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Topics .\\J(IT

Karlsruhe Institute of Technology

® Interaction of Straight Dislocations

® Parallel Dislocations — Passing

® Contribution to Dislocation Strengthening

® Low Angle Grain Boundaries

® Dipoles

® Pile Ups and Their Contribution to Grain Boundary Strengthening
® Non-Parallel Dislocations — Intersection

® Contribution to Dislocation Strengthening

® Vacancy Formation Due to Jogged Screw Dislocations
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Parallel Dislocations _\_ﬂ(IT

Karlsruhe Institute of Technology

® In order to evaluate the interaction force between parallel dislocations,
we can assume that the stress field of one dislocation acts as
external stress on the other. Hence, Peach-Ko6hler force in
conjunction with the stress fields are utilized.
® Important cases:
® Parallel/anti-parallel edge dislocations
® Parallel/anti-parallel screw dislocations
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Parallel Dislocations

® Parallel/anti-parallel edge dislocations with the dislocation line along z
(positive sense) and Burgers vectors along + x:

b b + parallel
b, = 8 by = 8 — anti-parallel

(passing)

0 0 o0,
tb Txy The force on dislocation (2) is a

F
— (bz . 0-1) Xs,=|Fbao result of the stress field of
L XX

Z (sessile) dislocation (1)
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Parallel Dislocations ﬁ(".

® Parallel/anti-parallel edge dislocations with the dislocation line along z
(positive sense) and Burgers vectors along + x:

T b Tyy
Z=(b2’01)><52= + D 0y
0
x - (x% —y?)
F G - b2 T (x4 y?)?
L 2m-(1-v) y- Bx*+y?)

\i (xz(;ryz)z /

L s
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Parallel Dislocations
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® Parallel/anti-parallel edge dislocations with the dislocation line along z

(positive sense) and Burgers vectors along + x:

parallel
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Parallel Dislocations

AT

Karlsruhe Institute of Technology

® Parallel/anti-parallel edge dislocations with the dislocation line along z
(positive sense) and Burgers vectors along + x:

parallel
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Parallel Dislocations
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Karlsruhe Institute of Technology

® Parallel/anti-parallel edge dislocations with the dislocation line along z
(positive sense) and Burgers vectors along + x:

A

_-LFx<o
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\ ’
\ /
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Parallel Dislocations

® Parallel/anti-parallel screw dislocations with the dislocation line along z
(positive sense) and Burgers vectors along + z:

0 0 + parallel
b, = <0>;b2 = ( 0 > — anti-parallel
b th

(passing)
0 0 7,
y

i b TyZ The force on dislocation (2) is a

F
p— . — | T result of the stress field of
Z  (sessio) L (bz 0-1) X 52 + b Txz dislocation (1).
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Parallel Dislocations ﬂ(".

® Parallel/anti-parallel screw dislocations with the dislocation line along z
(positive sense) and Burgers vectors along + z:

+ b1y,
Z=(b2'01)><52= + b 1y,
0

X
F G-h2 X2+y
— = y

_I_

L 2T T2

0

L $
10  Plasticity ’ I M
\.) A

e for Applied Mat:



Parallel Dislocations ﬁ(".

® Parallel/anti-parallel screw dislocations with the dislocation line along z
(positive sense) and Burgers vectors along + z:

y
a wk

° | & > | ¢

_@ (?- 1 é- —é

cross-slip
)

« glide —»

parallel anti-parallel
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Parallel Dislocations \‘(IT

® Parallel/anti-parallel screw dislocations with the dislocation line along z
(positive sense) and Burgers vectors along + z:

y

a a

E, <0

° | & > | ¢
o—— o——

@ | @ > | -e

E, <0

parallel anti-parallel
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Parallel Dislocations \‘(IT

® Parallel/anti-parallel screw dislocations with the dislocation line along z
(positive sense) and Burgers vectors along + z:

y
W F. <0

° | & > | ¢
o——- S—

F, <+ x

% | ¢ > | e

parallel anti-parallel

13  Plasticity 'g‘ IA M
\.)

e for Applied Mat:




AT

Parallel Dislocations — Dislocation Strengthening

B Parallel dislocations generally repel each other. Antiparallel dislocations
attract each other.

® [n any case, passing by requires overcoming a certain stress maximum. This
stress is inversely proportional to the dislocation spacing (equivalent to y).
The by-pass stress is an important contribution to dislocation strengthening:

Fmax 1
AT x b (08 ; X \/ﬁ
050 | (passing) x
y
Lateral dependence of the 0.25

interaction force between a (sessile)

i : A

passing and a sessile ~

dislocation. Note that the ~—
~~
S~

(passing)
Ll—— x

E

L

(sessile)

_x (>’ —y?)
fi—i - (xz _|_y2)2

force is normalized by the
reciprocal distance of the
dislocations. 0.00 -

5 6
x/y
£/
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Parallel Dislocations — Low Angle Grain Boundaries ﬂ(IT

® The glide component of the interaction of two edge dislocations exhibits roots with
one of them being associated with a minimum in the interaction energy. The
stacked configuration of the edge dislocations is metastable.

0.251

(passing)
l———m x

_x- (et -y Ty
(xz + yZ)Z

(sessile)

0.00

Lateral dependence of the
interaction force between a
passing and a sessile
dislocation. Note that the
force is normalized by the
reciprocal distance of the
dislocations.

fl1/y

-0.254
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Parallel Dislocations — Low Angle Grain Boundaries ﬂ(IT

® The glide component of the interaction of two edge dislocations exhibits roots with
one of them being associated with a minimum in the interaction energy. The
stacked configuration of the edge dislocations is metastable.

