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ABSTRACT

For hypoeutectic Al-Si alloy castings, minimizing dendrite arm spacing and
modification of the secondary Si particles is the most effective means for maximizing
strength and ductility. Dendrite refinement can be affected by microalloying with selective
elements that promote interfacial instability through constitutional and thermal supercooling.
The microalloying elements used in commercial Al alloys A319 and A356 are 0.5 to 1.0 wt%
of Sb, Bi, In and Sn, which have little or no solubility in Al, i.e. they have extremely low
distribution coefficients. Significant refinement of the dendrite structures (decreasing DAS)
and the modification of eutectic Si particles were obtained with the additions of the
microalloying elements Sb and B.. Also the mechanical properties (strength, elongation and
impact toughness) were significantly improved with Al-insoluble elements.

A dendrite-growth model, based on the Mullins-Sekerka interfacial stability theory,
further enhanced by Langer and Muller-Krumbhaar, which uses the thermal supercooling and
interfacial instability resulting from solute trapping due to non-steady state growth

conditions, is proposed to account for the results.
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CHAPTER 1

INTRODUCTION

The hypoeutectic Al-Si casting alloys are widely used throughout the automotive and
acrospace industries for structural components. These alloys are characterized by their
excellent castability and pressure tightness, their good corrosion resistance, and their good
tensile and fatigue properties. As-cast grain structures are important for n.lost properties of
an alloy material, because subsequent deformation and heat treatment do not change them
significantly. For hypoeutectic Al-Si alloy castings, minimizing dendrite arm spacing and
modification of the secondary Si particles are the most effective means for maximizing
strength and ductility [1].

The addition of microalloying elements to alloys can significantly refine the
microstructure and improve the mechanical properties of alloys. In earlier research by
Youdelis and coworkers [2-5], it was shown that small additions of third elements (e.g. Si,
Be) significantly improves the grain refinement of Al by Ti. The authors proposed that the
effect of the third elements resuits principally from the increase in nucleation entropy and the
corresponding increase in the nucleation rate for the peritectic compound TiAl; when Si or
Be are incorporated into the compound. The increased nucleation rate ultimately translates
into a finer cast grain structure via the peritectic reaction. It was also shown that the addition
of Be to Al-Cu and Al-Mg-Si alloys refines the CuAl, and Mg,Si precipitates in the solid-

state transformations (aging), and improves the age-hardening response of the alloys [6,7].
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The success in refining the microstructure, i.e. refinement of grain size and
precipitates in the above alloys by microalloying suggested the same approach may be
successful in refining dendrites and precipitates in the Al casting alloys used in the
production of engine blocks and heads for the autcemotive industry, i.e. A319 and A356,
which are the principle industrial hypoeutectic Al-Si alloys. The approach used in this
investigation is to increase the nucleation rate through selective use of microalloying
elements that have the potential to increase the nucleation entropy, and so stimulate the
nucleation of the primary phase, or to restrict growth of a phase through a pile-up of a
microalloying element (insoluble in the solid), and so force additional nucleation during
solidification. In this study, the effect of the Al-insoluble elements Sb, Bi, In and Sn (all have
extremely low distribution coefficients in both Al and Si) on the microstructure and
mechanical properties of the commercial Al alloys A319 and A356 are investigated. Of most
interest is the effect of the above microalloying elements on the dendrite arm spacing, and
the morphology and size of the secondary Si particles, and if the refinement translates into

an increase in tensile strength, ductility and toughness.



CHAPTER 2

LITERATURE REVIEW

2.1. ALUMINUM-SILICON ALLOYS

The most widely used aluminum casting alloys are Al-Si base alloys. Al alloys
containing silicon as the major alloying element offer excellent castability, good corrosion
resistance, and can be easily machined and welded. The Al-Si binary phase diagram shows
the eutectic silicon level at about 12%°. Al-Si alloys containing silicon less than 12% are
hypoeutectic Al-Si alloys, with the A319 and A356 Al-Si alloys containing nominally about

7% silicon.

2.1.1 Alloy Compositions

For the hypoeutectic Al-Si alloys, a number of alloying elements may be added to the
melt to influence the mechanical properties of the casting. Silicon promotes castability by
improving the fluidity and feeding characteristics of the melt, and also increases the
resistance to hot tear. The size and shape of the silicon particles in the eutectic regions of the
microstructure strongly influence the mechanical properties of the casting. Silicon additions
also result in a reduction in specific gravity and coefficient of thermal expansion for the

alloys. Copper increases the strength and hardness of the alloy, especially via thermal

" all concentrations in wt%.
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processing. Alloys containing 4 to 6% Cu respond most strongly to the thermal treatments
(aging). However, copper generally reduces the resistance of the alloy to general corrosion,
and Al-Si alloys containing Cu are more prone to hot tearing. The addition of magnesium
promotes aging response, and is commonly used in more complex Al-Si alloys containing
copper, nickel, and other elements for the same purpose. Mg combines with Si to form the
active precipitation - hardening phase Mg,Si. This compound, when precipitated from solid
solution during aging, is responsible for the significant improvement in hardness and
mechanical strength of the alloy. Mg,Si also displays a useful solubility limit corresponding
to approximately 0.70% Mg, beyond with either no further strengthening occurs or matrix
softening takes place. Commeon premium-strength compositions in the Al-Si family employ
Mg in the range of 0.40 to 0.70%. Iron improves hot tear resistance and decrezses the
tendency for die sticking or soldering in die casting of Al alloys. Increases in iron content are,
however, accompanied by substantially decreased ductility. Small quantities of impurities
such as Zn are often present in casting alloys. Zn reduces ductility and should be maintained

within specified limits [10,37).

