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Topics
» Crystal structure and Miller-Bravais indices
» Dislocations in hexagonal metals
» Special case: kink bands
» Twinning in hexagonal metals
» Stacking faults in hexagonal metals

» Texture components in hexagonal metals
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Topics

» Crystal structure and Miller-Bravais indices
» Dislocations in hexagonal metals
» Special case: kink bands
» Twinning in hexagonal metals
» Stacking faults in hexagonal metals

» Texture components in hexagonal metals

3

Max-Planck-Institut = i RWNTHAACHEN

fur Eisenforschung GmbH B UNIVERSITY

‘,'—.f.x\l
)




Topics

» Crystal structure and Miller-Bravais indices
» Dislocations in hexagonal metals
» Special case: kink bands
» Twinning in hexagonal metals
» Stacking faults in hexagonal metals

» Texture components in hexagonal metals

4

Max Plendcincting il | TG




Crystal structure and Miller-Bravais indices

Reminder: hexagonal crystal structure and Miller-Bravais indices

ABAB stacking sequence

Axes: A 1
a,=a,=az#cC ; |
Angles: ; i
a-c=90° | |
a;-a, = ay-a; = a,-a; = 120° B — ‘\'//‘

<
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Crystal structure and Miller-Bravais indices

Reminder: hexagonal crystal structure and Miller-Bravais indices

ABAB stacking sequence

Axes:
a,=a,=ag#cC
Angles: (0001) B
a-c=90° (0110)
al'az - az'a3 - al'as - 1200 . o N,
Planes (Miller-Bravais indices): i e | |eo B e o
(hkil) with h + k +i =0 .o 4“

as Is redundant: a; = -(a; + a,) py ) @ » 1 ®

(1100) (1010)

8 Max-Planck-Institut

8 fur Eisenforschung GmbH
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Crystal structure and Miller-Bravais indices

Reminder: hexagonal crystal structure and Miller-Bravais indices

ABAB stacking sequence

AXes:
a,=a,=ag#cC

Angles:
a-c = 90°
al'az - 8.2-33 = al'a3 = 1200

Planes (Miller-Bravais indices):
(hkil) withh+k+i=0
as Is redundant: a; = -(a, + a,)

Directions (Miller-Bravais indices):

[uvtw] with u + v +t =0 ; . e o
u="%(2u—-v) - o @
v = V3(2v — U) [1120] ®
t=-(u+v) = A
: [1210]

B Max-Planck-Institut [2110] -
4 fur Eisenforschung GmbH ’
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Crystal structure and Miller-Bravais indices
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ACE.: basal plane AB: <a> direction
ABB’A’: prismatic plane AF’: <c + a> direction
ABO’: first order pyramidal plane [1011]

AD’F’: second order pyramidal plane [1122] - 8
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Crystal structure and Miller-Bravais indices

Metal
Be
Y
Os
Hf
Ru
Ti
Sc
Zr
T
Re
Co
Mg
Zn
Cd

cl/a

1.568
1,572
1.579
1.581
1.583
1.588
1.592
1.593
1.599
1.615
1.623
1.623
1.856

1.886

Max-Planck-Institut
fur Eisenforschung GmbH

Relevance of hexagonal metals:

YV V V VY

YV VYV

Ti: light-weight; high strength, corrosion resistant

Mg: light-weight; high specific strength

Co: high-temperature material; ferromagnetic

Zn:. galvanization; decoration parts, corrosion
resistant

Zr. low neutron absorption

Be: light-weight; superior specific strength;

corrosion resistant

RE /Y: superior magnetic, optic, electrochemical
properties; unique alloying effects

R
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Crystal structure and Miller-Bravais indices

Metal c/a HEX # hcp
Be 1.568 Q;%\Tz”
Y 1,572 N
Os 1.579
Hf 1.581
RU 1.583 NOT: closed packed
crystal structure
Ti 1.588
Sc 1.592 Classification as structural
7 1,593 materials class ,hcp” not
adequat
T 1.599 )
Re 1.615 Plastically anisotrop éﬁ/
Co 1.623
M 1.623 8 oL
X | > hep: |- = 1.633 NS
Zn 1.856 3 |

