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o Stability of the solid/liquid interface

e Faceted/non-faceted interfaces

» Growth and coarsening of solid particles

e Effects of fluid flow on solidification structure
e Solute redistribution

e Directional solidification

e Eutectic solidification

® Grain relinement

® Macro- and micro-segregation

Semi-solid processing of alloys

e Effect of pressure on solidification structure

Rapid solidification
Solidification processing in microgravity

» Solidification of composites

Heat transfer in solidification
Inclusion and porosity formation during solidification




Fig. 4.4 A two-dimensional

representation of an instantaneous picture of the liguid

structure. Many close-packed crystal-like clusters (shaded) are present.

TABLE

1.1

THE CHANGE IN VOLUME ON MELTING OF SOME COMMON METALS?

: g Change in
Meral Crystal structure ?«mmbw% p :.:: ea?&m.m on

0 melting (%)
Aluminium fiee 660 +60
Gold fec. 1063 +51
Zinc h.e.p. 420 +4:2
Copper foe 1083 415
Magnesium h.c.p. 650 +4:1
Cadmium h.e.p. aZ1 +4-0
Iron bee.ffec. 1537 +30
Tin tetr. 232 =23
Antimony thombohedral 631 —095
Gallium f.c. orthorhombic 30 —~3:2
Bismuth rhombohedral 271 —335
Germanium dia. cubic 937 —50
* Data from Schneider and Heymer.?

TABLE 1.2

LATENT HEATS OF MELTING AND VAPORISATION OF SOME
COMMON METALS?

TABLE 1.3

ENTROPY CHANGES DURING THE HEATING OF SOME COMMON METALS®

Metal
Cadmium
Zinc i
Aluminium
Magnesium
Copper
Gold
Iron

¢ Data from ‘I uligren er al.?

* Entropies in c:

Change in entropy* Entropy of ASny
298°K to melting poinr AS melting AS, AS
4-53 2-46 054
5-45 2-55 0-47
7-51 2-75 0-37
754 2:32 031
9-79 2-30 0-24
9-78 2-21 0-23
1550 2:00 0-13
al mole - 1 “K -1,
TABLE 1.4

COMPARISON OF STRUETURAL DATA FOR LIQUID AND SOLID METALS

Latenr . ORTAINED BY DIFFRACTION®
Melring  hear®  Boiling Latent hear® I
Meral umm“ ﬂ.ﬂ.m point of point  of vaporisa- H|¢ ! Liguid Solid )
(°C)  melring  (>C) tion (Ly) 1 Meral atomic  co-ordination  atomic  co-ardination
(L) separation number separation number
Aluminium fce. 660 25 2480 69-6 27-8 Aluminium 294 10-11 286 12
Gold feic 1063 306 2950 81-8 267 Zinc 294 11 265 6
Copper ficue; 1083 311 2575 72-8 23-4 ) 294 6
Iron fece/bee. 1336 363 3070 813 224 Cadmium 3-06 3 297 6
Zinc h.c.p. 420 172 907 275 16:0 3:30 6
Cadmium h.c.p. 321 153 765 238 156  Gold 2-86 11 288 12
Magnesium h.c.p. 650 208 1103 320 154
— ——— " Data abstracted from Vinevard,3
# Data from Smithells. 2
® Latent heats in kcal mol - 1.
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Maximum undercoolings of melts
Material Me]rﬂ’fg point Maximun}? Material Mr:!tir;g point uﬁ:;‘:?ﬂ 4
T X 1 T Ty (K) undde??cc;mg AT
0} Large Small t1 Sma[li
(0] = samples samples samples
|
2 o 227 H.0 273 39
© v ' " :ig lggg 130 NH, 195.5 ‘:(_? s
Au 1336 221 BF, 144.5 31
Bi 544 30 90 S0, 197.6 S; 2
Ca 1763 330 CH,Cl 175.6 ol
Cu 1356 236 CClL, 250 S’A
& Ga 302.8 55 76 CBr. 363 u
4 Ge 1231 30 193 CsHs 278 i
po— Fe 1803 3 7293 (CH;Br); 282 o
L Fer = 108 E%H%?OOH o4 24.4
5§ ;i
. ‘i:'iin ﬁ?_’g 319 CH,;NH, 179.7 32;
i“ 37 115 i 30 CHCl, 209.7 gg
T Ph 600.7 2 80 Diphenyl 3 .344 =
Pd 1828 332 Naphthalene 353 ”,s
Pt 2046 370 Cyglopropanc 145.8 50.?
9 S 393 70 165 Thiophene 234.9 ks
) Sb 903 135 InSb " 698 =
2 t Se 493 25 InSb+1%Te 690
Bl Sn 505 31 115
ve shown that the undercooling achieved depends on the rate of cooling.
l Lt 11 g;;é?::?i:ﬁ;:;;;‘::;ﬁzg1i261? r}:‘zltuecz the chance of nucleation by 2 foreign solid particle. However, results }m ;cry ;rgiillzafjmﬂmcs
b et < d should be treated with care. Petrov (1965) has shown that samples of lead, bismuth and antimony with diameters of about 2.
had melting points which differed from those found in the bulk by +53, ~39 and —15C respccu’vcly.
r — I —— i &
£
Figure 2.2 Free Energy of a Crystal Cluster as a Function of its Radius aso F TRON. MANGANESE, COPPER . ;.:1 qea %
The phenomenon of nucleation of a crystal from its melt depends mainly on two processes: thermal 1 y - “5
fluctuations which lead to the creation of variously sized crystal embryos (clusters), and creation of an g 800 SILICON ! E 2
interface between the liquid and the solid. The free energy change, AGy, which is associated with the s
first process is proportional to the volume transformed. That is, it is proportional to the cube of the 2 ] - -
cluster radius. The free energy change, AG:, which is associated with the second process is proportional Z 720 - El2E2n &8
to the area of solid/liquid interface formed. That is, it is proportional to the square of the cluster radius. = i Hlas e e
At temperatures, T, greater than the melting point (a), both the volume free energy (AG,) and the %
surface free energy (AG;) increase monotonically with increasing radius, ». Therefore, the total free W 640 - &
energy, AG, which is their sum, also increases monotonically. At the melting point (b), the value of 5 | Eloo
AG; still increases monotonically since it is only slightly temperawre dependent. Because, by = LITHIUM ANTIMONY FERS R
definition, thermodynamic equilibrium exists between the solid and liquid at the melting point, the Eﬁ' 560 = Do é oA =
value of AG, is zero. Hence AG again increases monotonically with increasing radius. At a temperature < I MAGNESIUM ol a
below the equilibrinm melting point (c), the sign of AG, is reversed because the liquid is now & s 7 gl e
metastable, while the behaviour of AG; is still the same as in (a) and (b). However, AG, has a 3rd- a 480 |- - o =
power dependence on the radius while AG; has only a 2nd-power dependence. At small values of the E BISMUTH i oo 3 o
radius, the absolute value of AG, is less than that of AG;, while at large values of r the cubic E g = :?1 E cl-;
dependence of AG, predominates. The value of AG therefore passes through a maximum at a critical 00— ST P 5 bl s ; 2 L
radius, 7°. Fluctuations may move the cluster backwards and forwards along the AG—r curve (c) due to ALLOYING ELEMENT CONCENTRATION b - C; (=]
the effect of random additions to, or removals of atoms from, the unstable nucleus (d). When a ; (WEIGHT PERGENT) 2 a
{luctuation causes the cluster to become larger than r°, growth will occur due 1o the resultant decrease in = :g s g -E
the total free energy. Thus, an embryo or cluster (r<7°) becomes a nucleus (7 = r°) and eventuzlly a grain _E o .'Ef £ § g
(¢ 353°), Figure 1. The Effect of Added Elements on the Surface o B3 2w 3 B
Teasion of Pure Aluminum at 700-746°C in Argon. g EEe i
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Figure 2,5 Nucleation Rate as a Function of Activation Energy, AG:

