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TABLE 1.1

THE CHANGE IN VOLUME ON MELTING OF SOME COMMON METALS

Change in

Metai Crystal structure Mel'u.:zg P "_‘m volume on
¢e) melting (%)

Aluminium Ecich 660 +6:0
Gold fcc: 1063 +351
Zinc h.c.p. 420 +42
Copper f.ec 1083 L 4-15
Magnesium h.c.p. 650 +4:1
Cadmium - h.c.p. 321 +40
Iron b.ee./ffce. 1537 +30
Tin tetr. 232 =23
Antimony rhombohedral 631 —095
Gallium f.c. orthorhombic 30 —32
Bismuth rhombohedral 271 —335
Germanium dia. cubic 937 —5-0

“ Data from Schneider and Heymer. !

TABLE 1.2

LATENT HEATS OF MELTING AND VAPORISATION OF SOME
COMMON METALS®

Latent i
Melting  heat®  Boiling Latent hear®
Metal Crystal point of point  of vaporisa- L.
Sructure: ¢y melting ©°C)  tion(Ly) Lm
(L)

Aluminium feie 660 25 2480 69-6 27-8
Gold foc 1063 3-06 2950 81-8 26-7
Copper Fee. 1083 311 2575 72-8 23-4
Iron fce/bee. 1536  3.63 3070 81-3 22:4
Zinc h.c.p. 420 1-72 907 27-5 16:0
Cadmium h.c.p. 321 1:53 765 23-8 156
Magnesium h.c.p. 650 208 1103 32-0 154

“ Data from Smithells.2
® Latent heats in kcal mol - 1.
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TABLE 1.4
COMPARISON OF STRUETURAL DATA FOR LIQUID AND SOLID METALS
OBTAINED BY DIFFRACTION?

1—__-\_——-__ 4__—._._77
: Liguid _ Solid
Mezal atomic  co-ordination  atomic  co-ordination
separation number separation number
Aluminjum 2-96 10-11 2.86 12
£ing 294 1 265 6
294 6
Cadmium 3-06 3 2.97 6
330 6
Gold 2:86 11 288 12

e o e RO MR s TR T

“ Data abstracted from Vinevard. 5

TABLE 1.3

ENTROPY CHANGES DURING THE HEATING OF SOME COMMON METALS®

Meral Change in entropy® Entropy of %
298°K 1o melting point AS melting ASg, AS

Cadmium 4-53 ) 2-46 0-54
Zinc . 545 2-55 0-47
Aluminium 7-51 275 0-37
Magnesium 7-54 2:32 0-31
Copper 9-79 2:30 0-24
Gold 9-78 2:21 023

Iron 1550 2:00 013

¢ Data from Hultgren er al.?
¢ Entropies in cal mole~1 “K -1
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Fig. 44 A two-dimensional representation of an instantaneous picture of the liquid
structure. Many close-packed crystal-like clusters (shaded) are present.
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Figure 2.2 Free Energy of a Crystal Cluster as a Function of its Radius
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Figure 1. The Effect of Added Elements on the Surface
Tension of Pure Aluminum at 700-746°C in Argon.
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Maximum undercoolings of meits

Material M:]mtg point Maximum Material Melting point Maximum
(K) undercooling (K) undercooling
4T(C) 4T(C)
Large Smalltt Small
samples samples samples
Ag 1234 227 H.0 273 39
Al 932 130 NH; 195.5 40
Au 1336 221 BF, 1445 17.8
Bi 544 30 90 SO: 197.6 33
Co 1763 330 CH,Cl 175.6 55.6
Cu 1356 236 CCL 250 50.4
Ga 302.8 55 76 CBr, 363 82
Ge 1231 30 193 CgHs 278 70
Fe 1803 295 (CH;Br)2 282 66.5
Hg 214.1 14 46 CsHy 395 120
Mn 1493 308 CH,3Br 179.4 24.4
Ni 1725 319 CH,NH: 179.7 35.7
P 317 115 80 Cly 209.7 52.5
Pb 600.7 80 Diphenyl 344 86
Pd 1828 3312 Naphthalene 353 94.4
Pt 2046 370 Cyclopropane 145.8 17.83
S 393 70 165 Thiophene 234.9 50.7
Sb 903 135 InSb 698 110
Se 453 25 InSb+13;Te 690 55
Sn 505 3l 115

t Note that Burns and Tumnbull (1966) have shown that the undercooling achieved depends on the rate of cooling.
1 The idea of using small samples is to reduce the chance of nucleation by a foreign solid particle. However, results on very small samples
should be treated with care. Petrov (1965) has shown that samples of lead, bismuth and antimony with diameters of about 2.5 10~* mm
had melting points which differed from those found in the bulk by +53, —39 and —15 C respectively.