2.1.2 A319 and A356 Alloy Systems

The chemical composition and mechanical properties of the A319 and A356 alloys
are given in Table 2.1 and 2.2 respectively, and the thermal properties in Table 2.3.In A319,
the Si imparts the good casting characteristics, and the Cu imparts moderately high strength
and improved machinability, but reduces the ailoy’s ductility and resistance to corrosion.

Alloy A319 is produced from recycled metal, with the alloying elements added or removed
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to meet specific composition ranges. Automobile engine components made fror-n this alloy
include cylinder heads and intake manifolds. There are other applications for A319, where
its good castability and weldability, pressure tightness and moderate strength are required.

As with A319, the additicn of Si imparts excellent castability and resistance to hot-
tearing to the A356 alloy. Mg is added to increase the strength and make it an age-hardening
alloy. As A356 has excellent casting characteristics and resistance to corrosion, it is used in
large quantities for sand and permanent mold casting. Several heat treatments are used and
provide the various combinations of tensile and physical properties that make it very
attractive for many automotive and aircraft applications. A companion alloy of A356 with
lower iron content, affords higher tensile properties in the premium-quality sand and
permanent-mold castings. The premium quality A356 alloys, obtained by T6-type heat

treatment, are usually specified for military and aircraft applications [8,9].

Table 2.1 Chemical composition of alloys A319 and A356 [38]

[——
Alloy ToS1 %Cu %oMg %Ti %Mn %Fe %Zn | Others
A319 | 5.5-6.5 3-4 <0.1 <0.25 <0.5 <0.1 <0.1 <0.5
A356 | 6.5-7.5 | <0.25 0.2-045 | <025 | <0.35 <0.6 <0.35 | <0.15



Table 2.2 Mechanical properties of alloys A31% and A356 [38]

-
Alloy Tensile Strength Yield Strength Elongation | Hardness
{Temper) MPa MPa % HB
A319 (As cast) 185 125 2.0 70
A319(T6) 250 165 2.0 80
A356 (T51) 172 140 2.0 60
A356 (T6) 228 165 ‘ 3.5 70
A356 (T7) 234 205 2.0 75
A356 (T71) 193 145 3.5 60

Table 2.3 Thermal properties of alloys A319 and A356 [38]

Alloy Liquidus Solidus Solution Aging
temperature temperature temperature temperature
A319 605°C 515°C 500 - 505°C 150 - 155°C
(T51) 225-230°C
A356 615°C 555°C 535 - 540°C (T6) 150-155°C
(T7) 225-230°C
| ] (T71) 245-250°C




2.2. DENDRITIC GROWTH THEORY

2.2.1 Nucleation Thecry

Volmer and Weber [11], and Becker and Doring {12] first developed the classical
nucleation theory for the nucleation from the vapour phase. It was extended by Tumbuil and
Fisher [13] to describe homogeneous nucleation in a condensed system. Crystallization
begins with the formation of solid nuclei which then grow by consuming the melt. The small
crystals develop as a result of thermal fluctuations. Nuclei capable of growth must satisfy the
condition d(AG)/dr < 0, where AG is the Gibbs free energy change for nucleation and r is the
nuclei radius. The total free energy change consists of two parts: a positive free energy
change associated with the formation of the solid/liquid interface (surface free energy, v),

and a negative volume transformation free energy change (AG,) for the liquid to solid, thus

AG=%TI:r3AGV+41'Cr2Y (2-1)

The function goes through an extremum (maximum) at r'=2y/AG,, and the free cnergy of
formation of critical-sized embryos for homogeneous nucleation is given by
G, -6y (2-2)
3(AG,)?
The transformation free energy change for the system (solid plus liquid) per unit volume AG,
is related to the volume entropy change (AS,) and undercooling (AT =T, - T, where
T=liquidus temperature and T the nucleation temperature) by AG, = -AS AT [3], where for

regular behaving solutions, AS, is given by [3]



o

8 I 5 ! 5
= Z NS, —Sr)—R)_; NIn(N,/N,) (2~3)

where N* and N/ refer to the mole fractions of the rth component in the solid and liquid
phases respectively, and S; and S/ are the molar entropies of the rth component in the pure
solid and liquid states respectively, at the nucleation temperature. The behaviour of
intermediate compopnds or phases of limited solid solubility are far removed from regular
solution behaviour. However, by appropriate combination of the solution and compound for

the nucleation rate () formation reactions and their entropies, the regular solution behaviour

can be removed to give

) _ 3
N= Aexp(_l.%_) (2-4)
3AS2AT*T

where the pre-exponential parameter A includes the embryo surface concentration of atoms,
and the jump frequency for the atom (which has an exponential dependency on the activation
energy for grain boundary diffusion).