Variations in the value of the term, AG:;‘I:BT. have a remarkable effect upon the rate of nucleation, /,
due to the exponential relationship. If, for an observable rate of [ = lfcm3s AG:jkBT is changed by a
factor of two, the resultant change in the nucleation rate is of the order of 1022. Thus, changing the
Icmpcmlure or changing the value of AG can enormously increase or decrease the nucleation rate. The
value of AG can be decreased by addmg crystalline foreign particles which wet' the growing nucleus o

the rnell ('nocu uon) or by 1ncreasmg the. un&cmnW‘
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Figure 2.4 Nucleation Rate and Nucleation Time as a Function
of Absolute Temperature

The overall nucleation rate, / (number of nuclei created per unit volume and nmr.) is influenced both by
the rate of cluster formation, which depends upon the nucleus concentration (N ), and by the rate of
atom transport to the nucleus. At low undercoolings, the energy barrier for nucleus formation is very
high and the nucleation rate is very low. As the undercooling increases, the nucleus formation rate
increases belore again decreasing (a). The decrease in the overall nucleation rate, at large departures (rom
the equilibrium melting point, is due to the decrease in the rate of atomic migration (diffusion) with
decreasing temperature. A maximum in the nucleation rate, /,,, is the result. This information can be
presented in the form of a TTT (time-lemperature-transformation) diagram (b) which gives the time
required for nucleation. This time is inversely proportional to the nucleation rate, and diagram (b) is
therefore the inverse of diagram (a) for a given alloy volume. The diagram indicates that there is a
minimum time for nucleation, t, (proportional to 1//,,). This minimum value can bc moved to higher
temperatures and shorter imes by decreasing the activation energy for nucleation, AG [dash-dot line in
(b)). When liquid metals are cooled by normal means, the cooling curve will generaliy cross the
nucleation curve (curve 1). However, very high rates of heat removal {curve 2) can cause the coolmg
curve to miss the nucleation curve completely and an amorphous solid (hatched region, glass) is then
{ormed via a continuous increase in viscosity (Fig. 1.1). Note that this figure relates to nucleation
(start of wransformation) only. The second curve of a TTT diagram which describes the end of the
transformation, after growth has oceurred, is not shawn.



Table 2.1  Critica’ Dimensions and Activation Energy for the
Nucleztion of a Spherical Nucleus in a Pure Melf (A = AsgAT)
Homogeneous Nucleation mo_nﬂomn:ao:n Nucleation
y 20 20
¢ Y Y
_ 32 3 RN oY
o
; ol | -5t
b 16w 167
(e (5 (2o
i ]
Table 22 Values of the Expression: f(8) = (1/4)(2 + cosd)(1 - cost)?
8(%) Type of Nucleation J6)
; 0 complete wetting no nucleation barrier #) 0
10 0.00017
20 0.0027
30 0.013
40 0.038
50 0.084
70 ) heterogeneous { 025 #
90 0.5
110 0.75
130 0.92
150 0.99
170 0.9998
180 no werting homogenenus 1

#) immediate growth can occur




TABLE 222

COMPOLNDS USED TO 100Y THE HETERDGENEUUS NLOTFATION

Cagmpoiind

Cristal sirnetire

OF ALUMINIUN FROM 1TS MELT®

dfar el parked Nuelowrivg offcet

planes

Vi 0-014 Stroag
i 0-060 Strong
TiHy 0048 Strong
AlB; ) 0038 Strong

& Cubic 0-145 Strong
NbC Cubic 0-086 Strong
WLl Hexagonal 0-035 Strong
CralCa Complex . We
Mg Complex - Weak or
[eaC Complex Weak or

TABLE 6.1

SOME GRAIN REFINING NLOULEANTS?

