Dislocations and plastic deformation

applied stress plastic strain
Peach-Kohler force Orowan equation
force on dislocations dislocation motion

dislocation mobility
Peierls stress
dislocation/obstacle interaction
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Plastic response

e Stress-strain test

e Necking, work-hardening, true stress/strain
e Multiaxial loading

e Crystal model of slip



e Uniaxial tension test:
e Stress: what we do to the material
e Strain: how the material responds

Stress-strain diagram 3

e Quantify:
gauge length Lo and area Ao; instantaneous length L and area A
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Stress-strain diagram: features 4

e Engineering vs. true quantities
e Engineering: loads and deformation from initial geometry

e True: what the material experiences (stress), accumulated/additive
dimension change (strain: 10% true + 10% true = 20% true)

e Yield strength: highest stress that the material can withstand without
undergoing significant plastic (irreversible) deformation

e May be defined by a yield point (rapid drop in stress at yield)
e May be defined as 0.2% offset (stress to get 0.2% plastic strain)

e Ultimate strength: is the maximum value of stress (engineering stress)
that the material can withstand

e Fracture stress: the value of stress at fracture

e Stiffness: ratio of stress to strain, primarily of interest in the elastic
region. (elastic moduli)

e Ductility: Materials that undergo large strain before fracture are classified
as ductile materials. Necks before failure

e Percent elongation: 100(L—Lo)/Lo
e Percent reduction in area: 100(A0—Ar)/Ao
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Stress-strain diagram: ductile materials 5

Rupture occurs along a
cone-shaped surface that
forms an angle of
approximately 45° with the
original surface of the
specimen (“cup-cone”
shape)

Shear is primarily

responsible for failure in

ductile materials

Axial loading: maximum
shear stress occurs at 45°
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Stress, load per unit'¢cross section
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From uniaxial to multiaxial stress
o; = principal stresses

Rankine: maximum principal stress > YS

max{|o1|, |02], 03]} > ovs

Tresca: maximum shear stress > YS/2

max{|o; — 02|, |02 — 03], |03 — 01|} > O¥Ys

von Mises: maximum distortion energy > yield
2 2 2 2
(01 —02)” + (02 — 03)" + (03 — 01)" > 2034

(Oxx - ny)z + (ny - Ozz)z + (GZZ - Gxx)z

2 2
+6(0%, +0

2 2
Yz T sz) > 2GYS



Biaxial stress: yield surface
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Basic theory of plastic deformation: slip 10

e Plastic deformation involves flow (no volume change) due to shear
e Suggests slip of crystal planes past each other.
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Basic theory of plastic deformation: slip 11

e Plastic deformation involves flow (no volume change) due to shear
e Suggests slip of crystal planes past each other.
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Basic theory of plastic deformation: slip

e Plastic deformation involves flow (no volume change) due to shear
e Suggests slip of crystal planes past each other.

Gb 1 1

‘Ctheoretical shear strength — Z_M ~ EG T %G

Litany of problems:
Typical metals shear strength ~ 1074 G
Pure metal shear strength ~ 10-% G for fcc
No explanation of temperature or strain-rate effects
No explanation for work hardening
No explanation for alloying effects
No differentiation between brittle and ductile

Describes one system:
Metal whiskers have strengths ~ 1% G
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Plastic response to Dislocations 13

e Stress-strain test

e Necking, work-hardening, true stress/strain
e Multiaxial loading

e Crystal model of slip

e Topological defects
e Screw, edge, mixed



Volterra tubes

Edge dislocatios

Screw
dislocation

Disclinations

14



Dislocation plastic deformation >

shear stress
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Edge dislocation

“extra” half-plane of atoms

Burgers vector

17



Edge dislocation: Burgers circuit

“extra” half-plane of atoms
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Screw dislocation
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Dislocation motion: Slip steps
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. - - 21
Dislocation line and Burgers vector

e \Where the "Volterra cut” ends = dislocation line (not required to be
straight!)

e Dislocation line cannot end in the crystal: must loop, or end at a surface
or interface

e Displacement after the cut = Burgers vector (a lattice vector, to not
create planar defects (stacking fault)

e A conserved quantity, like the “charge” of a dislocation
e Note: line direction (t) and Burger vector (b) are paired by the circuit

)

node b: = b2 + bs
bs

b>

b

e Edge dislocation: b perpendicular to line direction (t)
e Screw dislocation: b parallel to line direction (t)
e Mixed dislocation: b neither perpendicular or parallel to line direction (t)
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Dislocation loop