Type of melt Range Median
TP yis(ergem™)  ATIT  yis (ergem™)

Metals 0.13-0.32 32-260 0.19 130
Alkali halides 0.14-0.24 40-180 0.18 65
Molecular 0.12-0.32 7-35 0.21 24
Long chain

hydrocarbons 0.037-0.043 7-10 0.041 S
Polymers 0.13-0.22 0.18 ~20
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Figure 2.5 Nucleation Rate as a Function of Activation Energy, AG:

Variations in the value of the term, AGﬁ/kBT. have a remarkable effect upon the rate of nucleation, f,
due to the exponential relationship. If, for an observable rate of / = 1fem?s, AG:ﬂ:BT is changed by a
factor of two, the resultant change in the nucleation rate is of the order of 1022, Thus, changing the
\cmpcmlure or changing the value of AG can encrmously increase or decrease the nucleation rate. The
value of AO can be decreased by addmg crysuxlhnc foreign pamclcs which 'wet’ the growing nucleus to
the melt Gnm:ul.auon), ar by incre: RN

Te

axp (- 8Gy/kgT)

7 axp (-AG0 rkgT)

Lem gl —

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 um::) is influenced both by
the rate of cluster formatien, which depends upon the nucleus concentration (N ). and by the rate of
atom transport (o the nuclous. At low undercoolings, the energy barrier for nuc[eus formation is very
high and the nucleation rate is very low. As the undercooling increases, the nucleus formation rate
increases before again decreasing (a). The decrease in the overall nucleation rate, at large departures from
the equilibrium melting point, is due ta the decrease in the rate of atomic migration (diffusion) with
decreasing temperature. A maximum in the nucleation rate, 7y, is the result. This information can be
presented in the form of a TTT (time-temperature-transformation) diagram (b) which gives the tme
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, ¢, (proportional 10 1//,,). This minimum value can bz: 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 genemiiy cross the
nucleation curve (curve 1). However, very high rates of heat removal (curve 2) can cause the coolmg
curve to miss the leation curve comp and an h solid (hatched region, glass) is then
formed via a continuous increase in viscosity (Fig. 1.1). Note that this figure relates to nucleation
(start of transformation) only. The second curve of a TTT diagram which describes the end of the
transformation, after growth has occurred, is not shown.
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SEM micrograph of a particle-reinforced ex situ metallic glass matrix composite exhibiting shear band arresting.

Smaller dendrites and needle crystal phase are also present.

D. C. Hofmann, Journal of Materials, 2013, Article ID 517904.
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Fig. 1.7. Yield strength, o,, vs. density, p. HEAs (dark dashed circle) compared with other materials, particularly structural
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are among the materials with highest strength and specific strength [5].
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Y.F. Ye, Q. Wang, J. Lu, C.T. Liu and Y. Yang, “High-entropy alloy: challenges and Prospects”, Materials Today, Vol.19, 2016, 349-362.
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Table 2,1 Critical Dimensions and Activation Energy for the

Nucleation of 2 Spherical Nucleus in a Pure

Melt (Ag = AspAT)

Homogeneous Nucleation Heterogeneous Nucleation
3 3
" -GNE) AL
3 3
@) | @y

Table 2.2 Values of the Expression: f{8) = (1/)(2 + cos@)(1 — cosg)?

9¢) Type of Nugleation A&
0 complete wetting no nucleation barrier #) 0
10 0.00017
20 0.0027
30 0.013
40 0.038
50 0.084
70 heterogeneous 0.25
90 0.5
110 0.75
130 0.92
150 0.99
170 0.9998
180 no wetting homogeneous 1

#) immediate growth can accur

Compornt  Crystad sirueinre

A\
TiC
TiBs
Alls,
ZrC
NhC
Wl
Cr;C,
MngC

FeiC

TABLE 2.2
COMPOLMDS USED TOMUDY THE HETFROGENFOUS NLCLEATION
UF ALUNMINIUM FROM 1TS MELT®

)
¢ for close-packed . . ,
1/ ! P Nuctearivg efieet

planes
Cuhic 0114 Strong
Cubic D-us0 Strong
Hexuwonal 0-048 Strong
Hexagonal 0-038 Strang
Cubic 0145 Sirang
Cubie 0-086 Strong
Hexagonal 0035 Strong
Complex : e Weuk or nil
Complex - Weak or nil
Complex Weak or nil

5/25/2017
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TABLE 6.1

SOME GRAIN REFINING NUCLEANTS®

Metal or alloy

Grain refiner

Comment.,

Magnesium and Mg-Zr Zirconium added as

alloys

Magnesium-aluminium Carbon, for example as

~ alloy or salts

* hexachlorethane

Magnesium-aluminium Superheating

Magnesium-aluminium- FeCl,

manganese
Mg-Zn
Mg-Zn

Al alloys

Al alloys

Al alloys

AI alloys

FeCl; or Zn-Fe
NH;

