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Massive vs. Martensitic Transformations

« There are two basic types of diffusionless transformations.

« Oneis the massive transformation. In this type, a
diffusionless transformation takes place O without a
definite orientation relationship. The interphase boundary
(between parent and product phases) migrates so as to
allow the new phase to grow. It is, however, a (2 civilian
transformation because the atoms move individually.

relatlonshlp because the atoms have to (2) move in a
coordinated manner. (Military transformation) There is
always a 3 change in shape which means that there is a
strain associated with the transformation.




Microstructure of Martensite

« The microstructural characteristics of martensite are:

- the product (martensite) phase has a well defined crystallographic
relationship with the parent (matrix).

1) martensite(designated a’) forms as platelets within grains.

“Lens shape” Plate density: independent of grain size
\‘l
Unconstrained transformation -
Y
f
K — T
\‘f

Constrained transformation . . L. . .
Fig. 6.1 Growth of martensite with increasing cooling below Ms.

— Martensite formation rarely goes to completion
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Microstructure of Martensite
 The microstructural characteristics of martensite are:

2) each platelet is accompanied by a shape change.

- the shape change appears to be a simple shear parallel to a habit
plane (the common, coherent plane between the phases) and a

“uniaxial expansion (dilatation) normal to the habit plane”.

strain associated Polished surface_elastic deformation or tilting
with the transformation — but, remain continuous after the transformation

f

Surface

Intersection of the lenses with the surface of
o’ Y the specimen does not result in any discontinuity.

A fully grown plate spanning a whole grain ~10-7 sec

(a)

— V of o’ /y interfacec speed of sound in solid

Invariant plane f Martensite
in austenite | \\‘ < habit plane
i o — i
[ e :
: ;o : difficult process to study M nucleation and growth
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| [y experimentally
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I 1’ |
R P DU—— —_—
(b) a3l Vg g
Fig. 6.2 lllustrating how a martensite plate remains macroscopically coherent 5

with the surrounding austenite and even the surface it intersects.



Various ways of

showing the martensite
transformation

Note that the M, line is horizontal in
the TTT diagram; also, the M; line.

Some retained austenite can be left even
below M. In particular, as much as 10%-15%
retained austenite is a common feature of
especially the higher C content alloys such
as those used for ball bearing steels.
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Interstitial sites
for Cin Fe

fcc:

carbon occupies
the octahedral
sites

bcc:

carbon occupies
the
octahedral sites

[Leslie]

@ METAL ATOMS @ METAL ATOMS
©O OCTAHEDRAL INTERSTICES O TETRAHEDRAL INTERSTICES

(a)

@) METAL ATOMS @ METAL ATOMS
O OCTAHEDRAL INTERSTICES O TETRAHEDRAL INTERSTICES

(b)

Figure II-1. Interstitial voids in iron. (a) Interstitial voids in the fec structure, octahedral (1) and
tetrahedral (2). (b) Interstitial voids in the bee structure; octahedral (1) and tetrahedral (2). (From
C.S. Barrett and T.B. Massalski, Structure of Metals, 3d ed., copyright 1966, used with the permis-
sion of McGraw-Hill Book Co., New York.)



Carbon in BCC ferrite

[P&E]

One consequence of the — /) r=124A
occupation of the octahedral site in -
ferrite is that the carbon atom has - :6 A & LA
only two nearest neighbors. N @ 4. /’D—r

N i | |
Each carbon atom therefore @’ /1 ) K
distorts the iron lattice in its vicinity. < A
The distortion is a tetragonal @ ®
distortion. e
If all the carbon atoms occupy the a8 | /( :
same type of site then the entire e 2

3.08
3.04
2.96
292

Switching of the carbon atom 288

lattice becomes tetragonal, as in
the martensitic structure.

¢ (Martensite)

Lattice parameter (A)

o (Martensite)

between adjacent sites leads to il SRR ———
strong internal friction peaks at () Fe  Weight percent carbon
characteristic temperatures and Fig. 6.5 lllustrating (a) possible sites for interstitial
f : atoms in bcc lattice, and (b) the large distortion
requenCIeS' necessary to accommodate a carbon atom (1.54 A

diameter) compared with the space available (0.346 A).
(c) Variation of a and ¢ as a function of carbon content.



