermal conductivity. It is
possible thet the very uigh superineat (150-200°C) of the melt in
some of the previous works has reduced the inteusity of tae
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 tne conditions for nucleation have been

most favourable.

In any experimental technique which is based on the casting of

a melt into a chill mauld a very hih 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 wore difficult to detect. This fact way possibly explain
the difficulties experienced (2) in ootaining feathery crystals

when casting was carried out at a moderate superheat (20-10000).

Grain refining by any otner mechenisui also hinders the srowtn of
the feathery crystals. Grain refiuing by Algii-particles has been
described in the present work and sisilar effects aave been

described by otluers, e . in AL, &lloys vith o aigh “to-coutout (4).

The chances of detecting the feathery crystals also Gepend on the
metnod used to investigate the structure of the samples. Usually
it is easy to detect feathery crystals on a macro-etched surfacoe
if they have grown to a size of some millinetres or larger. Small
twins can be difficult to observe: at least, in some alloy systeus
where the development of the structure details by the etchant is

inferior. In these cases the investigation of the samples must oe
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carrieu out on polisinea micro-sections.

Ir tue casi samples are cut lengtinwise anu tne section suriace

1s eucuea, sowe Ieathery cryscals may escape ooservation if they

wre Lot cut tarougu by She sectiou surface. Yals fact will also
Cuubllouve TO tae uncertuiniy ol vie determination of a critical
composition. A more reliable wethou to detect any featanery crystals
forued is to cut the uniairectionally solidified sawples perpendicular

to tue growth airection at sowe uisvauce Irow tihe cuill.

O eAnldsl bue Lhiluence O uwhe @iloyin, escucnts on tue twin growth
Lwo Girlerent thneories u&ve wveen proguseu. ifue preseat experimental
dnta nave been used to test tuhe vediialvy ol tinese nypotheses.
ndadbunl el al Suggested LLal tuc Stawiilly Ol tae Icatnery crystels
uepenus on tue Segresation puculielie OCCUXIiliy, uuwing soliaiiication.
inis aypothesis was tested oy correlatin, vie tenuencies to produce
twins expressed by the eritical cowpositions, founu in this work, with
alstribution coerficients anu otuer characteristics of tine corresponding
phase diagrams. Tnese attewpts nave not been very successiul ana tnere
cannot, at any rate, be 4 siuwple relatious.ip between tne ability of
an eleuwent to prouuce twins and tne segregution penaviour of the

same element in Al.

If the mechanism suggestea by .iyszawa et al should be responsible
for the feathery crystal roruation, it could be expectea that the
grain size in the nucleation areus ougat to vary in accordance witha
the varying tendencies to proauce twin crystals. 1o check this,
measurements of grain size at tae cuill in severel alloy systeuws

have been carried out on sauples frow the present work.

A slignt reduction in grain size witn increasing element countent

has been determinea in ail series stuuieu Tor tuis eliect, wvut no

systematic grein size trend, such as that elements which were wmore
effective in producing twins also gave a smaller grain size, coula
be found.

The present experimental material thus cannot give support to
either of the two theories for feathery crystal formation.
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‘cathe stals in the DC-casti

hAgalisns bue buchgPound of tae experivental reswlts, nost nown
Pects awoul tae appearance ci tne feathery crystals in DC-cast

105,008 e a0¥ Sy wre iadlacncew by the custing variwbles

can ve explained.

Aluwinium of technical purity alvways contains scue le and Si as

fugaurivies. Loe wO0st comiGni, cust clwinlue is ouf J2.5 0 purity

Qlie ZOLuGLLd GuCU Lol W/ 172 wiew . WSO Ci. i tads alley it

Can 00 LEsWMCu Taal, Ll accorasnce sae caperisentel results,
Fe nas the strongest influeice oa the btwin nucieaticn. As a
COLBC UL UL Wil€ SL&TISEL0s LLVOaVia, Sawit is .. 2iloat
Srovubidily of uuCieaciiy teins ovei st buis low fo-coatent. I
tae coolii, rave 15 ai u anu tasre is a2 13r,2 chLiil zrow, soue
twins mway ve nucdeatew ab a 5till lower impuriby convent. Thus

twins aave veen reported formea in C- cast Al of .o . purity (3).

As it nas been lound that nost ol tue comwor alloyins ciesents
oy thewselves ravour twin nucleation, survaey wiloylie O Lue
base metal will increase tue tenuency of tue nelt to produce

featnery crystals on soliuiiicatioa.