= Unslipped /f~

Slip plane
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Dislocations types to behavior

e Topological defects
e Screw, edge, mixed

e Dislocation motion

e Peach-Kohler force

e Stress field of a dislocation
e Energy of a dislocation

25



Dislocation properties 26

e Stress to move a dislocation: “lattice friction stress” or “Peierls stress”

2TTW
Tf = Gexp [——]
b
w= b 7T=1.9%x10°3 G
w = 2b 7+ = 3.5x10°° G
w = 3b T = 6.6x10"°G

e Dislocation density:
e # of dislocations per area
e typically ~1010-10% m~2
e mean dislocation distance ~ p~1/2
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Quantifying dislocation motion 27

e Dislocation line: separates “slipped” from “unslipped” parts of crystal
e Displacement of top and bottom half; slip plane divides top and bottom
e Slip: bottom displaced by b relative to top
e Both line direction t and Burgers vector b in slip plane

slip plane

y area swept: da =dr x dt
r

unslff volume change: —b-da="b-(dr X dt)

— _(drx dt)-b

z = —(dtx b) - dr

dV =0 dtxb =0 or

dr.n = 0 glide

dV +0 — (dt X b) - dr = —(# vacancies) - (volume per atom) climb



Dislocation motion under stress 28

e Dislocation line: separates “slipped” from “unslipped” parts of crystal
e Sweeping out area displaces top part of crystal
e Force on top area times displacement = —work done on dislocation

slip plane dW = —(force) - (displacement)
dr

—(stress - area) - (displacement)
=(c-da)-b=da-o-b
=(drxdt)-o-b

V

= —(dtxdr)-(c-b)
= —|(c-b) x dt|-dr
= —dF - dr

re

dF = (¢ - b) x dt

—

Force/length on a dislocation



Dislocation motion under stress 29

e Force per length ("Peach-Kohler force”)
e Always perpendicular to dislocation line
e Force In slip plane: glide force
e Force normal to slip plane: c/imb force (edge) or cross-slip (screw)

dF = (¢ - b) x dt

(0o Opp Opn) (0) (cos 6)
Owb Oy Opn |- |0 X]|sInO |dt
\Ouvn  Obn  Onn) \O) \ 0 )

t=vcos6+bsinb (0pb)  (cos O)
=|opb | X |sin O |dt
\Ubnb) \ 0 )
\% b n
- = |owb owb op,b|dt
cos@ sinf 0

crosswslipforce  — ob(-vsin6 + beos)

climb force + Oppb sin On — oy,b cos On




Force on an edge and screw dislocation

e Force per length ("Peach-Kohler force”)
e Always perpendicular to dislocation line
e Force In slip plane: glide force
e Force normal to slip plane: c/imb force (edge) or cross-slip (screw)

dF = o0},,b(—vsin 6 + b cos O)

+ 0p,b sin On — oypb cos On

dFedge
t=vcosf6+bsind dFscrew
O O O O O O O o
O O O O O O O o
O O O O O O O o
Cl’OSS-S"p force O O O O O O 0 O
O O O O O O o o
- O O O O O O O O
climb force S 2]
O 0 o o O 0 0o o o o
O O O O O O 0 o o o
O O O OO O O 0 0 o
O O O O O 0O 0 0O o o
O O O O O 0O 0O 0o o o
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Screw dislocation: stress field
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Edge dislocation: stress field
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Edge dislocation: stress field
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Edge dislocation: stress field 34

Op = 099 =
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Edge dislocation: stress field
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Edge dislocation: stress field
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Edge dislocation:

along x axis (y=0)
pure shear

along y axis (x=0)
pure compression

(y>0)
pure tension

(y<0)
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Edge dislocation: stress field 38
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Dislocation energy per length 39

e Elastic energy per length: integrate elastic energy density

_ _ energy o
screw dislocation: rdr d@—

length
:‘fro rerG (2nr)

- Gb?