Cd 1.886

ax-Planck-Institut
ir Eisenforschung GmbH '




Crystal structure and Miller-Bravais indices

Metal {1 01 0}

@ (1011 Interplanar spacing
Be i | i v i a3
— > —_—
Y 6
i aV3
Os ﬂ 3
Hf aC*/g
i —_——
R 6v4c? +3a>
u B : iv Sac\3
Ti < 6v4c? +3a’
V3
Sc A v NS
6v3a® +c?
Zr B Vi acﬁ
T W ie
Re s vii cl2

Cd 1.886

¥ Max-Planck-Institut -
#l fir Eisenforschung GmbH Partridge, 1967
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Quiz
» Why use of Miller-Bravais for hexagonal structure?
» Give the indices and show
» Basal plane
» Prismatic plane
» 15t order pyramidal plane
» <a> direction

> <c+a> direction

12
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Crystal structure and Miller-Bravais indices
Dislocations in hexagonal metals
» Special case: kink bands
Twinning in hexagonal metals
Stacking faults in hexagonal metals
Texture components in hexagonal metals
Anisotropy of precipitation strengthening
Phase transformations; dual- / multiphase systems

Shear bands in hexagonal metals

Max-Planck-Institut
fur Eisenforschung GmbH
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Dislocations in hexagonal metals

E__4 D’ ' D
F' : ( g c
A | g
| |
o |
W |
| |
5 ol //::é_ .............. 3 c a4
a, A ] B
ACE: basal plane S i~
ABB’A’: prismatic plane \ | S
ABOQO'’: first order pyramidal plane [ n
ACD’F’: second order pyramidal plane
AB: <a> direction |
AF’: <c + a> direction 14
Max-Planck-Institut Basal {0001} <1210 >| HAACHEN

fur Eisenforschung GmbH Ay | uNIVERSITY



Dislocations in hexagonal metals

g 4° D’ g4 D’
F f o F . ¢
3
. |
\ a3 E '
. s //:‘é_ ______________ % c——>az
a, A ) B
Cross-slip of <a> dislocations on prismatic plane \Iv
’7
ACE: basal plane
ABB’A’: prismatic plane
ABQ’: first order pyramidal plane |
ACD’F’: second order pyramidal plane e
AB: <a> direction ' ‘
AF’: <c + a> direction 15
Max-Planck-Institut Prism {1010} < 1210 > | |[AACHEN

fur Eisenforschung GmbH 7 B uraVERSITY



Dislocations in hexagonal metals

E ¢ D
F —~lo’ \ N\
\NA_ 1~ | g
i l l
| | |
L |
| | |
\ L |
| | |
1 I I
L |
as | | |
Nl b
=ie S | 28
‘" ~ | ~
P S RN
F e g U2
a, A B
Cross-slip of <a> dislocations on prismatic plane
c.l2
/ g-ljg a
/© / Peierls mechanisms of cross-slip

]a/iLMﬁJME#E 16
ll
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Dislocations in hexagonal metals

(o

E_4 D’
| |
F F | —
- 1 | !
A_— I B
T T |
i | |
| | |
: I I
| I |
1 | |
| | |
1 | |
1 | |
1 | |
\ | | |
as | | |
\g | |
S
} s N | S
e ) 5
F F ,,/’6“ C az
a a, A B

Cross-slip of <a> dislocations on pyramidal plane

ACE: basal plane

ABB’A’: prismatic plane

ABQ’: first order pyramidal plane
ACD’F’: second order pyramidal plane
AB: <a> direction

AF’: <c + a> direction 17

Max-Planck-Institut Pyramidal <a> {1011} < 1210 > HEN
fur Eisenforschung GmbH B | univeRSITY




Dislocations in hexagonal metals

ACE: basal plane

ABB’A’: prismatic plane

ABOQ'’: first order pyramidal plane
ACD’F’: second order pyramidal plane
AB: <a> direction

AF’: <c + a> direction

Max-Planck-Institut
fur Eisenforschung GmbH
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Dislocations in hexagonal metals

Slip Burgers Slip Slip Dislo.

system type vector type direction plane Energy 1qig
basal a <1120 > (0002) |a|? 3
prismatic da <1120 > {1010} |a]|? 3
pyramidal <a> a <1120 > {1011} |a]? 6
pyramidal <c+a> c+a <1123 > {1011} 2.63|al?> 6
pyramidal <c+a> c+ad <1123 > {1122} 2.63|al?> 6
twinning

Taylor: at least 5 independent slip systems
for plastic poly-crystalline deformation

Max-Planck-Institut
fur Eisenforschung GmbH

No. of slip systems

h.

