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GRAIN BOUNDARY

1.e.. the interface between two crystalline grams (possibly different)
CRYSTAL 2

The most important issues are: ~ GRAIN _, higher lattice const.
: : BOUNDARY o
* chemical matching \ \ l —, CRYSTAL1

e elastic matching smaller lattice const.

planes with
smaller spacing

elastic: bad

This happens where at interface {chemlcal 200d

dislocation

—=> We know this leads to misfit dislocations.

However, clearly for large sizes, and due to differences
in the thermal expansion coefficient, boundaries can be
incoherent (partially).

elastic: good => Grain boundaries generally host
chemical: bad impurities

Degrees of Freedom to identify a GB:

+ first lattice 1s fixed 2 0

« second lattice orientation = 3 —> 5 degrees of freedom in fotal
« plane between two angles 2 2



SURFACE ENERGY

“The energy of forming the surface”

it can be defined (and calculated) as the energy of forming the surface from a bulk

specimen. It 1s often called cleavage energy.

Total
energy
E,

Total
energy

(E,-E,)

E
1 ‘ S

Sinularly for grain boundary energies.

=y  “cleavage energy”

28

Looked at from the side. the G.B. “looks™ like a segment, consider e.g. a triple junction

},AC ‘

could become

A larger
/B 7

shorter </
C




SURFACE ENERGY

From this pomt of view, there 1s a “force” aligned with the G.B.. pulling the triple point:

/13 3 Equilibrium:
1 V13 811115}2 =712 S]Ill‘)h
>3 so that does not exist a force orthogonal by the 23 plane.
2 sint, s, sindk,
712 . 12 = 3 = 23 Equilibrium Law

Y12 713 Y23

because of

_ _ _ . symmetry
of course. if there 1s one material only and we set all ¥’s to the same value™:

S 15;2 =Sl 1%3 =S 1923 => =120° @crte: in reality y does depend on the \

1 orientation. Let’s see 1t for a cleavage energy.
1 “triple point” A :
1 PP N +—1 ¢ ~— this breaks 4 bonds
and has length =1/
The interesting case 1s, however that of Il = —  this breaks 8 bonds
two phases. But we still do not know 1f and has length=  IN2
4-ple pomts are possible. Let’s look at ’ => y
_ clearly. higher y
this problem first. K /



SURFACE ENERGY

We next show that a 4-point joint cannot exist, as they would be unstable

> = )—

This “reaction” always shortens the total GB surface (and energy. since y> 0).

Proof:

We arrange this so that @ <.7/4

AO = AF cos P+ EQcosa > AE+%EO

H_/ l
A G
- — ::% (a-::mall}'}§=ﬁ.m? N

2

(for EO small enough & =2 0 as a 224 order term, while EO/2 goes to 0 as a 15t order term)

=> The complete proof is achieved by just multiplying the above by 4.



GRAIN BOUNDARY PRECIPITATION

We next discuss the inclusion of § at an ¢a Grain Boundary:.

}/gﬁ
(ri },a'a yﬂ-’:& [ I : {5 (5 J
= but: sino =2 -sin Y/ cos
SINO  sin (V A /2
B 5 .y 2
o }/a’ﬁ
=2-y cosO >

v a Y a }/aﬁ A v 2C05(y

. ) ap
1 I 3

/ Vap = =7V aa \ V cece -~ ) N\
2 Divergence, 7 o

ﬁ% 1] 4= ____ J/ﬂ:'ﬁ >=> }/{Ia’ E ﬂ
a > 6 —=180° 7] ¢
Complete “wetting”™ of . 2 N

which substitutes the aa

GB. since aff GB 1s >
&cheaper". / / 120 180 O
’,

[CD S( 120° ) 1 120° " from the point of view of the GB energy. J

- —= =
3 Vap =V aa 720 the two materials are equivalent




GRAIN BOUNDARY PRECIPITATION

To recap:

a |
przzzzzzzzzz for Vop = <Vaa
2]

2

o

for Vap > 1 aa

: @
____,,...-——""' exira aa
: . ey L. a §
note: 1 all cases 4@7 1s more stable then | | surface S