The composition requirewent which wws fouuuw necessary for twin
formation is thus fulfilled for wost aluminium alloys, whicu is
born out by tae ilact tuat featuery crystals hnave wiso veen obsarved

in most DC-cast alloys.

ihe second requirenent for tue nucleation or twins was tuat tue
melt haa to be ceolea sat a suliicientay niga rate. in oruer o
estimate the cooiiny rates uuris, soliuiiicuatiou 0r ol-cade in.uts,
measurewents of dendritic arm spacings have bDeen carried out irom
the surface ana inwarus to tae central parts 0l an ingot. sue
dendritic erm spacings were found to be about 10 pw at the outer
surface, incresasing over the first willimetres inwaras and then
suddenly falling to & second miniwum value of 10~15 uu about 10 zm
from the surface, after which there is a slight increase towards
the centre. The wminimum values of about 10 ww show that solicifica~

tion has taken place there at a cooling rate of about 100°(.‘/s. i
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cooliny rate of this oraer of magnitude was found to be
necessary to nucleate twins so this conditioan is fulfilled

in these two surfuace layers.

Ine feathery crysteis probunly originate from the second rapidiy
coolew leyer, 1O um under the ingot surface. Lals counclusion can
ve wade from the fact that feathery crystals are never oovserved
at the very surface of the ingots. If a DC-cast ingot is cut
perpendicular to tae casving direction and tue section surface
is wacro-etclied, a surface zone with o thickness of about 10 wua
is seen all around tne circumference of the ingot section. If
such an ingot contains regions with feathery crystals these are

always enclosed within this surface shell.

nis 10 mu surface layer is formed during tae casting period
when tae ingot is cooled by thae would wall; see Figure 7. ine
very {irst metel that solidifies is repialy cocled by direct
contact witn the mould well but, due to tue surinkage of the
soliaified crust, the airect contact is lost and furtier
soliaification proceeds at a lower rate. “he total nwaber of
nuclei formed in tie outermost, raplaly chilled surface layer
(tnickness less than 1 mam), is so great tuat any twins which
way oe foruwed there cammot yrow 1o any apprecisble size.
Possibly tne stirring sction of tue welt oscillations at the
would wall way contribute tohindering the yrowth of tue twin

crystals.

Jhe sudden rise in coolin,, rate 1U am frow the ingot surface
is due to tne omset of tue direct water-spray cooling under
the would. in tihis layer twins can be nucleated ana start to
grow inwards, but any outwaras rowth is aindered by the already

soliaifiec surface snell.

The inward-facing "surface'" of tuls saell can be cousidered as
an internal caill from waich tue feathery crystals are nucleated.
Yne total srea of tuls “cnill” in un ingot of normal dimensions
amounts tO several square uetlres. Lais area is so0 larye that even
wt & low content of & twin-producing clewent one or more twins

are likely tc be formed.
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Once they are formed the twin crystals will spread tanemselves

out througn tie ingot structure if their yrowth is not effectively
nindered. Lo stop the pgrowtn a very intense nucleation ahead of
the growing lamellee is reguirea. Wuis is normslly achieved by
addition of commercial grain refiner, containing TiBy-particles.
ducleation of the Al-pnase, stiwulated in this way, is made more
easy if an alloyiny element is added. This is a consequence of the
aepression of the growth tewperature of the solid waick 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 tnan Al containing less of other
elements. As has been shown, the contrary is actually the case but,
if alloying elements are added to an aluwinium melt all processes
are simplified that can lesd to the formation of new grains, which
ainder tae growth of any feathery crystals formed. From the practical
observation that alloys can wore easily be jsiven a satisfactory
srain~refining it can be concluded that the latter effect is

predoninant.

Studies of the influence of the casting conditions have shown that
wore feathery crystals are formed if casting is performed at a high
temperature, if no grain refiner is added and if tae melt is fed
into the mould slowly and in a norizontal direction (1). Obviously,
all these three factors will reduce the number of grains which nay
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 zgrains by dendrite

fragmentation, and & high casting temperature will reduce the extension

of the supercoocied melt zone and also remelt detached dendrite fragments

10 a greter extent.

If, instead, a cool melt is led in a rapid flow in vertical streams
down into the sump the nuuber of grains formed by dendrite fragmenta-
tion processes will be hign, ana together with a TiBy-addition a

fine-grained structure will be obtained in this way.