(passing)
l———m x

X‘(xz_yz) '[y
(x2_|_y2)2

0.251

Three force-free positions of the
dislocation in the surrounding.

f =

(sessile)

0.00

Lateral dependence of the
interaction force between a
passing and a sessile
dislocation. Note that the
force is normalized by the
reciprocal distance of the FE
dislocations.

(unstable)

fl1/y

(metastable) L

-0.25{——

x i
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Parallel Dislocations — Low Angle Grain Boundaries

® The stacked configuration causes an orientation change of the crystals
adjacent to the dislocations; it's a low angle grain boundary (LAGB). Since all
dislocations have to be moved cooperatively, the mobility of LAGB is small.

b . . .
I . ~ Etch pits at and misorientation
D—Zsm@ o ° by a LAGB in Ge.
Tl £ ° e
R =, {111} 2(170) with a ~ 5.66 A
= B u e R ~ o
e :_..L_::' HH a and b ~ 3.99 A
- - o 3
b EEREN £
= " e T | Q
seronnd g °
H .L « 12 o
- A n 1
R 0 . . . . .

®@/107*

adopted from: Gottstein: “Materialwissenschaft und Werkstofftechnik: Physikalische Grundlagen”,

Berlin, Heidelberg: Springer Vieweg, Springer Verlag (2014)
Vogel et al., "Observation of Dislocation in Lineage Boundaries in Germanium" in Physical Review 90 (1953) 489

/“-.
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Parallel Dislocations — Low Angle Grain Boundaries i

® The situation can also be described using Frank’s formula for complex
dislocation patterns containing N; dislocations of b;:

d=ZNibl-=(r><l)25in6)z(r><l)®
i

® [is the rotation axis of the boundary and r is an arbitrary vector within the
boundary. N; is given by the number of intersections of the dislocation lines
with .

® The equation is restricted to flat boundaries with narrow stress field. The
equation does not contain information about the distinct pattern of dislocation
lines (can also be non-parallel lines).

® nis the normal vector of the boundary and, hence, n || [ are a twist boundaries
and n | [ are a tilt boundaries.

D. Hull, D. J. Bacon: “Introduction to Dislocations”, Amsterdam, etc.: Elsevier (2011)

18  Plasticity '0‘ IA M
'

Institute for Applied Materials



Parallel Dislocations — Low Angle Grain Boundaries "\g(IT

B A single set of dislocations:d =Nb = (rx1) 0

® b | n since r lies arbitrary within the boundary.

B Since (r x I) = 0 when r || L, the dislocation ..L
lines must be parallel to I (no intersections of the D|: sora
dislocations and r). i -'-

® The boundary must be a tilt boundary with only 11
edge dislocations as seen on two slides before: :
sz((lxn)xl)rG):nr@,Whenr:|r|, COCR
. b
finally D = - = o

D. Hull, D. J. Bacon: “Introduction to Dislocations”, Amsterdam, etc.: Elsevier (2011)
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Parallel Dislocations — Low Angle Grain Boundaries

® Two sets of dislocations: d = N; by + N, b, = (r x1) 0
dth ion b
(Nyby+ Ny by) - (byxb) ~O(rxD)-(byxby) by
0=@x0l - (b;Xhb,)

r-(Ix(byxby)) =0

® This is satisfied whenever r || (I x (b, X b)).

D. Hull, D. J. Bacon: “Introduction to Dislocations”, Amsterdam, etc.: Elsevier (2011)
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Parallel Dislocations — Low Angle Grain Boundaries

B Case (1): tilt boundary formed from two sets of edge dislocations

® [ and b, X b, lie within the boundary plane

Asymmetric tilt boundary in a cubic crystal
by two sets of dislocations.
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Parallel Dislocations — Low Angle Grain Boundaries i

B Case (2): lis parallel to b, X b,

® Forthe case that I || n, a pure twist
boundary is formed.

® For additionally b, | b,, the boundary is
formed only from screw dislocations:

D. Hull, D. J. Bacon: “Introduction to Dislocations”, Amsterdam, etc.: Elsevier (2011)

Plasticity

Atom positions resulting from rigid rotation
through angle ©; open circles represent atoms
just above the boundary and solid circles

those just below.
SHIAM

Institute for Applied Materials



AT

Parallel Dislocations — Low Angle Grain Boundaries

B Case (2): lis parallel to b, X b,

® Forthe case that I || n, a pure twist
boundary is formed.

® For additionally b, | b,, the boundary is
formed only from screw dislocations:

Accommodation of the mismatch (in the
boundary!) by two sets of parallel screw

D. Hull, D. J. Bacon: “Introduction to Dislocations”, Amsterdam, etc.: Elsevier (2011) dislocations labeled S-S.
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Parallel Dislocations — Low Angle Grain Boundaries

B Case (2): lis parallel to b, X b,

® Forthe case that I || n, a pure twist
boundary is formed.

® For additionally b, | b,, the boundary is
formed only from screw dislocations:

Gottstein: “Materialwissenschaft und Werkstofftechnik: Physikalische Grundlagen”, Berlin, Heidelberg: Springer Vieweg, Springer Verlag (2014)
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Parallel Dislocations — Low Angle Grain Boundaries

B Case (2): lis parallel to b, X b,

Take-home messages:

® In contrast to edge dislocations, there are at
least two sets of screw dislocations
needed in order to built up a symmetric
(twist) boundary.

® Dislocations or dislocation components
(especially screws or screw components)
might not contribute to the orientation
change but do contribute to the energy of
the pattern!