Independent

2
2
4
5
)

0.5 (polar)

R
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Dislocations in hexagonal metals

Metal c/a

Be 1.568
Y 1,572
Hf 1.581
Ti 1.588
Sc 1.592
Zr 1.593
T 1.598
Re 1.615
Co 1.623
Mg 1.623
Zn 1.856
Cd 1.886

Primary glide plane(s)
basal <a>

prismatic <a>

prismatic <a>

prismatic <a>

basal <a>

prismatic <a>

basal <a>; prismatic <a>
basal <a>; prismatic <a>
basal <a>

basal <a>

basal <a>

basal <a>

Max-Planck-Institut
fur Eisenforschung GmbH

Secondary glide plane(s)
prismatic <a>; pyramidal <a>
basal <a>

basal <a>; pyramidal <a>
basal <a>; pyramidal <a>

basal <a>; pyramidal <a>

prismatic <a>; pyramidal <c+a>

prismatic <a>; pyramidal <a>
pyramidal <c+a>; kinking

prismatic <a>; pyramidal <a>

pyramidal <c+a>; kinking 20

ild | "%



Dislocations in hexagonal metals

Element c/a  System d/b w/b activated
bei RT bei HT
Cd 1.886 Basal 0.94 0.83 XX X
Prismatisch 0.87 0.58 X
Pyramidal 1. 0.79 0.64
Pyramidal 2. 0.21 0.17 X
Zn 1.856 Basal 0.93 0.67 XX
Prismatisch 0.87 0.52
Pyramidal 1. 0.79 0.49
Pyramidal 2. 0.21 0.18
Mg 1.623 Basal 0.81 0.61 XX
Prismatisch 0.87 0.62 X
Pyramidal 1. 0.76 0.56
Pyramidal 2. 0.22 0.17
Co 1.623 Basal 0.81 0.67 X X
Prismatisch 0.87 0.67
Pyramidal 1. 0.76 0.60
Pyramidal 2. 0.22 0.14

)IMax-Planck-Institut
afur Eisenforschung GmbH

Element c/a  System d/b w/b activated
bei RT bei HT

Zr 1.593  Basal 0.80 0.67 X
Prismatisch 0.87 0.65 XX
Pyramidal 1. 0.76 0.58
Pyramidal 2. 0.23 0.16

Ti 1.587 Basal 0.80 0.57 X
Prismatisch 0.87 0.68 XX
Pyramidal 1. 0.76 0.58 X
Pyramidal 2. 0.23 0.17

Be 1.568 Basal 0.78 0.38 XX
Prismatisch 0.87 0.47
Pyramidal 1. 0.76 0.40
Pyramidal 2. 0.23 0.12

By
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Dislocations in hexagonal metals

Metal
Be

Ti

Zr

Co
Mg

Zn

Cd

c/a d/b
1.568 0.78 (B)
0.87 (Pr)
1.588 0.80 (B)
0.87 (Pr)
1.593 0.80 (B)
0.87 (Pr)

1.623 0.81(B)

1.623 0.81(B)
0.87 (Pr)

1.856 0.93 (B)

1.886 0.94 (B)

Max-Planck-Institut
fur Eisenforschung GmbH

w/b

0.38 (B)
0.47 (Pr)

0.57 (B)
0.68 (Pr)
0.67 (B)
0.65 (Pr)
0.67 (B)

0.61 (B)
0.62 (Pr)

0.67 (B)

0.83 (B)

Primary glide
plane(s)

basal <a>

prismatic <a>
prismatic <a>

basal <a>
basal <a>

basal <a>

basal <a>

Secondary glide plane(s)

prismatic <a>; pyramidal
<a>

basal <a>; pyramidal <a>

basal <a>; pyramidal <a>

prismatic <a>; pyramidal
<Ct+a>

prismatic <a>; pyramidal
<a>
pyramidal <c+a>; kinking
prismatic <a>; pyramidal
<a>
pyramidal <c+a>; kinking

