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ABSTRACT

In thas study unidirectionally controlled solidification of
A1-25Cu alloy and the resulting dendritic morphology is.,
investigated. FPirst general information is given on secli-
dificatior, then dendritic growth is studied thoroughly.

In experimental work, Al-2%Cu has been solidified under
controlled laboratory conditions. For this purpose, =
unidirectional growth furnace and a drive sysiem has been
designed and constructed. With the aid of this system,
desired temperature gradient(GL) and growth rate(R) hes
been cobtainea during the experlments. /U51ng a GL range’
between 10-40 C/cm and &n R range tetween 1-50x10" 3cm/sec,
dendritic morpnology has been obtzined. The liguid-sclid
interface has been frozen during growth by nuenching. £fhe
resulting growth surfaces have been cut perpendicular tc
' znd parallel to growth direction, photographed and mea-
sured.. The measured primary anil secondary érm spacings
have beer. correlated to the changes in growth ¢onq;tions,
i.e. growth rete and temperature gradient.
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Bu ¢aligmada Al-2%Cu alagiminin kontrolli yonlendirilmig
katilagmasl ve olugan dendrit morfolojisi incelenmigtir.
Once katilagma ﬂzerine'genel bir bilgi verilmig olup daha
sonra dendritik buyume etrafllea incelenmigtir,

~ Beneysel galigmalerda Al 2%Cu alagiminin kontrollid labora-
tuvar gartlarinda katilagmasi gergeklegtiriimigtirs Bu
amagla bir ybnlendirilmig katilagtirma firini ve hareket
sistemi digzayn edilip kurulmug we deneylerde istenilen 81—
caklik gradyani(Gp ) ve katllagna‘hlzlnln(a) parametre ola~
rak elde edilmesi saglmanmigtir. 10—40 ¢/c& arasinda sicak-
lik gralyani ve l-SOxlo"scm/sn arasinda hig kullanmak su-
retiyle kontrolli gartlar altinda ketilagma yoluyla den-
diritik yapir elde edilmigtir. Katilagma esnasinda su ve- -
rilerek kati-sivi bblgesinin sabit kalmasi saglanmigtir.

" Dsha sonra biiylime ybnine dik ve paralel kesitlerin mikro-
yepyr fotofraflari gekilerek tizerinde incelemeler yapmak
guretiyle dendrit birinci ve ikinci kollari aresindaki a-
¢ikliklar bulunmugtur. Olctilen agikliklarla biiytime gart-
lar1(G; ve R) arasinda Xorelasyona varilmigtir.
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1. Introduction

Lendritic growth is'perﬁaps the cost commen form of soiidifi—
cation, especially in metals and other systems that freeze
with relatively low entrcp;es of trarsformation., Dendritic

or branched growth in allors generates microsegregatibn and
cther internal defects in castings,ingots and weldments.
Tendritic picrostructufe may introduce the effect of hot
cracking, suboptimazl thoughness, and reduced corrosion Te-
sistance. “he dendritic microstructure and its effects may
be modified by &pbsequent heat treatments, but they are sel-
dom fully erased. Theretore,’the understanding and'control

of dendritic growth in melidificatien process is very imper—
tant in order to achieve specific material.propertiea in '
~final products. ‘

The size of the dendrites influences the homogehization ki~
retics and mechanical properties. The fineness of colunnar
dendrites is usually reprecentea in terms of primary and se-
condary arm spacings. Va*lous tudies have been done on den— |
Erite primery end secondary ar“’spa01ngs. .

¥ost reliable datz is obtained frem studies reta*nlng uridi-
rectionally sclidified Btructures grown under cont”olled con-
ditions,i.e. predetermlned te"perature gradient and growth

rate. : .

Freviecus /works have shown that Zendrite arm spaciﬁgs decrezse
with increasing temperature.grziient or grocwth rate, follew-
\
ing the re4atlonsh1p. , , S
; _ e
R_I ')'A‘ -O( (G\'&)
znd a2 is found to be between .25-0.5. However, déiscrezencis

are observed between the resul:s. ' P

ES

In the present work, dendrite =crphelcgy af Al-2wt.%Cu alloy
wvill be ihvestigeted:.The suliﬂificat‘cn of the alloy is per-
formed ‘gnidirectionally under éteady state controlled condiz:
tiens. A furnace and a drive syAuem is de51gned to be able t
control temperature gradiemt and grouth rate seperately. The
change in dendrite primary and secondary arms in relation to
tezperature gradient and a-owth rate is observed,
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' surrounaing by a deflnite_“oundary._

-

THEORY OF SOLIDIFICATION

The liquid-solid phase treasformation takes place in two
steps:

1) Nucleatiom -

2) Growth

Nucleatien

Nucleation may be defined as the formation of a new phase in

a distinct region of a mat.er which is seperated from the

o

;For nucleation atoms of the molten metal must come together :

in proper"crystalllne confzguratlon to be stable against the

inherent tendency of the vVery small crystals to melt. The a-
mount of supercoollnﬂ needed depends on the chemistIV, crysta.

" lography, and geometry of the solid particles in the melt or

in the solid surface in coztact with it. The supercooling ne-
cessary for nucleation may vary from a fraction of a degree
to a few hundred aeg*ees, g¢epending on the nature of nucleati

' process.

- When a solid forms within its own melt without the aid of

forelgn materlals; rt is said to nucleate homogenouslv. Nucle:

‘tion in this way requires a large dr1v1ng force BECause of th

- relatively large conitribuiicm of surfecevenersy to the total

 Z AGs = Ve - 4Tr .. R e @

free energy of very small particles. K\eiassical quantitative
homogenous nucleation thecry treats this problem by consideri
the ?ree energy change cf = small region of nucieus with radi;
fpn upon its transforamaticz from liguid to solid. This energv
change has two terms: The volume free'enen§§ difference Yet-

_ween'liquid and z01id phacses for the forﬁation of a2 spherical

cluster of atoms is AGy: , .
2 AG, = AGy - 4/3-TF3 . (1)
And the formation of a new thase is associated with the sur-
face free energy,B;g} Then_tete1 surface energv-
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T AG(N =SAG + ZACs oo (3)

AG(r) = AG, %11.—3 + ¥so AWrt . _.____(4)
Here, AGy is negative for any spontesnecous reaction but b’sl'_.is

always positive. AG(r) is obvioualy a function of rad*us.
Regarding the plot,(Fig.l) '

FRITAS 1

Radius r

A6

%—Nrgbév,
Fig.1 /

Free evergy o(.nucleaﬁon MG

It can be observed that cr1t1 cal radius(r¥) corresoonds to
the maximum free energye. o : ’ . .

dAG(r), o o;.--_.-.'--_,--; ________ L
o d » S : ' |
CIf r< ¥, further growth of - the crystalllte mcreases 1: e free |
energy of the material involved. The atom or mol ecﬁle groups |
of solid which are spatlally related tof each other and trave '
an r T¥ are called "embrvos". An emdryo aecozxes a nucle.ls when

(5)

it reaches the critical radius size, r*. ' |

_AG('r)" = 2 6(r) . U € -3
: . r=r
We can obtain r* from Eg.5:
Ce P¥*= - 28 ___.___(
| | . AGy
~and by Egq.6: ' C o
AGYyY = g ¥ ______J(8



If the liquid is coole& beyond the eguilibrium temperature,
i.e. supercooled, AGy becomes more negative since:

, - . 0]
AGy = Usolid — Ujiquid — T( Ssolid = Siquid ) —cec e oo - _(9)
where U;._7,Usare "non-thermal energies” of 1iquid‘ afnd solid

phases respectively per atom -
S¢ ,S_ are the entropy of solid and liquid
At equilibrium temperature, Tg :
AG, = o-_..--------------._’ ...................... (10)
oTr Us - UL = Tg (55 - SL) ---_-.._.----;.-v'.‘.--.; ........ (11)
then. ~ e -
6,5, = Us—W e an
Since Us - U, is heat of transformatiom, i.e. AH: ‘
AG, = —AH+ T&H _ aHaT  ___(13)
| Te Te o
where A‘T is the amount of supercooling. Thus: ,
vt e - 28T o ._.)
AH AT
and. :
W, i
AGY) " =

€.

o pg ot _
Variation of critical radius wlth temperature




r N GLr) for smaller AT
< N G(r).FOr larger AT

RN ﬁshrr’Aev for swmaller AT

' %V?‘Aﬁ’v -For |ur3w AT

- : Fig. 3[»«-;'. :
'Effact of supercooling on the critical radius

As the supercooling is
more negative(Eq. 13).
and the energy barrier

increased, the value of AGy becomes
This reduces both the critical radius .
for nucleation.(Fig.3) Thus a greater

the necessary number of atoms to attain
for nucleation. As a result, a reaction
at the equilibrium temperature occurs

probability occurs for
the appropriate energy
‘which can not nucleate
more readily; the greater the undercooling.-

Heterogenous Nucleaulon

It is known that metals a“d most other 11qu1ds rarelv under-,

cool by more than a few “egrees,before béélnning to crrstalllze.
The crystallization begins on impurity Dartlcle
mold walls and by so d01;g, av01ds the ver

1.e., nmiclea-
ting agents or
large thermodynamic barrier to homogenous nucleation.

The sinplest approach to heterogenous nucleation is to consider
a spherical crystalllne cluster of atoms at eau1‘1b:;uﬂ or a -

flat substrate as shown in flgure 4.

N
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,.where KSL,USC,XLC are . the surface energles of su‘nstrate-llquld .
substrate—crystal 11quid-crystal interfaces respectlvely.

The balance of horlzantally resolved surface tensions require:

st,f'- ¥sc ¥+ Yic cosB e e emm e ——— e e ___(16)
where § §s the angle of contact. . /
In heterogenous nucleatlon, an additional term comes to the
energy equation in Eq. 4. For every square meter of c'rowth ‘of ‘
~the substrate—clumer 1nter1’ace,_there is a change in free e— S
nergy equal to the difference tetween the- 1nterfa01al energlesv
'of substrate-crystal and 11quid—subhtrate~ S ‘
V e = XL; = - ULc cos 9 ‘---_---..‘-‘-_‘,.--M.-_- -{__--(17) A
The volume free energ;-,r ter:n of heterogenous nucleatlon issi g
x4 AGV = AG vcrgsm _'.‘-_-.‘-;;_,'.-_,_.'.%‘.‘/;--‘._'--;".;.‘; (18)
Total surface energy term is: . o | -

z AGs = ULC SLo + (btcs —-'75'.’_5)-5“-___-___-;_____,(19)
where § . and Scs are the areas of llquld—crvst/al and crystal-
substrate respectlvely. T ' |

S:ane S | - S R EE
d AG
h&t - o ——-————---——-j—.é———-b ———————— (21)

and Aeut = ZAGhet l,, e ----_--‘;_-__------.(22)
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It can be calculated from Eq.17,20 and 21 that:
3
Doy () = 4T { (24 c0) (1-cos0)*} / 262 ...(23)

- when —
9 = QO° AGhet(") 0 , complete wettlng, no barrler to ---(24)
v nncleatlon :
= 90° AGL.(r)= "SL (25)
_ . * _ X
8 = {30 AG,,&t(r) = _'Sé 'zséc" ...................... (26)

-~
—

As seen from above calculations, a3 8 1ncreases, nucleation
barrier increases and reaches AGhet AG at 6= 180 .

