Unit Il - Solidification



Solidification

* Nucleation in pure metals

* Growth of a pure Solid

* Alloy Solidification

* Solidification during Quenching from Melt.



Solidification

During Solidification the atomic arrangement changes from a
random or short-range order to a long range order or crystal
structure.

Nucleation occurs when a small nucleus begins to form in the liquid,
the nuclei then grows as atoms from the liquid are attached to it.
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The crucial point is to understand it as a balance between the free
energy available from the driving force, and the energy consumed in
forming new interface. Once the rate of change of free energy
becomes negative, then an embryo can grow.



Solidification

 Nucleation
e Growth

Driving Force:

When T< T, so the driving force for solidification
increases. This driving force is often called
undercooling or Supercooling



Homogeneous nucleation

Spherical ball of solid of radius
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Heterogeneous nucleation 11w does solidification
begins?
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nucleation sites on surfaces



Homogeneous Nucleation

Liquid
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When r < r*, AG = unstable
When r>r*, AG = stable



Driving Force for Solidification

Gibbs energy of Land S at temp. T

is given by, N \
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Differentiate to find the stationary point,
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* if r<r* the system can lower its
free energy by dissolution of the
solid

* Unstable solid particles with r<r*
are known as clusters or
embryos

e if r>r* the free energy of the
system decreases if the solid
grows

 Stable solid particles with r>r*
are referred to as nuclei

e Since AG =0whenr=r*the
critical nuclei is effectively in
(unstable) equilibrium with the
surrounding liquid
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Variation of r* and r,_, with AT

* Although we now know the critical values
for an embryo to become a nucleus, we do
not know the rate at which nuclei will
appear in a real system.

* To estimate the nucleation rate we need
to know the population density of
embryos of the critical size and the rate at
which such embryos are formed.

* The population (concentration) of critical
embryos is given by

AG,
n, = n,exp _k_T

k is the Boltzmann factor, n, is the total number of
atoms in the system

AG, is the excess of free energy associated with the
cluster
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Homogeneous Nucleation Rate

* AG = AG*, then the concentration of clusters to
reach the critical size can be written as:

AGS |
C* = C,exp (— k‘;m )clusters/m3 oo

The addition of one more atom to each of these |
clusters would convert them into stable nuclei. If |
this happens with a frequency f,,
_AG*hom e o

Nnom = foCoe ~ kT nuclei/m3
T &
Nnom = foCoe ©@D? nuclei/m3

16y3, T3 X
A== b
3L, kT I e

* The effect of undercooling on the nucleation
rate is drastic, because of the non-linear relation
b?etween the two quantities as is shown in the
plot
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Heterogeneous Nucleation

. 16y, (167y,, T, 1
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it is clear that for nucleation to be facilitated the interfacial
energy term should be reduced
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G1 = (Vs + V)GE + (A + Ay vme

Nocleaing aeent

Gy = VsGy + VLGy + Ayrymr + AsLYsi+AsmYsm

AG = Gy — G = =V;AGy + Ag Vs tAsmYsm — AmLYmL
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2 + 6)(1— 0)?
(2 4+ cos8)(1 — cosB) -1

S0) = 4
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Nucleation of Melting

* Nucleation during solidification requires some undercooling.
But, melting invariable occurs at the equilibrium
temperature even at relatively high rates of heating.

* It is mainly due the relative Gibbs energies of the S/V, S/L
and L/V interfaces.

Ys. T Vv <Vsy

The wetting angle 8=0 and no superheating is required for
nucleation of the liquid
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* A copper-aluminium diffusion couple develops a
certain concentration profile after an isothermal
treatment at 600°C for 10 hours. The time required
to achieve the same concentration profile at 500°C
is (in hours to 1 decimal place)

e Given: The interdiffusion coefficient for copper in
aluminium at 500°C and 600°C are 4x101* m?s!

and 8x10713 m2s-1 .




Growth of a Pure Solid

Types of S/L interface:

e Atomically rough or diffuse interface (metals)

* Atom migrate by a continuous growth process — diffusion
controlled process

* In pure metals, growth occurs at rate controlled by heat
conduction (diffusion)

* In alloy solidification, growth is controlled by solute diffusion.

» Atomically flat or sharply defined interface (non-metals)
 Lateral growth process involving ledges.



Growth of a Pure Solid

e Pure solid solidification is
controlled by the rate at
which the latent heat of
solidification can be
conducted away from the S/L

interface
dl. dl
k.— 3=k Loyl
* dx Lodx v

k. and k, — Thermal conductivity
of solid(S) and liquid (L)

T<and T, — Temperature of Solid
and liquid.

L, — latent heat

v- Velocity of solid growth
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Alloy Solidification
The partition coefficient k is
=3,
X, and X, are the mole fraction of solute in solid and liquid in
equilibrium at a given temperature.

k

Alloy solidification depends on complex way of
e temp. gradient
* Cooling rates

* Growth rates
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Infinitely slow (Equilibrium solidification)
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No diffusion in solid and perfect mixing in liquid
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Fig. 421 Planar front sotidification of allov X, in Fig. 4,19 assuming no diffusion in
the solid, but complete mixing in the liquid. (a) As Fig. 4.1%, but including the mean
composition of the solid. (b} Composition profile just under T,. (c) Composition
profile at T; (compare with the profile and fraction solidified in Fig. 4.20b.
{d) Compaosition profile at the eutectic temperature and below.
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No diffusion
in solid,
diffusional
MIxing in
liquid
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Fig. 422 Planar front solidification of alloy Xy in Fig. 4.19 assuming no diffusion in
the salid and no stirring in the liquid. (a) Composition profile when 5/L interface
temperature is between T and Ty in Fig. 4.19. (b} Steady-state solidification &t T__-..
The composition solidifying equals the composition of the liquid far ahead of the salid
iXa). (c) Composition profile at Tg and below, showing the final transient. 24
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Fig. 423 The ongin of conshtutional supercooling zhead of a planar solidification
front. (&) Composition profile across the solid/liquid interface during steady-state
solidification. The dashed line shows d.X, /dx at the 5/L imerface. (b) The tempera-
ture of the liguid ahead of the solidificavion front follows hine Ty . The equilibrium
liquidus temperature for the liquid adjacent to the interface varies as T,. Comstitu-
tional supercooling arises when Ty [fes under the critical gradient.
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Solidification during Quenching from Melt