So that is the “grain boundary segregation” source! It’s independent of phase § since AE =y, S
Wettability

if Vse = Vwr + Vs vapour if Vs =V TVis
B X liquad
Lotus Leaf W= 7 1S/ 7 7 > - - complete
E:> R R
effect Y “wetting”
\_ solid /
- _ _ | (clearly
The two conditions cannot coexist! By adding: Vs + Vs > 2V + Ve ¥ Vis — Vi <

Wrong)



GRAIN GROWTH

This 1s an internal pressure 1ssue controlled by the surface/volume ratio ~//7 taking into
account that creating a surface costs y (per m?).

Question: What’s the pressure due to the y cost?

2 matrix
oL =p-dV = p-4dmdr
2 . .
— ’ — .. . inclusion,
5Emﬁm—d(4m ;v)—Smr y di ro ), mewss
radius r
. 2y
Equating: p=—
=
A more general Law, for elliptic inclusions with 2 different radii 1s:
_ i + i Gibbs Thomson Note that p 1s in fact the difference between the
P=Y B » Equation internal and external pressure if the latter is not zero
1 2

—> The atoms inside the grain are “under pressure” due to the surface

Example: y for H,O is a lot but adding soap 1t gets lower. So that soap bubbles are
pDSSib]E even with gl‘HVit}? switched on... (no problem with pure water bubbles on the space station..!)




OSTWALD RIPENING

Consider two mclusions of material £ in the matrix « exchanging atoms £ (slow: diffusion).

Maintaining everything else the same. going

“ f frc:-m@ to @an atom of volume AV yields
f - , the enthalpy gain (negative variation):
— 1 1
" o| AH =[p2M—p1M]=—2yM(-)

h I
and if r, >>r; (say r, =100wm, 1, =1m) => AH =-2yAV —
h
for =05 J/mz 2-05-107° v <
— _7 — Very s 1!
AV =107 => AH =- — =-10"J=-10"¢V _— e
i =10 10 (k,t =0.02eV at room temperature)

— grain growth is thus very slow, in practice most materials (e.g., metals) are polyerystalline

Example: cf. tungsten grain growth in light bulbs (helped by temperature)




PHAS

E TRANSITIONS

An empiric

-

al example, for iron

3

vapour
3000° —
2860°
liquid
2000° ——
1536°
O bee
1391°
1000° —— 7 Jee
914°
ot bec
0°——

Clearly, while two phases coexist

“TT” — Diagram (cooling)

V—1L

temperature

fime

. the temperature 1s “pinned” at the coexistence value



PHASE TRANSITIONS

Here, for example, the L = &-iron transition. Although the system overall is
loosing energy to the rest of the world. the temperature remains fixed at 1536°
until there 1s only solid 1ron

O : O (only slightly less dense than the solid.

Q D LIQUID 1,1t there are exceptions e.g., water )

I I I I CRYSTAL

When the atom . falls 1n place it forms four *“ bonds™ with
the growimg solid, while its freedom 1s largely diminished.

*Energ}* got lower! (ok, enthalpy, which 1s ~ the same as pAV = 0).
Entropy got lower as well, and the two effects conipete

AG = AH —TAS  Overall it must be AG <0 for the reaction to proceed.



PHASE RULES

It concerns the equilibrium state of a heterogeneous system.

v=C-F+2

v =# of degrees of freedom (P.T. and concentrations)
C =# of components (e.g.. different chemical species)

F =% of phases (e.g., liquud, solid. ...)

