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Fe-Fe3C Phase Diagram, Materials Science and Metallurgy, 4th ed., (Pollack, Prentice-Hall, 1988)

Phase-Diagrams: The first-step of materials design

http://www.sv.vt.edu/classes/MSE2094_NoteBook/96ClassProj/examples/no_clim.html
http://www.sv.vt.edu/classes/MSE2094_NoteBook/96ClassProj/examples/no_clim.html


Process design with kinetics

TTT Diagram

Russel,	  Acta	  Metal.	  17,	  1123	  (1969)

Bhadeshia,	  Metal.	  Sci.	  16,	  159	  (1982)



Defects generate heat, e.g., Potevine-LeChatelier (PLC) effect

Chen	  et	  al.,	  ISIJ	  Int.	  47,	  1804	  (2007)



System	  chart

A material as a system by multiscale simulation

Courtesy	  by	  G.	  B.	  Olson,	  Dept.	  MSE,	  Northwestern	  Univ.,	  USA





Technology	  Transfer

VH71

Low	  Cost	  High	  
Performance	  Landing	  
Gear	  M54	  Steel

NAVAIR: N68335-07-C-0302
and N68335-08-C-0288

C64	  Gear	  Steel

ONR: N00014-05-M-0250
NAVAIR: N68335-06-C-0339

V22

ONR: N00014-07-M-0445 STTR-I

Seahawk

Prognosis	  Smart	  Steel

NAVAIR: N68335-05-C-0207 and 
N68335-07-C-0108

JSF

Be-‐free	  	  High	  Strength	  
Cuprium™	  

Navy	  Alloy	  Designs

JSF
NAVAIR: N68335-07-C-0428

SCC-‐Resistant	  Structural	  Al

CVN21

CS130	  Deck	  Steel

Navy/ONR: N00014-05-C-0241

Cast	  Stainless	  
Suspension	  
Components

EFV
Marine Corps: M67854-05-C-0025

LHA-‐6

ONR: N00014-08-M-0309

AA5xxx	  Accelerated	  
QualificaTon

Naval	  EM	  
Railgun

Armature	  Alloy

ONR: N00014-09-M-0220
Sacrificial	  Anode

Navy: In-contracting
Virginia	  Class	  Sub

NAVAIR: N68335-09-C-0215

Corrosion-‐Resistant	  Mast

CH-‐53



Topological defects  The prophecy of P. W. Anderson
Boyer	  and	  Viñals,	  Phys.	  Rev.	  E	  65,	  046119	  (2002)

h]p://aether.lbl.gov/eunhwa_webpage_2/whynot.html

Zurek-‐Kibble	  domain	  structure:	  Phys.	  Rev.	  Focus,	  12	  May	  2006

P.	  W.	  Anderson

“I	  do	  not	  accept	  that	  this	  is	  a	  philosophical	  difficulty,
or	  that	  it	  demonstrates	  anything	  like	  an	  impossibility	  in	  principle
of	  treaTng	  macroscopic	  objects	  quantum-‐mechanically;
merely	  that	  this	  discussion	  brings	  out	  the	  prac&cal	  problems	  of
determining	  all	  the	  relevant	  phases	  in	  a	  given	  system.”
In	  Basic	  No&ons	  of	  Condensed	  MaCer	  Physics	  (Addison	  Wesley,	  1997)	  p.	  51.

http://aether.lbl.gov/eunhwa_webpage_2/whynot.html
http://aether.lbl.gov/eunhwa_webpage_2/whynot.html


Geometric theory of defects
ElasTc	  deformaTon	  (Euclidean)

Levi-‐Civita	  connec:on	  (Christoffel	  symbols)

Curvature	  tensor	  of	  the	  affine	  connec:on

torsion nonmetricity

The	  ground	  undeformed	  state	  of	  the	  medium
The	  external	  observer	  fixes
	  	  	  	  	  a	  Cartesian	  coordinate	  system	  (Gauge	  fixing).
The	  deformed	  medium,
 The	  external	  observer	  discovers

that	  the	  metric	  becomes	  nontrivial
in	  this	  coordinate	  system.