For heterogeneous nucleation, a substrate reduces the surface energy needed to form
a nucleus, and thereby decreases the free energy of formation of the critical-sized nucleus by
a factor that is a function of the contact angle (0) at the nucleus/substrate interface. The
substrate effect is taken into account by modifying AG' for homogeneous nucleation thus,

G - 161y’

< ) {2-5)
"' 3(AS, )Z(Anfﬁ

where the function f(0) is given by



2-3cos8 +cos?0 (2-6)
4

f8)=

2.2.2 Stability of a Solid/Liquid Interface

2.2.2.1 Crystal Growth in Pure Metals

A liquid metal at a temperature below its freezing point should form crystal nuclei,
and these nuclei will subsequently grow into large crystals. The shape of solid/liquid
interface of pure metals is determined by the way in which the heat of crystallization is
dissipated. Suppose Fig.2.1 represents a region containing a solid-liquid interface: and that
the heat is conducting away from the interface in both directions; that is, the heat is being
removed through both the solid and the supercooled liquid. Because of the heat of fusion
released at the interface, the temperature of the interface usually rises above that of both the
liquid and solid. The resulting temperature contour is shown in Fig.2.1 and is known in
general as a temperature inversion [39}. Under this condition, when the temperature falls in
the liquid in the advance of the interface, the latter becomes unstable and in the presence of
any small perturbation, cells may grow out from the general interface into the liquid. The
resulting structure is called a dendrite, and may also become quite complicated, with
secondary branches, forming on the primary cell, and possibly with tertiary branches forming
on the secondary ones. So dendrite growth will occur in the freezing of pure metals when the
interface is allowed to move forward into sufficient supercooling liquid. However, in metals
of relatively low purity it is almost impossible to obtain enough thermal supercooling, so the

interface will be stable and the entire freezing process is planar (not dendritic) because more
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heat would flow in through a bulge into the liquid, less would be conducted away and the

solid bulge would melt again [40].

2.2.2.2 Crystal Growth in Alloys - Constitutional Supercooling

The theory termed 'constitutiona! supercooling' (CS} was first presented by Rutter and
Chalmers [14]. This theory related to the unstable growth of a planar interface with
undercooling due to the build-up of solute at the solid/liquid interface. Unstable growth of
a solid phase in a pure liquid occurs with thermal undercooling. However, in an alloy system
the undercooling of the interface can be related to the distribution of sclute in the liquid
during freezing and to the imposed temperature gradient.

Fig.2.2(a) shows that for steady state planar growth of a binary alloy of C; solute
composition, the liquid at the interface has composition Cy/k, and solid of C, must separate
from this, where k; is the distribution coefficient defined as k, = C /C, . In growth, the
boundary layer composition can increase to Cy/k, and the distribution in the liquid is shown
in Fig.2.2(b). At adistance in the liquid, far removed from the interface the composition once
more is C,. It is necessary to consider the solute distributions in the liquid ahead of an
advancing S/L planar interface during fluctuations in non-steady state growth conditions, and
its effects on interface stability. Tiller and Cowoikers [35] give the transport equation under
following assumptions:

1. Diffusion in the solid is negligible.

2. The value of distribution coefficient k, (C/C,) is constant.

3. Convection in the liquid is negligible.
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Equilibrum freezng tempeidture

Temperalure

Sobd Liqued

Fig.2.1 Temperature inversion during freezing [391.

Fig.2.2 (a) Phase diagram. (b) Composition of boundary layer at solid-liquid
interface. (c) Relationship between composition and temperature on equilibrium diagram.

(d) Conversion of composition-distance to temperature-distance ahead of interface [34].



4, The S/L interface is plane and perpendicular to the axis of the specimen.
The differential equation describing the distribution of solute in the liquid ahead of the

solidNliquid interface advancing at a velocity R(=V} is given by

(2-7)

D&*C, _aC, acC,
+R =
ox? ox! ot

where D is the liquid diffusion coefficient, and x’ is the distance ahead of the interface. As
the crystal grows the liquid concentration at the interface will rise because of the solute
rejected from the solid according to the equlibrium diagram, which will give rise to the solute
concentration in the solid, since the two concentrations are related by the distribtion
coefficient k,. This concentration will continue to increase until a steady state condition is
reached. At this point the solid concentration adjacent to the interface will have reached a
staady value and the distribution of solute in the liquid near the interface will also be constant

too, i.e. dC/dt=0 and Eq.(2-7) becomes

2
Do C‘+R£=0 (2-8)
ox?  ox’
which yields a solution
1-ky ) 2-9)
Cl=C0[1 +( P Ye (R/ID)x ] (

0
Fig.2.3 shows the steady-state distribution in the liquid ahead of the S/L interface for several

k, values.
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Fig.2.3 Steady state solute distribution in the liquid ahead of the advancing solid-

liquid interface [36].
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From Fig.2.2(c) the relationship between temperature T and composition C is given
by AT = mAC. Fig.2.2(d) shows the conversion of the graph relating composition to
temperature ahead of the interface. G is the actual temperature gradient in the liquid ahead
of the intecface. Fig.2.2(d) shows G smaller than the gradient of the liquidus temperature T,
at the interface. This is a condition for constitutional supercooling, i.e. the actual temperature
ahead of the interface is below the solidification temperature for the related solute
composition. For this condition a point on the solid interface which grows ahead of the
planar surface can ;grow initially under conditions of greater supercooling [15].