2.2 Growth

Once nucleation occurs, crystal growth beglns. For the growth
to proceed the number of atoms joining the lattice must be
more than those 1eav1ng it. The undercooling required for the
incorporation of atoms from the ligquid into the solid is,

called "kinetic undercooling" The kinetic undercoollng needed
depends on the shape of the solid-liquid interface during
growth. For a surface convex to the liquid, equilibrium melting
'_temperature is lower ther that of a flat surface; and this
'dlfference increases as ihe radlU° of curvature decreases. In
pure metals, 1nterface :c:n“ology is determlned by the tempe-
rature gradient in the liquid at the solld-llould interface.

In alloys, the interface aorphology is determlned by the growth
velocity, itemperature grzdient in the liquid at the solid—liQuid
interface and the purity level of the melt. '

2.2.1 Growth in pure metzls ’ o

buring growth of pure meizls, the temperature distribution in
the melt can take several forms. When the temperature gradient
in the llquld at the SOlld—ll"uld 1nterface is p031t1ve, or
zero(as seen 1n Flg 5a and 5b), growth proceeds with a planar
1nterface. ‘ '
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fhe reason for this can be understood by cherving Fig.5.
Assume that the temperature gradient is p631t1ve, any pertur-
batinn whlch may- occur. on the planar 1ntenface will: find 1tself
in a region of hlgher temperature than the interface and Will

remelde: il o , _
When the temperature gradient in the 1iqﬁid at the liquid-solid
interface is negative, as seen in‘Fig.6,’then the liquid a%ead
of the interface will be thermally undercooled. ‘

‘ B
IR e
|
I 3 S S
- ;Ta ' | -~

l ( I

L N

DISTANCE -
Fig.6

Then any perturbatlon foraing at the int terface will find it-
self in a. region of g”eate1~ undercooling than the interface.
therefore it will have a chance to grow at faster rate than
the remainder of the interface. As a result, the interface
breaks‘doWn and grows demdritically. Characteristic of den-
dritiec growth is that the primary arms and side branches grow

in definite crystallographlc directlonscz
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2.2.2 Growth in Alloys

Consider a single crystal of alloy Co growing with a plane
front.(Fig.7) Equilibrium at the solid-liquid interface can

be attained at temperatures belgﬂ‘the liquidus temperature Ty.
If soli&ification is occuring at temperature T*  the condition
of equlllbrlum at the 1nterface requlres that the liquid and
solid compositions at the interface CL and cs ,respectively,

be fixed by the phase d-agram. Compositions away from the inter-
face may be very different but the condition of equilibrium

at the interface requires that if either T%, ¢ or ¢J is
specified, the other two are fixed by the phase diagram. /

-
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Fig.T

Phase diagram for the solidification of an zlloy
with equilibrium 2t the liquid-solid interface

In deccrlblng solidification under these cord s, it is

ti
//
convinient to define an equilibrium partition T*a’t::Lo k° R

where

k,.C;V SR .. _ ' - o ‘ (27)
0 = gF TTTTTTTTTToTmmommo—om—eo—oooeoo - s

ko maj be either less than dne'or>greater than one. When
k,«< 1, solute addition decreases the freezing point of the
solid. This is a more common case than k,> 1, where the addition



of solute raises the freezing point of the solid. The compo-
sition of the forming solid and the interface morphology
depends on the way in which the rejected solute or solvent is
redistributed in the 1liquid ahead of the interface. When ko<1,
solute is rejected by the solid as it forms; and when k,> 1,
solvent is rejected at the solid-liquid interfaoe.

2.2.2.1 Solote Redistribution during Plane Front Soiidification

When growth proceeds with a planar interface, the distribu-
tion proflle of solute or solvent rejected at the liquid-
solid 1nterface may be considered for several different cases,
with referance to "normal solldificatlon process"t$]ﬂormal
solidification is the term used to dascribe solidification when
an entire charge 15 melted ‘and solidified with plane front
Irom“one end., This treatzent assumes that:

a) Interface moves at a constant rate R

b) Compasition is uniform across any section parallel to the -
interface) : o e
¢) No significant undercocoling occurs before nucleation.

d) Equilibrium distribution coefficient,k,, is invariable with
composition. | '

e) Liquidus slope,m, i& constant.

£) Diffusivity of solute. atoms in the 11qu1d(DL ), is 1ndepen-
‘dent of concentratlon._,, o = : ‘ :

g) Equlllbrium is achleved ‘at alls tlmes at the solld-liquld
Vlnterface. - : o

Even though the followinr trea‘ment aop1les for allov svstems
where ko4 1, it is also applicable for k., 1.

(i) Equilibrium solidification occurs only if the freez ng rate
is slow enough to permit the diffusion process in the solid
Dle

and liquid to erase any concent ration g*adle 1ts, i.e. com te
,dlfoSlon in the llqﬂld state a:d co"o’ete diffusion in the

solid state. L - v N

Let us. consider the solidificatioﬁ of an alloy of initial con-
centration Cg. Solldlflcatlon btegins when the temoe*ature

reaches TL, equillbruum llquldus temoerature. The _composition

of the first forming golid is koCq + Since ko(l, solute is
rejected into the liquid from the liquid-solid interface.(Fig.8a)
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~Dﬁring subsequent cooling and solidification, both .the liquid
and solid tecome enrlched in solute; at temperature %, the
s0lid of composition Cs is fo*mlng in equllibrlum at the llquﬁd—
solid 1nuer¢ace with 1liquid of composition GL . Because diffu-
sion in the SOlld and liquid is com plete, the entire solid.
becomes of uniform comp031t10n Cs= Cs , and the entire liguid

of uniform composition UchL .(Fig.8b) At temperature ¥ a -
generszl materials balance is written:

CSFS + CL‘FL = °‘ ........... e —————— e e (28)

where fg and £, are weight fractions of solid and liquid,

"respectively. : - |
' C W tiaws ] C|[ _s T ¢ ]
1 ) R ) e T _
' ' v J Cc =CL
= CL > CO Cut '
Co} ‘c'° cF=Cs ,
3
kLo
’ kf—o + : A
: SoLip j ‘ ,,"q_
o T S
e VCs = C-o : |
e ) L
ket s
. o C »
! . COMPOSITION —=
(o . ' S (@
o |
Fig.8 S o
Equilibrium freezing of an alloy with 1n1tlal concentratlon C
z) Solute redistribution at Ty b) Solute redistribution at T*
-¢) Solute redlstrlbut;qn at T¢ 4d) Part of the phase diagram
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Since:

{fs + fu =4 __-_--_...-_...,----..__‘-_----;_-_;--(29)

Ec.28 can be readily solved for fraction solidified at a

given temperaturéf

At complete solidification, balance may be obtained as below:
Considering Eq.29 and 27; Eq.28 may be rewritten as: ’

-Fs C: + (4 - ‘Fs ) C: | = Co "—---_—---;-‘;;‘—-, ..... ‘('30)

At complete solldlficatlon no fraction of liquid remains,i.e.
f, = 0. Then, from Eq.29, = =1. Eq./30 takes up the :Eorm

‘Cs + (“")

—3N oF S A ___.__(31)

er=¢, --.‘".----;-_----_.----___-_--_-_----.._-.'----(32)

(ii) Complete mixing in the liguid, no 80lid diffusion

A melt of imitial compqs1tlon Co begins to solidify as the
temperature falls to T, + As in eQuilibrium sOlidification,/~
the first small amount cf solid to form has the composition kgl

at temperature T .

During subsequent COOlln» and solldlflcation, the ‘liquid be-
comes richer in solute and so the $o0lid that forms is of highe*
'solute content at later stages of solidification. Since there
is no diffusion in the solid ‘state, the composition of the = -
solid formed at the 1n1t1al stages of free21ng remains ﬁnvhangad. 
At temperature T*,solld of composition Ls is free21ng froz ,
liquid of composition C* 2nd the solute dlgfz}butloa along

the length of growing cr“-*al is as shown in Fig.9. A cuanti-
tative expression ig obtained by eguating solute rejected when
a small amount of solid with the resultant solute increase

in the liQuid.lThis balance is:

(co-C{Vdfs = (W=-f)dC0 oo __(33)
where fs=.fraction bf material solidified; |

Substltutlng the equillbr iunm partltion ratio and 1ntegrating
from C = koCp at f5= 0 ylelds the" compositlon of the solﬂd at
the llquld solid 1nterface Cs as a function of SOlld fraction:

ez koG ()G
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or in terms of liquid composition and fraction of liguid:

- ¥q9.34 and Eq.35 are termed nbnequilibiium lever rule. These
"equations closely describe solute rédistribution in crystal
growth under a wide range of experimental conditions.

COMPOSITION —s= " 70y b fsie e

4 |

H

‘e S

C elre =Cp S

&Co J
o . L
DISTANCE —o
{o)
Ta c*
. . < |

P
— {
=

DISTANCE —
3]

: Fig.9 .
Solute redistribution in solidification with no solid diffu-
sion and complete diffusion in liquid. a)At the start of
solidification b)At texperature T* €)After solidification
d)Phase diagram _ .
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(iii) No solid diffusion, transport in liquid by diffusion
As before, solidification begins with Xhe formation of a
so0lid of composition keCp. Soon a solute diffusion boundary
layer develops ahead of the interface. If the crystal is
sufficiently long, steady stateAis approached, as sketched

in Fig.l0a

i s
g ez T 5§ S S o s ,
- ; 2 | indial F‘"""
£ Cofie | ';.h +Hransieat ‘l’runSl'Olt—-
2 3% u:___SWmW
g c'ﬁ’ v STATE
e i
é‘c, .Co//’}a—.
K1 keo” -
olsTp ce — 2) " DISTANCE —s» L'

() o)

:
il
4
H
H
F
ce
Cow\fos.“bn-a
' Cc)
Flg 10 L

 Solute redlstrlbutlon in sol;dlflcatlon with llmlted llqu1d

diffusion and no convection.a)Composition!profile during
steady state solidificaticn b)Composition profile after soli-
~dification c)fhase dizgran C

-

At this steady state, the composition of the so0lid formingz is
exactly of initial composition Co « Equilibrium-at the inter-
face then requires that the coaposition of theiliqﬁid at the
interface be C,/k, and solidification tolcbcur at solidus
temperature Tg o+ The solute distribution in the boundary layer
in the steady state region is given by the differential equa-
tion:“]‘:s} : . _
_ 5 s _
DL._d.._E.lZ_. ‘+ R d Co = O-}-—--_------_-__-__.'.._(36),
dx® dx’ - | |
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where x' is the distance froa the imterface into the liquid
D, is the diffusion coefficient of solute in theligquid
R is the rate of movenent of the interface

Boundary conditions are: o
CL:CQ/ko at )(':O
CL=Co at x’ = o0
Also, the requirement of solute comservation at the interface

gives directly the gradient of composition in the liquid at
the interface: ' ‘

. | ® d ' » v .
| (eLcL ) e e R ) (37)

d x! /x'=0 DL | o D | ; .
Then solution to Eq.36 can be obtainé¢ by ‘the aidvof'Eq,37;‘é;: ff
CL = Co ( | + ‘-’:ko e (R/DL)X ) ....... -_-_‘ ...... (38)

-] .