Metul or alloy

Grain refiner Commeni

Magnesium and Mg—Zr Zirconium added as

Zr o1 Zr-erriched Mg

alloys * alloy or salts peritecta nucled

Magnesium-aluminium Carbon, for example as AlyCa or AINALC
* hexachlorethane nuclei

Magnesium-aluminium  Superheating In presence of C,

Magnesium-aluminium- FeCl;

manganese
Mg-Zn
Mg-Zn

Al zlloys

Al alloys

Al alloys

Al alloys
Cu alloys

Bronzes
Cu-Al;Cu eutectic

Cu=-7";Al
Cu-99GAl

Low alloy steel

Silicon siee]
Low alloy stee|
Austenitic sicel

Tin alloys’

Lead alloyy

Lead alloyy

Type metal

Monel

Al-Si hyperentectic

Fe-C  (graphite)
Fe-C-Si (griphite)
Grey casl iron

Grey casl iron

Al4Cy undfor Al-Mn
nuclei

Fe-Al-Mn or Al;C5
nuclei

Fe compound nuclei

Nucleated by Ha (7))
TiC nucleus or peri-

tectic TiAly

FeCly or Zn-Fe
MH,

Ti as reducible halide
salts or as Al-Ti
hardener

Ti 4 B &s reducible
halice salts ar as
Al-Ti-B hardener

TiBa nuclei, more
resistant to melt
histary

Boron as reducible AlB; nuclei
halide salis or Al-R
MNiobum

Fe mctal or alloy Fe-rich peritectic
nucler

Transition nitrides and

borides or FeB

Titanium Mucleates primary Al

Mo, Nb, W, V

Bi

Titanium

Transition elements and

carbides

TiB: Dissolves and precipi-
tates TiN or ThC

Fe powder Introduction of micro-
chilling particles

CaCNa, nitrided Cr and In presznce of

other metallic powders
Germanium or indium
s
Se, Te .

As, Te

Lithium

Phosphorus as Cu-P,
PNCl; or proprietary
inoculant

Carbon

increased nitrogen.

Reatines 312.._.3__\..9

Refines sutectic,
probably through
nucleating graphile

Si alloys containing
aluminium, alkzline
earths and/or rare
carths

Refines eutectic, may
nuckate through
precipitition of
carbides or graphite
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a) spacing and structure,

a) Effcct of superheating on growth

ig. 25: b) Effect of superheating and holding of spacing during solidification.
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riguis 1 ocaagonal TiBs particles in Al-Ti-B master alloys can be approximated as circular
discs (a). Nucleation of «-Al occurs on the circular {0001} faces only. Growth (b) ol the
nucleated solid S into the liquid L and outward from the face ol the particle N involves an
increase in curvature of the liquid/solid interface as permutted by an increase in underccoling
The curvature is maximura when the liquid/solic interface s hemispherical. Free growth

beyond rhat pont during cooling constitutes athermal nucleaton.
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Figure 2. U:ﬁ:vbﬂ._&m _,ﬁ,:.w a_m mc_,BL:om.,E.u ; E\PJL of solid cap on a circular nucleant
area ¢s a _35253 of dimensionless cap height (A/rp) for selected values of dimensionless
undercocling (AT/ATg,) (equation (5)). The minima (maxima) in these energy curves
represent metastable (unstable) equilibrium confisurations. i
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a Cooling curve eomputad for AI-Ti alloy
containing 107 mm " particles of AlTI radius
fg=1jm, initial cooling rate 0-5K/s and # =
7°: b datail takan from inset Fig, 5a showing
corresponding variations of A/ = number of
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Figure 2.1 Thermal History of Equiaxed Dendritic Solidification

The above temparature-time curve is one which might well be obtained during a solidification sequence
such as that pictured in figure 1.9a. The usual cooling curve (a) begins to deviate slightly at the
vrdercooling where nucleation occurs, Dw..ﬂ At this peint, the first fraction of solid, f5, appears (d).
With further cooling, the nucleation rate, /, Tapidly incr=ases t¢ a maximum value (€). At Lie minimum
in the temperaturs-time curve, the growth rate, V, of the grains (i.e. of the dendrite ups) is at its
highest. The sudsequent increase in emperature is due to the high internal heat flux. gy, arising from
the rate of wransformaticn, f= df/dt), and the lztent heat released (c). (The maximum of the
lemperature can lie above the nucleation temperawre.) Note that [ is much more sensitive 0
emperature changes than is ¥ (). Most of the solidification which takes place atier impingement of
the grains involves dendrite arm coarsening at a Up growth rate, V, equal to zero. Durirg this time
interval, the number of grains, M, remains constant.
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Fig. 3.1 Relative change in surface free energy

as o function of the fraction of

surface sites which are occupied. & deperds on the crystal face, the type of crystal
: and the phase from which the crystal is growing (Jackson).