The liquidus temperature from Fig.2.2(c) is given T = T, - mC,, and m is the slope
of liquidus. For the solute boundary layer, the temperature is given by:

T=T,-mC,[1+( l;k[) Je -(R.x’lD)] {2-10)
0

For constitutional supercooling

|dTldX|xr=0 2 G
m(C 1-k
which gives ( OR)( 0) 2 G
D Kk (2-11)
or
C, 1-
G < mé, 0y
R D  k

Eq.(2-11) show that increasing the solidification rate R, the solute concentration C, and
decreasing k, will increase the tendency for constitutional supercooling for an alloy and that

solutes that have little solubility in the parent solid (k, << 1) will tend to accumulate more
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rapidly at the S/L interface.

2.2.2.3 Mullins-Sekerka (MS) Stability Theory

A drawback of the constitutional supercooling criterion is that it ignores the effect
of the surface tension of the interface. It is reasonable to suppose that the latter should have
a marked influence upon interface stability. In order to investigate this possibility, and to
learn more about the morphological changes occurring near to the limit of stability, it is
necessary to suppose that the interface has already been slightly disturbed and to study its
development under the constraints of diffusion and capillarity. Mullins and Sekerka [16,17]
have developed a theory of instability of a solid-liquid interface. In their studies the question
of stability is studied by introducing a perturbation in the original interface shape and
determining whether this perturbation will grow or decay. The principal physical
assumptions of their analysis are those of isotropy of bulk and surface parameters, and of
local equilibrium at the interface. The critical mathematical simplification is the use of
steady-state values for the thermal and diffusion fields. In fact, the shape of the interface is
changing due to the growth (or decay) of a perturbation in its planar shape. And the steady-
state calculation is valid only for those perturbations whose shape changes sufficiently
slowly. Therefore, stability criteria based on slowly changing perturbations should be
reliable.

The perturbed interface can be described by a simple sinusoidal function (see Fig.2.4)

z=¢(x,n)=dsinwx (2-12)
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stable {16].

/5 as a function of frequency for two cases: curve 1 unstable, curve 2
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where § is the amplitude, and w(=27/1) is the wave number, A is wavelength. The MS theory
requires solution of appropriate steady-state equations in a frame moving at the constant
velocity R, subject to the boundary conditions for the interface and at an infinite distance
from the interface (one boundary condition is related to temperature and a second is related

to velocity), from which is obtained the critical expression

_ 2ot - p1 - R +2mG '-E}
Rol-2T, p(0" - Dpl-(e,vg)lw" -3 -1 +2mG fo" - 7] (2-13)

oo

(g, )l ~£p}+20mG,

where & = y/AH is a capillary constant in which v is the specific liquid-solid interfacial free
energy and AH is the latent heat of the solvent per unit volume; (typically ®=10"* cm).

w" = (R/2D) + [(R/2D)* + w*]'?;

p =1k

G, = -pCiR/Kk,D, is the concentration gradient in the liquid at the interface, and

G, and G, are the thermal gradients at the unperturbed flat interface (6=0) in the
liquid and solid, respectively;

g, £, are the actual thermal gradient in liquid and solid respectively, where g, =
(k/K)G,, g, = (k/K)G,, and k=(k,+k/)/2, where k;=conductivity of liquid, k,=conductivity of
solid.

The value of &/5 determines whether the perturbation grows or decays. Stability of
the interface with respect to an undulation depends on the sign of 6/6; a positive value for
any w means growth of some undulations and hence instability of the original flat interface,

whereas a negative sign for all w means decay of all undulations and hence stability.
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Proceeding with the analysis of Eq.(2-13), it is evident that the sign 815 depends only on the
sign of the numerator since both terms in the denominator are always positive. Since g.>g,,
and w >R/D>(R/D)p from the definition of w’ , and from the fact that p<1 (for an eutectic
systern), the first term of denominator is positive. The second term of the denominator is also
positive since m and G, always have the same sign. Therefore, instability or stability depends
on whether or not the numerator becomes positive. The numerator consists of three terms:
the first term arises from capillarity and is always negative and therefore favours decay of
any harmonic; the second term arises from thermal gradients, is negative because g, g,20,
and thus also favours. decay; the third term, representing the effect of solute on the
equilibrium melting temperature, is always positive by the same arguments applied to the
denominator and, therefore, always favours growth. Instability occurs if there is any
frequency for which the magnitude of the third term exceeds that of the sum of the first two
terms; otherwise stability prevails. Stability then is shown to depend on the negative sign for
S(w), a stability function given by:

S(w) =-T ®w’-(g+g)2 +mG {[w - R/D)/[w" - (R/D)p]}

= f((;)) - (gs+gl)12 + ch (2']4)
where f(w) = -T,®w* + mG_g(w)
and
g)=—2 XDy
W' -(RID)p

If capillarity is left out of the treatment, f(w)=0. Stability then depends on the sign of the

frequency-independent terms, i.e. -(g,+g)/2 + mG_. It can be shown that if this is less than
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zero, the interface will be stable. Substituting g, g, and G . into Eq(2-14), the modified

criterion for stability is obtained

Gk+Gk, — mRC, 1-k,
=
k,+k, D "k

(2-15)

When compared to the constitutional supercooling concept developed by Rutter and
Chalmers Eq.(2-11), the MS criterion has introduced the thermal conditions in the solid,
which become important as R increases. Figure 2.4 shows a schematic plot of 815 as a
function of frequency for two cases; the curve possessing a maximum and becoming positive
for a range of frequencies corresponds to an unstable interface; the other curve which is
always nonpositive corresponds to a stable interface. In the unstable case, projections
develop at the solid/liquid interface, which are the forerunners of dendrite stalks, leading to

side branching and ultimately a complete dendritic structure.

2.2.3 Dendrite Arm Model

2.2.3.1 Hunt Model

The Hunt model is based on two major assumptions: (1) a dendritic interface with
sidearms is approximated as a smooth steady-state interface, and (2) a constant temperature
and a constant liquid composition in the direction normal to the primary dendritic growth
direction are assumed. Under these assumptions, Hunt {33] derived the shape of the cells by
following the procedure developed earlier by Bower, Brody, and Flemings [18]. Since the
second assumption of the Hunt model is valid only for the dendrite or cell region which is

far behind the tip, the interface shape in not valid near the tip region. Hunt circumvented this
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problem by fitting part of a sphere to the derived shape at the growing front, and obtained the

relationship between the tip radius, r, and the primary dendrite spacing A,, given by

2

GA
22 e _aBimC (1 -k + 2S
-

] (2-16)
R

where C, is the liquid solute composition at the tip.

The relationship between the dendrite tip undercooling and the dendrite tip radius is
derived for a spherical dendrite front model by using a procedure similar to that described
by Burden and Hunt [19]. By substituting the value of the dendrite tip radius from Eq.(2-16)
into this result, Hunt obtained a result which related prnimary dendrite spacing to tip

undercooling. By assuming that the primary dendrite spacing adjusts to the minimum

dendrite *ip undercooling, Hunt obtains

k,GD _
RG! = 6412 [m(1 -k)C +—=) (2-17)
AS R

where ¥ is the solid-liquid interfacial energy, AS is the entropy of fusion per unit volume,
and C,, is the initial solute content of the alloy. When R >> R, , where R , is the critical
velocity at which the planar interface becomes unstable, the second term in the bracket of

Eq.(2-17) becomes negligible. Under this condition, Hunt's result can be simplified to

L1
A = —(64%)4[mc_(1-k0)]412 iG 2 (2-18)

Examination of Eq.(2-18) shows that a maximum in A, is predicated as a function of velocity

(i.e. A, = R"™) when G and C, are held constant.



2.2.3.2 Kurz and Fisher Model

Lipton, Gliksman and Kurz {20] have predicted the growth rate and the tip radius of
a free dendritic crystal growing into an undercooled binary alloy melt. Free dendritic crystals
tequire an undercooled melt to sustain their growth because this acts as a sink for the latent
heat rejected during growth. When the distribution coefficient k, is less than the unity, solute
is also being rejected into the melt. The corresponding gradients of temperature and
concentration in the liquid at the solid-liquid interface are therefore negative. The
undercooling AT of the melt actually consists of three contributions, namely thermal

undercooling AT,, the solutal undercooling AT,, and curvature undercooling AT,, thus

AT = AT +AT,+AT, (2-19)

or

ar=28p imc1-— Lt 3. 2L

T (2-20
c, 1-(1-k)P, r )

where AH is the latent heat and C, is the specific heat;

" = y/8, is the Gibbs-Thomson parameter and S is the melting entropy;

P, and P, are the solutal and thermal Peclet numbers, respectively, and

r is the tip radius.
If the dendrite tip is assumed to have a parabolic shape, both solutal and thermal
supersaturation are directly related to the solutal and thermal Peclet numbers through the

[vantsov transport solution in the first approximation form [21] and are given by
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(5]

Pc—?D_. P;‘Ta (2-21)

where a is the thermal diffusivity, and D is the liquid interdiffusion coefficient.

In order to obtain the relationship equation for R and r, the stability criterion is
applied. To find the operating point of the system, and avoid the usual ambiguity in the
solution, the dendrite tip is tested for stability using the MS result. Because the latter's
general equation is quite complicated, Kurz and Fisher [22] suppose the special case of a
planar solid-liquid interface, no latent heat AH, equal thermal conductivities in solid and

liquid, and small distribution coefficient k, and starting with the central [MS] obtain [23]

_ T }ll2
¢"(mG,-G)

r (2-22)

where 0"=(27%)7 is a stability constant, and G, and G are the concentration and temperature
gradients respectively, evaluated at the solid-liquid interface.