Here, the quantity DL /R may de considered a characteristit
distance, the distance at which the quantity C_ — Cp, falls to
1/e of the maximum C, /%o —Cp

Solidification processes of this type results in-é crystal of
nearly unlform comp051t10n, except for the initial and final
,tran31ents, as shown in Fig 109., ‘ '

The initial t*an51ent is formed while the solute boundarv 1aye”

bu11d= up to its maximum steady state value., S olute redistribu-
/

tion during initial transient can be obtalgfé/us1ng’the time

depencent form of Eq.36: |

2C _p, 2°C  gPC . (39)

2t . ox*? - X!

where t is time.

. _ P

The conservation equation(Zq.37) applies here as in steadr .

state solidification, ard the toundary conditions for the

N

initial transient aret ,
C._ = Co at =O for }XI > O
CL=Co  at ‘E)O for x' =
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The solution for this equation for szall values of ky is:

CS, Co[lv(i-ko)e (keRx/Du)_ _____ S (40).

and
C: = Co{ ["' eXP( ko "‘"’t)]e‘P( __'x ) +"}____(4.l)
Then the characterlstlc dlstance for the 1ength of this tran-

sient is D, /Rk, . At this distance, the composition of the
s0lid forming has risen to 1-(1/e) of its maximum.

xso0

k= 000! / :

1 1 (i 1 1 3 1
'00 20 ' 40 60 - 80 100 120 140 160 180 200

?1g 11
Solute redlstrlbutlon in initial transient (Ref 5 )

—

The final transient is much smaller than fhe initiai transient
gince it results from the 1mp1ngement of the solute~boundary |
laver on the extremity of the crucible. Once the steady state
has been achieved, it will be ‘maintained as lnnc as there is
sufficient liguid ahead of the interface for the forward dif-
fusion of the sclute to cceur without hinderence, and as long
as the growth rate remains constant. The former condition
ceases to be saztisfied when the bounéary of the(iiquid is
anproached and the concentration of the solid that is formed
begins to rise above Co in order to accomodate the excess
solute which may all appear in the te*mlnal reglon.~1he length
of the transient zone is the order of the characteristic dis-
tance of the solute boundary laver, or D, /R. Flg 10b shows

a schematic representatlon of this flnal transient. Solute con-
centratién in final transient rises from Co to Cg at the ingot
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2.2.2.1.1 The Bffect of Changing R

Enowing the characteristics of the solute distribution in
both the liquid and the solid, it can be understood that
increasing or decreasing the speed of growth produces

transverse bands of higher or lower concentration. G is

given by Eq.38 for any growth rate R. When R is constant, the
amount of solute carried forward ahead of the interface is
proportional to characteristic distance Dy /R and is ihversély
proportional to the rate of solidification R.

If growth rate is increased;,exgpnential curve gets steepér.
'The characteristic distance is less for the increased growth
velocity. Thus, the excess solute that was inltlally in the "'
‘boundary layer must appear as a solute rich band in the vici- i
nity of the region where veloc1ty change has occured. When
the distribution comes acain to steady state at a new growth
rate, the concentration at the interface must again be Cg4 /k .
If R decreases, the amouznt of solute entering the solid is’

temporarily reduced,

4%?ZV$}MZ%Z?Q LIourD

- 23R oouD
~ Cosx -

Co

-0  DISTANCE, x DISTANCE | « A DISTANCE, ,
* {a) t=0. STEADY STATE AT GROWTH = LATER TiME  GROWTH {c) LATER TIME, STEADY STATE AGAIN
RATE R, RATE NOW INCREASED TO R,. RATE CONSTANT AT R3. — REACHED (NOW AT Ry} . ‘
AN
: Flg 12

.Solute-rlch band resulting from 1ncrease in solldlficatlon :
velocity.
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2.2;2.1.2 Effect of Convection
In most real cases of crystal growth, some convection is

present, The solute redlstrlbution in these cases has been
treated by various worke;sE‘jt Burton,Primm and Sl:Lch'te:c'l"_"'J
treated the problem as follows: A diffusion boundary layer
_of thickness & is assumed, outside which liquid composition
is maintained uniform by convection and inside which mass
transport is by diffusion only. (Fig.13) '

ZZ s 04 LQuID

E—G-’

[¢)
-
\

COMPOSITION —»
ey
o
’

T

DISTANCE =
/

Fig.13

bolute profile in the liguid for solidification with convecticn

v

if solidification is taking place in a very 1arge71iquid bath,
the bulk liquid composition is not altered by the solid for-
ming and remains constant at Co » At steady state:

(Cbulk - CS)R + DLdC -0 at x’=0 i (42)
il X =Y oo

and the dlf¢emeﬁtlal equatlon(b 6) applies with the boundary

conditions: R ,  \\//
.CL= C: at vX":FO
: ‘ \
C.=Cs 2t x'=§

Thus =t interface: , | (f

* - ¥ _ ’ . S
Cb—Cs o eRE/Dn e ___W43)
Cbu\k"' Cs

For cnnvenlence, an effectlve partltlon ratio, kg ,whlch is
- the s0lid composition forming. CS divided by the bulk liquid
composition is defined. Substituting in Eq.43:

-~
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kE-; ko : ---_-._--_;_;_-_-___-\44)
ko + (4-ko) e -(R&5/DL) 4
This expression may be used fo.descride solute redistribution
in crucibles of finite lemgth, provided that the thickness
of the boundary layer is small compared to the length of the
crucible. When this condition is satisfied, a dymamnic equilib-
rium is attained beiween the bulk melt and growing solid and
‘equations identical to Eq.34 may be derived; only now Xg
is replaced by kg ; to obtain "mormal segregation equation":

cs = ke- Cbum("’f‘)ks ‘—----F—---‘-f-f;_"-"* """ (45)

G = Cbu!k -FL , 4--__---;;-;;-‘_;;;;_;_’--;L';_;.--__-.(46)

here, C_ is the bulk liquid composition and kE-Cs /CL

WW////

e
LI
3
g 1
8 ¢,
e

T e -

Pig.14

Final solute dlstrlkuthu for solldelcatlon with llmlted l quld
' diffusion and various amounts of-convection

Fig.1l4 shows some calculations of solute for the alloy of
precceding examples, taking kgekg, uUnity and an arbitrary

value tetween the minimu:(kg) and mrxizum(l)., AS seen from Eq.43,
the minimum value occurs when R§ /B &1,i.e. at - slow growth
rate,high diffusivity and maximum stirring. The maximum value

of kg (equal. to unity) is obtained for R$ /D »1. Under these
conditions, any convectlon present has negligible effect on
solute distribution. '
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2 .2.2.2 Instability of the Plarar Interface

In real cases of crystal growth, the liquid in contact with
a planar liquid-solid irterface generally has a composition
that differs from the buik liquid composition. As a result,
the equilibrium liquidus témpe:ature of the liquid in con-
tact with the interface is lower than that of the ligquid

away from the interface. (Fig.l15)

sol:dc’ o Liquids i\ -
‘ I A S . § RN : C-ohcant cahidn
Q ‘ (o) ) C°.. IR
. _ Co/k
él T Distance fromiinterface ¢ N /. °
] ) !
v
15T / -
A . E /
(v
Fig.15

Varlatwon of concentration and llquldus temnerature ahead of
the interface, a)Veriation of concentration b)Relationship
Between concentration and liquidus temperature c)Variation
of llquldus temperature.

In such Cases, the 1nte*face morphology is deternlned by the
actuzl temperature distribution in the llﬂUld at the inter-
‘face, Gy « If G is lower than the gradient of the equlllb-
rium ligquidus texmuer ‘atuze 2t the interface, thean a volume of
liquid shead of the ;ntc_face will be "COchltUthﬂ?llV
supercooled."c'kFig.l6)

Conseguently, a planar interface will be un5u9b1e since the
grbwth rate will be increzsed in any localized- region that
advanced ahead of the general interface, The projection con-
~tinues to gfow by rejecting solute or solvent laterally and

longitudinally until a steady state growth condition is reached.
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TEMPERATURE —»
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Fig.l1l6
Constitutional sunercool*ng of liquid ahead of a planar liquid- -
s0lid interface; a)Part of the phase dlagram b)bolute redlst*&

butlor c)Constitutionally supercooled region v Vs

Assuming steady state planar growth conditions, the extend

of constitutiomal supercooling and the length of constltutio-‘
nally supencooled gone can be calculated ‘fxThe solute distri-
bution was given in Eq.38. The equilibrium temperature Tg
qay be obtained f“om the equilibrlum dlagram as:

Te=To- mCp ----------...'--1_.--_..1._.7-,.__-.,.'---

where T,z melting p01nt of the purc metal( -

‘Lo’

3= glope of the lijuidus line, assuned cons+?nt-

Thus the eguilibrium temperature at any voint =zt the interface
R 4 ; i 5

is given by:

Te=To —mco [4 + L= exp (- E_x')]oe o —o—(48)

. ko
Actual temnerature ahead :of the_interfacevmay be expressed as:
T=To=—mi<= 4 G’ oo e —— --"-(49)

¥o
where T,-m, Co/ks is tha temperature at the 1nterface and G_

‘is the temperature gradient in the liquid. R
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Constitutional supercooling is existant when:

d T ! Z .d-Ta.cfuaL _______________; _________ (50)
dx’ x/'z0 olx!

and the extend of constltutlo*ally supercooled zone is the
p01nt of intersection other than x'=0.

- Thus for T=Tg ¢

R _.R 4 - 6l. 1 __________ . 51.
BRI R——

By Eq,50 and Eq 51, it can be shown that constitutional super-
cooling is existant only when:

—

_G_p__ Z - me Co (4 -ko)
Instability of the planar interface leads eventually to the
development of dendritic growth, The transition structure is

(52)

e e —_ D~ - ————- - ——— - - - -

cellular.

For crystals growing into stirred melts,ts%he conditions for -
stability may be found using the same reasoning:

GL > - my Cbulk (“".kb’ _ _____________-_(5'3)
R Bl ke+ (1-kg)exp(-RS/Di)

for very efficient mixing, as 2§ /D approaches zero, stabi-
lltv condltlon may be exprassed ass: | ‘ o

'G‘L | > me Co ( i- ko) ‘;_v__-'_;._-~__;__;__;;_ .(54)”»
“Instabllity develops 111tlally to rallular morpholoby whlch
then transforms into denéritic strusture. R

2.2.2.5 Cellular Growth

The nature and growth condéiticns of cellular subsiructure has
been investigated im deta1’t§kr¥3[gi[§’mﬁlc"] Tﬁ;se structures
are columnar in the direction of growth and hexagonal in

cross section, with the cell boundaries belng rlcler 1n solute
in comparison with the cell centers.
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: Fig., 17
: Development of cellular interface

EW3 tnat

Experlments on transparent organic liquids have shown
a planar 1nterface first becomes gently undulatory when it
becomes unstable, then the protrusionas later develop into
fully formed cells. The accumulation of solute around the base
of the pérturbance retards'solidificat*on in thés region and
consequently perturbance can not expand laterally. The convex-
ity caused thereby in regions such as P and Q in Fig.l7 trlg-
gers the development of similar proturbances around the origi-
nal one andé the result is an array of cells which have approx-
imately "closed pggked" structure, most cells having six

nelghbors.