6.2. Martensite crystallography (orientation btw M & y)
y—=a&': (1) Habit plane of M: not distorted by transformation
(2) A homogeneous shear (s) parallel to the habit plane

(3) ~4% expansion_dilatation normal to the habit plain (lens)

.
X . o o .

KZ\%?\ e Applying the twinning analogy to the Bain model,

T MR &5
] ?\ \\x ) x ! ?;?x \\x ¢

| — /IIS :?\

. S
(04

N

x
llg J. 2 i Martensite habit plane
=
(S = 1 1L~
@y «.Ti ) \% ’/

A’ Z' (Contraction axis) ‘ Reference plane

x’ (Expansion axis)

y" (Expansion axis)

' Twins in Martensite

may be self-accommodating and reduce energy
by having alternate regions of the austenite

Bain Model for martensite undergo the Bain strain along different axes.



6.3.1 Formation of Coherent Nuclei of Martensite (Homogenous nucleation)

for thin ellipsoidal nucleus (radius a, semi thickness c and volume V),

AG — A]/ + VAGS o VAGV Assumption: 1) Nucleation does not necessarily

occur at grain boundaries.
2) Nucleation occurs homogeneously without
the aid of any other types of lattice defects.

a \K
, . _ S — The Nucleus forms by a simple shear, S,

\ parallel to the plane of the disc, and complete
coherency is maintained at the interface.

. 2(2— 4
AG=2ma’y +2uV(s/2) M7zc/a ——ma‘c-AG,
_ 8(1-v) 3
Figure. 6.14 e
Schematic representation of a M nucleus.
If V=1/3, 167[ 4 ............. -

AG=2 7’ 7/ + —(5/2) uac’ ——a’c AG . Eq. (6.7)
\ I \ J \ 3 Y
Surface E Elastlc E Volume E
(shear component
of strain only)




6.3.1 Formation of Coherent Nuclei of Martensite

By differentiating Eq. (6.7) with respect to a and c, respectively
— Min. free energy barrier to nucleation: extremely sensitive to “y, AG, and s”

. 512y’

AG = . (s/2) u’x| (joules/nucleus)
3 (A6 (s/2) p

— Critical nucleus size (c* and a*): highly dependent to “y, AG, and s”

_2r | e L6pu(s/2)
AGV (AGV )2

C

Eq. (6.9) & (6.10)

For steel, 1) typically AG, =174 Mjm3, and
2) s (varies according to whether the net shear of a whole plate (e.g. as measured from surface markings) or
shear of fully coherent plate (as measured from lattice fringe micrographs)
= 0.2 (macroscopic shear strain in steel)
3) y= 20 mJm-2 (fully coherent nucleus)

- c*/a*~1/40, AG* ~ 20 eV : too high for thermal fluctuation alone to overcome
(at 700 K, KT = 0.06 eV)

— “M nucleation = heterogeneous process” : possibly in dislocation
(#=10° per 1 mm?)



6.3.2 Role of Dislocations in Martensite Nucleation

(1) atomic shuffles within the dislocation core

M transformation induced by half-twinning shear in fcc mater.

« Itis thus seen that some types of M can form directly by the
systematic generation and movement of extended dislocations.

— M, temperature : a transition from positive to negative SFE

« However, 1) this transition type cannot occur in ) high SFE nor in
(@ thermoelastic martensites — need to consider alternative way in
which dislocations can nucleate martensite other than by changes at

their cores.

2) this transition is also difficult to understand 3 twinned martensite,
merely on the basis of dislocation core changes.




6.3.3 @ Dislocation strain energy assisted transformation
: help of the elastic strain field of a dislocation for M nucleation

« Assumption: coherent nuclei are generated by a pure Bain strain,
as in the classical theories of nucleation

The stain field associated with a

dislocation can in certain cases
provide a favorable interaction with

the strain field of the martensite

nucleus, such that one of the
components of the Bain strain is
neutralized thereby reducing the

total energy of nucleation.