« 1f all components vary their concentration by chemically transforming into each other, the C
concentrations will provide (C-1) degrees of freedom for every phase: + F (C - 1)

* pressure and temperature are free: +2

« However, every one of the C components must have the same i, for every phase present at
the considered phase diagram pomnt: - C(F-1) degrees of freedom from the constrains

v=F(C-1)+2-C(F-1)=C-F +2

Example: triple point of water

C=1 F=3 — v =0 (aphase diagram point)

oY



PHASE TRANSITIONS

c L
& typically. the G of a particular phase (e.g..
S) becomes equal to that of another phase
(e.g.. L) at some transition temperature

(e.g., the melting temperature 7, )

TFH T

G=H-1S — AG=AH-T AS=0 so that £=AS at 1 =1

i

H=H, +c,AT
Now, we can hope that AH =T AS alsofor 7' =71 since | AT
S=S5 +¢c —
m p T
&H _ AHM +A£FAT T m
AS '.@ AT~
e +ACP£T so.for T=T — AG=AH-TAS

L T

m

AH, 1 d
- —AH(I—]



PHASE TRANSITIONS

For example if T < Tm i

w0

the § = L transition (AH > 0) will have

AG=AH(1—T) >0
[\ I
>0 =0

T

m

and will not happen spontaneously

T
Butfor7'>1 . AG=AH (1 - T—) < (0 will happen spontaneously
[\

=0 <0

, SO ‘AG‘ << ‘ﬁH ‘ 1.e.: large, almost equal enthalpic

Note that, typically 7, >> |ﬁT
and entropic variations, leaving just a small driving force



PHASE TRANSITIONS

Example: water at / atm [&H = 334iJ/kg for ice = water J

The entire budget to boil a kg of ice is: AH =2263FkJ[kg for water - vapour (much bigger)

334+100-4.187+2263=3016 kJ ~__
| Note that 1 k77 =3600kJ |

. AT
Since, however 7 =300°K (273.15°C) > AG =AH (?) =1 kJ/kg for AT =1°K

which 1s 300 times less. ..

1t looks like we would need ~100 W for 1 hour to melt a kilo of water and 1000 W for 1 hour
(1kWh) to boil 1t away. but the net “driving force” AG for melting ice at 1°C 1s ~1 kJ/kg.

sufficient for lifting 300 tons by 1 metre !

Q: can we relate the ~3000 kJ/kg with the total chemical bond energy m lkg of water?

A: 1 kg =50mol (as the atomic weight of H,O is about 20 (just rough estimates here!))

3
so AH_, = 0o =60 kJ/mol

Now 1 eV /molecule =96 kJ/mol (since N, =6-10"and 1¢V=16-10777J )
So 0.6 eV/molecule seems sufficient to vaporize ice, which is ok since for every
molecule there are 4 bonds (but they are across 2 molecules, so we only count two)

OK! A hydrogen bond is indeed = 0.25 eV ==  0.5eV/molecuile




THERMAL ANALYSES

ThermoGravimetric Analysis (TGA)

Similar evidence 1s given by the {
Differential Thermal Analysis (DTA)

reference sample
S
DTA
= .
?7 ?7 The two thermocouples will record any AT
? g between the sample and the reference (stable)
material while the block is slowly heated up
L TGA
g |'7 Just weighs the sample at all times
Example: melting pure tin
ltca TGA stable (liquid tin does not evaporate)
S ~ Tin “lags behind” while the enthalpy of melting 1s
. . produced (and the temperature 1s pinned at T )

23ch 2 Temperature
Flame - retardant materials:
They can be Mg-Al silicates, mica structures, ..., with adsorbed interlayer water.
They will imply a large AH of vaporization while heating up, and thus require significant
energy to be heated up to flame temperatures



Main features in DTA-TG

Exotherm

Displacement (d) for estimation of C,

H

....... $d

Change in heat capacity AT

G

Endotherm

F
Melting

Temperature ee—jp

DTA

TG

A

Melting Decomposition g, ihermic

ﬁjt\l | ()

T Endothermic
Glass Crystallization

transition Increase

{

Decrease
3

Temperature



Example of DTA-TG data

100 0.6
80 13.18% b -
3 60 048
= -
=0).3 - —

2 40 64.23% R
= 9 0.2 £
20~ ' ﬁ)

1\ - 0.1

0

100 200 300 400 500 600 700 800
Temperature (C)