‘ RWTH

‘.
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Dislocations in hexagonal metals

Metal
Be

Ti

Zr

Co
Mg

Zn

Cd

cl/a

1.568

1.588

1.593

1.623
1.623

1.856

1.886

Max-Planck-Institut
fur Eisenforschung GmbH

d/b

0.78 (B)
0.87 (Pr)

0.80 (B)
0.87 (Pr)
0.80 (B)
0.87 (Pr)
0.81 (B)

0.81 (B)
0.87 (Pr)

0.93 (B)

0.94 (B)

w/b

0.38 (B)
0.47 (Pr)

0.57 (B)
0.68 (Pr)
0.67 (B)
0.65 (Pr)
0.67 (B)

0.61 (B)
0.62 (Pr)

0.67 (B)

0.83 (B)

Primary glide
plane(s)

basal <a>

prismatic <a>
prismatic <a>

basal <a>
basal <a>

basal <a>

basal <a>

Secondary glide plane(s)

prismatic <a>; pyramidal

<a>

basal <a>; pyramidal <a>

basal <a>; pyramidal <a>

prismatic <a>; pyramidal

<Cc+a>

prismatic <a>; pyramidal

<a>

pyramidal <c+a>; kinking

prismatic <a>; pyramidal

<a>

pyramidal <c+a>; kinking

oy
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Dislocations in hexagonal metals

E
E
=
7
o
n

— pure Mg

30 1 —MgY3%

0 : : : :

00 50 100 150 20,0

Strain [%]

» 5 times higher ductility
» Well-balanced work hardening

Max-Planck-Institut
fur Eisenforschung GmbH

25,0

» Comparable strength

1 W
ﬁ/‘t({
"] WA
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Dislocations in hexagonal metals

¥

~ — basal <a>
| — sessile <c>

TEM images of dislocations in pure Mg

» High amount of basal <a> dislocations

» Hardly any dislocations with a <c>
component

» Basal <a> dislocations lying on defined

slip bands o5

RWTHAACH
il | "IRVEER




Dislocations in hexagonal metals

TEM images of <c+a> dislocations in
Mg 3 wt-% Y (3.5 % CR)

» Red arrows:
cross-slip events

» Blue arrows:
dislocation dissociation on

pyramidal planes 26

il | TTRERERY



Dislocations in hexagonal metals

Thermal activation — conventional behaviour

100
Mg
< 10
¥
2 A
% s A4 V. V'
Y Twinning \Qo = A
@)
1 ¥
:H; o
I Basal
0.1 : :
0 200 400

Temperature (°C)

8 Max-Planck-Institut
e fur Eisenforschung GmbH

Z;T

900

700

(o)
o
o

CRSS (MPa)

Barnett et al. (2002)

Ti

~ e <c+a>slip
0 Basal slip
A Prism slip

200 400 600
Temperature (K)

800 1000

Banerjee, Williams (2013)

EA LAY B b=1\l
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ALY = ~ 4
JINI WA

By




Dislocations in hexagonal metals — Kink bands

Areas of e = o o o o e — = = = =
maximum (L. ----—- - -

shear Edge dislocations

wall define kink
“ boundary B

HHHK Q

onentation
of basal

Elastic Shear planes
buckling  diagram

Kink-band formation

- Kink band: a deformation band in which the orientation is changed due to
synchronized slipping on several parallel slip planes

- Kinking in hex having c/a ratio > 1.732 (-> twinning is unlikely).

ax-Planck-Institut
Ir Eisenforschung GmbH Barsoum et al. (1999)
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Dislocations in hexagonal metals — Kink bands

r
P
—
3
glide plh‘
[0001]

o .
@ Max-Planck-Institut - IKWIN
%I fir Eisenforschung GmbH |

Specimen [ STEM DF ]
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Quiz
» How many slip system types in hexagonal metals?
» Which slip system types?
» How many independent systems?
» Which are the most common slip systems?

» Why are metals with basal <a> slip brittle?