Table 2.4 Growlh Morphologies and Crystallisation Eniropics

Dimensiontess Supersaturated Phase Morphology
Entropy (AS;/R) Substance
mr metals melt non-faceted
-1 'plastic’ crystals melt non-faceted
2-3 semiconductors solution nf/faceted
23 semimetals solution niffacetcd
~6 molecular crystals solution faceled
~10 metals vapour | faceted
~20 complex molecutes mell faceted
~100 polymers mell faceted

Figure 2.7 Variation in Bond Number at the Solid/Liquid Tnferface
of a Simple-Cubic Crystal

In onder to understand the two types of growth shown in figure 2.6, the various ways in which an atom
<an be adsorbed at the solidfliquid interface have to be considered. Growth is determined by thic
probability that an atom will reach the interface and remain adsorbed there until it has been folly
incorporated into the crysial, This probability increases with an increasing number of nearest

i cated here,

neighbours in the crystal. The possible arrangements of atoms on the crystal interface are
where the numbers specify the number of neighbouring atoms in the crystal {when the crystal
coordination number i 6 as in a sfmple cubic crystal). The atoms of the liquid phase are not shown
here. A special role is played by type 3-atomssin the growth of faceted crystals because, having three
bands, they can be considered 10 be siwaterd half in the solid and hall in the liquid, A bkely growth
sequence would be: addition of type 3 atoms wntil a row is complete; addition of a type 2 atom o starta
new row; andl s6 on until a layer is complete. Thercupon, nuclcation of a new layer by the addition of a
type 1 atom would be necessary. This is an unfavourable process and requires a very high undercoaling,
“Therelore, other processes will play a role (Fig. 2.10). b

Figure 2.9 Development of Faceted Crystal Growih Morphologies

A growing cubic crystal which is originally bounded only by (100) planes (Jeft hand side) will change
its shape to an oclahedral form (bounded by (111)) when the (100) planes grow more quickly than the
(111) planes (a). Often, impuritics change the growth behaviour of specific plancs and this results in the
appearance of dilferent growth forms for the same crystal structure. TPthe (110) planes are the slowest-
growing. this will lead to a rhombohedral dodecahedron (b). The slowes!- growin
low-index.type) always dictate the growih habit of the crystal, The resaltant minimum growth raic form
is not he sam as tho equilibrium {non-growing) form, which is governed by minimisation of the total
surface cnergy.

10pem Figure 2.6 Non-Faceled and Faceted Growth Morphologies

Afier nucleation has occurred, further atoms must be added to the erystal in order that growth can
continue. During this process, the solid/Tiquid interface takes on a specific structure at the atomic scale.
Its nature depends upon the differences in structure and bonding between timid and solid. During the
solidification of a non-faceted material, such as a metal (2), atoms can be ailded easily to any point of
the surface and the crystal shape is dictated mai nly by the interplay of eapillarity effects and diffusion (of
heat and/or solute). Nevertheless, a remaining slight anisotropy in properiies: such as the inferface
energyleads to the growth of dendrite arms in specific crysiallographic directions. I Taceled materials,
such as-intermetallic compounds or minerals (b), the inherently rough, high-indes planes accept added
atoms readily and grow quickly.-As a result, these planes disappear and the crystal remains bounded by
the more slowly growing facets (low-index planes). The classes of-non-faceied anl faceted erystals can
be distinguished on the hasis of the higher entropy of fasion of the lalter. This is due 1o the greatcr
difference in structure and bonding between the solid and liquid phascs as comparcd 1o metals, whiéh
exhibit only very small dilferences botween the two phases,
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Figure 2.8 Form of Faceted (a) and Non-Faceted (h) Interfaces

A transparent orpganiz substance, when observed under the microscope duri
(upwards grow!

rectional sofidificat

m conl, top hor), can exhibit either of the growth forms shown in the upFe
diagrams. 1t is im 10 note that, during growth, a faceted interface (a) is japped and faceted att
microscopic scale (o diagram), but smooth at the akxmic scale (Tower diagram). On the other hand
nan-faceted interface’ (b) can be microscopically flat with some shight depressions duc 1o gen
houndarics [upper diagram), whtle at the atomie seale it is rough and uneven (lower dingram). The
roughness causes the sttachment of aloms to be easy and largely independent of the rrystal oricatatiog,
Mote also that interface of a non-faceted materizl will grow at a tlemperature which is close 10 the
melting point, Ty while the interface of a faceted material might have a very high It i
Such a point (arenw] is a re-gntrant comer (Fig. 2.10), and is associated with an incroase
nearcst ncighbows. Thus, growth will wnd 1 spread from here.
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Twin Plones
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interiaze showing the associated ledge, (After W.T. Rea
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FIGURE 224 .
Germanium erystal with bwo twin planes
has six favored reentrant sites 607 apart.

(From Hamilton and Seidensticker *7) Press, Oxford, 19651



A prowing cubic crystal which is originally bounded only by (100) planes (lcl
its shape o an octahedral form (bounded by (111)) when the (100) plancs grow more n.,.,,n_a:. { :
(111) planes (a). Often, impurities change the growth behaviour of specific plancs and this resulls i
appearance of dilferent growth forms for the same crystal structure. If the (110) planes are the stowest-
growing, this will lcad 10 a an.s.,o“..;...n_a_ dodecahedron (h). The slowesi-growing planes (usually of
low-index type) always dictate the growth habit of the crys
is ot the same as e cquilibrium (non-growing) form, which is governed b
surface energy.