T 4nm o ; ar
sz ] 1
= — In— ~ =Gb?
. n o 2Gb
_ _ energy " S|
length o 0 2

[more integration. . . ]

sz & 1 )
4t(1 —v) ln o 2(1 — V) Gb




Dislocation/dislocation interaction

e Stress from edge dislocation 1 gives force on edge dislocation 2

Fo1

1) . :
Tiy) boi — agc)bz]

Gblbz
211(1 — v)r
N Gb1b;

21(1 —v)r

cos 0 cos 20 1

sin 0(2 + cos 20) j
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Dislocation behavior to specific crystals 41

e Dislocation motion

e Peach-Kohler force

e Stress field of a dislocation
e Energy of a dislocation

e Dislocations in particular crystal structures: FCC, BCC, HCP, intermetallics
e Kinks and dislocation mobility
e Dislocation intersections and jogs




Slip systems: FCC, BCC, and HCP 42

Crystal structure Slip planes Slip directions Number of slip systems
Face-centered cubic {111} x4 (110) %3 4x3=12
Body-centered cubic {110} x6 (111) x2 6x2=12
211}y x12 {111y x1* 12x1 =12
(321} x24  (111) x1* 24 x1 =24
Hexagonal-closed packed {0001}x1 (1120)x3 I x3=3
{1010}x3 (1120)x1 3x1=3
{1011}x6 (1120)x1 6x1=6
*sign of slip direction important
([ b, 3(bany + byny) - 5(bang + bony)
E=7y %(bynx + byny) byn, %(b},nZ + b;ny)
\%(bznx + b.n,) %(bzn}, + byn;) b.n, )

FCC: Al, Cu, Ni, Ag, Au ...
BCC: Fe, Nb, Mo, Ta, W ...
HCP: Zn, Cd, Mg, Ti, Zr ...



FCC crystal structure 43

The Structure of Materials (Marc De Graef and Michael McHenry, som.web.cmu.edu)


http://materials.cmu.edu/degraef/degraef.html
http://materials.cmu.edu/mchenry/web/McHenryHome.html

FCC stacking fault 44

S - J
=ell) ‘ ‘ “5‘ 112
(R

(111) slip plane



FCC partial dislocations and stacking fault 45

Slip plane

from Courtney, p. 119



FCC partial dislocations and stacking fault 46

[112]

| 22

Em—
[110] =

LAAAALAAANA LA A A A
> b(perfect) b(partial)

(110) planes “alternate” with an “1-2" stacking (blue=1, yellow=2).
perfect dislocation = new 1 and 2 planes;
each partial puts in a 1 (first partial) or 2 (second partial) plane.
N.B.: the ABC stacking is in each (110) plane—so every “1” plane has
A, B, and C atoms, as does every “2” plane.

http://www.tf.uni-kiel.de/matwis/amat/def_en/ version of figure from
Seeger, “"Dislocations and Mechanical Properties of Crystals,” p. 243 (1957).



FCC partial splitting: geometry 47

p
= 221171 - 11017 = 2121
o 6 A 12
e = —I; = —[101] 9) az(l 1 +0) a’
= —(1+14+0)=—
2 ‘T 16 3

v 2 2

threading S2 — a_(l 4+ 4 + 1) — Cl_
direction 144 4
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FCC partial splitting: geometry 48

Ga*| 1

nd | 16(1 —v)
Gt | 2+v
~l6md [3(1-v)

Ga?
167(SFE)

a4

Ga?

dscrew ~
321t(SFE)

|

48

2 2

0 = Fint = Fedge + Fscrew + Fstacking fault 82 a—(l + 1 + O) — Cl_
G€2 GS2 16

= o —vd  2md ~ Of®) ’ 2

2= (l+d+1)= =
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Partial splitting: material dependence

dedge ~

Ga?

~Y

167(SFE)

Ga?

Ascrew ~
327(SEE)

SFE [mJ]/m?] G [GPa] a[nm] dedge [NM]
Al 200 27 0.405 0.441
Cu 40 48 0.362 3.13
Cu-7%Al 4 48 0.38 34.5

“low” v. “high” stacking fault energy =

large v. small splitting (relative to Burgers vector)
small splitting = easier cross-slip for screw dislocation

49



Aluminum dislocation cores: screw and edge 5o

Differential displacement (arrows) and Nye tensor density (colors)
a/2<110> Edge Dislocation
a/l2<110> Screw Dislocation

0 DD 0
«— ds"— 75A | %del —>| 8.0A .
T OO0~ Ol = [0 O0OO0O00 000 B 5
’ 7 3 0.04 GC) y's - N \ \ 1 % 0.04 C
—10 - - Qlloez & _ O (RGO OHO O 002 8
= [N \ 7 | {000 S = |\ A4} | | 0.00 g
— () O-1Hoey T POEIOE OO O H-0020
' R | )
0.04 2 B e e, S W 004 5,
% )NoNoNOYONONONONONONON KY s
[110]
001 5
C
S
o.oo§
Y % 0.01§3
B_O |0 O 10 O 0 . 0.0
Nye . | | ] | K .
<d; —>| 5.0A <«—dg*" 7.6A

Woodward, Trinkle, Hector, Olmsted, Phys. Rev. Lett. 100, 045507 (2008).