B Max-Planck-Institut
28 fur Eisenforschung GmbH
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Topics

» Crystal structure and Miller-Bravais indices
» Dislocations in hexagonal metals
» Special case: kink bands
» Twinning in hexagonal metals
» Stacking faults in hexagonal metals

» Texture components in hexagonal metals

32
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Twinning in hexagonal metals

Twinning in hex metals:
» Prevalent deformation mechanism
» 2 7 twinning systems, in many metals more than 1 system active
» 6 variants per twinning system
» Twins can consume full grains
» no dynamic grain refinement
» deformation inside twins, secondary twinning
» Considered as 0.5 independent deformation systems (polar nature)
» Carry only small shear 7,
» cla: “atomic shuffling” %

K, twinning habit plane (invariant plane of twinning shear)
K, conjugate twinning plane

n, twinning direction

n, conjugate twinning direction

R rotation axis

g number of twin habit planes

d interplanar distance

8 Max-Planck-Institut
2 fur Eisenforschung GmbH




Twinning in hexagonal metals

(J perfect fcc lattice in <110> projection

C-layer is missing: intrinsic SF created
‘ (/ {111}

[100]

“Easy” schematics twinning fcc
34
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Twinning in hexagonal metals

c 96066
NN X
AQQ (/QOQ(J
A € ‘ .
LA

O

(J‘ (J C-layer is missing: intrinsic SF created
@

C
B
B

®-©
e

» QOO0 an
c 006 ~
- 90000

- 90O O

“Easy” schematics twinning fcc
35
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Twinning in hexagonal metals

B
Partial glide on successive {111} planes

{111}

[110]

[100]
{111}

“Easy” schematics twinning fcc
36
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Twinning in hexagonal metals

[TE"S“’N Twinning planes Shear directions
13- IO (1011) [1011]
n " O (1012) [1012]
2 °45' \ — 1 _—
Yy (1013) 31123
AN = (1121) 1126]
E ‘3#4\.\ 2 '8*-\ (1122) [2112]
COMPRESSION | N ¢ COMPRESSION — 1
R \\o’\" (1123) [3032]
86’18 7] MATRIX ( 112 4)
' (o (1279)
L
oo G B i

TENSION

Cla < V3 ¢g. Mg

K, twinning habit plane (invariant plane of twinning shear)
K, conjugate twinning plane (undistorted rotated plane)
n, twinning direction

n, conjugate twinning direction

R rotation axis

g number of twin habit planes

d interplanar distance

. @ Max-Planck-Institut |
fur Eisenforschung GmbH Partridge, 1967




Twinning in hexagonal metals

First order prismatic plane

o

(2114) , ‘
(2113) - |
(2112) 4_ (1013)
\4
gy (1012)
a,
(2111)
Basal plane »  (1011)
38

Max-Planck-Institut Partridge (1967)
fur Eisenforschung GmbH Capolungo et al. (2008) M’ mlTM\}AégSHWEN'




Twinning in hexagonal metals

F’

Tensile strain on c-axis

— tension twin

ACE: basal plane

Compressive strain on c-axis

—> compression twin

Fl

ABB'A’: prismatic plane
ABOQO'’: first order pyramidal plane
ACD’F’: second order pyramidal plane

Max-Planck-Institut
fur Eisenforschung GmbH

39
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Twinning Iin hexagonal metals

Tensile strain on c-axis Compressive strain on c-axis
— tension twin —> compression twin
gpo4¢ : g+ g
¥ . 0'/{ i F - // r c
7/
S i //I A3N/E | D
/c—’az Fr gl 0 [ = € %
a; A B

e P |
/ 7
Q\"’(?/'
R\
- ,L\\, P
/ ! ‘»01'» /
R\ ' _
c-axis : S/ i LS c-axis
» Basal plane ‘/ Y Basal plane.
ﬁ
* * 40
Max-PI -« NTHAACHEN

fur Eiseniorscnung umon ' 1
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Twinning in hexagonal metals

Secondary tension twin

(0001) {1012}
Primary {1011} twin __|
e
/X 56.2°
Secondary {1012} |
S0 twin
/
o/
1 /
X Parent