Table 2.4 Growth Morpliologies and Crystallisation Entropies

ue

Dimensionless Super; ated
r Supersaturated Phiase Morpholagy
Entropy (ASr/R) Substance
~1 metals meit non-faceted
=1 ‘plastic’ crystals melt non-faccted
2.3 i semiconductors solution nfffaceted
2-3 semimetals sofution nfffaceted
~0 molecular crystals solution faceted
~1 metals A vapour faceted
~20 complex molecules melt faceted
~100 polymers melt faceted
[ 4
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FIGURE 9-14
Growth rate versus interface undercool-
10g according to the three classical laws.

Lzdee creanon by sorfuce o

- FaCs I
ST
PPN
€l

. cm1r'h’b.)\ 531

u

Ty
A gh
HJJ 7> <

T 2

s



10 um

lpomél;; :E;(;:rln Dli:fiﬁngsihof a slfblc interface (b), the perturbations will be unfavourably sitvated and tend
L t : © casting ol alloys, the solid/liquid interface is usually nmetalis
{orlae ; f ” ' 15 usually unstable, h
:;:rz[l:i; |_rq Unf"); ‘(;!lerlcd in special cases such as columnar solidification of purcymclals (F::gAI ;[";h?c
i ’.[a soticification gf alloys in a Bridgman-type fumace (Fig. 1.42) under a sufficiantls ?. ohr
perature gradicnt, G. The indicated scale is typical for atloys under normal casting C;)ndftiuns y hig

Figure 3.2 Columnar and Eguiaxed Solidification of a Pure Substance

In a pure substance, stability depends on the direction of heat flow. In dircctional solidification, as in
the columnar zone of a casting, the liquid temperature always increases ahead of the interface (a).
Therefore, the heat flow direction is opposite to that of solidification. When a perturbation of
amplitude,s, forms at an initially smooth interface, the temperature gradient in the liquid increases while
the gradient in the solid decreases (compare full and dotted lines along scction, A-A). Since the heat flux
is proportinnal to the gradient, more heat then flows into the tip of the perturbation and less flows out
of it into the solid. As a result, the perturbation melts back and the planar interface is stabilised. In
equiaxerd solidification, the opposite situation is found (b). Here, the free crystals grow into an
underconled melt (cross-hatched region) and the latent heat produced during growth also flows down the
negative temperature gradient in the liquid. A perturbation which forms on the sphere will make this
gradient steeper (full line compared to the dotted line) and permit the tip to reject more heat. As a result,
the local growth rate is increased and the interface is always morphologically unstable.
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Figure 6: Adsorption of impurity atoms on growth steps of a silicon

crystal causes twinning to occur. (After reference 2)

FIGURE 9-32
Idealized representation of development
of hopper crystals.

SIGURE 9-28 B
Jevelopment of a KCI dendrite. (From Papapetron.”?)
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FIGURE 9-30
Faceted dendriles of matepials of two ditTeremt crystal structures, (7
Sararovkin,**)
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FIGURE 9.29
Development of 4 NH,Cl dendiire.
(From Papapetron. )
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Fignre 3.5 Condition for Constitutional Undercooling at the Solid/Liquid
Interface, and the Resultant Structures

When the temperature gradient due to the heat (lux is greater than the liquidus temperature gradient at

Figure 3.4 Constitutional Undercooling in Alloys the solid/liquid interface, the latter is stable (2). On the other hand, it can be seen that a driving (otee for
; interface change will be present whenever the slope of the Tocal melting point curve (liguicus
temperatre) at the interface is greater than the slope of the actual lemperature distribution. This is
160 : casily understood since the undercooling encountered by the tip of a perturbation advancing into the
melt increases and therelore a planar interface is unstable (b). Note that the temperature profile in (1) is
unstable ouly hypothetical; alter the dendritic microstructure shown in the lower figure has developed, the region
80 of constitutional undercooling is largely eliminated. Only a much smaller undercooling remains at the,
- tips of the dendrites as is shown in figure 4.7c,
P
o
i
- 80 : stable
-160 . ErEle PRy S5 T Tl
) 10 107 10°
AMpm)

Figure 3.7 Rate of Development of a Perturbation at a Conslitutionally
Undereooled Interface

Here the parameter, /¢, describes the relative rate of development of the amplitude of a rw_n:lil
sinusoidal perturbation in the case of a specific alloy (Al-2wr%Cu) under given growth conldalmns
(V= 0.1mm/s, G = 10K/mm). At very short wavelengths, the value of this parameler is negative due
Lo curvature damping and the perturbation will tend 1o disappear (Fig. 3.1b). At wavelenpihs greater
than A; and above, the sinusoidal shape will become more accentuated (instability - figure 3.1a). The
wavelength having the highest rate of development is likely to become dominant, The reason for the
Lendency to stability at high A-values is the dilficulty of dilfusional mass I.ransl_'cr aver Iurg(_: distances.
When the interface is completely siable, the curve will remain below the € J& = O line for all
wavelengths. This implies the disappearance of perturbations having any of these wavelengths
(appendix 7).
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Figur: 4.20 The transition of growth morphology from planar, to cellular, to
denditic, as compositionally induced undercooling increases (equivalent to G/R
being reduced).
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FIGURE 5-1

Sketch of ingot structure showing chill zone, columnar zone, equiaxed zone.

(From Bower and Flemings.")