Another way of ainderinyg the growtn of the feathery crystals is to

stir the welt, which can be done either by mechanical or by electro-
dynamic means. It has been shown (2) that stirring of the melt past
#he growings twins will stop tue twin orowth, possibly by making the

aistribution of solute at the solidification front less favourable.
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Stirring is also kuown to increase the nucleation and the
extra grains formea will contribute as purely geometrical

obstacles to the twins.

By changing the casting temperature ana the melt discharge

as described, tue growth, ratiher than the nucleation, of the
featnery crystals can be iniluenced. Their nucleation is
provably very little cnanged in this way. As most aluminiua
alloys will give twins iif the cooling rate is nigh enough,
the only way to avoid nucleation is to reduce the cooling rate.
e secondary cooling can bDe reduced oy reducing tne amount of
cooling water, supplied either by a constant sprey or oy the
pulsation technique. whe fact that in this case the rate of
casting aas to be reduced will prooably make this metnod less

attractive, nowever.

4.3

formetion of feathery crystals in otaner solidification processes

From tae experimental resuits it is to ve expected that feathery
crystals ougnt to appear in all soiidirication processes waere
impure sluminium or aluminiuw alloys are rapidly solidified.
Several ovbservations saow tanat this is also tie case; for exauple,
it is known that continuously cast thin bands (nunter) ana weld

Deads are sensitive to feuthery crystal formation (10,11).

In the continuously cast bands the rate of cooling is 104-103 o(,‘/s
and tae area of the rapialy cooied surface is large in couparison
witn the volume of the cast metal. It is guite understundavle that
cany twins will be nocleatea in aluminiwc wlloys cast by cnis

process, even witih a low content of o twin-producin; element.

Jurin. welding, tioe Tiller metal soliuidies very rapialy unaery tae
wirect cooling action o1 tae adjacent metal parts waoilca aave been
welded togetier. Study of the wvendritic arxw spacin,s in the beaw
iruicates taat coviin, rates can be &s nigh ss apboat 103 c>L;/s.

‘e lller metul may ue strongly superueatew and excessive nucleation

i1n tue wolten pocl is Lot very prooapcle, so wost grains in the weld

447

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

deposit are grown airectly ou to thne grains of the base wetal.
If a twin crystal is formed it will nave a zood chance of
spreading out.Feathery crystals have also been freguently found
in wela beads, especially when welding has been carried out at
a low travel rate (1l). inis is possibly csused by a higaer

superheat under these eonditions, suppressing the nucleation iu

the liquid.

5

SUMMARY

1 wo conditions are necessary to nucleate feathery crystals

in cast eluwwinium: Presence of certain alloying elements

in the melt and a cooling rate of about 102 o(,‘/s.

2 Provided the cooling rate is nign enouga, the nuumber of
nucleated twin crystals is proportional to the area of
tue chill and to tne concentration of the twin-producing

eleuent.

3 Under identical solidification conditions the following
elerents were found to have the sawe tendency tc form
featnery crystals at the concentrations given (in weight
per cent): ¥i 0.015, Fe 0.85, ui 1.10, g 1.30, Su 2.90,
Cu 3.50, Si 5.55, %n 6.45.

L e surface layers of a DC-ingot soliaify at a cooling rate
wihich is of the sauwe nagnitude as tae critical. Lunter bands

and welds are cooled stiil wore rapidly.

5 sucleation of twins in C~ingots can be avoided only by

reducing tone intensity of the secondary cooling.

6 Growth of feathery crystals can be stopped by an efficient
srain refipning or by stirring of tne welt. Liese factors

can ve optimisea by appropriate cnoice of casting conaitions.

ARA
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dable 2 COOLING WATER
h (~400 cm¥/s)

iwin nucleation statistics in the Al~Fe systeu.

Composition Lotal aumber sunber of samples | Per cent of coouncTie (cw) ]
of the uelt of sauples containing total number N
w/o Fe feathery crystals !

b
0.51 15 3 20 PR — -
0.76 15 11 73 T/ — -
1.02 15 15 100 I

Fig.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. D 7
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i N Fig.5 = Critical composition of all feathery crystal-
producing elements at different solidification
1+ A ofpoo o o0 ° m constants. All basic data from Table 1.
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Fig.4t = Sample structures in the Al-Ni system as a
function of composition at different

solidification constants. Triangles = no Fig.6 - Successive sections of a sample containing 1 w/o Fe.
feathery crystals, circles = feathery Figures indicate distance in mm from the lance tip.
crystals. Sample diameter 20 mm.
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MELT

Fig.T = Schematic illustration of the possible sites
(A and B) where twins can be nucleated in DC~
ingots.
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