Ti as reducible halide
salts or as Al-Ti
hardener

Ti 4 B as reducible
halide salts or as
Al-Ti-B hardener

Boron as reducible
halide salts or Al-B
Niobium

Zr o1 Zr-enriched Mg
peritectic nuclei
Al4C3 or AINAILLC,
nuclei

In presence of C,
AlsC s andfor Al-Mn
nuclei

Fe-Al-Mn or AlsC3
nuclei

Fe compound nuclei
Nucleated by H> (?)
TiC nucleus or peri-
tectic TiAl3

TiB3 nuclei, more
resistant to melt
history

AlB3z nuclei

Cu &lll(;yﬁ
Bronzes

Cu-Al;Cu eutectic
Cu-7°Al
Cu-9"7Al

Low alloy steel
Low alloy sicel

Silicon steel
Low alloy steel
Austenitic steel

Tin alloys

Lead alloys

Lead alloys

Type metal

Monel

AL-Si hypereutectic

Fe-C _(gruphite)
Fe-C-Si (gruphite)
Grey cast irpn

Grey cast irop

Fe metal or alloy

Transition nitrides and

borides or FeB
Titanium

Mo, Nb, W, ¥V
Bi

Titanium

Transition elements and

carbides
TiBz

Fe powder

Fe-rich peritectic
nuclei

Nucleates primary Al

Dissolves and precipi-
tates TiN or TiC
Introduction of micro-
chilling particles

CaCNg, nitrided Cr and In presence of

other metallic powders
Germanium or indium

S

Se, Te

As, Te

Lithium

Phosphorus as Cu-P,
PNCl; or proprietary
inoculant -

Carbon

Si alloys containing
aluminium, alkaline
earths and/or rare
curths

increased nitrogen .

Retines prEmuryf.Si

Refines eutectic,
probably through
nucleating graphite

Refines eutectic, may
nucleate through
precipitation of
carbides or graphite

5/25/2017

13



ACOUSTIC CAVITATION

compression compression COmpression compression

I
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bubble ey  bubble grows in —_— reaches ey  Undergoes
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M. Khosro Aghayani, B, Niroumand / Journal of Alloys and Compounds 509 (2011) 114-122

Fig. 2. Microstructures of AZ91 alloy cast at 700°C: (a) without ST, and with UST for 5min at (b) 20%, (c) 40% and (d) G0% applied power.

M. Khosro Aghayani, B. Niroumand / Journal of Alloys and Compounds 509 (2011) 114-122
Effects of ultrasonic treatment on microstructure and tensile strength of
AZ91 magnesium alloy
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Fig. 5. SEM micrographs of different intermetallic phases observed in different samples: (a) without UST, and with UST for 5 min at (b) 20%, (c) 40% and (d) 60% applied
power.

Fig. 1 - Effect of external pressure on the microstructure of squeeze cast LM13 alloy: (a) 0 (atmospheric pressure), (b) 20 MPa,
(c) 53 MPa, (d) 106 MPa, (¢) 171 MPa, (f) 211 MPa (Ty, =730°C and T4 =200°C).

5/25/2017
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riguie 1. ucaagonal TiBs particles in Al-Ti-B master alloys can be approximated as circular
discs (a). Nucleation of e-Al occurs on the circular {0001} faces only. Growth (b) ol the
nucleated solid S into the liquid L and outward from the face of the particle N involves an
increase in curvature of the liquid;/solid interface as permitted by an increase in undercooling.
The curvature is maximum when the liquid/solid interface is hemispherical. Free growth
beyond that point during cooling constitutes athermal nucleation
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Figure 2.1 Thermal History of Zquiaxed Dendritic Selidification

Solid-liquid intrerface

Atomic scale!
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Atomic scale
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(b) Solid

Microscopic scale

<

Figure 2.6 Non-Faceted and Faceted Growih Morphologies

After nucleation has occurred, further atoms must be added to the crystal in order that growth can
continue. During this process, the solid/liquid interface takes on a specific structure at the atomic scale.
Its nature depends upon the differences in stracture and bonding between liquid and solid. During the
solidification of a non-faceted material, such as a metal (), atoms can be added eagily to any point of
the surface and the crystal shape is dictated mainly by the interplay of capillarity effects and diffusion {of
heat and/or solute), Nevertheless, a remaining slight anisotropy in properties such as the interface
energy leads 1 the growth of dendrite arms in specific crystall graphic directions. Tn faceted ials,
such as intermetallic compounds or minerals (b), the inherently rough, high-index planes aceept added
atoms readily and grow quickly. As a result, these planes disappear and the crystal remaing bounded by
the: mere slowly growing facets (low-index planes), The classes of non-faceted and faceted crystals can
be distinguished on the basis of the higher entropy of fusion of the Iatter. This i due to the greater
difference in structure and bonding between the solid and liquid phases as compared to metals, which
exhibit only very small differences between the twe phases.

|_—Faceted
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Microscopic scale

Cu-Ag2M ZIXK|IL Ag=X|4  sn(Sb) TEX] Lol A MAE p-snsb3lEe

(a) Non-faceted (b) Faceted

Examples of non-faceted growth morphologies

Non-faceted dendrites in a nickel-based super alloy single-crystal weld
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Examples of non-faceted growth morphologies