FIGURE 5-25
Development of a preferred texture at a
chill face. d

FIGURE 5-14

1000 ¢
Ze L
< 3 i
1'1:1‘25 100
&5 3 o3
‘z=§ E x UNIDIRECTIONAL INGOT ’\Q
Bv [ o FURNACE COOLED
10— ol vt sl el Ll (s W M
104 1073 10°2 107! | 10!
COOLING RATE, °C/sec
(a)
1000 - 1
= . 3 =
[ x|
Y Y
oy
AR
DA

SECONDARY ARM SPACING (u)

30 i
20 [_“L SILE By FY ) (A S W L I LA A S PRI
1 2.8 5 10 20 30 50 100 200 500 1000
AVERAGE COOLING RATE (°C/min)
(b)

FIGURE 5-15
Some experimental data on dendrite arm spacings in ferrous alloys. (a) Fe-25%
Ni alloy (from Flemings et al.'*); (h) commercial steels containing from 0.1 to

0.9% C (from Suzuki et al.>?).

Formation of new primary arms by branching from secondaries.
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Figwre 4.9 Unoptimised Growih Rafe of a Hemispherical Needle for 2 = Constant

For a hemispherical needle crystal, the solution of the diffusion cquation shows that the supersaturation,
12, is equal 1o the ratio of the tip radius 1o the characteristic diffusion length. This dimensionless 1atio
is known as the Péclet number, P (= RV/2D). Yor a given supersaturation, the product, RV, is
thereloie constant and means that cither a dendrite with a small radius will grow rapidly or one with 4
large sadius will grow slowly {diagonal line). AL small K -values, the dilfusion limit i cut by the
cupillavity limit. “The minimum radivs, K, is givea by he eritical radivg of nucl L r° (able 2.1).
A masinum value of V therefore exists, Because iy was reasoned that the fastest-growing dendrites
would dominate steady-state growih, it was previonsly assumed that the radius chosen by the sysicm
would be the one which gave the highest growth rate (extremum value, R = 2,). However, experiment
indicates that the radios of curvature of the dendiite is approximately equal o the lowest wavelength
pertutlition of the tip, which is close to A7 (Fig. 3.7). This is refecred 1 as prowth at the limil of
stabiluy (R = Ry).
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Figure 401 Optimised Dendrite Tip Radius as 0 Fonction of Growih Rate

It is assumed that, in directional solidification, growth oceurs with a tip radivs which is equal to the
minimum instability wavelength, A7, curves such as those above can be generated. They indicate the
magnitude of the dendvite p radius Tor a given growth rate and temperature gradicnt, Note the marked
elfect of the temperature gradient upon the radius of curvature at low growth rates (constrained growih
regime or cellular (c) regime e.g. for G = 0.1K/mm between Vo= 10-7 and v = I(i"smmh}_ A
sulliciently high pridiens, o g sulficiently low growih rue Ve = GDI ATg) will lead w0 the e
estublishment of i planar (p) interfuce i.e,  'dendrite’ with an infinite radius of Curvature).
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ure 4.3 Breakdown of a Plane Solid/Liquid lnterface to <dive Cells

The development of penorbations at the constitutionatly undercouled soliddiguid werface (lower prart of
figure) is only a transicnt phenomenon. The tips of e pertacbations can readily wjeet solute while the
depressed parts of the interface accumulite salule and advance much more slowly. The initial
wavelength is too small for fusther rapid growth 1o oceur, and the final reselt is the formation of a
cellular structre, Note that the witvelength havs approximately doubled betweean the initial peciuthation
and dhe final cells, Also, the spacing between e cells is ot constinl, The intial cellular morphology
citn adjust itsell o give a nwre aptimmm prowh fora via the cessation of poowth of some cells (1) in
order 1 deciease theit number, or by the division of cells in order 1o increa- s the number present. The
division of cells is not shown here, but it resembles the change al point A, with two branches
continuing 1o grow. Fucthermore, the larger centee cells (C) have slightly perturbed surfaces and this
supgests that, in the intereellular liguid, some driving force remains for fother morphological change
which might possibly lead 1o dendrite formation,

18

'T‘L[cr,: 3

Figure 4.8  Solufe Rejection at the Tip of an Tsolated Dendrife

During dircctional solidification, where the isotherms move duc to the imposed heat flux, a needle-like
crystal can grow more quickly than a flat interface due o the more efficient solite redistiiluion: .
atoms rejected at the interface ol a thin needle can diffuse ontwards into a large volume of ligeid, Thes,
the solutal diffusion boundary layer, &, of the needle is smaller than that of a planar interface. Also,
because the interface is not planar, the solid formed does not have the same composition as the aripinal
liguid {as it does in the ease of steady state plane-front growth - Fig. 3.4). When a positive pradicnt is
imposed, as in dircctional solidification, heat is eatracted through the solid, 1, Turthermore, thermal
dilfusion is rapid (as in metals) the form of the isotherms will be affected only slightly by the interface
muorphology. Thus, in the case ()f{limclifm:llly solidifying dendrites, solute diffiusion alone will be the
limiting factor. The growth temperatuee, T of the tip will deline a solule undercoaling, A7, or, via
the phase diagram, the degree of snpersaturation, £2:= ACJAC* . The determination of £2 as 2 function of
the other paramelers requires the solution of the differential equation which deseribes the soliie
disteibution. The simplest solution is obtained when the tip marphology is supposed (o be
hemispherical. Tnstead, the real Torm of the dendrite tip is closely represented by a paraholoid of
revolution,
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Figure 4.12  Liguid Concentration at the Tip of a Needle Crystal in
Directional Growth