Accommodation of the mismatch (in the

Cottetoin: “Matoriaui ot und Werketoffechnic. Phveikalische Grund ) boundary!) by two sets of parallel screw
ottstein: “Materialwissenschaft un erkstofftechnik: Physikalische Grundlagen”, . . _
Berlin, Heidelberg: Springer Vieweg, Springer Verlag (2014) dislocations labeled S-S.
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arallel Dislocations - Low Angle Grain Boundaries Q(IT

glide interaction climb interaction
G G
Y/ =) % o =)
300 300 0.05
200 200
0.03
100 100
Attraction e 0 0.00
R
-100 -100
-0.03
-200 -200
-300 -300 -0.05
-300 -200 -100 O 100 200 300 -300 -200 -100 O 100 200 300

x/b

+ b Ty
R ber: L—
emember: Fboy,

0
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Parallel Dislocations — Low Angle Grain Boundaries ﬁ(IT

glide interaction climb interaction
G G
Y/ =) % o =)
300 300 0.05
y/b
200 200
0.03
100 } 100 _
D cancelation of
Attrabtion 4 . stresses within D
-100 s -100
-0.03
-200 -200
-300 -300 -0.05
-300 -200 -100 O 100 200 300 -300 -200 -100 0 100 200 300

x/b
Three, stacked edge dislocations with D = 72b (0 = 0.8°).
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glide interaction

G
Yy =

300

200

100

0

-100

-200

-300
-300 -200 -100 O 100 200 300

x/b

Parallel Dislocations — Low Angle Grain Boundaries Q(IT

climb interaction

G
2 (1 —v)

300 0.05
200
0.03
100
0 0.00
-100
-0.03
-200
-300 +— -0.05

-300 200 100 O 100 200 300

Oxx [ 5— 7

Five, stacked edge dislocations with D = 72b (0@ = 0.8°).

Plasticity
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Parallel Dislocations — Low Angle Grain Boundaries

glide interaction

G
Txy/Zn-(l—v)

300

y/b
200

Important for

recovery: Climb (1) is
assisted by the stress
field until glide
attraction (2) is
achieved.

-200

-300

-300 -200 -100 O 100 200 300

x/b

AT

Karlsruhe Institute of Technology

climb interaction

G
Tex | G T =)
300 0.05
200
0.03
100
0 0.00
-100
-0.03
-200
-0.05

-300

-300 -200 -100 O 100 200 300

Seven, stacked edge dislocations with D = 72b (6 = 0.8°).
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Parallel Dislocations — Low Angle Grain Boundaries

glide interaction climb interaction
G G
Y/ =) % o =)
300 300
0.05
y/b
200 200
0.03
100 Important for the
boundary: The climb
force within the boundary
0 tends to increase D, 0.00
decrease 0 and, finally,
-100 decrease y!
-0.03
-200 -200
-300 -300 -0.05
-300 -200 -100 0O 100 200 300 -300 -200 -100 O 100 200 300

x/b
Nine, stacked edge dislocations with D = 72b (® = 0.8°).
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Parallel Dislocations — Low Angle Grain Boundaries

® Read-Shockley’s formula describes the
specific grain boundary of an asymmetric tilt
boundary as a function of the misorientation by
the summation of the elastic energy of the
dislocations in the boundary:

Gb
Y= a—v (cosdp +sind) 0 (A(p) —In0B)

® This is approximately:

yz4n(1_v)@(1—ln@)

Asymmetric tilt boundary in a cubic crystal
by two sets of dislocations.

D. Hull, D. J. Bacon: “Introduction to Dislocations”, Amsterdam, etc.: Elsevier (2011)
W. T. Read & W. Shockley: “Dislocation model of crystal grain boundaries”, Physical Review 78 (1950) 275-289
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Shockley, Bardeen, and the Bell labs ...

Shockley made major contributions to solid state
physics of semiconductors and crystal defects. In
1956, he was awarded Nobel prize for the
development of the transistor together with Bardeen
and Brattain. The entire research group of Shockley
at Bell labs revolutionized the world by their work on
the fundamentals and applications of
semiconductors. Late in his life, he was involve in
publications on race, intelligence and eugenics.
Apart from the Nobel prize for the transistor,
Bardeen was awarded with a second Nobel prize
(there are only three other persons with more than
one Nobel prize: M. Sktodowska Curie; L. Pauling,
F. Sanger) for the development of the development
of the BCS (Bardeen-Cooper-Shrieffer) theory of
super conductors. The Bardeen-Herring climb
source (later in Ch. 4) traces back to his work.

https://de.wikipedia.org/wiki/Datei:William_Shockley, Stanford_University.jpg
https://en.wikipedia.org/wiki/John_Bardeen#/media/File:Bardeen.jpg
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Parallel Dislocations — Low Angle Grain Boundaries

® Rough estimates for Cu:

G ~ 50 GPa, b ~ 2.5 A:
~ 1420 m]/m?

4 (1 —v)

At @ 10° = 0.174:
@(1 —In0®) =~ 680 mJ/m?

41T (1

D. Hull, D. J. Bacon: “Introduction to Dislocations”, Amsterdam, etc.: Elsevier (2011)
W. T. Read & W. Shockley: “Dislocation model of crystal grain boundaries”, Physical Review 78 (1950) 275-289
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Parallel Dislocations — Low Angle Grain Boundaries

® Rough estimates for Al:

G ~ 25GPa, b ~ 2.9 A:
~ 825 mJ]/m?

4 (1 —v)

at @ ~ 10° = 0.174:
@ (1 —In0®) = 394 m]/m?

41T (1

Gottstein: “Materialwissenschaft und Werkstofftechnik: Physikalische Grundlagen”, Berlin, Heidelberg: Springer Vieweg, Springer Verlag (2014)
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Parallel Dislocations - Dipoles ﬂ(".