An approximation to G_ is given by

RpC, C,
G = =
° DQp-D r_D (2-23)
2 Rp

where @ = Rr/2D. Combining Eq.(2-22) and (2-23) gives

___ 2D(Gr*+4mT)
r’pG-2r*pCyn+4nT'rp

(2-24)

In order to proceed analytically without solving the above cubic equation in r, it is necessary

to consider different limiting cases. For example, when R is small, r will be large (Fig.2.5)



so that Eq.(2-24) can be simplified to

2mC,
2DG , then r=£+ 0

i rpG-2pCym Rp

(for R<R)) (2-25)
Likewise, at high velocity R, r will be very small and Eq.(2-24) can be simplified to:

2
4DnT , then r=27( br

1

2 (2-26)
o T )2 (for R>R)
r2pC0( -m) VkATo f

where AT, = -mCgp/K,, and R, is the transition velocity. The form of Eq.(2-26) is also shown
in Fig.2.5.

Kurz and Fisher [22) assumed that the shape of the dendrite can be approximated as
an ellipsoid. Assuming that the last liquid solidifies at the distance from the tip, a = AT'/G,
where AT’ is the difference between the tip temperature and the non-equilibriuni solidus, and
the minor axis of ellipsoid b= A /V3. The tip radius is determined by r = b%a. From the

geometry of the ellipse, there is found the relationship between r and A,

2 AG 11
SR A,=(38T'HN3G *? (2-27)

a 3AT'

AT’ will vary strongly at low and high R, close to the limits of constitutional and absolute
stability. Substituting for r from the marginal stability criterion, Eq.(2-25) and (2-26) in
Eq.(2-27) gives at low velocity R

6AT' D AT,
Gp R G

1
A=l 12 (2-28)
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Fig.2.5 Tip radius, r, as a function of growth rate, R for Al-2 wt%Cu at G =100

Kcem'™. Solid line: full solution, Eq.(2-21), dashed line: high rate approximation. Eq.(2-23),

dot-dashed line: low growth rate approximation Eq.(2-22) [22].



and at high velocity R

1 o1
A, =43ATH 1% R (2-29)

ATk,

2.2.3.3 Trivedi Model
Trivedi and coworkers [24-26] selected the transparent succinonitrile-acetone organic
system in their study to characterize dendrite tip radius and interdendrite spacings as
functions of growth rate and temperature gradient in the liquid. Variations in the primary
dendrite arm spacing A,, the secondary dendrite arm spacing A, and r with controlled growth
rates at a constant temperature gradient are shown in Figure 2.6. The variation A, on the log
A, vs log R plot is essentially linear for R between 4 and 100 pm per second. A least square
linear regression gives the proportionality equation A, & R3990 Below R = 1 pm sec™, 4,
decreases sharply with the decrease in R, and the interface changes from a dendritic to
cellular structure. But r increases sharply with decreasing R when R is less than 1 pm per
second. The experimental results (26) show that for R > 2 pm per second both A, and r
depend similarly on R, which indicates a simple relationship between A, and r. It is shown
that A,/r = 2.2 % 0.03 for all velocities studied [25], and is independent of temperature
gradient. From the above experimental results, Trivedi, et al arrived at three important
conclusions:
(1) The experimentally measured tip radii match precisely with the theoretically predicted

values based on an isolated dendrite growth model.
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(2) The sharp decrease in A, occurs at the dendrite-cell transition velocity (Fig.2.6).

(3) In the high velocity regime, a variation in the temperature gradient significantly aiters
the primary dendrite spacing but has no effect on the tip radius or on the initial secondary
dendrite arm spacing.

Given the above, thermal diffusion plays an important part in determining the primary
dendrite spacing. Thus, the dimensionless parameter which characterizes the primary
dendrite spacing is defined as A = (A/r)(A/1) = (A, 2G/tk AT ), where [, is the characteristic
thermal diffusion length given by [, = k AT /G. Another dimensionless parameter is defined
as A’ = IJI, = yV/(2ASDkAT,), where [ is the solute diffusion length (I, = 2D/V) and [, is
the capillary length (I, =y/ASk AT ;). Based on the Hunt model, the general relationship

between A and A’ is obtained,

L
A= 4\/51\’;-5 (2-30)

where L= 172([+1)(!+2) in which the /=6 harmonic is found to be operative for the dendrite
growth process (L=28).

Substituting A and A’ and p, L into Eq.(2-30), gives the relationship between the dendrite
spacing and the dendrite tip radius, for given conditions of solute composition, growth

velocity and temperature gradient in the liquid,
Af=224,/§DXY§G IR (2~31)

The most important result of this theoretical analysis is the prediction of a maximum

in primary spacing as a function of velocity, and this maximum is correlated with the
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dendrite-to-cell transition. It is also shown that the dendrite-to-cell transition occurs when
the temperature gradient effects become significant and that such a transition is accompanied

by a reduction in the primary spacing.