Differential Scnning Calorimetry

Mesured heatflux

Polyethylene terephthalate, PET, 23.1600 mg

Cold crystallization

Glass transition

Integral 870.49 mJ
normalized 37.59 Jg*-1
Peak 149.86 °C
Integral 929.70 mJ
nomalized -40.14 Jg*-1
248.42 °C

mW Glass Transition

Onset

Midpoint

Heating Rate
Midpoint ASTM,IEC
Midpoint Richardson
Delta cp ASTM IEC
Delta cp Richardson

{ ]
80.17 °C
79.26 °C
10.00 *Cmin*-1
80.55 °C

71.60 °C

0.333 Jg"-1K*-1 ,
0.344 Jg*-1K*-1 Melting

5.3 T T | o | Py

1 AJ v L] v L] . v L] v . v L

v v A \J L v
40 60 100 120 140 160 180 200 220 240 260 280 °C



HOMOGENEOQOUS NUCLEATION

...or “how impossible it really 1s” £t

imagine you wish to form a spherical nucleus of a
new phase. of radius ». There exists a driving force |
AG]| (volumic, 1.e. in J/m?), but also a cost 457_-]/;3
to create the interface.

E =4y’ —%M'E‘AG‘

The radius beyond which a fluctuation will progress 1s:

3
JF 2y 2v) 4 (2
— =0 8wy =42°|AG|—=r*=—  E(") =4m,(_5‘2 -2 =2 ) |AG| =
AG| AG* 3 \AG
/? 2\ 16 _ y°
167 (1-2| =271
. AG 3] 3 AG
Example: let’s try to see how much this 1s for water
) _ f3 .
aG =34 M =106i=1oﬁi3: =052 => L 52+%=2+10‘”J =10"eV
273 kg ton m m° 3 AGT 10
also o 2V 1 10 21 e110r1110?115!
7 _‘ G‘ =T0° = 11am (lee_m 40

... 1n practice, nucleation almost always heterogeneous!



HETEROGENEOUS NUCLEATION

Example: nucleating ice from a vapour phase

if the substrate 1s “like” 1ce:

0

ice

IR

}/fc*e..s-ub

IR

AT AT LA TR TR A LA A I LA AT .
N . . RN *Q\‘&Q\ ‘ VIEE,WI‘D

3 }/.'r ub.vap
A

ST

since the ice lower and upper surfaces have about the same area, the surface
energy cost of creating the ice nucleus drops drastically from its value in pure

vapour, and it 1s much more likely to form an ice nucleus
) =0
4'??’.}‘ ' }/ - ‘SI’”Tf ' (yice,vap + }/icf,mh - },sub,mp)

equal

See Ashby & Jones’s book for some consequences of this. ..




NUCLEATION RATE GRAPH

We now want to describe the nucleation and growth of materials phases into one another.
We can take for example, the y = « transition in pure iron at 914°C

4 7

Iron @ can nucleate at grain boundaries between y
(e.g.), giving heterogeneous nucleation

In all cases

r* = 27 and E* = E(r*) = g(ﬁ)( A ¥ - irzr 3 .GJ
AG \ 3
> %« 1
G a factor which
depends on the angle
And we know that: & on both sides
G|=AG = &H(l -Ti) = M{(%) x AT

s0, s1izeable ATs will yield smaller radi1 (undercooling and overheating).



NUCLEATION RATE GRAPH

We can also have a look again at the nucleation rate of a solid vs. temperature:

4 Maximum rate 1s at T low enough to have a
____________."- o o '
driving force, but high enough that

nucleation 1s allowed

[\ For T > T, there is no driving force
_ for the reaction.

| >
l T Temperature

m
The driving force grows, however the barrier 1s more
difficult to overcome at lower T.

we can consider again the energy mn the nucleation process at temperature 7 2 T, :
This moves to the right and

Fate

1 — " up: it takes more for the
E* — o0 | o o S P |
sSice AT because 7% — o volume effect since the
AN E* g driving force is vanishing.
r ¥
so —— x¢ 7 quenches therate for T2 T,
dT
G.h L
For T << T,, the driving force |5GLE}Vi]l grow (see below) but the kinetics <