Examples of non-faceted growth morphologies

Non-faceted-interface morphology for SCN crystals
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Examples of non-faceted growth morphologies

B o PN,

%

Non-faceted dendritic growth of
a hypoeutectic Al-Si alloy

Non-faceted non-dendritic growth
of a hypoeutectic Al-Si alloy

Examples of faceted growth morphologies

Faceted NbC dendrite in a Fe-34wt % Cr-5wt % Nb-4.5wt % C alloy
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Examples of faceted growth morphologies

Faceted ice dendrite formation

Examples of faceted growth morphologies

Faceted snowflake
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Examples of faceted growth morphologies

10pm 10um 10pm 20pm

Faceted primary Mg,Si particles in an Al-Si-Mg alloy

Examples of faceted growth morphologies
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Examples of faceted growth morphologies

AN )

(b)

Faceted growth of graphite basal plane by
(a) 2-D nucleation and migration of ledges and
(b) spiral growth

Examples of faceted growth morphologies

100 pm
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NiWC in a laser surface
alloyed sample

Faceted TiB, crystals in an Al alloy

(d)

FIG. 2. 3D marphologies of primary ALMn IMCs at | ums () and (c), unit cell of AlMn IMCs (b), and indices of crystal planes corresponding to
Fig. 2 (d).

H. Kang and T. Wang, “Faceted—-nonfaceted growth transition and 3-D morphological evolution of primary AI6Mn microcrystals in directionally
solidified Al-3at.% Mn alloy”, J. Mater. Res., Vol. 29, 1256-1263, 2014.
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Faceted and Non-Faceted growth morphologies

Table 2.4 Growth Morphologies and Crystallisation Entroples

Dimensionless Supersaturated Phase Morphology
Entropy (AS¢/R) Sub e
~1 metals melt non-faceted
~1 ‘plastic' crystals melt non-faceted
2-3 semiconductors solution nfffaceted
2-3 semimetals solution nffaceted
~6 molecular crystals solution faceted
~10 metals vapour faceted
~20 complex molecules melt faceted
~100 polymers melt faceted
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Faceted and Non-Faceted growth morphologies

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

In order o understand the two types of growth shown in figure 2.6, the various ways in which an atom
can be adsorbed at the solid/liquid interface have to be considered. Growth is determined by the
probability that an atom will reach the interface and remain adsorbed there umil it has been fully
incorporated into the crystal. This probability increases wilh an increasing number of nearest
neighbours in the crystal. The possible arrangements of atoms on the crystal interface are indicated here,
where the numbers specify the number of neighbouring atoms in the crystal (when the crystal
coordination number is 6 a5 in a simple cubic crystal). The atoms of the liquid phase are not shown
here. A special role is played by type 3 atoms in the growth of faceted crystals because, having three
bonds, they can be considered to be situated half in the solid and half in the liquid, A likely growih
sequence would be: addition of type 3 atoms until a row is complete; addition of a type 2 atom to start &
new row; and so on until a layer is complete, Thersupon, nucleation 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 undercooling.
Therefore, other processes will play a role (Fig. 2.10).

Faceted and Non-Faceted growth morphologies

— i

T,

Figure 2.9 Development of Faceted Crystal Growth Morphologies

A growing cubic erystal which is originally bounded only by (100) planes (left hand side) will change
its shape to an octahedral form (bounded by (111)) when the (100) planes grow more quickly than the
(111) planes (a). Often, impurities change the growth behaviour of specific planes and this results in the
appearance of different growth forms for the same crystal structure, If the (110) planes are the slowest-
growing, this will lead to a thombohedral dodecahedron (b). The slowest-growing planes (usually of
low-index type) always dictate the growth habit of the crystal. The resultant minimum growth rate form
is not the same as the equilibrium (non-growing) form, which is govermed by minimigation of the total
surface energy.
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Examples of Faceted growth morphologies

A sapphire nano-wire growth

Sapphire nano-wires produced using a vapour-liquid-solid (VLS) nano-wire
growth technique directly on a TEM microscope 'hot stage'.
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Figure 6.2. A mode of crystal growth without dislocations: (a) migratior
towards desired location; (b) completed layer; (c) surface nucleation

Spiral Growth
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Spiral Growth

Figure 6.5. A circular spiral on a silicon carbide crystal. (Courte: \
Westinghouse Corporation) Figure 21 Phase contrast micragraph of a hexagonal spiral growth pattern on a SIiC crystal. The
step height is 165 A_ (A. R. Verma.)