Prom the vadivs ol corvatore predictad by Tiguee 401, the associated interface concentrition can be
derived. The blunt cell () tips which exist close 1o the limil ol constitutional  undercooling,
Vo =GL/AT,, | cannul casily dissipate the solute rejected there and the tip concentration will therefore be
higher than that alead of a sharp dendrite tp. 16 the wemperature gradient is zero or negative, this will
not oceur as no cells are formed in this case. At very high growth rates, (the interface concentration in
the liquid will again increase to high values due to the increase in supersaturation necessary to drive the
process. Again, at very high growi rates V2V, =aTpDAT a crystal with a supersaturation of unity will
graw which has the same composition, Cg, as the alloy (the composition of the liquid an the interface
is then equal 1o Cyfk). Under these conditions, a planar solid/liquid interface (p) will result; as in
growth at low rates in a positive lemperature gradient (grey regions). Note that the composition of the
solid is related 1o € viathe disuibution coefticient, &, ‘The lawer becomes a function of Voat growth
rates of the order of 100 mms or above (see chapler 7).
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Figure 4.13 Interface Temperature of a Needle Crystal in Directional Grow

of the existence of local equilibrinm at the solid/Tiquid
we associated witlt the tip concentration (Fig. 4.12). At
Jus lemperature, In the low prowth rate

Use of the phase diagram and the assumption
interface permit the ealculation of the femperalt sl
168
i th rates, the tip tempetrature 1eaches ] =
= m;fdlu: li:‘;titi::l rate whczr}c the dendrile tip temperature and solidus l(‘.rll!)cfn:I‘lT(: atei c.-(.],:‘fg :Eur :
e i ince it can grow at a higher lemp 3
i stable since it can g
hand side), the planar {ront is the more stable \ et
2;? i L ki::clrmway n[)imcrprcting the limit of constitutional undereaoling). A similar arg
"his is ano

applies at high growth rales.
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Figure 4, imati i
g 14 Estimation of the Primary Spacing in Directional Solidification

n tﬁmcmm_ mﬁw:n.mmcau. the dendrite up radius is nnt ag im
since it is very difficult to measure it direc
Pomary spacing. In order o estimate the pri

rortant a parameter as the primary spaci
ty. However, the tip radius has somc m:aznm__w__n Mz “”m
mary spacing, the dendrit imagi iptical i
din : " 5 are imagined 1o }
&mmwﬂz.n—nﬂma‘_nnm&&om ‘Ea major hall-axis, a, of the ellipse is equal to >Hm‘___n. _.H_M_.wa M:%ﬁ.n»“:
i tween the tip ﬁnwﬁoﬂEﬁ and the melting point of the last interdendritiz Ti ¢ iy
Spacing, A1, which is propertional to the minor half-axis, b, can be determined de

consideratiors. The factor, 0.58. ari | i
i o T » AMSCs from the assumption that the dendrite

- The primary
simple geometrical
trunk arangement is

Ay, Rimm)
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Figure 4.15  Morphology, Tip Radius, and Spacing of Cells and Dendrites

Accarding to the dendrite model, the tip radius decreases from very large values at the limit of
constitutional undercooling, V., tu sumll values at high growth rales (as in figure 4111, Over the range
of dendritic growth, the primary spacing decreases approximately as the square-raol of K (equation
ng interface structures are also shown and vary from planar at growth rates les
hey give rise to cellular structures

4,18, The corresp
than V.. to cells and (o dendrites which become finer and finer uni
again when ¢lose to the limit of absolute stability, At V=V, cell to
again give a planar interface. (For more details on rapid growth, see chapier 7).

ification structures disappear ed



Figure 4,16 Establishment of the Secondary Dendrite Arm Spacing
in Dguiaxed Solidilication

In contrast to the primary spacing, the sccondary dendrite arm spacing, as imeasured in the solidified
melal, is largely determined by anncaling processes occurring during growth of the dendrites (Fig, 4.6)
Due to aripening phenomenon, smaller (higher curvature) features disappear and Teed' the prowil of the

already larger {eatures. The upper fignres illustrale the madel assumed in calculating M of fect of thes
changes, while the lower photographs show equiaxed cyclohexane dendrites (a) just after solidification,
and (b) 20 min later. In these photagraphs, the black areas correspond (o the solid phase and ilie whie:
areas (o the liquid phase. Note that the primary spacing in an equiaxed structure is not well-defined and!

usually corresponds o the mean geain diameter, [Phowopraphs: KA Jackson, 1.0 Hunt, 111, Uh]m:m,
T Seward, Transactions of the Metallurgical Society of AIME 236 {1966) 149],
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Figure 2-9: Schematic
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representation of five dendrite coarseni ig models
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Figure 4.6 Growing Dendrite Tip and Dendrite Root in a Columnar Structure

Depending upon the directional growih conditions, the dendrite (from the Greek, dendron = trec) will
develop arms of various orders. A dendritic form is usually characterised in terms of the primary
(dendrite trunk) spacing, Ay, and the secondary (Jendrite arm) spacing, A, Terliary arms are also oflen
observed close to the tip of the dendrite. Tt is important to note that the value of Ay measured in the
solidificd microstructire is the same as that existing during growth, whereas the secondary spacing is
enormously increased due to the long contact time between the highly-curved, branched structure and the
melt. The ripening process not only madifies the initial wavelength of the secondary perturbations, Ay',
to give the spacing which is finally observed, A7, but also often causes dissolution of the tertiary or
higher arder arms. The two parts of the figure are drawn at the same scale, refer to the same dendrite,
and illustrale morphologies which exist at the same fime but which are widely separated along the trunk

length (by about 100 A).
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Figure 4.18  Schematic Summary of Single-Phase Solidification Morphologies