2.2.3.4 Kirkaldy Model

During the past several years, Kirkaldy examined cells and cell-dendrite mixtures for
the organic alloys succinonitrile-salol (S-Sa), succinonitrile-acetone (S-A), and pivalicacod-
ethanol (P-E). Kirkaldy analyzed data on cell systematics, and found that the relationships
for the three systems (S-S, S-A and P-E) submit to the same rational exponents in a power
law fit of the experimental results. The metallographic observations for t;le above three
systems yield spacing, amplitude, and aspect ratio (the cell length L to the cell spacing A,

measurements. The supercritical power law relations in advance of the cell to dendrite

transition are with alloy concentration C, in mole fractions [27,28],

0.16 £ 0.02 (S-S) (2<R <85 um/s, 4sG<15 K/mm, 0.002<X,50.007),
A RGPC = 0.17 £0.02 (S-A) (8sR<85 pm/s, 5<Gs 15 K/mm, 0.001 sX;50.003),
0.25+0.02 (P-E) (5sR<85 pm/s, 3.55G<18 K/mm, 0.001<%,<0.005),
(2-32)
Kirkaldy then considered a :=.1iquantitative justification for empirical formulae (2-
32) pertaining to deep-rooted single-valued cells. In the process an additional thermal length
m/G, a quantity absent from Mullins and Sekerka marginal formulations, is incorporated into

the configuration to give [32]



29

reD =< 5.35.7%
A=[24—"—F°R °G °C, (2-33)
(1-k)AH

where AH is the latent heat per unit volume, 0, is the surface energy of the cellular wall,
which subsumes the solute segregation at the root of the cell (0, = 60), T, is the melting
point of alloy. Kirkaldy also shows the Eq.(2-33), i.e. the -1/3 power, more closely agrees
with the dendrite spacing observed in the thin film solidification of several transparent
organic alloys.

Kirkaldy [29] found experimentally for S-S that in support of the equivalence
premise, dendrite tip radii r and secondary branch spacing A, are independent of the
temperature gradient and that A, = 2.6r £ 0.3r, which is very close to the empirical relation
(A, = 3r) for free thermal dendrites. Kirkaldy [29] also developed a formula for r based on

MS stability theory, as

2“3. k 1
=(Z™y3r6d —2 13 (=
r=( 3) [ °C0(1—k0)] (Rm

2
D)’ (2-34)

where R, is the normal velocity at the tip. This is remarkably similar in function and
magnitude to an estimate from the Mullins and Sekerka marginal wavelength in binary

solidification,

1

2 -

r= 27 2d0 1 ( D ) ]3
37 TC1-k)* Ry

(2-35)
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which may be regarded as an alternative justification for the form of (2-34). Then the

secondary branch spacing A, becomes:

1

A,=2nf2d———

!
Dg’i )
(R)] (2-36)

where d, is the capillary length. For diffusion controlled growth the capillary length
dg=YR/k;N,T, where k is Boltzmen’s constant and N , Avogadros number, and for

thermally controlled growth d, = y/AH.

2.2.4 Non-Steady Dendrite Growth Model: L-M Stability Criterion

Langer and Muller-Krumbhaar (1.-M) applied a Mullins-Sekerka (MS) type stability
test to the dendrite tip. According the L-M theory [32], the dendrite tip grows close to the
condition of marginal stability, To construct the simplest possible model of the dendritic
process, L-M assume that the rate-controlling process is either thermal or chemical diffusion,
but not both, and that interface kinetics may be ignored. Further, diffusion only in the liquid
phase is considered and any transport of heat or chemical species within the solid is
neglecicd. The defined scaling parameters are: r, the radius of curvature of the front-most tip
of a steady-state dendrite, and the diffusion length I = 2a/R, where a is either thermal or
chemical diffusivity. The ratio 1/l is the Peclet number defined earlier (Eq.2-21). The
dimensionless ratio g, which is a measure of the capillarity effect on the instability and

growth of the dendrite, given by
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ldo A‘s 2
¢c=— = (ﬁ;) (2-37)
r

L-M obtain for the shortest wavelength (4,) of a disturbance which would cause a plane

interface, moving at the velocity R, to suffer a MS instability

A =2m,fld, (2-38)

where d, is the capillary length given by

mY

CTAHGAT)
vQC

int.

Y= AORT
~“ IR m

(for thermal supercooling)

(2-39)
(for constitutional supercooling)

where ¥y is the surface tension, C is the composition difference (C,-C,), and Q is the gram
atomic volume. It is evident from Eq.(2-39) that an increase in thermal undercooling (AT)
or constitutional supercooling (AC) will resuit in a decrease (refinement) in dendrite spacing.

In the L-M model, a linear stability analysis of the Ivantsov paraboloidal dendritc (nic
capillarity, 0=0) in the quasi stationary approximation and in the limit of .anishingly small
Peclet number is used. The parabolic coordinate £, which is the distance down the dendrite
stalk in units of the tip radius r, and the displacement of the surface away from the
unperturbed paraboloid F(§,t) are introduced. (Fig.2.7). The entire coordinate system is
understood to be moving with constant velocity R in the z direction; thus any time-
dependence of F constitutes a departure from uniform, steady-state growth. This instability

is termed a tip splitting stability. When effects of capillarity are taken into account, the result
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is a linear equation of motion for F(§,t) which contains 0 as its only system-dependent
parameter. In the case of 0=0, the dendrite grows very slowly with a very large tip radius and
the effects of surface tension are negligible. As the capillarity effect increases, R increases
and r decreases.