— the dilatation associated with the
extra half plane of the dislocation
contributes to the Bain strain.

— Alternatively, the shear component
of the dislocation could be utilized
for M transformation.

Z' (Contraction axis)

N\ .
-~ \ 0
X . x" (Expansion axis)
- . \\ .
\ 'y’ (Expansion axis)
A s A
A
|

PG N
P

N

Figure. 6.19 lllustrating how one of the strain components
of the Bain deformation may be compensated for by the
strain field of a dislocation which in this case is tending to
push atom planes together.



6.3.3 @ Dislocation strain energy assisted transformation
: help of the elastic strain field of a dislocation for M nucleation

AG= Ay +VAG. —-VAG, — AG,

Creation of nucleus~destruction of a defect(-AG,)
— Dislocation interaction energy which reduces the nucleation energy barrier

AG.=2uSTT-dcC B where b = Burgers vector of the dislocation,
d H s = shear strain of the nucleus
2 1672- 2 2 472- 2 o
AG=2ma"y +——(s/2) npac® ——a’c-AG, —2usmac-b| Ea.(6.16)
3 3
At bain HY 23
AGyy 4 +ve Fully coherent
nucleus — Total energy of martensite nucleus:
as a function of 1) diameter and thickness (a, ¢)
—— Nucleus size (whether it is twinned or not (this affect “s "))
| \\ 2) Degree of assistance from the strain field of a
Critical size N dislocation (or group of dislocations)
@ |-ve for coherency loss Twinned nucleus ~ €-9- A fully coherent nucleus from partial interaction

Figure. 6.20 (a) schematic diagram based on Eq.
6.16, illustrating the need for the nucleus to twin
if it is to grow beyond a certain critical size.

with the strain field of a dislocation ~ 20 nm dia.
& 2-3 atoms in thickness — further growth need
to twin and slip formation




6.3.3 @ Dislocation strain energy assisted transformation
: help of the elastic strain field of a dislocation for M nucleation

Burst phenomenon

: autocatalytic process of rapid, successive M plate formation occurs over
a small temperature range , e.g. Fe-Ni alloys

(Large elastic stresses set up ahead of a growing M plate — Elastic strain
field of the M plate act as the interaction term of elastic strain field of
dislocation in Eq. (6.16) — reduces the M nucleation energy barrier)

In summary,

- we have not dealt with all the theories of martensite nucleation
in this section as recorded in the literature, or even with all alloys
exhibiting martensitic transformations.

- Instead we have attempted to illustrate some of the difficulties
associated with explaining a complex event which occurs at such
great speeds as to exclude experimental observation.

- A general, all embracing theory of martensite nucleation has still
evaded us, and may not even be feasible.




6.4 Martensite Growth

- Once the nucleation barrier has been overcome, the chemical volume free
energy term (AG,) is so large that the martensite plate grows rapidly until
it hits a barrier such as another plate or a high angle grain boundary.

- High speed of M growth — interface btw austenite and M must be a glissile
semi-coherent boundary consisting of a set of parallel dislocations or
twins with Burgers vector common to both phases, i.e. transformation
dislocations — dislocation motion brings about required lattice invariant
shear transformation (may or may not generate an irrational habit plane)

- Increased alloying lowers the Ms temperature and that it is the temp. of
transformation that dictates the mode of lattice invariant shear.

— Slip-twinning transition in a crystal at low temperatures: increased
difficulty of nucleating whole dislocations needed for slip, but not so temp
dependence (as the Peierls stress for a perfect dislocation) of critical
stress needed for the nucleation of a partial twinning dislocation &
chemical energy for transformation ~ independent of M_ temp.