This diagram summarises the various micrastruetures which can be abtained using a fypical alloy, with
ATp=38K, when the imposed temperature gradient, €7, or growth ate, V, are varied. Provided that a
unidirectional heat flow is imposed, the product, G-V, is equivalent to the cooling rale 7. which
controls the scale of the microstructures formed. Maoving from the Tower left to the vpper right along
the Tines at 45° Ieads (o a refinement of the structure for a given morphology. The ratio, GFV, largely
determines the growth morphology. Passing from the Tower right to the upper left leads (o0 chanpes in
morphology (from planar, to cellular, to dendritic growth), Superimposed on the diagram are typical
conditions for tivo solidification processes, casting and directional solidification (12.5.). The conditions
required (o produce single-erystal tnrbine blades (Fig, 4.5) are those at (he upper end of the vettical line
marked 1.5, Processes which produce perfect (hemopencous) single erystals under coneditions of plane
ront growth, such as those required lor semiconductor-devices (silicon) are found at the bottom of the
same vertical line. In a conventional casting, the growth conditions at the solid/liquid interface change.
with time approximately in the manner indicated upon fellowing the slightly inclined arrow from right
to lefi. The eurve indicales the ealumnar (o equiaxed transition for this alloy with k=0.64 and a
mcleation density and nucleation undercooling of N =4 10" m" and AT, =15 K respectively,
Cinmann et al, (1997),



During solidification, the solid/
liguid interface refects solute into
the liquid (we consider here the
frequent case when the solubility
of the solute element in: the solid is
smaller than in the liquid). This
will-always lead to concentration
varigtions in the solidified alloy,
known as micro-segregation. The
understanding of this phenomenan
is the key to interpreting the
influence of solidification an the
mechanical properties of cast
products. Madeling is greatly
facilitated .E\ distinguishing
between impostent factors and
noz.__ﬂuong:.mdmm.n s

< Case

An Al-29%Cu alloy is salidifying uni-
directionally at a constant velocity V. The
temperature gradient G is impesed by
the experimentai configuration and we
consider for simplicity that there Is no
flew. The primary dendrite arm snacing
is defined as 4.

use the values as defined in Table

llustration:

Figure a): Langitudinal representation of
growing dendrites

Fram Prof. C. Beckermann, Soiidification
Course 2003, EPFL-Calcom :

Figure B} Transversal representation of growing
dendrites (red line in figure a).

Number | Symbol |Value Unit Name - ]
1 \A 0.1 Imm/s |Isotherm speed

2 G 11000 [K/m  |Thermal gradient
i3 ik 014 - | Equilibrium distribution coefficient
l4 m [-2.6 K/wtd | Liquidus siope
[5 . 1660 52 Meiting point of pure Al
i6 T 574 ae Eutectic tTemperature
7" 1<, 12 \wt%  Alloy concentration B
8 2 33.1 Wi Eutectic concentration
9 9 1500 wr Primary dendrite arm spacing
|10 |8, |3.107 (m7/s | Diffusion coefficient in liquid
17 |D, 13.10"7 'mis  |Diffusion coefficient in solid

12 o 3.7.10° mMYs  Thermal diffusivity
Tavle 1:
Vaiues i-2, ¥ are given by the experiment,

they should be measured.
Values
of the Al-Cu system.
Value 7 is an input of the problem.
Yaives
books.

3-8, 2 are given by the phase diagram

10-1 2 snouid be found in reference



& Results

1) Liquidus temperature, T,

The liquidus temperature can be
calculated as follow;

T.=T,+m-C,=654.8°C
2) Mushy zone length, L,,

The mushy zone length can be calculated
as follow:

cu= (T - Tyr) / G= 0.0808 [m]
= 8.08 [cm], not so small!

3} Local solidification time, t,

The local solidification time can be
calculated as follow:

t=1L,,/ V.= 808 [s] = 13.5 minutes

4) Mean transversai speed of the solid/
liquid interface in Figure b), V.

The mean spead of the s/ intarface in
view b) can be calculated as follow:

Vo =(M2) [ t,=3.1 107 [m/s]
=0.37 [um/s] << v

The transversal growth speed is much
smaller than the longitudinal growth rate,

3) Estimation of the thermal and solutal
diffusion lengths in the liquid (Figure b)

g =2/ V. = 119.7 [m] >> &

Lowm =0/ Vo =97 [mm]>> &
This means that the temperature in the
liguid can be considered as uniform as well
as the concentration (camplete mixing).
Nate that the thermal diffusion length is
10°000 farger than the solutgi one.

6) Estimation of the thermal and soiutal
diffusion lengths ahead of the primary
dendrite tips

Lo = & Y, = 0,37 [m] >> A
Lowm =0, 7V, =2 103 [m] <<

The salutal gradient akhead of the primary
dendrite tips cannot be neglected,

7) Estimation of the characteristic
solutal diffusion times in the liquid and
solid on the scale of dendrite arm
spacing (Figure b))

Liquo = (M2 /D, =208 [s] <<
fow = M2/ D=2 . 108 [g] 5,

This means that there is enough time to

smoath concentrations profiles in the liquid

while this is not the case in the soll ;
gradient in the solid will be present after
solidification.

8) Estimation of the characteristic
solutal diffusion time in the liquid over
the length of the mush

biguo = (L) / D = 2.2 105 [s] >>

This means thot solutal diffusion in the

liquid parallel to dendrites can be neglected

because the characteristic time is much
greater that the solidification time

¢ Cenclusion

Knowing the importance of the these
“orders of magnitude” influences on
solidification can help us to distinguish
between important factors and less
important factors. These can then help us
develop more simplified, but realistic,
computer models of selidification
phenomena while saving a lot of
caleulation time,
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