The most striking feature of this time-dependent results is that, for any finite o, a
perturbation at the tip always generates a train of deformations which moves down the
dendrite at just such a velocity as to remain nearly stationary in the laboratory frame of
reference. The spacing between bumps is always proportional to the stability length A,. The
side-branching instability is illustrated in Fig.2.8, which shows the sequence of tip shapes
computed for a cylindrically symmetric dendrite growing at its natural velocity. The dendrite
is shown in the laboratory frame, at five equally spaced instants in time, as it grows from the
bottom to the top of the page. The dashed lines indicate approximate growth paths for the
secondary tips.

In general, for very small values of o, r becomes larger and r > A,, then the parabolic
tip is unstable and corresponds to the tip-splitting instabilities. As o increases, to ¢ = o' =
0.025, active side-branching instability develops. For g > o', there are no exponentially
growing modes at the tip; however, there is an important marginal instability: when r < A,
the tip is stable, but the sides of the parabola are not stable and side branching occurs and
blunts the tips. Because the tip becomes linearly unstable at 0<a’, L-M conclude that the

operating point is at or near 0=0", for which
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The structure refinement, and associated improvement in mechanical properties,
increase with solidification (cooling) rate. The solidification rates in foundry
practice (e.g. for engine blocks) vary considerably depending on the location in the
casting. Thus full application of the microalloying technique for structure refinement
in the industry requires developing comprehensive structure-composition-cooling
rate (maps) for each insoluble element.
Not all Al and Si-insoluble elements were as effective as Sb (or Bi) in structure
refinement, which may be surface energy related. A more detailed study of the
solidification process through thermal analysis, TEM, and microstructure and phase
analysis (elemental and structure) is required to determine what role surface energy

plays in the refinement mechanism.
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APPENDIX A
CALCULATION OF CONCENTRATIONS OF INSOLUBLE

SOLUTES NECESSARY FOR DENDRITIC GROWTH

McAlister and Murray [55] give the following AG*® functions for the insoluble
elements in liquid Al. It can be assumed that the presence of the other alloying components

will alter these, but to what extent is unknown.

For Al-Sb systermn: A.J.McAlister gives

AG* = C(1-C,)[-4490.7-4.3338T + (8839.1-0.5196T)(1-2C,,) + (3372.4-0.2431T)

(1- 6Cy, + 6Cy7) + (-1885.2+0.2909T )(1-12C,, + 30C,2 - 20C, %)
For Al-Bi system: A.J.McAlister gives
AG® = Cy(1-C5)[30972.9 - 6.878T + (17612.5-7.514T)(1-2Cg)) + (13121.5-8.642T)

(1- 6Cy; + 6C2) + (2629.5-0.723T )( 1-12C5;+30C52-20C; )]

For Al-Sn system: A.J.McAlister gives

AG® = Cg,(1-C5,)[23810.8-15.707T + (-102.3+5.455T)(1-2Cy,)

+ (-6728.6+8.490T)(1 - 6Cg+ 6Cs,2
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For Al-In system: J.L.Murray gives

AG® = C(1-C,,){ 19188 + 2561(1-2C,,) + 7996(1-2C,,)

- T[-1.2443 + 12.18(1-2C, ) + 5.4329(1-2C,.)* - 0.8351(1-2C,)"1}

Using the above expression for the excess free energies in liquid Al, and Eq.(2-54) and
Eq.(2-50), the "uphill diffusion” occurs component in the diffusive flux is present (6D /0C,
> 0) when

Cg, >= 14 at%

Cy, >= l6at%

C, >= 18 at%

Cs, >= 27 at%
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APPENDIX B

CALCULATION OF DISTRIBUTION COEFFICIENTS

Fig. B1 [55] shows the phase diagrams of the Al-Sb and Si-Su systems; Fig. B2 [55]
is the Al-Bi and Si-Bi systems; Fig. B3 {55] is the Al-In and Si-In systems; Fig. B4 [55]
shows the phase diagrams for the Al-Sn and Si-Sn systems. The distribution coefficients
from each diagram can be determined by the use of k = C / C , in weight percent. For the
distribution coefficient of Sb in Al at 657°C, the concentration of solid C ; is 1.7 wt% (i.e.
(0.4 at% Sb is [122x0.4%] / [122x0.4% + 27x99.6%]} = 1.7 wt%), and 50 at% for AlSb is
81.8 wt% Sb giving, k & = 0.025 which drops to less than 0.001 at 600° C. The other
coefficients are k 5* = 0.000357 at 656 °C, k ,,* = 0.00055 at 630 °C, and k 4, = 0.00035
at 550 °C. The silicon systems are just as insoluble producing k ¢ < 0.001 at 630 °C, and

k 5 <0.000018, k ,5 =8 x 105, k % <0.0001 at 670 °C.
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