— When Ms temperature is lowered, the mechanism of M transformation
chosen is governed (D by the growth process having least energy.
Other factor affecting mode of growth = (2) how the nucleus forms




* Two main cases of rational (lath) and irrational (plate) M growth in steel
6.4.1 Growth of Lath Martensite

- Morphology of a lath with dimensions a>b>>c
growing on a {111}y plane — thickening mechanism
involving the nucleation and glide of transformation
dislocations moving on discrete ledges behind the
growing front, e.g. NiTi M and steel M

- Due to the large misfit between the bct and fcc,
lattices dislocations could be self-nucleated at the
lath interface. —» the stress at the interface exceeds
the theoretical strength of the material.

- Eshelby’s approach: for thin ellipsoidal plate (a>>c)

Maximum shear stress at the interface btw M and y
The next dislocations .
nucleate here due to shear transformation

o= ZILISC / ad| u=shear modulus ofy

~Sensitive to @ shape (c/a) and @ angle of shear (s)

(b) Growing front : Of course in practice it is very difficult to define the
morphology of M in such simple c/a terms, but this
Figure. 6.20 (b) Lattice image of the tip of a gives us at least a qualitative idea of what may be
martensite plate in a Ti-Ni alloy. The first interfacial involved in the growth kinetics of M.

dislocation behind the growing front is indicated.



6.4.1 Growth of Lath Martensite

- Lath M growth by shear loop nucleation (.- 6/ > threshold stress) :
by nucleating dislocations at the highly strained interface of the laths, the misfit
energy reduced and the lath M can continue to grow into y

0.08 o(Maximum shear stress at
the interface btw M and y)/
i (shear modulus)
0.06+ Equation 6.17
* Min. or threshold stress for nucleating dislocations
= 0.025u at ambient temp. for fcc materials
-1
B 0.047
Shear loop nucleation even in plate M (shear associated with
a pure Bain strain—coherency loss of initial coherent nucleus)
- - " Threshold stress (Kelly)
0.027 §=0.32 pure Bain deformation
Laths Plates s=0.2 Twinned plate
% % Typical value of bulk lath and plate M
} } } | Shear loop nucleation (dislocation

10 20 30 4() nucleation) ~ likely in lath M but,
unlikely in the case of thinner plate M

Morphology (a/c ratio)

Figure. 6.21 Eq. 6.17 plotted for two values of shear corresponding to a pure Bain deformation
(s=0.32) and a twinned plate (s=0.2)



6.4.1 Growth of Lath Martensite

- Lath M growth by shear loop nucleation (.- 6/ > threshold stress) :
by nucleating dislocations at the highly strained interface of the laths, the misfit
energy reduced and the lath M can continue to grow into y

- By internal friction measurements,

0.087 o(Maximum shear stress Density of carbon in lath M : cell walls > within cell
at the interface btw suggesting that limited diffusion of carbon takes place
M and y)/ p (shear modulus) following or during the transformation
0.06+ Equation 6.17
- M transformation (at least at higher Ms like lath M)—
produce adiabatic heating which may affect (D diffusion of carbon
= 0.044 and @ dislocation recovery (by dislocation climb and cell formation). ~
© a certain relationship between lower bainite and M
- Threshold stress (Kelly)
0.021 s§=0.32 Shear loop nucleation lath M and plate M
% PIVaji s=0.2 Shear loop nucleation in lath M
1#0 2=0 3=0 4'0 - High growth speed of lath M
Morphology (a/c ratio) — interface of predominantly screw dislocation

* Figure. 6.21 Eq. 6.17 plotted for two - Volume of retained y ~relatively small in lath M
values of shear corresponding to a pure

Bain deformation (s=0.32) and a twinned (important to the mechanical properties of low-carbon steel)
plate (s=0.2) due to sideways growth of screw dislocation not too difficult



6.4.2 Plate Martensite

- In medium and high carbon steels, or high nickel
Morphology: Lath M — Plate M (lower Ms temp. and more retained y)
much thinner than lath M or bainite

— 700
500 Msgtemperature
) ()
5 — 300
]
X 75 — -
';:' Vol% laths 100

50 40  Vol% retained
austenite
25 Vol% retained —{ 20
austenite
0 1 | | 0
0.4 0.8 1.2
wt% C

Figure. 6.22 Approximate relative percentages of lath martensite and
retained austenite as function of carbon content in steels.