Thompson tetrahedron and partials 51

Example reactions: D
AB->0B + A0 (111) plane
AB->yB + Ay (111) plane

|hkl> “points” in positive
direction

Steve Roberts (Microplasticity)



BCC crystal structure

The Structure of Materials (Marc De Graef and Michael McHenry, som.web.cmu.edu)

52


http://materials.cmu.edu/degraef/degraef.html
http://materials.cmu.edu/mchenry/web/McHenryHome.html

BCC[111] screw dislocation 53
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Trinkle and Woodward, Science 310, 1665 (2005)
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BCC plastic deformation 54

Below 15% of melting T, strongly temperature dependent
Often poor low-temperature ductility—related to high strength
Non-Schmid effects: tension/compression asymmetry
Controlled by [111] screw-character dislocations

yield stress

0.15T

thermally activated
kink nucleation on
screw-character
dislocations

athermal slip

melting

dislocation "bowing"

T

Classical theory (Hirsch)
interpreted behavior as due to
non-planar dislocation cores:
dislocation moves by creating
“kinks” to next lattice site

Nb-5at%Mo



Thermally-activated slip (including solutes) 55

e Dislocation line from lattice site to site under applied stress
e |arge Peierls stresses requires dislocation move via kinks
e Finite temperatures overcome enthalpy barriers for
1. double-kink nucleation (both at and away from solutes)
2. kink migration past solutes

energy scale

Energy 0
[
4

> appiied SUress T

enthalpy
barrier AH

lattice spacing stress scale

Applied stress reduces enthalpy barriers for both processes



Dislocation velocity: thermal activation

Fe-3.25%Si
crystal

10°

LiF 10°
crystal 1o
10°

-1
, Ms
—
o

dislocation
>
&

Figure 3.11 (a) Stress dependence of the velocity of edge and screw dislocations in lithium fluoride. (From Johnston
and Gilman, J. Appl. Phys. 30, 129, 1959.) (b) Stress dependence of the velocity of edge dislocations in 3.25 per cent

velocity of (110)[110) shear
waves = 3.6 UO’ms"
N J.....]
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silicon iron at four temperatures. (After Stein and Low, J. Appl. Phys. 31, 362, 1960.)
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Top Active

HCP crystal structure 57

Right

(0001) plane (1120) plane

picture from http://cst-www.nrl.navy.mil/lattice/



Mg dislocation cores: a-type basal
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Yasi, Hector, and Trinkle, MSMSE 17, 055012 (2009)
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|Basal and prismatic dislocation cores: Ti 59

b  Basal
Basal a-type screw dislocation Prismatic a-type screw dislocation
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L1> (based on FCC) crystal structure

NizAl

The Structure of Materials (Marc De Graef and Michael McHenry, som.web.cmu.edu)


http://materials.cmu.edu/degraef/degraef.html
http://materials.cmu.edu/mchenry/web/McHenryHome.html

L1l> (111) stacking fault
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O
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L1, Kear-Wilsdorf lock

Tz a/2[101]

f

(111)-APB

/

a/2[101]

/

_>

y
(010)—APB
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Dislocation/dislocation interactions 63

e \We've already encountered two:

e Stress + Peach-Kohler force (long-range) interaction

e Dislocation reaction: two dislocations combining into a third
e Third type of dislocation/dislocation interaction: jogs

e A dislocation passes through another dislocation, each leaves behind a
“step” in the other dislocation corresponding to the Burgers vector.

e If the step is in the slip plane, it is a kink (kinks are usually mobile)
e If the step is out of the slip plane, it is a Jog (jogs are immobile)
e Jogs will usually pin a dislocation line to that point in space




Edge / edge dislocation intersection 64

X
b
“/X
A
' T | —— ~ Q.-
P B” b, p.- Q
AL — <
2P 8

(b)




Edge / screw dislocation intersection
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Screw / screw dislocation intersection 66