Figure 6.6. An elliptical spiral on the (100) face of an ammonium dihydrogen

phosphate crystal growing in agueous solution (Davey and Mullin, 1974) BaS0. growth spiral imaged, during precipitation,
with AFM. Bright and dark lines are elementary
step edges, each only 0.75 nm high

Growth on Twin Boundries

x
" CONTINUOUS z
= | GROWTH DIMENSION AL
x| N MNUCLEATICN
z | e 5
$ ]
=4 )
£ |
5
|
| _ SCRFW
DISLOCATION
TRl UNDERCGOLING, AT, —~
FIGURE 3-24 :
Germanium crystal with tweo twin planes FIGURE 3-14
has six favored reentront sites 607 apart. Growth rate versus interface undercool-
(Fram Hamilton and Seidensticker 7y irrg according to the three classical laws,

36



faceted nonfaceted

10pm

Figure 2.8 Form of Faceted (a) and Non-Faceted (b) Interfaces

A transparent organic substance, when observed under the mi during di idificati
(upwards growth, bottom coul, top hot), can exhibit either of the growth forms shown in the upper
diagrams. It is important to not that, during growth, a faceted interface (a) is jagged and faceted at the
microscopic scale {(upper diagram), but smooth at the atomic scale (lower diagram). On the other hand, a
non-faceted interface (b) can be microscopically flat with some slight depressions due to grain
boundaries (upper diagram), while at the atomic scale it is rough and uneven (lower diagram). This
roughness causes the attachment of atoms to be easy and largely independent of the crystal orientation.
Note also that the interface of a non-faceted material will grow at a temperature which is close to the
melting point, T, while the interface of a faceted material might have a very high-local undercooling,
Such a point (arrow) is a re-entrant comer (Fig. 2.10), and is associated with an increased number of
neanest neighbours. Thus, growth will tend 1o spread from here,

10 pm

Figure 3.1 Initial Evolution of am Unstable (a) or Stable (b) Interface
Such an intorface might be seen during the mi observation of £ d organic

substances, During growth, any interface will be subject 1o random disturbances caused by insoluble
particles, or grain be A stable interface is distinguished from an
unstable interface by its response to such disturbances. Tt is imagined here that the interface is initially
slightly distorted by a spatially regular disturbance. If the distorted interface is unstable (a), the
jections may find in a mons e situation for growth and therefore increase in
prominence, In the case of a stable interface (b), the perturhations will be unfavourably situated and tend
to disappear, During the casting of alloys, the solid/liquid interface is usually unstable. A stable
interface is only obtained in special cases such as columnar solidification of pure metals (Fig. 1.7a) or
irecti idification of alloys in a Brid, -type fumace (Fig. 1.4a) under a sufficientdy high
temperature gradient, G. The indicated scale is typical for alloys under nommal casting conditions,
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Figure 3.2 Columnar and Equiaxed Solidification of a Pure Substance

In a pure substance, stability depends on the direction of heat flow. In directional 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,é, forms at an initially smooth interface, the remperature gradient in the liquid increases while
the: gradient in the solid decreases (compare full and dotted lines along section, A-A). Since the heat flux
is proportional 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
equiaxed solidification, the opposite situation is found (b). Here, the free crysials grow inio an
undercooled 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 10 the dotted line) and permit the Gip io reject more heat, As a result,
the local growth rate is increased and the interface is always morphologically unsiable.

ACg

RS —

Figure 3.4 Constitutional Undercooling in Alloys

The steady-state diffusion boundary layer, shown in figure 3.3, s reproduced here (upper diagram) for a
given growth rate. As the liquid concentration, C;, decreasss with distance, z, the liquidus temperature,
Ty(i.e. the melting point), of the alloy will increase as indicated by the phase diagram, This means that
if small volumes of liquid at various distances ahead of the solid/liquid interface. were extracted by some
means and solidified, their equilibrium freczing points would vary with position in the manner described
by the heavy curve in the lower loft-hand diagram. However, each volume element finds itself at a
temperature, Ty, which is imposed by the temperature gradient arising from the heat flow occurring in
the casting. Since, ar the solid/liquid interface (z=0), Ty must be less than or equal to Ty in order to
drive the atomic addition mechanism, there may exist a volume of liquid which is underceoled when the
gradient of Ty is less than the grdient of T, This (cross-halched) region is ealled the zone of
constitutional undercooling. There exists a driving force for the development of perturbations in this
volume as in the cross-hatched region of figure 3.2b.
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Figure 3.5 Condition for Constitutional Undercooling at the Solid/Liquid
Interface, and the Resultant Structures

When the temperature gradient due to the heat flux is greater than the liquidus temperature gradient at
the solid/liquid interface, the latter is stable (a). On the other hand, it can be seen that a driving force for
interface change will be present whenever the slope of the local melting point curve {liquidus
temperature) at the interface is greater than the slope of the actual temperature distribution. This is
easily understood since the undercooling encountered by the tip of a perturbation advancing into the
melt increases and t a planar i is (D). Note that the temperature profile in (b) is
only hypothetical; after the dendritic microstructure shown in the lower figure has developed, the region
of constitutional undercooling is largely eliminated. Only a much smaller undercooling remains at the
tips of the dendrites as is shown in figure 4.7¢,

FACE [ALONG A} NEAR CORNER (ALONG 8)

DISTANCE —+= DISTANCE —»
(o} (b}

FIGURE 9-26
Growth of a cubic crystal in a pure melt at undercooling AT (or an alloy mels of
uniform temperature) al constitutional undercooling AT.
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a

FIGURE 9-28
Development of a KCl dendrite. (From Papapetrou.5)

FIGURE 9-29 a 14 c : :
Development of a NH,Cl dendrite.