6.4.2 Plate Martensite

- In medium and high carbon steels, or high nickel
Morphology: Lath M - Plate M (" lower Ms temp. and more retained y)
much thinner than lath M or bainite

- Transition from plates from growing on {225}, planes to {259}, planes
with increasing alloy contents (habit & &3}

In lower carbon or nickel, {225}, M = plates with a central twinned
‘midrib’, the outer (dislocation) regions of the plate being free of twins

In high carbon and nickel, {259}, M = completely twined & less scattered

habit plane
0.08T * In Midrib M, transition from twinning — dislocations
due to a change in growth rate after the midrib forms
0.06 1 Equation 6.17 = M formed at higher temp. or slower rates grows by a
slip mechanism, while M formed at lower temp and
2 0 oa higher growth rates grows by a twining mode.
‘B .

= - - — —— Threshold stress (Kelly) much thinner than lath M or bainite

0.021
§=0.32 _ . ] . ]
Laths& 02 1) s=2, problem in nucleating whole dislocations

Z A in the case of growing plate M, but partial
= : : | twining dislocations evidently can nucleate.

10 20 30 40 — Once nucleated, twinned M grows extremely
Morphology (a/c ratio) rapidly, but the mechanism is unclear.




6.4.2 Plate Martensite
2 M growth 2&: JSEGI7 TS SFAI7|2 O|= Q5 Thel e 3§
* Dislocation generated {225}y M (Frank) (jose-packed plane
Y=25" 4 “Stenitelamce o - slight misfit along the [011]7 & [111],

(522),
habit plane

= M lattice parameter is ~2% less than that of y

(111), planes ) . .
Y — Insertion of an array of screw dislocations

with a spacing of six atom planes in the interface

* In terms of the min. shear stress criterion (Fig. 6.21),
when the midrib reaches some critical a/c ratio
further expansion and thickening of a {225}y twinned
midrib by a Frank dislocation interface could occur.

— “No detailed explanation”

(101), planes

(a) Martensite lattice

Six atom planes spacing between
screw dislocations

Martensite lattice

|

2) coherent nucleus with s=0.32: possible for
—- dislocation nucleation to occur to relieve coherency.

Hu11),, /7 [01

The larger amount of chemical free energy, available

after the critical size for growth has been exceeded,
Habit plane

may be sufficient to homogeneously nucleate

dislocations particularly in the presence of the large

Figure. 6.23 Model for the {225}y habit strain energy of the rapidly growing plate.
austenite-martensite interface in steel.

s
/_:.

(b) Austenite lattice




* Other factors for affecting the growth of M: @phenomenon of stabilization,
@external stresses, and @ grain size

6.4.3 Stabilization

* In intermittent cooling between Ms and Mf, transformation does not immediately continue,
and the total amount of transformed M is less than obtained by continuous cooling throughout
the transformation range.

6.4.4 Effect of External Stresses | AG = VAG, + Ay +VAG, - ES

* In view of the dependence of M growth on dislocation nucleation, it is expected that an externally
applied stress (ES) will aid the generation of dislocations and hence the growth of M.

a) ES lowers the nucleation barrier for coherency loss of second phase precipitates.

b) ES aid M nucleation if the (1 external elastic strain components contribute to the Bain strain.
— Ms temperature can be raised. But, if plastic deformation occurs, there is an upper limiting

value of Ms defined as “the Md temperature”.

c) @ Under hydrostatic compression, Ms temperature can be suppressed to lower temp.
(P T — stabilizes the phase with the smaller atomic volume (close-packed austenite) —
lowering the driving force AGv for the transformation to M)

d) @ large magnetic field can raise the Ms temperature on the grounds that it favors the formation
of the ferromagnetic phase.

e) Plastic deformation of samples can aid both nucleation and growth of M, but too much plastic
deformation may in some cases suppress the transformation (nucleation 1 & nuclei growth |).