Screw dislocation displacement (t=b=z) ¢

10
0




Jog/kink formation after intersection 68

. t1 ?fé ?iz _
?bZ ?bQ bl/ tl
2
= L " 7?1'(7_"1 XFQ) = . " €2°(772 Xfl)
1 =02 | 7= 0 =b1 |
‘tl‘(TlXtQ)‘ ‘t2°(7“2><t1)|

J. Hornstra, Acta Met. 10, 987 (1962)



Dislocations in crystals to plasticity 69

e Dislocations in particular crystal structures: FCC, BCC, HCP, intermetallics
e Kinks and dislocation mobility
e Dislocation intersections and jogs

e Relationship between dislocation motion and plasticity



Dislocation motion under stress 70

e Force per length ("Peach-Kohler force”)
e Always perpendicular to dislocation line
e Force In slip plane: glide force
e Force normal to slip plane: c/imb force (edge) or cross-slip (screw)

dF = (¢ - b) x dt

(0o Opp Opn) (0) (cos 6)
Owb Oy Opn |- |0 X]|sInO |dt
\Ouvn  Obn  Onn) \O) \ 0 )

t=vcos6+bsinb (0pb)  (cos O)
=|opb | X |sin O |dt
\Ubnb) \ 0 )
\% b n
- = |owb owb op,b|dt
cos@ sinf 0

crosswslipforce  — ob(-vsin6 + beos)

climb force + Oppb sin On — oy,b cos On




Force on an edge and screw dislocation 71

e Force per length ("Peach-Kohler force”)
e Always perpendicular to dislocation line
e Force In slip plane: glide force
e Force normal to slip plane: c/imb force (edge) or cross-slip (screw)

dF = o0},,b(—vsin 6 + b cos O)

+ 0p,b sin On — oypb cos On

dFedge — — opbn
t=vcosO +bsinb dFscrew = + Opybm

O O OO 0O OO OO0 0 O
O OO0 0O O O OO O 0 o

O 0O 00O OO OO0 0 0 O

Cl’OSS-S"p fOfce O 0O 00O 0 O OO0 O0 0 o
O O 0O o 0 0O 0o o o o

- O 0O 000 0O0O0OO0O OO OO
climb force S 2]
O o o 0 0O 0O o o o o

O 0 0O OO O 0 0 o0 o

O 0O OO 0O O O 0 0 o

O 0 OO O O O O 0 o

O 0 OO OO O O 0O O




Slip systems: FCC, BCC, and HCP 72

Crystal structure Slip planes Slip directions Number of slip systems
Face-centered cubic {111} x4 (110) %3 4x3=12
Body-centered cubic {110} x6 (111) x2 6x2=12
211}y x12 {111y x1* 12x1 =12
(321} x24  (111) x1* 24 x1 =24
Hexagonal-closed packed {0001}x1 (1120)x3 I x3=3
{1010}x3 (1120)x1 3x1=3
{1011}x6 (1120)x1 6xXx1=6
*sign of slip direction important
( b1, %(bxny + bynx) %(b n, + bznx)\
e=y %(bxny + bynx) byn, %(bynz + bzny)
K%(bxnz + bznx) %(bynz + bzny) b.n, )

FCC: Al, Cu, Ni, Ag, Au ...
BCC: Fe, Nb, Mo, Ta, W ...
HCP: Zn, Cd, Mg, Ti, Zr ...



Dislocation motion
T P x
slip: A; = f
NJ_ b NJ_
total slip: A = Z A = — Z X;
=1 =1
N
A b
shear strain: y = i ; X
N
bIN, 1
dislocation density = hLJ_ N, in
i=1
average dislocation displacement
Two competing effects as plastic strain increases: Y = bplfl
p. increases — suggests softening (e.qg., yield point) = pr_EJ_

v. decreases— suggests hardening (e.g., all others)
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Dislocations and plastic deformation
applied stress plastic strain
Peach-Kohler force Orowan equation
force on dislocations dislocation motion

dislocation mobility
Peierls stress
dislocation/obstacle interaction

/74



Orientation effects 75

e Resolved shear stress: computing osn for a particular slip system.