Riemann-‐Cartan	  manifold	  theory

Topological	  defects


Einstein	  equaTon	  for	  3D	  gravity

Katanaev,	  Phys.	  Usp.	  48,	  675	  (2005)



Example: Dislocations

-‐ Invariant	  under	  arbitrary	  coordinate	  transforma:on,
-‐ Covariant	  under	  global	  SO(3)	  rota:ons	  of	  yi.

Introduce	  a	  vielbein

Burgers	  vectors	  constructed	  by	  the	  Volterra	  process

With	  the	  Cartan	  torsion	  tensor	  T



Single-particle quantum motion on a Riemann-Cartan manifold

The	  Tght-‐binding	  Hamiltonian

The	  distorTons	  by	  defects

The	  affine	  connecTon	  and	  the	  covariant	  derivaTve

with	  the	  torsion	  tensor, measures	  the	  defect	  density.

The	  new	  Hamiltonian	  with	  defects	  for	  the	  conTnuum	  limit	  a0

Bausch	  et	  al.,	  Phys.	  Rev.	  LeC.	  80,	  2257	  (1998)



Aharonov-Bohm effect of the spin wave by a screw dislocation
Turski	  and	  Mińkowski,	  J.	  Phys.	  C:	  Condens.	  MaCer	  21,	  376001	  (2009)



Gauge theory of moving dislocations Lazar,	  Phys.	  LeC.	  A	  374,	  3092	  (2010)

The	  dislocaTon	  density	  tensor	  and	  the	  dislocaTon	  current	  tensor

Sa:sfy	  the	  transla:onal	  Bianchi	  iden::es,

The	  Lagrangian	  density

The	  equaTons	  of	  moTon

By	  adding	  null	  Lagrangian, sa:sfying

momentum	  balance	  of	  disloca:ons

stress	  balance	  of	  disloca:ons

force	  balance	  of	  elas:city

Usual	  soluTon:	  massive	  fields	  Klein-‐Gordon	  equaTon

With	  (1+2)-‐dimensional	  d’Alembert	  operator,



Thermodynamics on flat space

Matsubara-‐Green-‐Kubo	  formalism

Grand	  canonical	  par::on	  func:on, with

Sta:s:cal	  density	  matrix, follows	  the	  Bloch	  equaTon

By	  introducing	  the	  imaginary-‐:me, the	  temperature	  Green’s	  func:on

sa:sfies	  the	  Schwinger-‐Dyson	  equa:on	  as

with	  the	  noninterac:ng	  Green’s	  func:on

In	  terms	  of	  the	  spectral	  func:on,	  the	  Lehmann	  representa:on	  of	  the	  Green’s	  func:on	  is

The	  corresponding	  real	  :me	  Green’s	  func:on	  is





Thermodynamics of black holes

Hartle-‐Hawking-‐Gibbons-‐Perry	  formalism

Hartle	  and	  Hawking,	  Phys.	  Rev.	  D	  13,	  2188	  (1976)

Gibbons	  and	  Perry,	  Proc.	  R.	  Soc.	  Lond.	  A	  358,	  467	  (1978)

An	  ac:on	  func:onal

The	  amplitude

The	  propagator

Introducing	  the	  nega:ve	  imaginary	  parametric	  :me

then

sa:sfies where

 S:	  the	  square	  of	  the	  Minkowski	  interval

For	  the	  metric,

with	  the	  Klein-‐Gordon	  Lagrangian	  density

the	  diffusion	  equa:on,

of	  the	  normal	  mode	  ψ	  yields	  the	  par::on	  func:on

for	  small	  β.



Conclusion
• A	  fully	  quantum	  field	  theore:c	  formalism	  is	  available	  for	  thermodynamics	  with	  defects.
• This	  approach	  promises	  the	  authen:c	  ab	  ini&o	  thermodynamics	  by	  elimina:ng	  ad	  hoc	  ones.
• Computa:onal	  Prac:cality?	  See,	  below	  simula:ons	  by	  serious	  scien:sts.

The	  radial	  velocity	  of	  the	  convec:on	  of	  a	  full	  white	  dwarf.	  
Appeared	  in	  Astrophysical	  Journal	  704,	  196	  (2009).

Ma]er	  collapse	  into	  a	  donut	  black	  hole.	  
Appeared	  in	  Science	  275,	  476	  (1997).

Two	  colliding	  galaxies.
By	  S.	  Kazantzidis,	  University	  of	  Chicago