* Ausforming process : plastically deforming the austenite prior to transformation - number of
nucleation sites and hence refining M plate size — High strength (fine M plate size + solution
hardening (due to carbon) and dislocation hardening)



* Other factors for affecting the growth of M: @phenomenon of stabilization,
@external stresses, and @ grain size

6.4.5 Role of Grain Size

* Martensite growth ~ maintaining a certain coherency with the surrounding austenite
— high-angle grain boundary is an effective barrier to plate growth.
— While grain size does not affect the number of M nuclei in a given volume,

the 1) final M plate size is a function of the grain size.

* 2) Degree of residual stress after transformation is completed.
- In large grain sized materials: dilatation strain associated with the transformation
— Large residual stresses to built up btw adjacent grains
— GB rupture (quench cracking) and substantially increase of dislocation density in M

- In fine grain-sized metals: dilatation strain associated with the transformation
— more self-accommodating & smaller M plate size
— stronger & tougher material

* In summary, theories of M nucleation and growth are far from developed to a
state where they can be used in any practical way — such as helping to control the
fine structure of the finished product. It does appear that nucleation is closely
associated with the presence of dislocations (dislocation density) and the
process of ausforming (deforming the austenite prior to transformation) could possibly
be influenced by this feature if we know more of the mechanism of nucleation.
However, growth mechanisms, particularly by twining, are still far from clarified.




6.5, 6.6 & 6.7 SKip

IH: Summarize the pre-martensite phenomena and

the tempering behavior of Ferrous martensite.

(until 20 th December before final exam)

25



Representative Diffusionless Transformation

Martensitic transformation in Ni-Ti alloy ;

55~55.5 Wt%Ni - 44.5~45 wt%Ti (“Nitinol”)

4

Ex) Shape memory alloy

26



Introduction - Strase-Gtemoydffect

. (2)

Plastic deformation

Stress o

Elastic

(1

Memory

of
initial
shape

Shape recovery ! (3) Strain €
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Deformation

Plastic
Deformation

Transformation
Deformation

Ceramics O >< ><
Conventional
e O ] O X
Shape Memory O O O
Alloys

Recoverable
Small Deformation

\/

Elasticity

Permanent
Large Deformation

\4

Plasticity

Recoverable
Large Deformation

Shape Memory Effect
Superelasticity
(Pseudoelasticity)
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(b)
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Cool i ng

@ T<M;

@ (Shear strain)
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Heating &
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Principles

How can shape memory effect occur?




Principles

How can shape memory effect occur?




Principles- Shape memory process

Cooling

Parent phase
(Austenite)

Twinned
martensite

Stress loading

Heating

Detwinned
martensite

Pareiifvighass (hasbeniio) e

/| Y&\ /
QL2 D

1. A, 0| 2| 22 AXZE Sl
Austenite 20 F4& 7|

2. M, O|5}2| 22 'HZtA
Twinned martensite A4/

3. 5 Z L o|4o SHE 7I5IH Twin
boundary2| 0| F0j| 2|8t A/d HY

(T

4. A; O] 22 7} Eo|[FH martensite
Ol M CtA| AusteniteZ HHE|
=» 7|AHE HHOR &




* One-way / Two-way shape memory effect

Y Two-way SME

Y One-way SME

4

XM2(< M)A

160
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Summary

1963 Ti-Ni Born in USA (SMA)
I
1982 Stable SME & SE| Grown up in Japan (SEA)
/\ Forming technology
\
M-phase R-phase Applications
Growth of market
2002 $ 2.4 billion/Year
2006 $7.2 billion
| Thin film SMA || High temp. SMA || Ni-free Ti SMA
1992~ 2005~ 2001~ A
5010 $22 billion ?