B Dipoles are antiparallel edge dislocations metastable arranged at an angle of

45°,
0.251
T
‘0’. (passing)
L T x
0.00 T y

Lateral dependence of the

interaction force betweena &\ J'
. . \ (sessile)
passing and a sessile —
dislocation. Note that the 2 2
force is normalized by the - X (y — X )
reciprocal distance of the S~ f - 2 2\ 2
dislocations. (X + y )
-025 ] T T T T T T 1
-3 -2 -1 0 1 2 3
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Parallel Dislocations - Dipoles ﬂ(".

B Dipoles are antiparallel edge dislocations metastable arranged at an angle of
45°,

'r.‘ E (metastable) “T

0.25

Three force-free positions of the
dislocation in the surrounding.

(passing)
T——— x
0.00 T y
Lateral dependence of the 1
interaction force betweena &\ _
. . \ (sessile)
passing and a sessile —
dislocation. Note that the 2 2
force is normalized by the ; f - X (y — X )
reciprocal distance of the E a - = 2 2N\ 2
dislocations. (uhstabley (X +y )
-025 _—'—r T T T 1
-3 -2 0 1 2 3
> X
x/y
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Further Notes \‘(IT

eeeeeeeeeeeeeeeeeeeeeeeeeee

® The important configurations described before are metastable. The
zero transition of force is not sufficient to characterize the metastable
configuration. It must be associated with a minimum of energy. In case
of a maximum, the configuration is unstable!

® For an advanced discussion, also image forces on dislocations would
have to be considered. In the vicinity of surfaces or discontinuities, the
dislocation experiences a force by the surface. The math leads to terms
equivalent to an attraction by a mirrored dislocation outside the body
(similar to problems in electrical engineering).

® For the lecture, there is only little advance by considering this. Anyhow,
in TEM experiments you have to consider that surfaces might attract
dislocations as a practical relevance of this.
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Parallel Dislocations — Pile-Ups blocking
obstacles
® When dislocations emitted from a glide source / ! \
meet a barrier, the dislocations cannot | sou.rce 11
combine due to same sign. Instead they mrTT . - %
form a (double) pile up. 104 n(
® The (lateral) distribution of (edge) dislocations .
follows under the applied stress t due to their 5-
interaction:
(1- v) X 0-
n(x) = .
Gb 2
(2) -
5] —x
2 ]
_ _ -10-
@ The total number of dislocations (of equal | . . . .
sign) in the pile up at 7 is: -1 0 — 1
l
2 1-v)l
N = J n(x) dx = ——
0 Gb Pile up from a glide source and the corresponding
distribution of dislocations in the pile up as a function
J. P. Hirth, J. Lothe: “Theory of Dislocations”, Malabar, USA: Krieger Publishing Company (1982, reprint 1992) of the applied stress.
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Parallel Dislocations — Pile-Ups blocking ﬁ(".

obstacles
® When dislocations emitted from a glide source / ! \
meet a barrier, the dislocations cannot | s 1oLl
combine due to same sign. Instead they e . - %
- -1
form a (double) pile up. )
® The (lateral) distribution of (edge) dislocations e l/ﬂz
follows under the applied stress t due to their
interaction: -3
(1 . V) % withN =5
distributed on 1/2
n\x) = -
(x) = D : 4
) -5
® The total number of dislocations (of equal 61 . \‘/ . .
sign) in the pile up at 7 is: -1 0 — 1
l
2 1-v)l
N = J n(x) dx = ——
0 Gb Pile up from a glide source and the corresponding
distribution of dislocations in the pile up as a function
J. P. Hirth, J. Lothe: “Theory of Dislocations”, Malabar, USA: Krieger Publishing Company (1982, reprint 1992) of the applied stress.
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Parallel Dislocations - Pile Ups

® When dislocations emitted from a glide source
meet a barrier, the dislocations cannot
combine due to same sign. Instead they
form a (double) pile up.

® The (lateral) distribution of (edge) dislocations
follows under the applied stress t due to their
interaction:

n(x) = (1- v) X

"y

® The total number of dislocations (of equal
sign) in the pile up at 7 is:
l
(1-v)l
Gb

N = Jjn(x) dx =

AT

Karlsruhe Institute of Technology

Gottstein: “Materialwissenschaft und Werkstofftechnik: Physikalische Grundlagen”, Berlin, Heidelberg: Springer Vieweg, Springer Verlag (2014)
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Parallel Dislocations — Pile Ups ﬂ(".

glide interaction

G
Txy/Zn-(l—v)

-600 -500 -400 -300 -200 -100 O 100 200 300 400 500 600

300 300 0.05
y/b
200 200
0.03
100 100
0 0 0.00
-100 -100
-0.03
-200 -200
-300 -300 -0.05
-600 -500 -400 -300 -200 -100 O 100 200 300 400 500 600

x/b

Single edge dislocation.