As growth condltlons depart from those required for pWane front -
a number of transition’ structures were observed before well

rwinil ‘The structures obtained

developed’ hexagonal cells., ' ,
- depends also on crystallographlc dlrectlonq. With Pb-Sn al’o"stL]
it was observed that in the crystal ”“ow’ﬁF“<ﬁ.(1107c:re~‘*on,
elonzated cells developed with the sezrTegate concentrated in

the planar intercellular regicns. In the crysiazl growing in

<100 direction, the segregate was found to be concentrated

“in roughly cylindrical regions termed nodes. Tﬁ; liquid-soelid
interface for the two orientsfions discussed above is shoﬁn'
schematically in Fig.18. These structures are Fetallobraphlc

sections of solidified spe01mens.
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o Fig.18 fi21 | b'
Schematic reprecentaition of developing perturbations for two
s0lid-1iquid interface orientations a)<{110» growth direction
(elongated cells developed) b){100% growth direction (nodes
developed) The relative locations of regions near a . lll}
on the perturbations are shown by short arrows.

An altermative way of studying cellular strucgtures is to decant
the bulk liquid during solidification, 33ty example of a
structure obtained in this way is shown in Fig.l1l9.

. té]. ‘
Decanted interface af cellularly solidified Pb-Sn alloys

P

‘In”gérméhiuﬁ7crystals,'during:déveibpmgntﬁb£ §é1lular'struc—'w
ture, the interface was firStfféund_to\bg;smootﬂly rippled =
and subsequent development of facets were observed when _
.portionS'of the interface reacheﬁithe orientation of a {111}’
plane.

o e b e e n e PEEEIS wowg—

-+ ELONGATED CELLS WHICH FORM WHEN -

- GROWTH DiRECTION IS <110>.FACETS ON..

. CELL SIDES ARE ' {111} PLANES INCLINED: :

AT 54*74-TQ THE GROWTH AXIS. FACETS <"
< ON-CELL ENDS ARE {111} PLANES -~ . -

" PARALLEL THE GROWTH AXIS, . = -

Schematic illustration of®ad

* 35%46" TO THE GROWTH.
DIRECTIONS..”: "= '~

FACES ARE (111} PLANES

- 'REGULAR CELLS WHICH FORM: N
 WHEN THE GROWTH DIRECTION °
. IS < 100>, FACETS ON CELL.

L]
|
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4

A probable explaﬁation of this growth characteristic is given
as.cé] In the case of £100) growth direction in cubic metals,
a perturbation on the interface will have four symmetrically
placed regions of {111} orientzaticn; for this is the clocest
packed plane and is ex zpected to be slowest growing. Thus,
these four slow growing regians "guide" the shape of pertur-
bation to be of roughly'equal,dimenSions transverse to the
heat flow direction. The relstively small amount of segregate
" in dilute alloys with high G /R then concentrations in the
lowest positions of the interface as nodes. In the case of
f{llo} oriented crystal, a perturbation will hdve two such
slow growing planes, ~u1ding the interface morphology to a
furrowed structure and leading to elongated cells.

Various studies have been done to test whether the breakdown

of planar interface irto a cellular one occurs at the onset
constitutional supercooling ahead of the planar interface, C103,0\5]
Cied L19), L8], €181, For growth into quiescent melts, at ‘s'tead'y“
stéte, reakdown was foun - ts occur at a critical value of

G /R for a given solute conéentratioﬁ Co as predicted by,

the. crlterlon of Eq.52. Two t,olcal ezamples are shown in

Fig. 21 and. Flg 22

. ‘g.ozo'
/ o 1]
/ | L
o0.05 | S
Co
. %
; a.ciol
eCells ‘
,aCells diSSapéaring
¥Pox
8,051 - oNo eells. N
5 T iRT; ie
GLIR °C, sec /em? xlo3
Flg.21c‘\°:
Re=ults for Pb-Sn, plotted as C_ vs. G, /R for cell formatlon B
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Results for Pb-Ag alloys, Dlotted as C,va. G /R for cell for-
mation. . VA

For growth into stirred melts, the actual temperature gradient
in the liquid Jjust ahead of thé interface is calculated by
the conditlon of conservation of heat flux in the 1nuerface£?j
kG = ksG = LgR o (55)
whe;e L= Latent heat of solld A ,' o A

KLvKS = Thermal CO: uuct1v1ty of liquid and solid respec—

tively v ( e
¢ = Density of the solvent S

Constitutional supercooling will be avoided if the actual ‘
texperature gradient‘in the lisquid is equal to, or greater
than the eguilibrium liguidus temperature,i.e.:

dTe :

‘ .a-;_ x_o - GL ----- -‘---_-----°"—-—_——-‘— ....... (56)
Using Eq.55 and Eq,56: o | N
kSG""L?R - ...M:_R CL (" ’ e S

ke - Diker U- ko)exp( RS/DL)} —-=- 61

The effect of the solute &istrlbution is to give a gradient
of superqooling(dsldx) away from the interface. The magnitude

ROGA7IAT TINVCROITERT i iDL A Ko f
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of the effect can be expressed by (dS/dic)‘x_o which iss

gl_S_) | L MRC(i-ka) __ ksGs— L@R (58)
dx/ 'x=z0 ,h{kov(l—ko)CXP(_R 5/b.) ki |

where d=1. 6}’34/3 Héw"/i

v ¢ kinematic viscosity of melt

w = stirring rate
(dS/dx)x_O increases as R increases.

Expressed in the terms of Cg , Eq.58 becomes:

ds 1 _ m.RGCs (i-ko) ksGs — L§R _ '
dx Ix=0.% "B ke T T kg e (59)

which is independent of stirring rate.

‘Assuming a fixed, critical value of lrs»up‘ercodling at the inter-

face is required to initiate cell formation, then at slow

growth rates Eq.59 may be rewritten as:

InCz = =R + In __[ ) Crv ksGe (60).
kL /

for alloys with constant p'= —mL.U-ko)
ko

When p!' is variable, ~ : .
InCp'= InR + lnb..{(:s)x e +‘~__'<:Gs }-'. ...... {61)
z L ‘

Accordingly, the plots of bothekq.60 aha Eq.61 is expected.

to give stralght lines with slopes of -1. Experlmental results
(A} 1 &

agree with teory. wo examples of experlmenual varlflce.tlon

~

are shown in Fig. 2% and 24. _ . ’
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Conditions for planar-cellular transition in Sn—Pb alloys
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Attempts have been made to test the constitutionalféupercooling'
criteria quantitatively, by camparing the D, values which are
obtained by Eq. 52'60 and'61 with those measured ‘experimentally.:
The results are shown in Table I. It can be observed\that ‘ |
whether k, is greater or less Han un 1ty, D, values/estlma ed -
by constitutional supercocling criterion azrees well with the

\ ,
experimental results. : * \\,/

. Table 1
- A comparison between D, values obtained through
~constitutional supercooling criteria and those
obtained by direct measurexents.

; . ' : . -

Solvent Solute De by C.p. C;lte*la D%_measuréd Referencé
. cf/secx10® cn/secx10®

Sn Pb YR ; 2.1 10

Pb . " Sn | 7.2 1.7 1T

Pb. Ag 5e4 - ' ‘ 1%1 f

Sn -~ Pb 7.6 2.1 16r B

Sn . Bi 9.1 0.9 16"

‘A1 Cu 3.0 - 18-



'2.2.2.4 Cellular/Dendritic Growth

- During cellular growth, if the temperature gradient is reduced
and/or rate of growth is increased, dendritic structure de-
velopes. The steps of transformation dre illustrated in fig.25n

>
[+
J B
o
&
=
=

Fig.zsc'“

Sketch of the changing shape of growth structure as growth
veloeity is increased. a)Rengar cell growing at low velocity
b)Regular cell growing in <1G03» dendrite direction c)Flznged

cell d)Pendrite exibiting the start of perioric lateral dbranching

The transition is oriéntaticn‘dependent, when ¢100> and <¢110>
are near the direction cf heat flow, the cells join to form:
almost continuous paralLel plates rather than a row of 1nd1—
_vidual dendrites. Near a (111),Der10dlc sidebranches form .
rather than s contlnuoas flange, and the tran31tlon starts at
this direction first. Ch:lmerscs]wntroduced the term "cellular
dendrite™ for the type wiich ras characteristic cell tips
with square pyramidal shzpe znd form a squane.arra§ to diffe~
rentieate it from the mo-e rod-like‘branched dendrites observed
during free dendritic growth of undercooled melts.

Varlous autemps have beex mzés to establish a relationship -
between the growth concitions and cellular/dendrltlc transi-
tion. The earliest one wzs that of Tiller and Rutter.c'?l
These workers studied a series of lead crystals containing tin
concentratlons ranging from 0,25-2. 0% by weight Accordlng to
the experimental results, C, vs. G /ﬁ“ was graphed (Fig.26)

_and a reiatlon was founé in the form of-

AoCo = G /R e _____(62)



where A =a comnstant fecr a particular growth direction
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Growth condltlons for cellular/dendritic tran51tlon

Holmes et. al.t”ﬂfound results in good agreemént-with that of
Tiller and Rutter (Flg 27) They proposed that the cellular/
dendritic tran31tlon is dependent upon the ouantity of solute
in the liquld at the interface prior to the. breakdown of

planar interface.

’

On the other hand the results reached bg Plaskett and Wine-
_gard[‘ dlsa~reed with the a2beve twe calculations. Working with
Sn-Pb,Sn-Bi,&n-Sb they coserved that the transition from cells
top dendrites when plotied as'}L/R""vs.'C,,/k° was not linear
and showed no dependence on orientaticn.(Fig.gS) However,theyx

observed that a linear relationship is possible for the

plots of:

N

ot———

di Co vs. A & e e e e o 63)
_ ko B R'2 . ’ :
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wvhere d£=cell size at transition
A =m=a constant
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Growing conditions for cell/dendrite transition in Sn-Pb alloys
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No theoretical justification was given in developning Eq.63,
Recent measurements of Coulthard and Elliott czuhave not been
able to varify this relation. These workers concluded that
both G, /R and GL/ﬁh'give curved results when used With C,/k,
to define cellular/cellular-dendritic trznsition as seen in

Fig. 29,30 and 3J; and suggested a relationship in the general
form:

d-t —k—-o—' “ G;— -'—'-——----—1 ——————— o o - ——— ——- -(64)
o .

for the prediction of the treansition. Here, dt is the cell
size at transition for a grain of orientation t.