* Application of SMAs
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http://www.intrinsicdevices.com/

——

http://www.youtube.com/watch?v=CTEjJmiUyx8

AdHels B &: HEQIRI| R A M|x/ex8n B2, IX| =2 I
(stent, X|ZuHE ZAM 5) (RH8 EfUMX| T £)



* SMA Actuator

> MFZO|O|E{(Actuator) : H7| 0|4 X|, Eoj{X] S2| O{X|&AES S LX|2 Fetstof
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Self-healing Metallic Materials
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Materials design for reuse

Damage process is incremental, and often local — repair opportunity

Two damage repair options possible:

- The metal autonomously repair damage — Self-healing

- Damage is repaired by an external treatment — Resetting




Self-healing metals vs Resettable alloys

o self-healing: “autonomic closure of micro-cracks”

* resetting: “non-autonomic retrieval of crack-arresting ability”

Conventional Increasing Micro-crack Macro-crack
Alloy local stress nucleation
Resettable Resetting : before critical level

treatment of “damage” & feasible

: revert to the original
microsturcture

Different failure mechanisms require different resetting strategies



Self-healing : Microencapsulation approaches

i) o—Catalyst © > ®
- L ]
® microcapsule—s
crack ¢ -

i) e ° °

o 2healing ggent.

i) e
e polymerized
healing.agent ®

®White et al, 409, Nature, 794-797, 2001



TEAX 74 $ D42 CHY : XE7HK] R Self-healing.”
White et al, Nature, 409, 794-797 (2001)

b

o
. °
® ®Polymerized

i healing ggent _®
.

ceramics

A—dA polymers

49— concrete & ceramics

®—9 metals

Bl metals minus (polymers and coatings)

2
|

[—

Lh

o
|

3
I

Number of ISI publications

50+ autonomic closure of
micro-cracks

Year




. Grabowski & Tasan, Self-healing Metals (2016)
Healing agent 7|4t Macro-crack A n} BX]

Al-3at% Si composite reinforced with 2vol% NITI SMA wire

e . / Macro length scate——

a. Healing agent

it/ . SMA-clamp solder tubes/ coating electro-
(eX' SMA wire etC.) &melt capsules agent healing

ceramic —, o h‘,ler
coating
. solder

Q| H-A}=

g

b. Healing Treatment & c. Local melting
(ex. Aging, electro pulse etc.) (ex. Eutectic phase, Sn etc.)

= AJJ ¥ Macroscale crack % 3} #-%]

||
E . . —
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1) “Super-elastic Bulk Metallic Glass Composite”

Self-healing Metallic Materials
with Recoverable 2nd phase

ESPark Research Group



Development of New Ti-based BMGC with High Work-hardenability

> Alloy system Cu-Zr-Al system Ti-Cu-Ni system
Secondary uZr Ti-X
phase Metastable B2 phase at RT Stable B2 phase at RT
“Shape Memory Behavior” “Superelastic behavior”
Shape Memory Alloy (SMA) Super-Elastic Alloy (SE alloy)
v o” martensite v o’ martensite
(%] (7]
L g
iz A
stable B a
Mf
Temperature Temperature
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Phase transformation in Ti-based alloys: B, - M — B,

- Alloy composition:
Ti,o-Cu-Ni-X

D> Stress-induced phase
transformation

D> Temperature-induced
phase transformation

®3mm suction casting
-Fully crystalline B2

In-situ neutron diffraction
measurement during compression

DSC measurement
(during cooling)

Intensity(a.u.)
1 1 1 1

V B2

2theta

v B2 phase
# Orthorhombic martensite phase

IS
IS

w
w

lll<' ‘

i i : an‘v"' : kil i ‘}N‘“\/WA 0
deTa = i e 7.2
L : | m(n®

R g

36

ki 20
**** A o e L
A il 4 5
/ i 4‘"{ 'MM Tt AN gy
1) = | M
Y ”m” Yy ’www 90
YT WW,W? A i it
iiiJ\_MMI.MJﬂ:‘W}uM I‘MM:»A mu.m‘v. mvw IV Iw. ilnhoboin_ /e
37 38 39 40 41
2theta(degree)

» Novel Ti-based Super-elastic Crystalline Alloy

= 570MPa

Phase transformation stress

Intensity

Heat Flow (W/g)

(cooling)
h

Orthorhombic

martensite

. .
-20 -10
Temperature (cglsius degree)

T T
-40 -30

v

Martensite start T (Ms)

-22°C
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In-situ synchrotron diffraction analysis during tensile test