(From Papapetrou.®*) d

FIGURE 9-30
Faceted dendrites of materials of two different crystal structures. {(From
Saratovkin.®*)

FiGURE $-32
Tdealized representation of development
of hopper crystals.
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Figure 3.6 Interface Perturbations at a Solid/Liquid Interface

‘The existence of a zone of constitutional undercooling implies that a driving force for a change in the
marphology is available, but gives no indication of the scale of the morphology which will appear.
Experimental observations show that the initial form of the new morphology is periodic and may be
approximated by a sinusoidal curve. Perturbation analysis permits the calculation of the wavelength of
the instabilities which develop. The result is of great importance in the theory of dendrite growth,

160
80 unstable

v o
@
W

- 80 stable

-160

1 10 102 10°
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Figure 3.7 Rate of Development of a Perturbation at a Constitutionally
Undercooled Interface

Here the parameter, &/g, describes the relative rate of development of the amplitude of a small
sinusoidal perturbation in the case of a specific alloy (Al-2wr%Cu) under given growth conditions
(V=0.1mm/s, G = 10K/mm). At very short wavelengths, the value of this parameter is negative due
to curvature damping and the perturbation will tend to disappear (Fig. 3.1b). At wavelengths 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 io become dominant. The reason for the
tendency to stability at high A-values is the difficulty of diffusional mass transfer over large distances,
When the interface is completely stable, the curve will remain below the £ /& = 0 line for all
wavelengths. This implies the disappearance of perturbations having any of these wavelengths
(appendix 7).
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Figure 4.3 Breakdown of a Plane Solid/Liquid Interface to Give Cells

Thy of lions at the itutionally solid/liquid interface (lower part of
figure) is only a transient ph The tips of the ions can readily reject solute while the
depressed pacts of the interface accumulate solute and advance much more slowly. The initial
wavelength is too small for further rapid growth to occur, and the final result is the formation of a
«cellular structure, Note that the wavelength has approximaiely doubled between the initial perturbation
and the final cells. Also, the spacing between the cells is not constant. The initial cellular morphology
can adjust itself to give a more optimum growth form via the cessation of growth of some cells (B) in
order Lo decrease their number, or by the division of cells in order to increase the number present, The
division of cells is not shown here, but it resembles the change at point A, with two branches
continuing to grow. Furthermore, the larger centre cells (C) have slightly perturbed surfaces and this
suggests thal, in the inercellular liquid, some driving force remains for further morphological change
which might possibly lead to dendrite formation.

Tyico!

Figure 4.8 Solute Rejection at the Tip of an Isolated Dendrite

During directional solidification, where the isotherms move due to the imposed heat flux, a needle-like
crysial can grow more quickly than a flat interface due to the more efficient salute redistribution: B-
atoms rejected at the interface of a thin needle can diffuse outwards into a large volume of liquid. Thus,
the solutal diffusion boundary layer, &, of the needle is smaller than that of a planar interface, Also,
becanse the interface is not planar, the solid formed does net have the same composition as the original
Liquid (as it does in the case of steady-state plane-front growth - Fig, 3.4), When a positive gradient is
imposed, as in directional solidification, heat is extracted through the soli furthermy

diffusion is rapid (as in metals) the form of the isotherms will be affected only slightly by the interface
morphology. Thus, in the case of directionally solidifying dendrites, solule diffusion alone will be the
limiting factor, The growth 1émperature, 7", of the tip will define a solule undercooling, AT, or,
the phase diagram, the degree of 0= AC/AC". The inati £2as a function of
the other parameters requires the solution of the differential equation which describes the solute
distribution, The simplest solution is obtained when the tip morphalogy is supposed to' be
hemispherical. Instead, the real form of the dendrite tip is closely represented by a paraboloid of
revolution.
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Figure 4.9 Unoptimised Growth Rate of a Hemispherical Needle for £ = Constant

For a hemispherical needle crystal, the solution of the diffusion equation shows that the supersaturation,
42, is equal 10 the ratio of the tip radius to the characteristic diffusion length. This dimensionless ratio
is known as the Péclct number, P (= RV/2D). For a given supersaturation, the product, RV, is
therefore constant and means that either a dendrite with a small radius will grow rapidly or one with a
large radius will grow slowly (diagonal linc). At small R-values, the diffusion limit is cut by the
capillarity limit. The minimum radius, R®, is given by the critical radins of nucleation, r* (table 2.1).
A maximum value of V therefore exists. Because it was reasoned that the fastest-growing dendrites
would dominatc steady-state growth, it was previously assumed that the radius chosen by the system
would be the one which gave the highest growih rate (extremum value, £ = Rg). However, experiment
indicates that the radius of curvature of the dendrite is approximately equal to the lowest wavelength
perturbation of the tip, which is close to A; (Fig. 3.7). This is referred to as growth at the limit of
stability (R = Rg).