O
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Parallel Dislocations — Pile Ups ﬂ(".

glide interaction

G
Txy/Zn-(l—v)

-600 -500 -400 -300 -200 -100 O 100 200 300 400 500 600

300 300 0.05
y/b
200 200
0.03
100 100
0 0 0.00
-100 -100
-0.03
-200 -200
-300 -300 -0.05
-600 -500 -400 -300 -200 -100 O 100 200 300 400 500 600
x/b
1 Gb

One dislocation in a double pile up: N =1, 1 = 600b, T = PRy

O
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Parallel Dislocations — Pile Ups ﬂ(".

glide interaction

G
Txy/Zn-(l—v)

-600 -500 -400 -300 -200 -100 O 100 200 300 400 500 600

300 300 0.05
y/b
200 200
0.03
100 100
0 0 0.00
-100 -100
-0.03
-200 -200
-300 -300 -0.05
-600 -500 -400 -300 -200 -100 O 100 200 300 400 500 600
x/b
1 Gb

Two dislocations in a double pile up: N = 2, [ = 600b, T = 300 1oy

O
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Parallel Dislocations — Pile Ups ﬂ(".

glide interaction

G
Txy/Zn-(l—v)

-600 -500 -400 -300 -200 -100 O 100 200 300 400 500 600

300 300 0.05
y/b
200 200
0.03
100 100
0 0 0.00
-100 -100
-0.03
-200 -200
-300 -300 -0.05
-600 -500 -400 -300 -200 -100 O 100 200 300 400 500 600
x/b
1 Gb

Three dislocations in a double pile up: N = 3, [ = 600b, T = 700 1oy

O
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Parallel Dislocations — Pile Ups ﬂ(".

glide interaction

G
Txy/Zn-(l—v)

-600 -500 -400 -300 -200 -100 O 100 200 300 400 500 600

300 300 0.05
y/b
200 200
0.03
100 100
0 0 0.00
-100 -100
-0.03
-200 -200
-300 -300 -0.05
-600 -500 -400 -300 -200 -100 O 100 200 300 400 500 600
x/b
1 Gb

Four dislocations in a double pile up: N = 4, [ = 600b, T = FETE.

O
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Parallel Dislocations — Pile Ups

glide interaction

G
Txy/Zn-(l—v)

-600 -500 -400 -300 -200 -100 O 100 200 300 400 500 600
300 Note: There is a back- 0.05

y/b stress on the source. At
200 a given external load, the
source stops operating. 0.03
100 100
0 0 0.00
-100 -100
-0.03
-200 -200
Note: The pile-up has a
-300 lona- . -300 -0.05
g-range stress field
-600 -500 -400 -300 -20i into the region adjacent to )0 400 500 600
the pile-up! x/b
1 Gb

Five dislocations in a double pile up: N =5, 1 = 600b, T = 700 1oy
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Parallel Dislocations — Pile Ups blocking _\ﬂ(IT

obstacles

N

. ~
- .

I N N R 1 |

® The (single) pile-up exists without stress by #
the repulsion of the dislocations with a lateral a1 172
distribution of:
2N
n(x) =
l 2 5 2_
Tl (7) — X
® The single pile-up acts as a single super
dislocation with bg = N b. 0 3 - 5 S

Pile-up from a glide source and the according
distribution of dislocations in the pile-up as a function
J. P. Hirth, J. Lothe: “Theory of Dislocations”, Malabar, USA: Krieger Publishing Company (1982, reprint 1992) of the applied stress.
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Parallel Dislocations - Pile Ups blocking ﬁ(".

obstacles

/ -

J_LJ_J_J_J_J'_J__I_L

104 .
® The (singlfe) pile-up e_xists without _stress by 9l f nxc)
the repulsion of the dislocations with a lateral gl " m
distribution of: 7
2N
n(x) = 6
[\? >
ni|(3) - 4
3
. . . with N = 10
® The single pile-up acts as a single super ? distributedon i
dislocation with b = N b. 1 1 - : - :

Pile-up from a glide source and the according
distribution of dislocations in the pile-up as a function

J. P. Hirth, J. Lothe: “Theory of Dislocations”, Malabar, USA: Krieger Publishing Company (1982, reprint 1992) of the applied stress.
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Parallel Dislocations — Pile Ups ﬂ(".

glide interaction

G
Txy/Zn-(l—v)

-600 -500 -400 -300 -200 -100 O 100 200 300 400 500 600

/b 300 300 0.05
y
200 200
0.03
100 -100
0 -0 0.00
-100 --100
-0.03
-200 -200
Note: The pile-up has a
-300 long-range stress field -300 -0.05

-600 -500 -400 -300 -20 into the region adjacent to JO 400 500 600
the pile-up! x/b

Ten dislocations in a double pile up: N = 10, [ = 600b, T = 0.

O
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Parallel Dislocations — Pile Ups blocking -\\J(IT

obstacle
< l >
.
® Under applied stress, the (single) pile-up _ = e e
changes and exhibits following asymmetric n(x)
lateral distribution then: 4 ?
2(1—-v)
n(x) = 7
2_
® Note that the dislocations will in this case
distribute over the length [ for a given number
of dislocations N and an applied stress t:
GNbD 0 ' : ' !
— -1 0 x 1
n(l—v)T [z

Pile-up from a glide source and the according
distribution of dislocations in the pile-up as a function

J. P. Hirth, J. Lothe: “Theory of Dislocations”, Malabar, USA: Krieger Publishing Company (1982, reprint 1992) of the applied stress.
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Parallel Dislocations — Pile Ups blocking _\ﬂ(IT

obstacle
< l >
N
® Under applied stress, the (single) pile-up = e
changes and exhibits following asymmetric 104+ " i
lateral distribution then: 91 fl/zi
8 172
2(1—-v) 7
n(x) = 6
Gb c
: . - . 4
® Note that the dislocations will in this case 3
distribute over the length [ for a given number 5 with N =10
of dislocations N and an applied stress t: 1. distributed on {
__GNb M 5 L1
T(l—-v)t l/2

Pile-up from a glide source and the according
distribution of dislocations in the pile-up as a function

J. P. Hirth, J. Lothe: “Theory of Dislocations”, Malabar, USA: Krieger Publishing Company (1982, reprint 1992) of the applied stress.
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Parallel Dislocations — Pile Ups

glide interaction

G
Txy/Zn-(l—v)

-600 -500 -400 -300 -200 -100 O 100 200 300 400 500 600

300 300 0.05
y/b
200 200
0.03
100 -100
0 -0 0.00
-100 Note: The pile-up has a
long-range stress field 0.03
-200 into the region adjacent to
the pile-up!
-300 300 == -0.05
-600 -500 -400 -300 -200 -100 O 100 200 300 400 500 600
x/b

1 Gb

Ten dislocations in a double pile up: N = 10, l = 600b, T = PP,

O
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Grain Boundary Strengthening ﬁ(".