Shy wr-8g,

400 R
. c/:'f!, ‘Cc-'! ]

3 .
. ’ Fl .23 t2 g
Dotted curve drawn by Coulthard and Elliott as a possible curve

: !

e dl.n’, o« a"o

' Fig.so
. The relatlonshlp between Co and.h;/R*lfbr Sn4Pb allovs. Curve
‘A is Coulthard and Elljot's; B is Plaskett and Winegard's
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Even though'the arguments continue about the criteria of
cellular/dendritjic transition, it is clear that reduced tem-
perature gradients dn: the liquid and increased growth rate
“and solute contents (i. e. conditions which produce increased
constitutional supercoollng) favor the cellular/dendrlth\

-

tran51t10n. T ! ‘,, : : 1 S
2.3. oo Aqﬁects of Dezmdritic Growth | S,
Conditions that lead to well developed cellular of_cellularf
 denéritic morphologies 21lso lead to severe segregation of

solute or solvent to the cell walls or interdendritic regio
£y, L2232 f4iConsequently, the tip temperature of dendrites i
greater than that of the planar interface from which dendri
develop. 'he dendrite tip temperature maywbeVdefined &s:

8]
[72]

m

cl
(U

T= T ATi - 'A Te - ATs e i 85)

where ATK_.klnetlc undercoollng
A&g, curvature undercooling
- &bTy =solute undercooling




everal theoretlcal treatments of dendrlte tip. temperature are
L2

vallable. A partlcular one is that of Kramer Bolllng and Tlller.

he workers deflned the effectlve dlstrlbutlon at the tlp, K:,

st SR _ » v v ‘

+ - T ' R : - S o '

e = ’—Ei——ffﬁﬂf---e__;m_;-;;;--_-----;;;;-,-__(66)

m,; Co
here AT=Tn-Tq
 T=melting p01nt of the pure solvent .
- T,=actual temperature at the tlp of the cell

.nd observed that k approaches ko for lower values of G /RCo   A
nd’ 1ncreases towards unity at hlgher values of thls parameter, o
>harp and Hellawell obtalned 51m11ar results W1th thelr study."'

B E;;.

1
K} TJ i 4 I'f
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. , N
L141
; Flg.32 ‘
ramer et.al. results for measured reWatlonohlp between cellu-
ar/dendrite tip temperature and growth conditions. (Sn-Pb)
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Fig.33"
Results for Al-Cun alloy.
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On the other hand, Backerud and Chalmerscu%ave shown evidence

by temperature meaSuremeﬁts of some remaining constitutional
supercooling at the demdrite tips in the ingot castings of

Al-Cu ailoys. They also demonstrated that, assuming zero gradiemt
in the liquid zhead of the interface, solute undercooling zt

the dendrite tips increase with increasing R and G, .(Fig.34)

A

¢

,‘Qo be ‘o' T 2e ] 3s

HAT[J{\ (.C/Mu\)

o . e Flg.gA. . : _
Measured relatlonshlp between dendrite tip teﬂperature and -
growth conditions during ingot solidificatien .

: ’ £263
Burden and Hunt made a c1¢r1f71ng study in Al- Cu svstems and

concluded that at high temperature gradients and low velozities
the tip temperature increases with increasing velccity, but
= forvhigh‘enough velocities the temperature decreezses with in-
‘creasing velccity and then becomes independent of the gradient.
For a zero gradient, the,interface temperature cdecreases from
1iqﬁidus temperature for increasing grbwthlrate. The under-
cooling increases with increasing solute content.

Burden and Hunt explein;the;ipconsisteneieskof'previoue workers
to be due to the effect'of_temperatﬁre gradient. Although high
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temperature gradients were present in the work of Kramer et.al.
and Sharp and Hellawell, they were not present in the work

‘of Backerud and €halmers and Doherty and Feest. Fig.35 illus—
trates the results of Burden and Hunt vs. the results of
Backerud and Chalmers. Fig.36 illustrates the measured relati-
onship between dendrite tip temperature and growth conditions

during unidirectional solidification for an Al1-Cu systen.
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Measured relatlonahlp between dendrite tlp tenpe ature and
Lgrowth conditions during unidirectional ‘solidification of Al-Cu
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2;3.1‘ Dendrite Growth Models

After it was demonctrated that dendrites represent the most ad-
vanced stage of interfacial instability ir a wide class of ma-
ter‘als, a multiplicity of theorles arose attempting to describe

dendritic¢ growth.

The steady state dendritic heat transfer problem is to be solved
in the s0lid and liquid regions subject to two boundary condi-
tions at the surface of the dendritefzﬂ '

1) Temperature at each point on the solid-liqﬁid interface e-
quals the local equilibrium freezing temperature which is de-

" termined by the local interface curvature K,

2) The latent heat released at the interface during solidifica-
tion is constantly conducted away through ‘the adjoining solid

and liquid phases.

However, both . conditions are incompletely defined since the ca-
pillary condition as well as the normal component of the tem-
perature gradient in the énergy conservation condition must be .
calculated from the dendrite geometry. The shape of the dendrite
is not known a priori, and must be determined asipart of "the
gsolution to the diffusion protliem. To eliminate the nonlinéar
aspects of this free boundary problea, the boundafy conditions
given above were usually simplified or deudrite shapes predeter-
mined by assumption. In the first dendritic growth models, ‘\
branching of the dendrite was ignored and dendrites were assumed
to be parab0101dal needles without tranches, which’ grew at a
constant ratéand- in:a shape *reserv1ng manner uznﬁu53ﬂ”he tip
speed was assumed to reach a meximuxm for z givenm undercooling.
This maximum speed that is assumed <c control dendritic growth

£25]
is given by Ivantscv as:

2 S y :
vmax = -——?—-—-— """""""""""""""" T T T e, e s - (67)

where <= thermal diffusivity of liquid

N =a constant depending on bath supercooling and thermal
properties of ligquid and solid

.9=radiﬁs of curvature of dendrite'tip

The modlfled Ivantsov and1§emkln models also vleld 51m11ar re-
2
sults in the form of'£g4 :

"ABG = Pé ePe'E,.( Pe) + AB, ,.-4"‘.;'.;-‘-‘.--;-.‘; G mmmmccmeeeZ.(68)

/
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where AG=48 _C_e dimensionless supe;coollng

C:pﬁ- - heat capacity of the 11qu1d phase
L = heat of fusion ’ ‘ :
Ei(pd)= exponential integral function ( S e (€% /u)duw)
PE-‘”V&Ab*Peclet number at the dendrite tip
R = dendrite tip radius .
OB = a term reflecting the influence of capillary
- (Gibbs-Thomson)effect and is a functlon of
YV and R.

Ecguation 68 reflects two major physical effects.The point effect

émzconsta'nt) is the solution to the thermal diffusion model
with an isoth'ermalk intérface, in which Y=0 is assumed and con-
~ sequently AB(D.0n the other hadd,” if Y#0,then the Gibbs-Thomson
'effect lovers the interface equili’brlum temperature by T.X%/L

: w}nch effectlvely reduces by the same amount the supercooling
available to "drive" the thermal diffusion. This reductisn in
supercooling prevents dendrit tes growing increasingly fast as

R aprroaches zero, as would be required by the point effect.
Generally, capillary limited theory in the form of Eq.68 only
lizits the growth velocity to teing no larger than an upp'er/
bound value of V(V_, ) at a given supercooling &8. Unique re-
lationships for V vs. &G and R vs. &8 are therefore lackiné in-
these models. Glicksman et. alf”’performed experiménts to test
these these theories and found that the resul‘l:s do not flt the
theoretical calculations: (Flg 37)
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In later :S‘I:udle:s,‘.._u it was observed that the basis solution

(the optimized Temkin needle dendrlte) used in these analyses
was incorrect since the optirized Temkin dendrite does not

have large perturbations near the tip and has pertirbations
only away from the tip,contrary to that of a real dendrite.

In search of a new needle derdrite, Oldfieléxqrecognized the
ﬁeed for the dendrite tip to azchieve a stable condition so
that its steady state growth could be ensured. According to
this hypothesis the basis dendrite for branching stability a-
nalysis should be the ome with the stablé\fip. Based on this
concept, Several stability criteria for dendrite tips have been
developed: __ < _

ij0ldfieldls model The stabl le dize of a dendrite tip is de-
termined, based on the idea that the destabilizing force due

to thermal diffusien is equal to the stabilizing capillary
force. The temperature gradient in front of a dendrite tip pro-
pagating at a steady velocity V can be expressed ag:t*9
T — @)
where er.temperature gradi ent nc*nal to the dendrite tip

And the stability criterion is stated as:

%= 2x«dy /VYR* = 0062 - ....\T0)
~where g =gtability crlterlcn constant - ‘ ' N
 dg=capillary 1ength ce;ine“ as T% C?/L T \
iiz?lanar interface model:In this modelp"p%he dendrite tip is
first ccnsidered to be a poimat lying on = planar interface
which propagates at the axial dendéritic growth velocity V(Fv".ﬁ
According to mullins and sekerka, for a crystal with a planar
interface tu grow stably,the wavelength of perturbation must

rerain smaller than

15 = 27J 20(d /V ____________ ‘___..__._- --V_’-_...__._'--_(7l)

where k}s eritical perturbation*wavelength
Relating R'to the size of dend_ite tip such that

K’\' xs .-.—'-v-—-——-—-----*--%-—;--_-‘------—.——---;- (72)



Then the criterion of Eq.71 becomes -

G-s = Zxdo/V’Rz—

= '4%7,_ = 0.0253 ____._ _‘-__'______________.(73)

i i

i@k T 3. ¥ '. 3

»“:’5?“"’ e

Ty

' Fig.Z8 . .
Schenatic showing the planar interface model for estimating
Gendrite tip stabilitv:a)before perturbation is considered
b)the marginally stable condition,at which AzR and &=c"As

iii)Spherical model:In this model, the stability criterion of
the dendrite tip is assumed to bz identical to that of a sphere
which describes the lccal total curvature of the dendrite tip
2/R. Since the growth‘of 2 sphere is a nénsteady state problen,
to simulate the steady state growth of the dendrite tip, steady
state conditions must be imposed on the growing sphere. The
absolute sfability condition for a growing sphere with an in-

' Cee
stantaneous radius R has been given Fﬂby:

LRZ s

Giysphere = 128 Cne2) (2n+4) commem oo (74)
where n=spherical harmonics crder o
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Under the'mentioned "steady-state™® conditibn, the temperature
gradient around the Sphére~is equal to LV/aACp. Then Eq.T4

becomes

2 . | ‘
= 2 do /V ( (n+2){2n44) — 777 TTTTTTTETTT ----(75)

Selecting n=63Z1% to be consistent with the assumption used in

the planar model that the dencritic tip radius approximates
the perturbation wavelength, Eq.75 takes up the form-

c¥*=z 2eds/ VR’ 0.0192 - ---(76)

~

g Fig.39 o
Schematlc show1ng the spherical Interface model at a marginal
stability covditlon with harnonlcs n==6 but a;o..

1v)uanger and Muller-nrumbhacr(LMAKf theory In thls thecrv,
rigorous m?thematlcs and an: extensive numerical computation
were used to study the inter<zce behavior of the whcle dendrite
The procedure used by IM-K started with the derivation of a
lirear integro-differential euation to describe the displace-
ment of the dendrite surface away from the unuerturbéd bose
paraboloid. The enuation of rzotion was derived makinz a guasi-
stationary approximetion for the time dependent diffusion
field. Also in the de*ivatlon,thermal diffusion in the solid
phase wes neglected and perfect material isotropy assumed. At
the 1imit Pé=>0, an eguation of motion was obtainéd which
contains the stability parameter & as the onlv svstem-depen-
dent quantity. The equation of motlon had no exact solution
when &#0 and was stud ed nu*erlcally bv an elgenvalue analysis.
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If the dendrite shape displacement had an exponentizl time-
derendence, then the eigenstate found was such that when

c% = 2xd, /VR® = 0.025 £ 0.007 - ____(77)

all the unstable modes at the dendrite tip vanished.