Ve for G =107

1071 |
\ 10 = G(K/mm}

\
\

10-4 10-2 1 102

Vimm/s)

G-10" p LCI dendrites

Figure 4.11 Optimised Dendrite Tip Radius as a Function of Growth Rate

If it is assumed that, in directional solidification, growth cccurs with a tip radins which is equal to the
minimum instability wavelength, 2;, curves such as those above can be generated. They indicate the
magnitude of the dendrite tip radius for a given growth rate and temperature gradient. Note the marked
effect of the temperature gradient upon the radius of curvamre at low growth rates (constrained growth
regime or cellular regime e.g. for G = 0.1K/mm between V = 10~ and ¥ = 10-5mm/s). A
sufficiently high gradient, or a sufficiently low growth rate (V; = GD/ ATp) will lead 1o the re-
establishment of a planar interface (i.e. a ‘dendrite’ with an infinite madius of curvature).
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Figure 4.12 Liquid Concentration at the Tip of a Needle Crystal in
Directional Growth

From the radius of curvature predicted by figure 4.11, the associated interface concentration can be
derived. The blunt cell tips which exist close to the limit of constitutional undercooling, Ve, cannot
casily dissipate the solute rejected there and the tip concentration will therefore be higher than that ahead
of a sharp dendrite tip. If the temperature gradient is zero or negative, this will not occur as no cells are
formed in this case. At very high growth rates, the interface concentration in the liquid will again
inerease to high values due (o the increase in supersaturation necessary 1o drive the process. Again, at
very high growth rates a crystal with a supersaturation of unity will grow which has the same
composition, Cg, as the alloy (the composition of the liquid at the interface is then equal to Co/k).
‘Under these conditions, a planar solid/liquid interface will result; as in growth at low rates in apomu-v:
temperature gradient {grey regions). Note that the composition of the solid is related to C; wvia the
distribution coefficient, k. The laiter becomes a function of V at growth rates of the order of 100mm/s
or above (see chapter 7).
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Figure 4.13 Interface Temperature of a Needle Crystal in Directional Growth

Use of the phase diagram and the assumption of the existence of local equilibrinm at the solid/liquid
interface permit the ion of the i with the tip ion (Fig. 4.12). At
high and low growth rates, the tip temperature reaches the solidus temperature. In the low growth rate
range, below the critical rate where the dendrite tip u:mpcmmm and solidus temperature are equal (grey
area on the left-hand side), lheplanar front is the more stable sinee it can grow at a higher temperature.
(This is another way of i the limit of A similar argument
applies at high growth rates.
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Figure 4.14 Estimation of the Primary Spacing in Directional Solidification

In practical applications, the dendrite tip radius is not as important a parameter as the primary spacing
since it is very difficult to measure it directly. However, the tip radius has some influence on the
primary spacing. In order to estimate the primary spacing, the dendrites are imagined 1o be elliptical in
shape. The length of the major half-axis, a, of the ellipse is equal to AT /G, Here, AT ' is the
difference between the tip temperature and the melting point of the last interdendritic liquid. The primary
spacing, 41, which is proportional to the minor half-axis, b, can be determined from simple geometrical
considerations. The factor, 0,58, arises from the assumption that the dendrite trunk arrangement is
close-packed hexagonal.

M, R{mm)

1074t Al -2wt%Cu
’c G =10 Kimm
1074 102 1
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Figure 4.15 Morphology, Tip Radius, and Spacing of Cells and Dendrites

According o the dendrite model, the tip radius decreases from very large values at the limit of
constitutional undercooling, Ve, to small values at high growth rates (as in figure 4.11). Over the range
of dendritic growth, the primary spacing decreases approximately as the square-root of R (equation
4.18). The corresponding interface structures are also shown and vary from planar at growth rates less
than V to cells and to dendrites which become finer and finer until they give rise to cellular structures
again when close to the limit of absolute stability. At V>V, cell solidification structures disappear and
again give a planar interface. (For more details on rapid V, growth, see chapter 7).
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Figure 4.16 Establishment of the Secondary Dendrite Arm Spacing
in Equiaxed Solidification

In contrast to the primary spacing, the secondary dendrite arm spacing, as measnred in the solidified
metal, is largely determined by annealing processes occurring during growth of the dendrites (Fig. 4.6).
Dus 104 ripening phenomenon, smaller (higher curvature) features disappear and 'feed the growth of the
already larger features. The upper figures illustrate the model assumed in calculating the effect of these.
changes, while the lower show squiaxed dendrites (a) just after solidification,
and (b) 20 min later. In these photographs, the black areas correspond to the solid phase and the white
areas to the liquid phase. Note that the primary spacing in an equiaxed structure is not well-defined and
usually corresponds 1o the mean grain diameter. [Photographs: K.A Jackson, J.D.Hunt, D.R.Uhlmann,
T.PSeward, Transactions of the Metallurgical Society of AIME 236 (1966) 1491,
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Schematic reprasentation of five dendrite eoarseni g models
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Figure 4.17 Secondary Spacing as a Function of Solidification Time