L i

will slow the nucleation exponentifily since :
jll.‘iit the finite diff, «——— _ vanish for low T T T

between two phases



REACTION PROGRESS RATE

So suppose we now grow a solid nucleus inside a liquud, for T7< T,

m

O Q Q We could ask ourselves what’s the rate of conversion
Liquid <> (7 ) =
A

density of liquid at the

Solid , .
I T 1 interface. trying to
become solid
G F 1
_a ,
: et G
1s the same at equilibrium (at 7). !
G.h
But if T < T, = there will be a driving AG

' T AT
force AH| 1- T_] - &H? so that:

m

m

where AG=G; -G, >0



REACTION PROGRESS RATE

So we have a total current:

AG AG
L AR g AG AG L
= . for a small AG > 0
—venle T —¢ H |=y.p-e | g2k _ g 2T | = we have
= AG AG L AG
=v-n-e |1+ -1+ =v-n-eH-
2kT 2kT kT
_9 l T
= JE Sy T AH|[1-—
kT J T
0 AT
here, again. the temperature I,

grain
growth
rate

-

, 15 too low to jump the main
barrier

/

Here the rate goes to 0 for lack of driving force

L J

This looks like the nucleation rate!!



REACTION PROGRESS RATE

Now consider the overall reaction speed of any reaction, e.g., the nucleation f a solid phase
into another one. This will involve both nucleation and growth at some 7=7_
Globally, the graph will display a behaviour similar to what we have seen

:.,E 2 \ I . . . , .
S = \ i |_—~ Time is proportional to //(reaction rare)
S ' I driving
\ : . -
\ ! the maximum will be force
\ — : . roblem
N obtained for some 7<T,, ‘ proble
RN . time \
barrier
] > problem
T T

m

Normally, however, Temperature To Time (TTT) 1s the way it’s done.

L 4

S

low driving
force

erainre

“Nose™ or “Elbow™ of
the curve: it can be ——=1" 505
am-'oif_led by rapid T is to low to
cooling... ﬂli?ﬂllﬂl — to jump
treatments will enable barriers
some control of the
microstructure!

Te

Tiene (Leg Time)



TEMPERATURE TO TIME (TTT) CURVES

We saw already one for iron:

-

“TT” — Diagram
y (cooling)

Fig. 8.5 of Ashby — Jones. shows the

- . .
5 TTT curves for the diffusive y =«
;"'__: transition 1n iron
= I
- Stable fec iron
] ] e ———___ ()
Unstable -
fece
700 110N .-+ " stablebec
125507599 - - . . . . >tablebce ..
’_‘_ L iron ..
- _ “Mose”
> S
fime E|:
1% transformed
line
59% transformed
line
0 | | | I I I
10°% 10°* 10?7 107" 1 10 102

e Time (5)

logarithmic usually



MARTENSITIC TRANSITIONS

Not all phase transitions are diffusive: the “martensitic” transition (another
name for displacive) ¥y —= a at 914°C 1s, generally. diffusive. But below
550°C 1t can happen “in place™ as some sort of “rotation’ and compression

However now the bcc lattice 1s
o face contring atoms orthorhombic, not cubic, with height/
et outforclany width ratio 42, which then decreases.
Quenching the crystal 1s the

]~ This face centring atom following move. This creates “lenses”
in the fce lattice becomes . . .
the body centring atom that grow until they hit a grain
in the distoried boc
latuice bolmdary-

Bain
Xy —1 Slrain

0.355

[

Il--— =
=
Pl
o
on
o
I|
=

I

T bee
martensite




Martensitic transformation
in transformation toughenining of zirconia-based materials

tetragonal particles

600 60 oOo OOO

tetragonal (1) monoclinic (m) On O O O _O o Q ! O: OO O s ?\ O



Martensitic transformation in shape-memory alloys

Detwinned martensite Twinned martensite



THERMAL TREATMENTS

Next

500

400

Temperature (“C)

200

]

|
( o~ 10 20
\ Al \u_m Weight % Cu —=

example: Al/Cu alloy

Ageing diagram

below 512°C we have segregation between

g - 4% alloy

30 40

rapid quenching will create

Al with supersaturated Cu 1n
it, with no chance for CuAl,
to nucleate.

