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Topics = ‘(IT

® Allotropic Transformations
® Driving Force and Latent Heat
® Nucleation, Impact of Strain Energy
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Extension to Solidification A\‘(IT

® For allotropic transformations, the same considerations on phase
transformations as for solidification need to be considered but with
taking into account

@ that the newly formed and surrounding phase are elastically stiff and, hence,
strain energy of both need to be considered during both, nucleation and
growth,

® and that the growing phase cannot rearrange when getting in contact. (The
nucleation sites in the liquid are free and can move, in the solid they are fixed
and cannot move. This needs to be considered during integration to obtain
the transformed volume)
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Driving Force and Latent Heat

Ty—s
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Note that for solid modifications,
the differences in H, are typically
smaller. So slight variations in S
might lead to phase
transformations, e.g. magnetism,
dielectricity, chemistry, etc.
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Driving Force and Latent Heat ﬂ(".

Ty—s
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HO
Since both a and & are bcc, both
can be described by a single G
curve. vy is treated individually.
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Driving Force and Latent Heat

a exhibits ferromagnetic order at
T < Tc. Above T¢, the ferrite is
paramagnetic.

At low temperatures, the
ferromagnetic order causes
slightly lower S of a over y. By the
transition to the paramagnetic
state, the S contribution to G of «
increases.
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Homogeneous Nucleation

AG ¢

super-cooled
liquid

Revision of Ch. 3a
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liquid to solid

AGh0m= —VN AgD _|_AI yI

complete solid —
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Homogeneous Nucleation ﬂ(".

AG ¢

solid to solid
—VN AgD + AI yI

In the case of a transformation within
the solid, the newly formed phase is of
different shape and volume than the
matrix. Hence, an adaption by elastic
strain of the newly formed phase and
the matrix occurs. The total strain

super-cooled, solid
high temperature phase
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energy AG® associated with this scales
with the volume of the newly formed
phase.
AGP o —13
X% : > completely transformed —
Note the subtle impact of AG® on the oc —° r

dependence but the significant shift of
AGH°™M gyer the strain-free case on the slide
before.
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Homogeneous Nucleation A\‘(IT

dAG
dr

= —4nr? (AgP — Ag®) + 8nr y!

—r AgP + 2r¢y! = 0
2 y!

TC — D S The strain energy term essentially acts
Ag Ag like a reduced driving force for the
transformation to occur.
AGC3= ,
4 (29! 2 y!
13
16w Y
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Strain Energy ﬂ(".
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® The strain contribution to the transformation depends on the type of
interface of the newly formed phase:

® Coherent: atomic positions in the interface between the two phases
match and accommodation of the different lattice types is needed.

® Semi-coherent: at least some atomic positions in the interface match.

® Incoherent: the atomic positions of the two phases do not match within
the interface.
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Strain Energy

@ Coherent interface:

constraint N.

Matrix stress-free Nucleus
e B L
/ AN T

y 4

e B
N BV

I\
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The newly formed phase
has a similar crystal
structure but with slightly
different dimensions and a
lattice misfit §. There is an
according volume misfit A.
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VM

~ 36

see Ch. 2

When embedded in the matrix,
both matrix and nucleus are
strained in order to get matching
lattice positions (maintaining
coherency).
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Strain Energy ﬂ(".
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@ Coherent interface:
® With typically 0.56 < € < &, for example ¢ = %6, forvM =N =y = % and ¢M =¢GN =g.

® For a spherical nucleus, the distortion of the nucleus is hydrostatic (uniform in all
directions) while being concentrated along the thin axis for a thin plate-like nucleus.

® The volume-specific elastic strain energy can be estimated for isotropic elastic
behavior of both the matrix and the newly formed phase:

S
GM=cN=G:Ag>= A% =2G 652 g (independent of its shape)

GM < GN: Ag® gets minimized for a flat ellipsoid

0
0
u GM > GN: Ag® gets minimized for a sphere
0

In any case, Ag® is a constant. V denotes the unconstraint volume of the hole.
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Strain Energy A\‘(IT
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@ Coherent interface:

® For anisotropic elastic behavior, minimization of the shape also depends on the
crystallographic arrangement of the shape within the lattice.

® For most metallic materials, positive Zener anisotropies are observed, e.g. (001) are
more compliant than the stiff (111). Under these conditions, discs parallel to {001} are
favorable to accommodate most strain in the compliant direction.
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Compliance & Stiffness
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C. Teodosiu: ,Elastic Models of Crystal Defects®, Berlin, Heidelberg: Springer-Verlag (1982)
R. E. Newnham: ,Properties of materials“, Oxford: Oxford University Press (2004)
G. E. Dieter: ,Mechanical Metallurgy*, London: McGraw-Hili Book Company (1988)
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Compliance & Stiffness ﬂ(".