The best-fit curve 1o the experimental points for Al-4.5wt%Cu alloy over a wide range of solidification
conditions shows that the sccondary spacing varies approximately as the cube o0t of the local
solidification time. The latter is defined as the time during which each arm is in contact with Tiguid
(Fig. 4.1), and is thercfore a function of the growth rate, the temperature gradient, and the alloy
composition. The secondary spacing is important since, together with 4, it determines the spacing of
precipitates or porosity and thus has a i effect upon the mechani ies of as-solidified
alloys (Fig. 1.2). [T.F.Bower, H.D.Brody, M.C.Flemings, Transactions of the Metallurgical Society
of AIME 236 (1966) 624).
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Figure 4.6 Growing Dendrite Tip and Dendrite Root in a Columnar Structure
Depending upen the disectional growth conditions, e dendsite (from the Grook, dendson = tres) will
evelop anms of various orders. A dendritic form is ually characterised n torms of the primary
(Gendrite trunk) spacing, 41, and l specing, Az, Tertary ufien
observed close 1o the tip of the dendrite. Tt & important to note that the value of Ay measured in te
g micmstraoes the same s thal existing; duriag growth, whereas e secondary spacing is

loagg contact time betweet he bighty-curved, beanched structur and the
{melt, The ipening process not nly modifesth idtial waveleaglh of the s5condary perarbarions, 17,
to give the spacing which is finally bscrved, 4, but also ofien causss dissolution of the tertiary or
igher osde urms, The. two parts of the figure are drawn at the same scale, refes 10 the same dendrice,
and illusirate mcephologies which axist af the same dime bt which are widely separsizd along the ward:
Jength (by about 100 A1),
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During solidification, the solid/
liquid interface rejects 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
variations in the solidified alloy,
known as micro-segregation. The
understanding of this phenomenon
is the key to interpreting the
influence of solidification on the
mechanical properties of cast
products. Modeling is greatly
- S

Figure a): Longitudinal representation of
growing dendrites

From Prof. C. Beckermann, Solidification
Course 2003, EPFL-Calcom

Figure b) Transversal representation of growing
dendrites (red line in Figure ).

by =
between important factors and :»lumber \S/lymbol :)/la]lue —lr:‘r';"t/s IT:{;; T speed
non-important ones. 2 G 1000 K/m Thermal gradient
3 k 0.14 - Equilibrium distribution coefficient
4 m 2.6 K/wt% |Liquidus slope
5 T. 660 %€ Melting point of pure Al
6 T 574 € Eutectic temperature
<> Case 7 C 2 wit% Alloy concentration
8 G 33.1 wit% Eutectic concentration
9 A 500 m Primary dendrite arm spacing
An Al-2%Cu alloy is solidifying uni- 10 D, 310" m’/s Diffusion coefficient in liquid
directionally at a constant velocity V,. The 11 D, 3.10"% |m’/s  |Diffusion coefficient in solid
temperature gradient G is imposed by 12 [ 3.7-10° |m’/s _ |Thermal diffusivity
the experimental configuration and we
consider for simplicity that there is no
flow. The primary dendrite arm spacing Table 1:

is defined as A

We will use the values as defined in Table
1 for illustration:

Values 1-2, 9 are given by the experiment,
they should be measured.

Values  3-6, 8 are given by the phase diagram
of the Al-Cu system

Value 7 is an input of the problem.

<& Results

1) Liquidus temperature, T,
The liquidus temperature can be
calculated as follow:
T=T,+mC,=654.8°C

2) Mushy zone length, L,

The mushy zone length can be calculated
as follow:

L, = (T, - Tyyy) / 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,= L,/ V,= 808 [s] = 13.5 minutes

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

The mean speed of the s/l interface in
view b) can be calculated as follow:

V= (N2) [t =3.1-10% [m/s]
=031 [m/s] <<V,

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

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

Lyt = 8/ V; =119.7 [m] >> K
Lyguia = By / ¥y =9.7 [mm]>> A

This means that the temperature in the
liguid can be considered as uniform as well
as the concentration (complete mixing).
Note that the thermal diffusion length is
10°000 larger than the solutal one.

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

Lo =/ Y,
D, /V,=2:10%[m]

sowmL =

The solutal gradient ahead 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))

(A/2)?/ D, =208 [s] <<t
/2y /D=2-10"[s] >>t,

tyqun =
soup =

This means that there is enough time to
smooth concentrations profiles in the liquid
while this is not the case in the solid, i.e. a
gradient in the solid will be present after
solidification.

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

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

This means that solutal diffusion in the
liquid parallel to dendrites can be neglected
because the characteristic time is much
greater that the solidification time

<& Conclusion

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 solidification
phenomena while saving a lot of
calculation time.
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