(force resolved in slip direction)

TRSS = (area of slip plane)
- f/cc()js)\qb - geosdes)
% =cospcosA =M < %
cosp =F-f = %
cosA=F b= |l;|—|ll7)|
=@ - D

OYs = MTCRSS



/76

CRSS with temperature and strain rate

TCRSS

€1 > &

D ) S

11

thermal

athermal

thermal

+
athermal



CRSS with temperature and material 77

i, V — 20 at. % Ti (bee)
100 v (bCC) TiCﬂ}):\ (NaCI) .
bcc / ceramic
A Cu — 14 at. % Al (fcc)
fcc B
b .
S alloying
o L
&
g ~ — Cu (fcc)
}.“.
lr— - . - =]
I 1 NaCl + 20 ppm Ca; e = 1.9 X 107"s
IONIC
o= /é=|.9x1(r~‘s'
/ NaCl
- £=95%10"s"
0.1 | | | { | |
0 0.1 0.2 0.3 0.4 0.5 0.6

from Courtney, p. 144



Plasticity to solute strengthening 78

e Relationship between dislocation motion and plasticity

e Solute-dislocation interactions
e Solid solution strengthening



Solutes and dislocations: How they do?

Solutes interact by changing matrix properties

different atomic size (elastic interaction)

different bond stiffness (modulus interaction)
different stacking fault energy (chemical interaction)
different charge (electrostatic interaction)

different short-range ordering preference

messing up long-range order (intermetallics)

All result in change in dislocation energy
that is solute/dislocation position dependent.

9

F=-VE

/9



Strengthening via solid solutions 50

e Impurity atoms distort the lattice & generate stress.
e Stress can produce a barrier to dislocation motion.

>maller im bu rlty atoms O O m O O z;;();lléé;;i);l’e.)ntation of tensile
Q Q m O O Lattice strair:)s imposeﬁl on
t at
sslist?tl?ﬁrfﬂsnal}, i?ni)rﬁfit; ratom.
O0O090 0

____________ (b) Possible locations of smaller

QO OO QOQ) impuriy atoms relive toan
Q O O O O Q 1S [g)artial cancellation of

impurity—dislocation lattice
®) strains.

Q O m Q O ggtlfger[);élgntation of
O Q m Q Q compressive strains imposed

on host atoms by a larger

O O Cm O O substitutional impurity atom.

—————— (b) Possible locations of larger

Q Q O Q Q O impurity atoms relative to an
edge dislocation such that there
(@) O Q Q Q Q O is partial cancellation of
impurity—dislocation lattice
(®) strains.




Edge dislocation: Stress field

Gb . _ L ' ,,
Oy = sinf(2 +cos20) [ =l
21tr(1 — v) N B
- | \\ )
Oyy = sin 6 cos 26 %

21tr(1 —v)

027 = V(Oxx + Oyy)

Gb -1

Tyy = 2 — 1) cos 6 cos 26
1 Gh1+v
p = g(axx+o’yy+azz): 37Wl_vsme
b 1-2v
- _K '
2ntr 1 —v sin 6
b
~ —K——sin 6

41ty
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Aluminum Iin magnesium edge dislocation

[meV]
100
C- i
O
— o
-
S 0- Y
8 OO IR O O O O O O O O Ot B )
o o o O O O O O O O O O O O O O O O O '
—C- .
[ : -100

—4a —2a 0 2a 4a
[2'ﬁ0]

a basal edge

OQmaximum AE, = 99.2 meV.
OF, .. = 0, AE, = 12.3 meV/A resistive force to glide past solute

Yasi, Hector, Trinkle, Acta Mater. 58, 5704 (2010).



- - - - - 83
Aluminum in magnesium screw dislocation

AE, [meV]
1 1 1 1 1 100
C- = !
p— O . ()
S 0- o
= NI O %
—C- .
| | I | | | | 1 —100
-2a 0 2a el
a basal SCICWwW
O maximum AE, = 59.6 meV. |
@F_. = 3 AE, = 11.4 meV/A resistive force to glide past solute |
S
\?/'

Solute strengthening from both edge and screw dislocations

Yasi, Hector, Trinkle, Acta Mater. 58, 5704 (2010).



Dilute solute strengthening: Weak obstacles

L6

® AREA:=L%9/2

e Peach-Kohler force (7b) balances solute resistance (F,,
dislocation becomes unpinned: b = F__ /L

Mmax

e Line tension (E) balances F__, as it becomes unpinned:
F .. = 2E sin(0) = 2E6

m

e Mean spacing of random solutes: L = V3 Ay c: solute conc.
Pating I a2 b: Burgers vector

) when the

ax

AT =

2 E (Fax )3/2 cl/?
(3r2)1/4p2 \ E

e Solute strengthening scales as (F, )32 and c1/2

e F___can be determined computationally, or with simple models.