26
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Atomic arrangement in: (a) conventional crystalline material, (b) in amorphous
material

Materials in which such a disordered structure is
produced directly from the liquid state during cooling
are called "glasses", and so amorphous metals are
commonly referred to as "metallic glasses" or "glassy

metals'.



(Glass Transition

“All materials would amorphize on
cooling unless crystallization intervenes’
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Amorphous metals can be /—“e""m gas pressure
produced, including: Crucible

~a— nduction heats

® physical vapor

deposition Moiten alloy

® solid-state reaction, alloy Rotating rofler

® melt spinning

® mechanical alloying
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* like other kinds of
glasses they experience
a glass transition into a
supercooled liquid
state upon heating.

* the amorphous atomic
structure means that
metallic glasses do not
have the crystalline
defects called

dislocations
e The combination of
high strength and low Liquid metal Technologies
stiffness gives metallic produced the golfing putter
glass very high shown here:
resilience,

https://www.youtube.com/watch?v=Evji4- VUmo
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(Glasses are metastable.

On heating glasses they tend to crystallize. This process occurs by
nucleation and growth of crystallites in the amorphous matrix.

Many different kinds of materials can be obtained in the
amorphous state. These include: polymers, inorganic materials,
organic materials, metals and alloys, semiconductors, etc.

As expected, polymeric glasses will have poor tolerance to heat,
while 1inorganic glasses may withstand high temperatures.



Glass formation

 Certain materials are easy glass formers (e.g. silicates, long
chain polymers, etc.), which others are difficult to amorphize
(e.g. pure metals, simple alloys, etc.).

* Glasses can be synthesized in many ways. Three typical
ways are listed below.

1) From the vapour state
» By condensing the vapour of the material onto a cold substrate.

2) From the liquid state

» Quenching from the melt (usually fast cooling from the molten state). The
rate of quenching required depends on the material. To amorphize certain
alloys cooling rates of the order of 10° K/s needs to be employed, while certain
special alloys and silicate materials can be slowly cooled to get glass (even ~1
K/s).

3) In the solid state

» By severely deforming the crystals (say a polycrystal) amorphous state can
be obtained. Ball milling has been one of the popular examples for this method
(for alloys).
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Glass Forming Ability & Resistance to Crystallization

dThe tendency for a material to form a glass while quenched is
called glass forming ability

Glass Formation Ability (GFA) should be differentiated with
Resistance to Crystallization (RTC). Many parameters have been
developed to characterize materials with respect to GFA and RTC.

] Most important parameter for for GFA are:
o Critical Cooling Rate (q.,) and

o Critical Diameter (d_,).

dThese two parameters are related to one another
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Heating of Glass

JA glass will tend to crystallize on heating.

If crystallization does not intervene, then glasses will slowly
soften (1.e. the viscosity will decrease) and will begin to flow.

This implies that glasses do not have a well defined melting

point like crystals. S
TG it {poisa)
| mealting
1600 —
Liguidus 1250 | - 4% 107
900 |
Softening pt ]G"J {
| Murleation
800 |

Annealing pt RS0 | . 10134

lime

Fig. 575 Typical processing cycle for Li 0-AlL 0 -5i0, glass ceramics.



The crystallization of glass can be studied by using
Differential Scanning Calorimetry (DSC)

JIn a DSC
(1) glass transition appears as a step,
(1) crystallization(s) as exothermic peak(s) and melting as a

endothermic valley.
More than one crystallization peaks may be observed 1f more

than one type of crystal forms during the heating.



Exothermic —»

Crystall f':/\(u'fm Peak

1l

Differential Scanning
Calorimetry (DSC)

Glass transition ‘step’

Note crystallization peak
(exothermic)

/
/

Meftin‘g;‘}

Differential Scanning Calorimetry (DSC) scan
| | |

Material gives out heat during crystallization

Note melting valley
(endothermic)

Material absorbs heat to melt
(the latent heat)

Sample heated at constant rate

T(K)—
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Crystallization 1s favoured by high enthalpy of fusion
(AH; .,,) and a low viscosity ().

o The critical Gibbs free energy for the nucleation of a crystal 1s
related to the enthalpy of fusion as in the equation below.

Large AHy,,,, implies a lower AG™ which further

crystallization?
implies ease of crystallization.

1
AH?

fusion

AG o

o An embryo becomes a nucleus by jump of atom across the
interface from liquid to crystal. This requires a activation
enthalpy (AH,). The activation enthalpy 1s related to the log of
viscosity. This implies that a lower viscosity allows for easier
atomic jumps, which in turn favours crystallization.



N AH b || High Low
sion — (10-15) kJ / mole
Thermodynamic
.. Silicates
Crystallization favoured by Lkl
. e S Low High
Kinetic | |\AH, zoc Log [Viscosity ()] [=3--) _ (1-10) Poise —>g(~1000) Poise

Enthalpy of activation for __
diffusion across the interface

Very fast cooling rates ~10° K/s are used
for the amorphization of alloys
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Amorphous metallic alloys combine higher strength than crystalline
metal alloys with the elasticity of polymers.
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