D> Superelastic BMG composite: Reversible Phase Transformation Behavior

Ti-Cu-Ni-X ®3mm

Water cooled Cu mold suction casting, V¥ Initial BCC phase in as-cast sample

Loding — Unloading — Reloading

& Deformed martensite phase

Stress (MPa)

Strain [%]

L 4 w» L 4
Lineout from APS9_127_00014.ge2, azi 250 to 290
0.7 T T T T T
06}
0.5¢
=
(7]
504
=
S 0.3}
o
£
0.2
I
0.1 vj\__/—"J
6 7 0 1 1 1 1 1
1 1.5 2 25 3 3.5 4
d-A
at APS beam line, ANL
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2) “TWIP/TRIP High Entropy Alloy”

- Stress-induced phase transformable HEA -

ESPark Research Group
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Basic concepts of high entropy alloy (HEA)

Minor element 3

Major
element 4, 5..

Traditional » ,
alloys < Minor element 2 - Major
Mai 4 - w @@ & element 3
ajor .
element Major
Minor element 1 element 1 Major
element 2
Conventional alloy system High entropy alloy system
Ex) 304 steel - Fe74Cr18Nis Ex) Al20Co20Cr2o0Fe20Ni20
(1) Thermodynamic : high entropy effect (2) Kinetics : sluggish diffusion effect

(3) Structure : severe lattice distortion effect (4) Property : cocktail effect

Pure metal Conventional alloy High entropy alloy

Severe lattice distortion — Sluggish diffusion & Thermal stability

ESPark Research Group >0
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Applied Physics Letters 109, 061906 (2016)
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ALA) 2R 25 AAA] : “sloldlE 21 32

» FCC sto]QIE 2 1] §F59] A& &7
1) 245 =X oy Q14 (~ 200 MPa-m'/?)
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» TWIP/ TRIP &t
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Development of TWIP/TRIP High Entropy Alloy

* Design of TWIP/TRIP high entropy alloy without loosing yield strength

1 Equiatomic HEA 3.8
2 TWIP HEA 3.6
3 TRIP HEA 4.3

) ESPark Research Group >4



Development of TWIP/TRIP High Entropy Alloy

Ni-Co-Fe-Cr-Mn high entropy alloy
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—— Dislocation HEA
— TWIP HEA
—— TRIP HEA
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o

o

o
|

500

400

True stress(MPa)
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Development of TWIP/TRIP High Entropy Alloy

Strain 0% 30% 60% ECCI
Equi
HEA
TWIP
HEA
' '\.“?‘-V Sy "Ew,."
TRIP : tratSIOT SES™ s e,
HEA Ljne maréﬁsite 1\\._
oy “- Pl
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Development of TWIP/TRIP High Entropy Alloy

TRIP HEA
£ Y E Y Stress-strain curve
5500 T T T T . 1000
900
5000 -
800
4500
700 |
4000 + ] 600 -
3500 - 500
400
3000
300 |
2500 - E
200
2000 i i 100
otk 2fa 3 3.l2 3f4 376 38 00 5 110 115 210 25
1(Q) vs. Q Stress (MPa) vs. Strain (%)

at APS beam line, ANL
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Contents in Phase Transformation

(Ch1) Thermodynamics and Phase Diagrams
Background
to understand (Ch2) Diffusion: Kinetics
phase
transformation (Ch3) Crystal Interface and Microstructure

(Ch4) Solidification: Liquid — Solid

R tati
Pﬁggzsen ative (Ch5) Diffusional Transformations in Solid: Solid — Solid

transformation
(Che6) Diffusionless Transformations: Solid —» Solid
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Microstructure-Properties Relationships

Alloy design &

: Performance
Processing

*Phase Transformation”

Microstructure Properties

down to atomic scale

“Tailor-made Materials Design” s



* Homework 6 : Exercises 6

until 20th December (before exam)
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FINAL (20th December, 10 AM-1 PM)

Place: 33-225

Scopes: Text: page 189 (chapter 4) ~
page 433 (chapter 6)/

Teaching notes: 16~25/

Good Luck!!
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