Mmax

R. L. Fleischer, The Strengthening of Metals, ed. D. Peckner (1964) 93-140
Yasi, Hector, Trinkle, Acta Mater. 58, 5704 (2010).
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Stress t (units of Gb/L)

Strength vs. critical bowing angle 5>

1.0 (=wns

N
s N b 9.
0.8870*3 N By T ~ — COS —

/°"\:\ X L. 2
Results of
numerica L‘\\/ b de 2

— | COS —
\\. \ L 2

2

0.4 \
5&\ \\
0.3+ \)\ \
0.2} %
\ X
| \
0.1F \\
P N e e
0 20 40 60 80 100 120 140 160 180

¢ (degrees) Courtney, fig 5.3
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Basal strengthening for Mg from first-principles
Ferew)3/2 g 9o (Fffff)” 2] 12

Al
Zn
In
Cd
Li
Tl
Pb

Sn

Bi

1. Akhtar and Teghtsoonian (1969)
3. Scharf et al. (1968)
5. Levine et al. (1959)

Atcrssooor) = |0.30(

21.2MPa  19.6 MPa
31.1 32.7
9.02 7.5
6.03 5.3
11.2 14.4
8.25 10.8
>14.0 40.1
24.3 17.1
>25.0 60.6

max

*lanthanides

185.66]172.39|122.20§149.47}111.04{112.50{117.29]109.08

93.45

85.96

77.80

72.51

76.17

101.76]

H He
Basal Potency At /Nes (MPa
Li | Be 0 Y CICRSS 53(02 ) B|C[N[O[F [Ne
11.65 | 64.38 | |
Na | Mg AllSi| P | S |Cl]|Ar
25.55 20.89 | 44.06
K|Ca|Sc|Ti| V|Cr|Mn|Fe|Co|Ni|[Cu|Zn|Ga|Ge]|As| Se | Br | Kr
165.11[107.13] 15.77 ] 14.13 | 49.62 | 78.72 |101.47|116.49]124.56]112.51| 69.38 | 31.90 | 20.68 | 27.97| 41.20
Rb|[Sr| Y |Zr [INb[Mo| Tc |Ru[Rh|Pd |Ag|Cd|[In |Sn|Sb|Te| I |Xe
043.78]201.30]90.62 | 9.76 | 28.45|77.47 |113.74]134.74]139.53104.84| 43.65 | 6.97 | 5.29 | 12.78]23.69
Cs|Ba| « |Hf[Ta| W |Re|Os| Ir | Pt |Au|Hg| Tl | Pb | Bi | Po | At | Rn
301.49295.85 1.36 136.50]90.79 [128.77]156.06]156.92|124.93| 66.15 | 12.85 | 12.56 | 31.83| 51.66
La[Ce| Pr (Nd|[Pm|Sm|Eu|Gd|Tb|Dy|Ho| Er |Tm|Yb| Lu

Completely first-principles design map for solute strengthening

2. Akhtar and Teghtsoonian (1971)
4. Yoshinaga and Horiuchi (1963)
6. Van der Planken and Deruyttere (1969)

Yasi, Hector, Trinkle,

Acta Mater. 58, 5704 (2010).




What if I don’t have a fancy supercomputer? 87

e Simple “classical” (empirical) models have been around for decades
e Interaction with stress field approximated by “size” and “"modulus” misfit
e Size misfit: difference in atomic radii (or change in lattice constant)
e Modulus misfit: difference in “stiffness” (change in elastic constant)

3/2
phercal | e ¥ S e = I =y
en = €G
1+ Zlegl
1 dG
TG dc =0
~1db
o E % c=0
Gotoron:  Atcrss yGel? -y ~1

R. L. Fleischer, The Strengthening of Metals, ed. D. Peckner (1964) 93-140



Octahedral interstitial sites in BCC

Interstitials (C, N, O)
occupy octahedral
sites on a BCC lattice

All sites are
equivalent in an
unstrained lattice

Strain along a [100] axis
breaks symmetry and can
drive interstitial diffusion
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What if I don’t have a fancy supercomputer? 89

15
420}~ o = Nitrogen in Nb —160
® = Carbonin Fe
. 10
3 o © -140 <
; ® 2801 g
2 E 2
= < S
5 © o <
< 140} / .
e
]
0 / L | _1 e
0 0.01 .02 0.03 0.04 0.05
Ve
(a) (b)
Ca in NaCl
60
—8
50+
& 40 1 7
Z
2 30 PO —14 %
g <
= 20+ /
10 /a/ 12
ot
Pt L | | 1
() 10) 20) 30 40

Ve (mol ppm)'?