Al with Cu and CuAl, (above there is a

liquid mixture + Cu@Al).
Solution
treat
S A
1] SuUpersaturated
ICuAly) T{ e
500 l ll-"lll _.MI stable o«
J | 18 All saturated o + CuAly
50 60 300 L
=
e
200

Here. the controlled
reaction makes the
microstructure evolve

100

I I L | | | |

Dn:ln‘n:rJ w0 w! 1 1w w1t

Time (h}



Temperature, °C

800

700

600

500

400

300

200

100

Naure of Transformations

Austenite,
N, A, = 723°C (1333°F) -
---f.----------------.----------------.----------------.-l
- \ P,
" Py Pearlite, P i
) ¥
- %\
%! -
- 3 \ + Fe,C
2
2 -
— ‘% Bainite, B
%\
- M,
+ M \\ “*‘ES
— Mf \' ‘h“'.‘ —
Martensite, M h N
| | | E |
1.0 10 102 103 10*

1400

1200

1000

800

600

400

200

Temperature, °F

Diffusion-limited
VS
Martensitic



Example of Diffusion limited transformation

g

1500 =

)

o
= 1400 —
S
2
g_ A =
g A46 752 Equilibrium
& 1300 — 7 /51 solidus
\ temperature
Nonequilibrium
1200 (Last liquid) — solidus
\—,”/ temperature

o
l 1
60 80 Ni

Weight percent nickel

| |
60 80 Ni

Weight percent nickel




Example of Diffusion limited transformation

Y - Austenite

C - diffusion C - diffusion




THERMAL TREATMENTS

vield strength vs. aging time

first, the supersaturated
solid solution starts
aggregating Cu, yielding
solution strngthening

400

300 —

100

here there 1s the equilibrium between the mcreasing cost of
cutting the zones with dislocations and bowing of dislocations

between the increasingly separated zones

Bowing \ /—/
stress '\ ~ Cutting stress
\| 7
X
e 1r\
Supersaturated g -
o semi-coherent

GP

N Coherency

semi-coherent + disloc.

) incoherent

Here, coherent precipitates A

load up elastic fields, then
becomes bigger and less

coherent fand alen fewear

N // stress —F =
A Solution
i e — . AN = 130 MPa
1% U strengthening N |
10 100 1000
Ageing time (h) at 150°C

0 precipitate




Growth

Spiral growth

Lateral growth

Surface diffusion ) ‘
at the terrace

Dendrites formation ¢ d




- Increasing constitutional supercooling

Dendrites

Planar

N

Cellular

Columnar
dendritic

L
constitutional
supercooling

Equiaxed

L dendritic

Temperature T
r'y

Temperature T

' (m_ .

80 um




SUPERCOOLING AND OVERHEATING

Coming back to phase transitions, there are two nice further concepts: undercooling (or
supercooling) and overheating. They are associated with the difficulty of nucleating new
phases homogeneously 1n specific temperature directions

Supercooling Temp 1

Liquid = Solid: Typical of water.

Typical if the L-V interface 1s less expensive fime
than the S-V (the molecules adjust poorly at

solid surfaces). Therefore Vsy = Vst +7V1v supercooled liquid

So we have a slightly supercooled liquid:

Vv Vv due to the extra cost of
It does not create | .
the V-S interface.

L :::::::3-112:::::;

. Temp § : .
And. in general, the P nucleation and growth releases the AH of
cooling curve 1s: r L solidification which heats back the system
mr
Finally all L is solidified and
Undercooling before the ,fﬂ"’"fﬂ the solid is cooling down.
nucleation happens R

somewhere. time Q: why 1s 1ce slippery?



SUPERCOOLING AND OVERHEATING

But melting does not imply overheated solids! Indeed

. Temp 4
In fact. the surface might melt at a slightly P

lower T than the bulk since 1t gains the

AE =£/LV + }’Ls*; Vo <0

O\

small big

\ Slight pre-melting at surface

P
L

fime
but this 1s only a very thin film below the melting point, and 1s hardly noticed 1n
macroscopic samples close to 7m. Things are different at the nanoscale. ..