Huang and Glicksmanfﬂ]performed‘experiments to determine the
validity of the above stated theories and concluded that:

1)A complete steady state demdritic growth theory should in
the main include-both the heat transfer and consideration of
dendrite tip stability. B .
~2)Ivantsov's.simple solution to dendritic heat trensfer prob-
lem ig& substantially correct. Accordingly, the capillary ef-
fects must be trivial since dendrites grow with tip dimen-:
sions about 100 times larger than the critical radius for
nucleation. Also, the assumption of a needle dendrite shape
seens consistent with the experimentally cbserved axial growth
kinetics at the tip. /
3)The stability criteria aewelopec in several models assuming
VT::constant agrees Mlth the measuLements.

- The above conclus~on= are reached for free dendrlt ¢ growth.
J.-.HuntEB]made an analy51s to put forward an evp*e_51on to
describe thre growth process in alloys and commercially pure
materials which freeze with a cellular or dendrite_growth
front. Assuming a cell or dendrite tip mav be appreximated by
2 smooth steady state shape, the diffusion eocuation that must
te solved for stezdy stete interfezce share, using cccordinstss
meving with the tip is:

CAST, | - (78)
DV C ax = 0 °"""'""“"'"'"""""'"'f'""' )

vhere C =composition in atom fraciicn

V =velocity of interface in x-direction
The ccentinuity of matter equation #ust be satisfied everywhere
on the solid-liquid interface: _ ’

Vi ( cr - C Y+ D2% -0 .- [ ¢ )
3n



where V,=velocity normal to 1nterface :
I =interface, L,S 1liquid and solid respectlvelv

9C=concentration gradient normal to interface
3IN '

033}

Fig.40
Schematlc dendrites:the dotted line shows the smooth shape
assumed in Hunt's model;the figure also shows the de?inltl -
ons of x,r,A and L. v A 4_{

 Also- anéquation’which relates: temperature,: compocit*on and
'cu*vature must be satisfie& in’ solld llquld 1nuerf=ce. Neg- .~
1ect1ng klnetlc undercoollng‘ S T gﬁ K

AT _m(C —C ) _
AT ue(R' - R}

,G’.and L, are temperature nd composition of the starting

a

“a

2lloyv at ecuilibrium on a fla t’solid—’iouid interface respec-
tively, #, and R, p*i“cinel radii of CU“Va+Ure, 6 is curvature

uﬁ_ercoollnf co*stant at co t nt ll°u1d comnosition.

The volume element tirmes the *ete of change of cowpocltlon
~ust be equal to the alffeLence in the materlal diffusing in
k¢nc out of the element, plhs that reaected 1nto the element |
7due to free21ng. Con51der1ng Flg 41.
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3 9+. ' X S >+t

where gL-g-_fractlon of llquld
[5; =average liquid composition, assumed to equal to C

1t =*time

€33}

kschematic view of hypothetical dendrlte growing with ‘homogen-
us liquid in the T direction but some dlffu31on in X dlrectlon

rl .41

—

~1A'ssuming the temperature gradient in the liquid (6.) is con-.
stant and 1nteg*‘atlng Eq.81 between the boundsry condltlons :
C=Cq atg._lkdndCCat g‘_gk; '

(ke=?) @, (4-le) + (DG /M V)

¢ T TCrlA-k)+ (DG /mV) | |
Relating g_ to r and A froz Fig.4l, an expression giving the

hrpothetical qhape of dendrite is obtained, which grows with

une liouid honogerous in T cr*ectlon bat with some dlf‘f'U°1on
in the x direction. Neer the tip, the 11 quid is not homogene-
oug in the r dlrectl_on,bthereiforé- an approxi_mation‘is obtained
by fitting a part of = sphere to the derived .shape, as shown
by dotted line in Fig.41l. Since rZ /,\2 < 1,and the tlp radius

. isR=r, /sin@; letting ¢5=43‘ L - L
: R=- GL %"/I— E MCT (4-—‘49) + DG /V] ""f-"’_‘—--‘:(BBT‘



Eurz and FisherCslapplied the IM-K principle to alloy den—
érites growing in a positive temperature gradient to deve}op
a relationship between growth conditions and dendrite tip ra-

dius. Equating the dendrite tip radius to the wavelength of

instability'of the solid-liguid interface, curvature under-

cooling was neglected because growth was expected to occur at
large radii of curvature. The shortest wavelength perturbation

wnich will grow and lead to instability is estimated as:

A=A = 2'ﬂ'( — )Vz _______ e e (24)

where P-—Glbbs—Thomson parazeter ($./S)

T~

Gg=concentratlon gradient in the liquid at the interface

and defining G, as

S

R/2 — R/Vp
where p= =1-ky -

Equating A=R, : : . .
R- 2D , 2mCo ‘ .

+ -_____-_--,_____atlmrV-_-_-(éﬁ)
R = TT( T ) e m——————=-.2t high V.____.(87)
VkeATo ’ L S o -

1?1g.42 L34

ﬁwp radius R and prlmary arm spacing h\as a functlon of V. )
(A1-2wt%Cu,G=100Kenr' )The diagram indicates the interface’ mor-
nhology to be expected in different growth regimes.

;
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In the first anproaches to derdrite 51debranch evolution me-
chanism y£35) Temkin's optimized steady state soluticn was ac-
cepted as the pertinent growth condition at the tip of 2
branching dendrite. The thermal diffusion associated with the
branch perturbation was assumed to be at steady state as in
the growth of basis needle dendrite. According to this model
(standing wave model), whole dendrite will grow at & steady
state,i.e., the brarnched regions of dendrite as well as the
dendrite tip will propagate at a constant'velocity_in the di-
rection of the dendrite main axis preserving the unéulatory
shape. In this calculation, a perturbation source is believed
to be necessary to initiate “the branchlng 1nstab111tv.

- More recently, Langer an Mﬁller—xrumbhaar developed a time-
”dependent model. In the IM-K theory, since the marg%nal sta-
bility condition is used to select the steadv state of the
dendrite tip, the tip is the only p01nt in needle dendrite
which is stable. Instability persists at all the other por—
tions of the dendrite surface and lead to sldebranch férmatior
Therefore, the evolution of the: dendrlte sidebranches is due
to intrinsic morphological instability of the needle dendrite
(except at the tip) which does not need to be induced by

- growth fluctuations at't'e dendrite tip. Later experiments

. ..performed by Huang and. Grlcksman agreed well w1th tbls conclu-

o
Lo

-

~ ' Flg 43
The IM-K model for dendrlte 31debranch1ng mechenlsm
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223.2}', 'Dendrite Arm Spacing

A typical deﬁdrite‘can be visualized in terms of the structure
schematically portrayed in Fig.44, which has a primary struc&
ture and secondary and higher erder arms or branches.

18 | | T - )

5 Fig.44
sf;lmary,secondary and tertiary dendrite arm spac1ngs

‘Generally dendrite arm spacings are measured as the perpendl-
cular dlstances between the. branches.. . L |

,Studwes on transparent alloys show that columnar dendtites can

- adjust their’ prlmary spacing during growth without difflculty.
: 1 spaclng is too close, one. or. another prlmary arm falls be-,
? !h1nd and is subsequently engulfed. If spacing is too large,ﬂl'
B a tertlarv arm- grow1ng from a secondary arm catches X up to the
grc ing primary tips and beccwes .one of t"em, es sketched in

"Fig.45

L]

Forming of new dendrlte arms by branchlng from secondarles




The driving force for this 3echanism .of spacing adjustment is
constitutional supercooling in the region between the twvo
primary dendrite arms. The dendrite is able.to branch suffi-
cientiy to reduce this supercooling to a very low value.

1t has been shown[3*)[Blthat the final secondary dendrite arm’
spacings that are measured in a fully solidified casting is
usually more coarser than thzs one that forms initially. The
coarsening comes about because some of the arms whichvform(
initially become unstable later in solidification and melt
while others continue to grow. These are the dendrites which
have radius of curvature which is smaller than average,
therefore they grow more slowly than their neighbors or melt
away. “The constitutional surercooling whic¢h is sufficient
near the dendrite tip to form the arms is reduced to such a
low value back from the tips that the effect of the radius
of curvature on melting poirt becomes relatively more impor-
tant. The result is the remelting of some side.arms. B
‘ /

2.3.2,1 Primzry Dendrite Arm Spacing

The spacing between the prizary dendrlte axrms hes been found
to depend upon factors such as: [24], C‘ﬁ%)[’&%] 140_‘} (41421:Growth
rate(R), Temperature cradlent in the llqald at the liquﬂd-
so0lid inter face(G ) and solute content(C, ). ’ ™

o
G.R.Kotler et.al. formulated the spacing between the dendrite
“arms(}A,) as: .

p Yl i e (88
GLR CR
" Rohatgi and Adams Dut the dendrite arm spacing as:
7. ) ~ N
% = 8 DLAT / GLQ ————————————————————————————— ( 8%

where D =diffusion coefficient of solute in the liquid
AT =uncdercooling '
= 5T . - 2X
Gy otk and R ey
s+ GR= coollng rate

Youﬁg and‘Klrkwood[ ]worked with A1-Cu alloys and found a re-

lation:

SN = kGTORT

. (90)
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The data of [3%] for a and b is given below:

w% Cu a b

, K
2.4 0.50 0.50 5.65%10°3
4.4 "~ 0.59 ' 0.26 3,05x10°3
10.1 0.59 0.43 4.65%10°3

The results of Young and Kirkwood are plotted in Fig.46-48
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Primary dendrite arm spacing Primary dendrite arm spacing as

as a function of temperature a function of cooling rate GR
adients and different ratzes '

R for Al-4.4 w/0 Cu
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. ) Figo48 £33l ‘
Primary arm spacing as a function of growth rate R,for
Al-4.4 w/o Cu alloy
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Klaren ef.al. and Jacobi and Schwerdtfeger 6btainéd similar

results.{Fig,49-50) : , , -

-o1 \\, | !

—_ .
"E' -03 + .
primary n -
£ arm spac.ng ]
=
[ )
Q —
2.5 k

: secondary
07 & am spacing by

. ~
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e Pig_49CQm_ e -
Influence of thermal gradient on primary and secondary spacing
at a growth rate R=120 mm/hr for steel - )

14 18 22 26 30
log [R(m}n/nﬂ

o -0
R - ¥Fig.,50 » _
Infiuence of growth rzte on arm spacings at constant thermal

gracients for steel.
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J.D.,Hunt found the prlmary dendr te arm spacing to be depen-

dent as:

A= —64 8 Dwm (1-k) €y / 65V o __(91)

e 6 ____(3
A, V"/‘* __________ e (93)

where € =curvature undercoolln5 constant

‘Kurz and Fisher stated that at high velocities

R N e O R N L e (94)
and at low velocities “y '

'A-[GAT“’ Pe AT"“)] o ' (95)
M ey Uy T

where AT =Difference betWeen tip temperature and nonequilib-
rium solidus temperature

AT=T - T, for C,
P=1-k

Pé =Péclet number VR/2D -

A gable of results of various workers forzing the A, dependen-
cy as Rﬁ=kGL R" is given below. Table H.

_ TableIL
Dendrite . ‘;”;ﬁﬂ;”fs _ o TR -
_Matrix = . BSelute ' _b a Author
P Sn 10-5 w.% - 0.45  0.33 Klarenm et.al
Au 8 . 0.44 - Klaren et.al
Sb 2-7 0.42 - Spittle '
Sb 5-10 S : - "0.35 Kotter
Al Cu 2.2-10 : 0.43 0.44 Young
5.7 0.36 - Taha
Te Ki 8 0.19 - Jin
0.035 €, 0.26 - - Alberny
0.% Si ' :

The results observed by previous workers vield that primary
"~ ar=z spacing decrezses with increasing temperature grzdient
or growth rate..