® The interpretation of grain boundary strengthening with the
empirical Hall-Petch relationship o, = g, + % (see fundamental

lectures) can be based on the stress fields ahead pile ups.

® In all instances, a grain with operating sources are considered that
produce pile ups at its grain boundary. The length of the pile up
corresponds to roughly the grain size D in case of a double pile up or
half of the grain size D/2 in case of a stressed single pile up.

® In some cases, neighboring grains might be unfavorable for slip
due to their orientation.
® Macroscopic yield (as it is necessary for oy) Is only observed, when

all grains exhibit slip activity. Hence, the stress fields of pile ups
need to operate dislocation sources (Ch. 4f) in the neighboring
grains.
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Grain Boundary Strengthening ﬁ(".

. . Txy(nyZO)/m
® Asseen on the previous slides, 2 1
a pile up at a grain boundary
leads to a stress distribution
in the neighboring grain.

® |t can be obtained by the _;i N
superposition of the stress 107 .

fields by the dislocations in \

the pile up (in principle all 107+ L

stress components would have i\
to be considered). 10°° -
W Three distinct regions can be 1 \

obtained: 10¢ 4 N=5
® astress concentration ; \\
immediate in/at the grain ] -

3

10° 4

10-10 T T T ™ ™ T ™ T T rrrrim
boundary TGB 100 102 104 106 108
. 1 1 . .
® anear-field typ X N or < — distance ahead the stressed double pile up x/b
x
. 1 . - . - —
® afarfield Tpp X — Examples for the stress distributions ahead double pile ups for [/2 = 200000b and

x2  several N dislocations. Note that other components of the stress fields might also be
considered and the angular distribution omitted here. x starts at the grain boundary.
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Grain Boundary Strengthening ﬁ(".

. . Txy(nyZO)/m
® Asseen on the previous slides, 2 1
a pile up at a grain boundary
leads to a stress distribution
in the neighboring grain.

® |t can be obtained by the _;i N
superposition of the stress 107 .

fields by the dislocations in \

the pile up (in principle all 107 5 L

stress components would have i\
to be considered). 10°° -
W Three distinct regions can be 1 \

obtained: 10¢ 4 N=5
® astress concentration ; \\
immediate in/at the grain ] -

E

10° 4

10-10 LA | T T ™ ™ T ™ T T rrrrim
boundary TGB 100 102 104 106 108
. 1 1 . .
® anear-field typ X N or < — distance ahead the stressed double pile up x/b
x
. 1 . - . - —
® afarfield Tpp X — Examples for the stress distributions ahead double pile ups for [/2 = 200000b and

x2  several N dislocations. Note that other components of the stress fields might also be
considered and the angular distribution omitted here. x starts at the grain boundary.
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Grain Boundary Strengthening ﬁ(".

. _ Txy(x,y=0)/—2n.(1_v)
® As seen on the previous slides, 10 /2 1
a pile up at a grain boundary
leads to a stress distribution

3

in the neighboring grain. 10015 S
® It can be obtained by the N SRR
superposition of the stress 10 I S
fields by the dislocations in BN
the pile up (in principle all 10 4 ~
stress components would have g Q
to be considered). 10° 4 i \\
m Three distinct regions can be . N\
obtained: 10 4 NZ3
® astress concentration ] \\
immediate in/at the grain 10-105 S B EN N
boundary 75 10° 102 10 106 108
® anear-field typ X \/% or < i distance ahead the stressed double pile up x/b
®  afarfield Tpp 1 Examples for the stress distributions ahead double pile ups for [/2 = 200000b and

x2  several N dislocations. Note that other components of the stress fields might also be
considered and the angular distribution omitted here. x starts at the grain boundary.
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Grain Boundary Strengthening ﬂ(".

Ty (,y =0)/

2 - (1 —v)

. . 107 3
® As seen on the previous slides, =

a pile up at a grain boundary

3

leads to a stress distribution 100’5

in the neighboring grain. 3

® It can be obtained by the 10*1

superposition of the stress

fields by the dislocations in 10 4

the pile up.

® Three distinct regions canbe ~ 10°1

obtained: 1

B a stress concentration 10'81;

immediate in/at the grain 1
boundary 7.5 10110 e . -.

10° 10° 10% 10° 108

distance ahead the stressed double pile up x/b

. 1 1
B anear-field Tyr X —=0Or < —
NF \/} x

®  afarfield Tpp o —
X Examples for the stress distributions ahead double pile ups for [/2 = 200000b and

several N dislocations. Note that other components of the stress fields might also be
considered and the angular distribution omitted here. x starts at the grain boundary.
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Grain Boundary Strengthening - grain boundary source ﬁ(IT

Ty (,y =0)/

102 3

2 - (1 —v)

/2 1

10° +

® The 75z might reach a
critical stress tggg to 10-22
activate a grain boundary
dislocation source (Ch. 4f).  q4]

® 755 can be considered high
in comparison to stressesto  10°4
operate other types of
dislocation sources. As a 10 4
very rough estimate tggs ~
% might be assumed. 104 P e A AP R
10 10 10 10 10

distance ahead the stressed double pile up x/b

Examples for the stress distributions ahead double pile ups for [/2 = 200000b and
several N dislocations. Note that other components of the stress fields might also be
considered and the angular distribution omitted here. x starts at the grain boundary.
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Grain Boundary Strengthening - grain boundary source -\-\J(IT

G
TGB/Zn-(l—v)

10% 4

® The ;5 might reach a
critical stress tggg to
activate a grain boundary
dislocation source (Ch. 4f). ;0.