Edge dislocation: Stress field

Gb . _ L ' ,,
Oy = sinf(2 +cos20) [ =l
21tr(1 — v) N B
- | \\ )
Oyy = sin 6 cos 26 %

21tr(1 —v)

027 = V(Oxx + Oyy)

Gb -1

Tyy = 2 — 1) cos 6 cos 26
1 Gh1+v
p = g(axx+o’yy+azz): 37Wl_vsme
b 1-2v
- _K '
2ntr 1 —v sin 6
b
~ —K——sin 6

41ty



Solute strengthening to work-hardening 91

e Solute-dislocation interactions
e Solid solution strengthening

e Dislocations as obstacles
e Work-hardening stages



Work-hardening

e Dislocations as obstacles

e Stress fields of dislocations (low density)

e Jogs created by intersections with “forest” dislocations (high density)
e Separation distance L = p,~1/2

! d
T‘g%l;_hardemng = 70 + aGb \JpL work-hardening rate: — é
(
Y 0.2 : fcc
- \0.4 : bce

e Three stages of work-hardening:
e Stage I: easy glide (6 ~ 107% G)
e single slip system, weak dislocation interactions
e Stage II: linear hardening (8 ~ G/300)
e multiple slip, intersection from slip systems, jog formation
e Stage III: exhaustion hardening (decreasing 6)
e cross-slip to avoid obstacles, recovery mechanisms reduce p.

e formation of “cells” decreases elastic energy
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Cu CRSS vs. dislocation density >3

Resolved shear stress (MN/m? ) ——3

=
2

=
T -

o owmgle crystal Cu - one system
$§ Smgle crystal Cu - two systeras L i
& Simgle crystal Cu - s systems

B Polycrystalline Cu

slope = 1/2

Resolved shear stress (psy) =3

jl(t

10" ' n' ' 10"

Dislocation density ( m'g)

adapted from H. Weidersich, J. Metals 16, 425 (1964)




Cold-working microstructure >

single x-tal Mo single x-tal Ni
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Stage III: Single crystal Cu [100] load

from H. Mughrabi



stress

Effect of (repeated) cold-working

repeated wire-drawing:
raises yield stress
raises tensile stress
lowers ductility
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STRENGTH (KSI)
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Annealing stages

annealing dislocation

microstructural changes

stage density

strains relieved
recovery dislocation rearrange to reduce energy slightly !
climb to form low-angle grain boundaries

cold-work microstructure reduced

strain-free grains nucleated greatly +

recrystallization

grain size increases

reduction in grain boundary area slightly {

grain growth

increasing time/
temperature



Recystallization: brass

99

33% cold-worked 3s anneal, 580°C

0.6mm

from Callister, 6nd edition



Recystallization: brass, con't. 106

4s anneal, 580°C 8s anneal,

(2

>80°C

S ol

. (&'_‘Ic' y

from Callister, 6nd edition



Grain growth: brass 01

8s anneal, 580°C 15min. anneal, 580°C

3
o IS ~ -

from Callister, 6nd edition
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ECAP: Al microstructure

from M. Furukawa et al., J. Mater. Sci. 36, 2835-2843 (2001)
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ECAP Ti microstructure & properties
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V. V. Stolyarov et al., Mat. Sci. Eng. A 299, 59-67 (2001)



Dislocations and plastic deformation 104

e Stress-strain test

e Necking, work-hardening, true stress/strain

e Multiaxial loading

e Crystal model of slip

e Topological defects

e Screw, edge, mixed

e Dislocation motion

e Peach-Kohler force

e Stress field of a dislocation

e Energy of a dislocation

e Dislocations in particular crystal structures: FCC, BCC, HCP, intermetallics
e Kinks and dislocation mobility

e Dislocation intersections and jogs

e Relationship between dislocation motion and plasticity
e Solute-dislocation interactions

e Solid solution strengthening

e Dislocations as obstacles

e \Work-hardening stages




Dislocations and plastic deformation
applied stress plastic strain
Peach-Kohler force Orowan equation
force on dislocations dislocation motion

dislocation mobility
Peierls stress
dislocation/obstacle interaction
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