When the cooling rate is increased, the solidification takes
place in a shorter time,_the:éfdre more dendrites have a-
chance to grow on. This leads to a decrease in dendrite arm

~ﬁspc01ng.



As the temperature gradient increases in front of the growing
dendrite arms, the distance between the primery and seccndary
arms decreases. The reason for this is explaimned by Burden

and Huntcas]

in this way: As the amount of undercooling de-
creases, the dendrite tip temperature increases. The amount

of undercooling in this region is:

AT:—;G’LDL/R--~---<_ - .- __(96)

Accordingly, the distance betwesen the dendrite arms will de-

crease.

There are different arfuments aboyt the effect of solutecon-
tent with dendrite primary arm spacing.

In one of the first studies performed, Horward and Hondﬁlf&‘qj
stated that dendrite arm spa01ng decreases with 1ncreas1ng
solute content, without maklng a dlstlnctlon between primary
.and secondary dendrite arm spa01ngs

Burden and Huni?gtated that undercooling increases with in<

creasing solute content. Remembering _
AT= DLAT /G e e A9T)

this 1mﬂ11es that dendrite arm spacings “111 increase with in-

W e o et —

creasing solute content.
. . . £3,91 . o . ' Y
Young and Kirkwood stated that primary dendrite arm spacings
ek _ ‘ , 1RE
increase but secondary dendrite arm spacings decrease with
sclute content.

Spittle znd Llayé‘z%tudied under a wide range of graiients
with Pb-Sb alloys and observed that at high gradients the
arm specings are independent of composition and ther in-
crease .with éncrezsing soluvite content onlr at low gredients.

Results of spittle and Llyod are seen in Fig.Sl_and £2.
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2.3.2.2 Secondary vendrite Arm Spacings

The spacing between the dendrite secondary arms has been found
to depend upon:Bal R4 Temperature gradient in the liquid at
the solid-liquid gnterface(G_), growth rete(R), solute con-
tent(C_), the distance behind theé dendrite tip(d) and local
solidification time t¢ which is defined as: |

1, = tfr§ /lﬁx,a- ———————— - e S —— - —.-,.—1—.(98)

where ﬂsﬁ?Tc-Te noneqﬁilibrium temperature range of freezing ;
G R=-cooling rate :

prel-32] :
Bower et?val. related the secondary dendrite arm spacing as:
A=A e — -~ H{99)
where d-= distance behlnd the dendrlte tlp | |

A n-constants

E4J £ 432

Spittle and Lloyd }acobi and Schwerdtfeger, ~Klaren et.al

put the relationship between spacing of dendrite arms as:
Ap=GloRTZ o~ - — - - — - «(100)
Tetle I applies to secondary dendr*te arz spacings also. '

‘As the ve1001ty of prwmary dendrlte tlps 1ncre zse(R), solute]
- build up also. 1ncreases at the tip. Th1= 1eaa=»to a 1ower‘
= gradient w1th1n the grooves of Xxhe secondary dendrlte arms,

N -

f: nd the grooves. may widen W1th the consequence that coales-wf 513

cence is inhibited. Therefore secondary dendrlte arms are
eev“ectec to decrease wlth 1ncreasxnc grovth rate.

Also, the increase of R is expected to lead tc 2 larger deZ
crezse in A than ?&_s1nce secondary erms coalescence to
cive Jle TEeT spa01ngs vhile primery arms are gec—etrically

1nc«pable of’alterlna their spacing.
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%. Experimental Details

In the present work primary and secondary dendrite arm
spzcings in Al-2wt.%Cu alloys unidirectionally selidified
unier steady state conditiens.is investigated.

3.1 Experimental Programnm

Previous stidies on Al-€u alloys £181,(33], (38] have agreed
on the relationship:. '

A= G—a-R—b

where Rrepresents the primary dendrite arm spacing,i.e. the
distance beiween the stem of dendrites lying parallel to the
heat flow, and @ and b are constants, Howevér, there seems to -
be a discrepancy about the values of the constants 3 and ‘5.
Young and Kirkwood. !_’38'1 obtained a=b=0.5 and put the re-
lationship as:

0.5 . : ' ’
A o (GLR\-f— _—_——_———_—_—— = = = -(H¥)~
J.D.Hunt suggested a relatlonshlp in the form: [33]
mzs , .
}°<GL°5R S S 1Y

and varified it using the results of Sherp and Hellawell [18]l.
The worker also suggested that the results of Young and Kirk-
- woed may be fitted in the relation of kq.103. The temperature
gradients used in Young and Kirkwood study is 7.5-130°C/cm |
- ana the growth rates are 5 50x10° cm/sec,‘yleldlng a coollnz
razie range between 3. 75f650"l”2'c/sec for Al-2.4wt.% alloy.
It is notable that Young and Lirkwood vaiues for growth rate
do not go much below the crifical growth rsete estimzted by
BurZen and Hunt[26) ac about 7x10°3 (Fig.36). Burden and Hunt
de~eonstrated that for a large range of tenpérature cradients,
(0.5-60°C/cm) the tip temperature increecses with increessing
velocity, for growth rates lcwer than about 7x10™2 cm/sec.

theugh Young and Kirkwood conclude in their study that primary

derdrite arm épacing is not expected to get increasingly
large as cooling-rate becomes very small, and predict a
possible break in the Avs. G R graph, no experimental veri-
-fication is given for thls argument.
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In Sharp and Hellawell study, high gradients of 48-164°C/cm
and moderate growth rztes between 4.7—16x10'3cm/sec were used
1eéding4to 2 cooling rate range of .225-2.624°C/sec for Al-
2wt.%Cu alloy. The cocling rates used in the work of Sharp
and Hellawell correspond to higher gradients and lower cool-
ing rates than those employed by Young'and Kirkwood.

In this study, moderate temparature gradient ranges(lO 40°C/cm)
but a high growth rate range (1-50x10> cm/sec) is chosen to

be able to check the discrepancy observed in the dendrite arm
spacing vs. growth conditions data., .

" The 1awest growth rates employed (IXLGJ;Z;IOG) are well below

the critical growth rate estimated by Burdé#land,ﬂuhf, and.
it is expected that the possible break in the graph should
occur within this range.

‘Ne complete agreemenf has been reached about the change of
secondary dendrite arm spacing with growth conditions. Vari-//
cus workers suggest thzt secondery dendrite arm spacings
decrease with increasing growth rate énd'temperature gradient
following relation set in KG.101, with same a and b Values'as
primary dendrite arm spacing. (411, (421, [43]. oOther workers
7(381 [39] have observed dlfferent changing trends in- prlmary

' ana secondary dendrlta arm spa01ngs. Young and Klrkwood[58]
claim that prlmary dendrite. arms decrease- mere’ w;th\increaslng'

' growth rate compared to'secondary arms% Ketrer etlal, [39]
suggest that the effect of increased growth velocity is more
cn secondery dendrite arm spzcings, vhereas temverature gra-
dient increases effect primary dendrite arm snacings much
more than secondary dendrite zrm spscings, which zlmost grow

~ independent of temperature grsdient. |

the ranges of temperature gradient and growth rate used in-
this study will be sufficient to check this discrepancy.
3.2 Apparatus | |

The apparatus used for unidirectional solidification is showa
in Fig.53 and 54, The system consists of a Nichreme resistance -
growth furnace, a temperature controller and a drive system.
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3.2i1Growth Furnace

The growth furnace is in 14X14X30 cm. dimensions and it con—
tains three separate kheaters,(Fig.53) each controlled by a

set of chromel-alumel thermocouple inserted exactly in the
middle of the heater. These thermoceuple sets are connected
to a thermosta%t(Elimkc contrel unit) and set up the tempera-
ture gradient in the furnace. Ancther set of thermocouple is
inserted from the other side of each heater which is céennected
to the potentiometer. This set checks the value displayed on
the control unit so tkat a sound- temperature gradient may be
obtalned. -

-Each heater has a power of 320 Watt. The inlets and outlets
of windings are taken out thnbdgh the‘insdlating bricks and
asbestos and cennected to power supply.

3+2.2 Drive System

The drive system is used to lower the specimen into the fur-_
nace in the desired szeed. It consists of a2 pulley syster. /
1-10 cm in diameter, 2nd a2 winding pulley set 3/m,4/m,5/7x em.
in diameter. By zzking different combinations in the pul_es
system and using a2 2 rev/min motor, a large speed range
“from 1-148x10 % cm/sec may be obtained,(Fig.54)

3.,23Growth Rods

For unidirectional solidification experiments, growth rods
are prepared bg fillirz the ailoy into a steel mold with two
100 mm. long, mn @ holes as shown in Fig.55. Two growth
rcis at a time ma - be obtaired with this =»old.

-
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Steel mold for s.owth rod preparat’on




4, Procedure -

4.1 Alley Preparation

In the preparatien of Al-2wt.% alley, superpure(99 999%) Al
and cathodic copper(99.99%) is used. During the alloy prepa-
ration, first the necessary amount of aluminum is melted in
a graphite crucible in a resistance furnace. Then the neces-
sary amount of copper is added. The liquid metai is stirred
with a graphite rod to hemogenize the melt.

" 4,2 Unidirectional Growthp

In unidirectional solldlfication precess, a sound temperature
gradlent is very . important In this svuuy, the temperature
“in each heater is arranged so. that a 1inear temperature gra-
dient is established. . After settlng the three temperature
control units to predetermined temperature values, an hour is
allewed for the temperature gredieat-to-stabilizetwithin~- i~

‘the furnace. Data is taken every fifteen minutes from the -

/.
second thermococuple set leading to the potentiometer to

check the gradlent.

When ne fluctiation in potentlometer measurements is obtalned
the specimen may be 1nserted in the furnace. Thé growth rods
" are placed in graphite pots of 10 mm length and 4 ‘mm 1nternal
"dlameter. A steel welght is- hanged at one end of: the graphlte
pet to prevent vibration. The ether ‘end of the rod is connec-
ted te the winding pulley with a w1re. After the temperature
’gradlent is rechecked, the motor is started and the growth
rod moves down the furnace with predetermined speed.

After the predetermined period of'growth, the wire is cut and
the rod is let to fall down into the water tank placed at

the  bottom of the furnace to retain growth structure by quench—
ing. Then the graphite rod is broken and sample is obtained.

g, 3 Metallographlc anmlnatlon .

For metallographlc examlnatlen, the quenched spe01men 1s care-
fully cut from about ten mm benlnd the dendrite tlps.(Thls
portlon is used as the transverse sectlon for prlmarv arm
rispaclng measurements. The 1ong1tud1nal sectlon is used for e
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secondary dendrite arm measurements.

The cut sample is mounted using cptical mounting powier in the
hot mouﬁtingvapparatus. This is done to ease the polishing and
microscopic examination of the sezmple.

The mounted sample is first rough polished tc the middle of
the rod. Then surface polishing is done using No0.187,3%20,400
and 500 water polishing papers. & final Surface pol:shing is
done using abrasive cloths, and wetting with pure wziter mixed
with metal exides.