® 7.5 can be considered high
INn comparison to stresses to
operate other types of
dislocation sources. As a _
very rough estimate t;gs = /

% might be assumed. 10

TGB ~ Txy(Xx = 5b,y = 0)

10° 10t 102 103 N 10*

Stress in the grain boundary t;g ahead a pileup of D/2 =1/2 =
200000b as function number of dislocations in the pile up N.
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Grain Boundary Strengthening - grain boundary source -\\J(IT

® The number of dislocations
In the pile up N¢gs to obtain
TeBIN=Nggs = TcBs depends
on the length of the pile up [
and, thus, grain size D.

® The applied stress 7, to
obtain this Nggg dislocations
in the pile up is (see
previous slides on the pile

ups):

YTTT a-v
® Note that the applied critical
stress 7y, Is orders of
magnitude lower than zg.

62  Plasticity

Nggs

10000 -

1000

100 5

10

Nggs % +/Tges D

- TGB ® Txy(X = 5b,y = 0)
LRI | T L | T LR | T T T T
10° 10* 10° 106 107
D/2 /2
b b

Number of dislocations in the pile up Nggs hecessary to operate a graln

boundary dislocation source with g = Tggs = —

2m’
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Grain Boundary Strengthening - grain boundary source S,

G
Ty/Zn-(l—v) D/b
1000 2000 5000 10000 100000
0.03-
® Indeed, the applied stress 7, 0.0
to obtain Nggg dislocations
and, thus, to initiate yielding
in the pile up follows 1/+/D:
1 0.01-
Ty, X —
’ VD
0.00 . . . . , . |
-0.03 -0.02 -0.01 0.00
—-1/\/D/b

Necessary applied stress 7, to operate the
grain boundary source. Yielding occurs.
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Grain Boundary Strengthening - grain boundary source -\-\J(IT

G
Ty/Zn-(l—v) D/b
1000 2000 5000 10000 100000
® The rough estimate using: ' | ' | T
(1—-v)D
Teg ~ N1 = — 2 0.03 -
® with
T =T
GB =1, GBS 0.02 -
B yields
’[y: TGBSGb 1 0.014
(1-v) VD
: G .
® Assuming tggs ® pont
r 0.00 . . . - . - .
G2 b 1 -0.03 -0.02 -0.01 0.00

~1/,/D/b

Y= |2n(1 =v)VD

Necessary applied stress 7, to operate the
grain boundary source. Yielding occurs.
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Grain Boundary Strengthening - grain boundary source

For example, data for Cu with G =
50 GPa, b = 2.5 A, v = 0.3 yields:

0.38 MPaym

Ty~

Transfer to macroscopic yield
strength in tensile tests (normal
stresses) can be obtained by
multiplication with the Taylor factor
Mt (M = 3.06 for Al and A2

assuming simple slip systems, Ch.

6a):

0}

Apart from all roughness of this
estimate, the order of magnitude is

almost met.

Plasticity

y:MTTy_

VD

_ 1.15 MPaym
VD

AT

Karlsruhe Institute of Technology

k/MPaym | k/GVb

Ni
Cu
A

Au

V

a

Mo

Fe

Al (fcc, Cu prototype)

80 0.23 0.2
40 0.11 0.1
60 0.1 0.2
150 0.08 0.2
B o 0.09 0.2
A 150 0.38 0.5
120 0.34 0.5
80 0.76 0.7
320 0.8 0.4
270 0.63 0.3
800 1 0.4
130 0.31 0.2

Z. C. Cordero, B. E. Knight and C. A. Schuh: “Six decades of the Hall-Petch effect — a survey of
grain-size strengthening studies on pure metals”, International Materials Reviews 61 (2016) 495-51
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Grain Boundary Strengthening - giide source _\_ﬂ(IT

Tay(0,y =0) /5——=—=
Y y 2 - (1—v) 2 1
. . 10 =
B Alternatively, the near field ;
1 )
SUress Typ X = of the pile 10°4
up might activate a glide
source (for example Frank- 107
Read Source, Ch. 4f) at 745
in the adjacent grain. 10
® 15 can be considered lower
than tsgs. As a very rough 10° 5
. G .
es.tlmate TGs ~ ZGb\/E < o5
might be assumed (with p
being the density of forest o
. . . 10 o AR | o o T T o o
dislocations, no plastic 100 102 10* 106 108
deformation has taken distance ahead the stressed double pile up x/b
place).

Examples for the stress distributions ahead double pile ups for [/2 = 200000b and
several N dislocations. Note that other components of the stress fields might also be
considered and the angular distribution omitted here. x starts at the grain boundary.
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Grain Boundary Strengthening - glide source ﬂ(".

Ty, y=0) / —————

. . 10°7 -
® Alternatively, the near field 1 RN

stress Typ < ix of the pile

: : VX : D = 50000000 ~ .
up might activate a glide :

source (for example Frank-
Read Source, Ch. 4f) at 75g
in the adjacent grain.

® 15 can be considered lower
than t;gs. AS a very rough

. G
estimate 755 ~ 2Gb\/p < p

might be assumed (with p :
being the density of forest 1 N =500 = const.