® Visualization of the anisotropic Young’'s moduli of single crystals deformed

uniaxial along certain axes:
Cu W NaCl
A = 3.3 A =10 A =07

[001] \

f e

[111’ . -
[100]/‘ ‘ [010] ‘
s

]

[110] b
65 GPa 192 GPa

stitute of Technology
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Strain Energy

® Incoherent interface:
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Matrix stress-free Nucleus constraint N.
/ o AN / N
— N
AEEN 7R
\ ) \ § )
N 74 \ /
e g N
Due to the incoherency, no
coherence strain of the nucleus
: N M occurs, but still the phases need to
The newly formed phase is Ve — be deformed to accommodate the

of different crystal structure
and a different volume.
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Notice the different

number of lattice sites.

In the nucleus vs. the
matrix before making
the hole.

different volume. Note that a rigid
body rotation might occur to
accommodate anisotropic interface
energy.
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Strain Energy - ‘(IT

® |Incoherent interface:

® The volume-specific elastic strain energy can be estimated for isotropic elastic behavior
of both the matrix and an incompressible, spheroidal nucleus (cigar-like of the
dimensions a and c):

M_GN = NoyatagSe 86° _ 2,02 €
aGM=gN=¢g, W=y =v=iAgP= ——=2GA f(a)

® Hence, sphere and disc have maximum and minimal strain energy, respectively.
® Anisotropy has only small impact on the elastic strain energy in this case.

1.0
f/1
c 3
o Fa==)=3
OO . T . T v T v T > C/a
0.0 0.5 1.0 1.5 2.0
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Strain Energy A\‘(IT

Karlsruhe Institute of Technology

® Semi-coherent interface:

® For the case of semi-coherent interfaces, the strain energy by the incorporation of misfit
dislocations needs to be considered. This strain energy contribution must be smaller
than the energy contribution for the coherent interface to allow for the formation of misfit
dislocations.
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Heterogeneous Nucleation ﬂ(".

® Apart from super cooling, AG can be manipulated by modification of the interface
contribution.

® For example, wetting of the nucleus at an already existing catalyst (e.g. walls of
molds and dies) can be assumed:

cap-shape nucleus
L S
)
c i
““ \ .:
O" ‘0. 7.[.

oot VN =132 + cos 0)(1 — cos 0)?

flat catalyst

3
. ASt =21 1? (1 — cosO)
Revision of Ch. 3a liquid to solid ACS = 172 (1 = cos? )
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Heterogeneous Nucleation ﬂ(".

® The situation for the solid-solid transformation is similar but with a double cap
nucleus nucleating at a boundary present in the matrix:

I 2y! cos @ = yUP

double cap-shape nucleus
M
yGB o
- N
grain boundary ¥/

21
VN = —13(2 4 cos 0)(1 — cos O)?

3
Al =41 r? (1 — cos O)
solid to solid AP =12 (1 - cos? 0)
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Heterogeneous Nucleation A\‘(IT

® In order to estimate the interface energies, Young's pseudo equilibrium
Can be CO”Sldered Note that the grain

boundary GB exists
before nucleation and is
het _ _y/N ( D _ S) I,,I GB ,,GB removed by nucleation.
AG - v Ag Ag + A Y @A Y Instead, the interface |
is formed.

21
= —?r3(2 + cos @)(1 — cos ©)?(AgP — AgS) + 4m r? (1 — cos @) y! — mr? (1 — cos? O) yOB
21

= —?r3(2 + cos 0)(1 — cos ©)?(AgP — AgS) + 4m r? (1 — cos ©) y! — nr? (1 — cos? ) 2y! cos 6

21
= —?r3(AgD —Ag5)(2 —3cos 0 + cos3 0) + 2rr? y! (2 — 3 cos @ + cos® @)
4 1
= <_§ﬂ r3(AgP — Ag®) + 4nr? y1> 5(2 — 3 cos O + cos3 0)
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Heterogeneous Nucleation Q(IT
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AGhet — f(@) AGhom
AG ¢

The critical radius r"et¢

remains the same for AG hom,c
both situations while the
AGPetC barrier gets
smaller depending on 6.
AG het,c

>

> completely transformed —
het,c T

super-cooled, solid rhom,c

high temperature phase =T

with £(0) =é>(2 —3c0os0 +cos30),0 < f(O) <0.5
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Heterogeneous Nucleation

A

1.04 The heterogeneous nucleation becomes
more effective for high energy
boundaries y¢B, e.g. arbitrary high angle
f/l grain boundaries.

The nucleation at grain edges and
corners is even more feasible. The
formation of coherent or semi-coherent
facets might further reduce the
nucleation barrier close to grain

0.5 boundaries.

0.0

1
f(0) =E(2—3cos@—l—cos3 0)

1
= 5(2 + cos ©)(1 — cos 0)*
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