The polished sample is then etched using Kernel's reagent.

(2 ml HF(48%),3 ml HC1l(conc.),5 =l HNO, (conc) and 190 ml H,0.)
The sample is let to stay in this etchant for 8-15 seconds,
washed and blown éry.

The revealed growth front may now be studied under microscope,
‘and photographed. An Olympus microscope camera is vsed to take
the photographs of the samples. (Magnification 60-120 times)
The longitudinal section is photosraphed to reveal the seceon-
dary dendrite arms, and the trarsverse section is ovhotographed
for primary dendrite arm measuremerts. '

Primary arm spacings: are cbtained by averaging 10 different
measurements taken from the centers of the neighboring dénf
.drites'at]theatrgnsverse section and averaging. 5econdéry agm'
spacings are.obtained-by averaging at least ten méasurementé
taken from the longitudinal section at different disiances,

behind the dendrite tip and avereszing.



4. Results and Discussion

Results obtained for the unidirectional growfh experiments
of Al-2wt.%Cu alloy have been classified primarely with
respect to the variation of primary and secondary arm spa-
cings with temperature gradient(GL) and growth rate(B.), and

cooling rate GLR . |

The measured variation of primery arm spacing(A,) with the
experimental parameter GL and R are tabulated in Table III

Table I1I B

GLOG/cm R cm/sec Aymn
10 001 +65
10 .002 - .60
10 .0125 | 45
10 V .050 | 27
20 +001 | | 62 /S
20 002 ’ .50
20 S .0125 . L 33 |
20  .050 022
30 .00 - 50 1
30 " : 7.002" . : ‘.45 . ‘
50 . 00125,_ ) - . 30 ‘ ~\l
30 .050. - ass
40 001 » 50
40 _ .0125 27
40 050 W12

The graphical translation of the data reveals an important
aspect of dendritic mdrphology in A1-2%Cu alloy.(Graphs 1,
2,%.in Appendix.) '

In Graph 1 a plot of log },vs. log Gy has been drawn for

_ each growth rate. This curve shows a high tendency to a
gtraight 1ine revealing an exponential relation between 't\‘

and G . However, the graph indicates that log 9\‘ v8. log
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Gy, curve is not parallel for dif:l’ering grcvrth rates as sta-
ted by some previous workens. The slopes of the lines vary
between -0, 21-0 6.

'In Graph 2 log A;vs. log K hae been drawn for each tempera-
ture gradient. 2his curve also shows a high tendency for

a straight line. However, again the lines for each graph
are found to have differing slopes varying between 122-,35
contradictory to the results of some previous iorker?‘bnt

fn agreement with Jacobi and Schwerdtfeger. M Un drawing -

only one line through sll data pointz or neraging the slopes
-& slope °f -0, 28 is obtained.

Bxamination of the litetatnro deta on stea&y ‘state" grovth
revgals that the slopes of logA;vs. log "L and log A vs.

log R curves are found to vary dbetween approximately <«(0:25-
0.5Q) differing in valnq' according to the \vofkin.g conditions
end the elloy used. Almcst all vortu‘:a agree on the fact o
that A decreases with increasing b or R. Some of the pre- /
‘vious workers have reported that changing the growth rate |
has no ef!ect on the slope of log-log A, ve. G_ lines. Kot-
ler et. al. have found the gradient exponent to de -0.35 and
heve also stated that the effewt of R variation on A is
greater than the effect of &;. However no detailed exple-
nation or varification on this stetement takes place on \
their paper. Young and K‘irkvood”have stated that the slopes
of log A ve. log G and log A{vs. log R have the same value
approximately -0.5. These workers suggest in their paper

that there is a possible break irn the Al-Cu alloy dendrite
arn spacing vs. growth conditions grag;.ss,s however no in-
dication is given. The study of Taha 'on Al dendrites in
Al-Cu alloys at GL:90°C/cm does not show & break in the

log A ve. log B graph down to Sxm/sec and the ra:.e expanent

is found to be -0.36. In the Spittle and Lloyd study the
rate exponent is fopné to be -0.42 and a break in %he log A
ve. log R data was observed.Klarem et.al?s found the rate
exponent as -0.44 and the temperature gradient exponent as
~0.32. The theorethieal work of Eunt predicta that the



—63-

rate exponent is -0.25 and the temperatnre gradient ex-
ponent is -0.50.

In the present study no break in the log A;vs. log R graph
hds been observed. However the slope of the decline seems
to be less at lower R ®walues(less than or equal to .002cm/
sec). Since the slopes of log A vs. log G and log A, vs.
log R lines 4o not have the seme velue for differing R and
G values, it is suspected that a combined effect of 6y and
R that is the cooling rate GﬁR may be the eorrect para-

- meter to be invpstigated. ‘On Graph 3, A V8. GIP relation
18 shown logarithmically. The ﬂottg@ line represents the
overall line when all data is considered, The slope of

- this line is found to be -0.29. The s80lid lines show a
suspected break in the curve for high ahd low growth rates.
The line correlation is higher when the data is divided as
such and the realationship is in the form:

75*(GvR) - 47 for moderate and high growth rates

for low growtih rates

The slope found for higher groﬁth rates agrees well vith
Young and Kirkwood data., However at lower rates & much
smaller slope is obtained. In this range, the dendrite
tip temperature increases wilk increasing growth ratexi.e.
undercooling decreases) as predicted by Burden and Hunt 2€
The Becrease in undercooling leads to & decrease in pri-
mary arm spacing. At the same time at low growth rates

an increase in primary arm spacings is expected due to

the lengthening of golidification time. However, the in-
crezase of tip temperature at this range decreases the den-
drite arm spacing and therefore the expected amount of in-
crease is not observed.

f4he ajvs. R and A ve. Gy grephs in this study reveal that
the effect of. these two parameters are not the same on
primary arm spacings. When considered generally, it is
 observed that the slopes of primary arm spacing vs. growth
rate lines are lowgr than those of temperature gradient.




- However when each graph is carefully examined, it is seen
that the temperature gradient is more effective on primary
- arm spacings at high growth rates. This effect gets lesser
at low growth rates due to the above mentioned factor.

The log A;vs. log R graph shows a lesser tendency to have

higher slopes at higher temperature gradient values. Since
the effect of temperature gradient on primary dendrite arm
spacings is more ab obviously observed from the data, this
change in slopes is explainable., The decrease in arm spé-
cing due to the increase in growth rate will be more as the
teaperature gradient is also inc:gased. v |

The measured variation of secondary dendrite arm spacing(?,)
with experimental parameters G, and R are tabulated in
Table IV, R

Table IV

G.,°C/cn R cm/sec ~P,mm - 3

10 | 001 ' .14

10 002 , .10

10 . 0125 W07

10 _ . .050 .05
20 - 001 , W10
20 SO 002 . W072

20 0125 T .05

20 .050 o .035

30 001 | .07

30 | | 002 | .052

30 | - - .0125 .035

30 .050  .025

40 - | L00L | -

40 ' .002 , .043

40 L0125 - 032

40. | .050 - 4022

The graphical'tranalation orvdaté is in Graphs 4,5,6 and‘rihg
Appendix, = ‘ : :
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In Graph 4, the variation of secondary arm spacing with
distance behind the growth front is logarithmically
shown. Despite a slight scatier in measurements, the
‘points confirm to a straight line with a slope of 0.32,
yielding & relation in the form: :

A 2032
The reason of increase in secbndary arm spacings i
thought to be coalescence. Away frem the tip the secon-
dary arms thicken until their tips eventually touch and
coalesce, leaving a solute rich film of 1iquid which
shrinks and spheorodises with further cooling. While ta-
king data points, counting was abondened on each specimen
at the observetion of tip coalescezce. Ehe‘dirference in
data of workers using as-cast specilens may be due to this
effect. ' - |

The log A,vs. log R graphs for eack € (Graph 5) yielded
a straight line with slopes between -0,21-0,26. The ex-
treme value of -0.21 is not very dependable since it was
found with only three data points. ZTherefore it seems
poesible to average this relation as: |

?a¢3.0°25 | |
fhe effect of growth rate on secondary dendrite arm spa-
cings is not found to be more than on primary spacings
a8 predicted by previous workers,

The log A,ve. log G graphs drawn for each R value yielded
straight lines with slopes between -0.59-0.61 which may be

~averaged as -0.60.

- Phere has been disagreement betweer previous workers on the
effect of temperatire gradlent and growth rate on secondary
arm spacings, Young and Kirkvooé?kave stated that increa-
sing the grbwth rate reduces. the secondary arms due to the
effect of increasing solute built up at the tips and in-
creasing solute content behind the tips. This leads to a

lower gradient within the grooves ef liquid‘betvegn the
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secondary arms and the gro‘ovesbviden with the éonsequence

that coalescence is inhibited. Kotler et.aiisalso agree

cn the fact that secondary srms decrease with increasing

growth rate due to the decrease in the effective diffusion

distance, However these workers expect a greater effect

‘of R on secondary spacing than on primary spacings, and
state that temperature gradient has no effect on secon-

dary a{l spacings. A'nore recent study by spittle and

Lloyd reaches the conclusion that A, decreases as G, er

- R 1s increased. Tphe data in this atndy is in agreeament with

~ the data in Jacobi and achwerdtfegar study 1n that the effect

of temperature gradieant on aecondgry dendrite arm spacings

is more than the effect of growth rate. However before -

reaching such & conclusion with the present data, A vs.

G;R curve should be examined, it has been customary to relate

the secondary dendrite ara spacings with GLR_ or local soli-

dification time t’ defined as:

t, :ATS/GSR or

t, 14Tg/GR
vhere ATg : T, - Tg

Since the alloy composition is constant in this study, it \
will be sufficient to regard the A, vs. G,R (cooling rate)
curve., ' -

As seen in graph 7, this curve gives a relation of

Ay = (eR) 02

38
This result confirms with the results of Young and Kirkwood. |

Since & combined effect of temperature gradient amnd growth
rate is acting on secondary dendrite arm epacings, the
temperature gradient vs. secondary arm spacing results are
not very reliasble depending on the present data because 'Y
wider range of growth rates are used when compared to the
range of temperature gradients and therefore when the data
is seperated to find the effect of temperature gradient on

secondary arm spacing, an exaggerated result(i.e. AG, '0")



-67—-

te reached., On the other hand, within the wide range of
growth rates used, log Atvs. log R graphs yield a more
expected result.

6. Conclusion -

It &8 concluded in this study that primary and secondary
dendrite arm spacings in A1-2%Cu alloys decrease with in-
ereasing temperature gradient and growth rate. However
the variation of A;and A,with growth conditions show dif-
ferent trends.

1) Primary arm spacing varies aeeo/_rd:l._ng to the relation
A o((G R)~0° 21 for low growth rates
A o (6] R)’O'” for moderate and high growth rates
i

2) Ko such trend fer a break is observed in the data of
secondary dendrite arm spacing vs. growth conditions.
However, the variation of A,with cooling rate, ex- e
pressed as

A2 = (G{R)

‘displays & lower tendency to change with growth condi- , ‘
tions when compared to the primary arm spacings. - i
' |

~0.29

\

3) On the other hand, Az has been found to vary with the
distance behind the tip due to cotlescence. This rela-
tion is formulated in the form:

Ay o a0+ 32
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APPENDIX

LISi OF GRAPHS
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