. . . 10-4 AL L | L | TorrTTT T """E : rrrrrT
dislocations, no plastic 10° 102 10 106
deformation has taken

distance ahead the stressed double pile up x/b

place). o . .
Examples for the stress distributions ahead double pile ups for several grain sizes

D =l at N = 500 dislocations. x starts at the grain boundary.
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Grain Boundary Strengthening - giide source

TNF(X = 700b)/

2 - (1 —v) D/b
_ 20000 50000 100000 500000
® For a constant distance ahead . - ——— . |
the pile up, the near field stress  0.301
can be approximated by ' S ne(x=700b) < VDT =
(1-v)1 . 0.25 A
(N = 7 from the previous |
slides): 0.20 -
VDo |
TNF X T X —
NE VD 0.15
® For the onset of yielding by 0.10 '
104
TNF = TgGs
T=Ty
: 0.05 -
® one obtains: _
1 x = 700b = const.
Ty X \/_5 0.009 v = 500 = const.
® Note that the result still depends -0.008 -0.006 -0.004 -0.002 0.000
on the chosen distance ahead ~1/yD/b
the pile by 7, « Vx. Necessary applied stress t, to operate the

grain boundary source. Yielding occurs.
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Intersection Reactions of Dislocations = =% %

® Even in well-recovered crystals, dislocations exists (as we have seen in
Ch. 4c). Hence, any moving dislocation has to intersect with these non-
parallel “forest dislocations”.
® The reaction products follow the rule: the displacement field of one
dislocation acts on the dislocation line of the other intersected
dislocation.
® Important configurations with s, 1 s, are:
® Two edge dislocations with b, || b,
® Two edge dislocation with b, L b,
® Edge and screw dislocation with b; L b,
® Two screw dislocations with b; L b,
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Intersection Reactions of Dislocations = =% %

® If the Burgers vector of the intersecting dislocation is parallel to
dislocation line of the intersected dislocation, there is no interaction
product: a line cannot be distorted along the line!

® If the Burgers vector of the intersecting dislocation is inclined with
respect to the dislocation line of the intersected dislocation, the reaction
product is of the length and the direction of the Burgers vector of the
cutting dislocation. Since the Burgers vector is unique to the
dislocation, the new dislocation segment has the same Burgers vector
as the intersected dislocation.

® There are two possibilities of interaction products:

® Kinks: dislocation segments in the slip plane of the intersected
dislocation. Kinks are glissile and can easily be removed.

® Jogs: dislocation segments not lying in the slip plane of the intersected
dislocation. Cross-slip or climb are needed to (re)move the jog.
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Intersection Reactions of Dislocations ﬂ(".

® s, 1L s,and b, || b, with edge dislocations:

o

The new segments are formed within the former
slip planes. Hence, they can easily be removed by
slip. However, they are both of screw character and
potential cross-slip of the kinks might prevent the
easy removal!

before cutting after cutting

/“-.
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Intersection Reactions of Dislocations ﬂ(".

® s, L s,andb; 1 b, with edge dislocations:

There is only one new segment itself not being
within the former slip plane. The jog (edge
character) needs climb to be (re)moved.

Note that the jog is of b, in length. If the intersection
process occurs iteratively (for example by an
operating source), the jog length can become
sufficient to be activated as a two-arm source

(see Ch. 4f).
v b

before cutting after cutting

/“-.
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Intersection Reactions of Dislocations ﬂ(".

® Perpendicular edge and screw dislocations:

The screw dislocation induces a screw-like
deformation of the slip plane of the edge
dislocation. This leads to a change of the slip plane
b of the intersecting dislocation and the formation of a
2 Jjog.

f This property will be important for helical sources
' and deformation twinning later on in the lecture
(see Chs. 4f and 7a).

before cutting after cutting

/“-.
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Intersection Reactions of Dislocations \“(IT

® s, 1s,andb; L b, with screw dislocations:

In both dislocation, jogs are formed.

before cutting after cutting
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Dislocation Strengthening  =EOANA

® During the intersection process, new dislocation segments
might be formed. These segments of b in length are

associated with a line energy% «x G b* and, therefore, the
total energy is increased by W o« G b3.

® This excess energy is provided by the external load:
W =F-bxtbLf-b; L Is the free path of the glissile
dislocations.

® The intersection process is another contribution to
dislocation strengthening:

G b
TX— = Gb+/p
Ly

O3
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Vacancy Generation by Jogged Screws =LY

® Note that the further movement of
the jogged screw dislocation with
requires climb of the edge jog
portion.

® Hence, the moving jog leaves a trail
of vacancies behind.

B At sufficiently low temperatures, the
otherwise mobile screw dislocations
become markedly slowed down.
This might be one important
contribution to serrated plastic
deformation at cryogenic after cutting
temperatures (< 35 K, see Ch. 5).
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Vacancy Generation by Jogged Screws p, e

/

® Note that the further movement of /AN
the jogged screw dislocation with
requires climb of the edge jog / b 7;,
portion. : /

® Hence, the moving jog leaves a trail @
of vacancies behind.

B At sufficiently low temperatures, the
otherwise mobile screw dislocations
become markedly slowed down.

This might be one important 6&
contribution to serrated plastic ,fu
. . Sequence of the fo)
deformation at cryogenic ntersecton process and o
movement of the jog for o
temperatures (< 35 K, see Ch. 5). an AL metals (see 6&

Thompson tetrahedron).

A. S. Tirunilai: “Dislocation-based serrated plastic flow of high entropy alloys at cryogenic temperatures”, Acta Materialia 200 (2020) 980-991
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Summary ﬂ(".

® The interaction of dislocations provides two important contributions
to dislocation strengthening: passing by and cutting. The stress
ahead of pile-ups contributes to grain boundary strengthening.

® Parallel dislocations can form metastable configurations that play a
significant role in dislocation patterning during plastic deformation.
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