Primary compression twin

Secondary twin:
“Twin inside twin”
Twin misorientation: primary / secondary twin

M Max-Planck-Institut Bamett (2008)
ur Eisenforschung GmbH
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Twinning in hexagonal metals

4 A

&
DI

OP

A

/

i

Most commonl

observed twin

gz OO <

ACE: basal plane

ABB’A’: prismatic plane
ABQ’: first order pyramidal plane

ACD’F’: second order pyramidal plane
¥ Max-Planck-Institut

. £
,

¥ fur Eisenforschung GmbH

(*) by - Bugers vector of zonal twin dislocation n; - ,simple®
geometrical description of complex atomic shuffling to form twin  =i%

{1012}(1011) tension twin
(compression: Zn, Cd)

Basal plane rotation: 86° (1210)

K. {1012}

K,: {1012}

n.: (1011)

N,: (1011)

() -
btwr]l : (§;2+3 (*)
() -

Dewn., *
RCE
()

Twinning shear: (g)ﬁ

,,,,,,



Twinning Iin hexagonal metals

Tensile strain on c-axis Compressive strain on c-axis

—> tension twin —> compression twin

[0001]

[ﬁoo]
cla<1.73

43
¥Max-Planck-Institut {1012}(1011) twin n RWTHAACHEN

fur Eisenforschung GmbH ' UNIVERSITY

IVENY




Twinning Iin hexagonal metals

C

P D’ {1012}(1011) tension twin
| | (compression: Zn, Cd)
F, : Or : C)
/ A : | B’ : Basal plane rotation:~86° (1210)
// | i |
| | |
| | [
| | |
/R ;
Most commonly observed twin
| ~86°
|
! ‘v o & S S >a2 ’

ACE: basal plane

ABB’A’: prismatic plane

ABOQ'’: first order pyramidal plane
ACD’F’: second order pyramidal plane 44

(*) by - Bugers vector of zonal twin dislocation n; - ,simple®

A MaX.'PIa nck-Institut geometrical description of complex atomic shuffling to form twin
ur Eisenforschung GmbH g |
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Twinning Iin hexagonal metals

F

aq

)’ 1\ IDI
| |
P NN
» | | |
=L e
| |
| | |
| I I
| | |
| | |
| [
| [
| | |
' i |
I I
3/ N |
RNt
- \\:J—_ ————— \—\\
=0 C
A B

ACE: basal plane
ABB’A’: prismatic plane
ABQ’: first order pyramidal plane

ACD’F’: second order pyramidal plane
@ Max-Planck-Institut

ur Eisenforschung GmbH

{1011}(1012) compression twin
Basal plane rotation: 56° (1210)

Ky {1011}
K,: {1013}
n.: (1012)
N,: (3032)
)

Puny 4(2)2+3

4{g) -

twno - 2
4(5) +27
a

()

b (*)

2
Twinning sheatr: m
. 4(C

V3

45
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Twinning Iin hexagonal metals

{1011}(1012) compression twin

Basal plane rotation: ~56° (1210)

ACE: basal plane

ABB’A’: prismatic plane

ABOQ'’: first order pyramidal plane

ACD’F’: second order pyramidal plane 46
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Twinning Iin hexagonal metals

€
) T I[)'
| |
F | 0’ |
) | |
et 4\
| |
| |
| |
| |
| |
| |
| |
| |
|
|
as 8 |
| |
FOSTTTN
17 S|
F [ e
aq A

ACE: basal plane
ABB’A’: prismatic plane
ABQ’: first order pyramidal plane

ACD’F’: second order pyramidal plane

@ Max-Planck-Institut
S fur Eisenforschung GmbH

{1021}(1126) tension twin

Basal plane rotation: 35°(1100)
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Twinning in hexagonal metals

{1021}1126) tension twin

Basal plane rotation: ~35° (1100)

—~

~35°

ACE: basal plane

ABB’A’: prismatic plane

ABOQ'’: first order pyramidal plane
ACD’F’: second order pyramidal plane 48
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Twinning Iin hexagonal metals
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ACE: basal plane
ABB’A’: prismatic plane
ABQ’: first order pyramidal plane

ACD”: second order pyramidal plane
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{1122}(1123) compression twin
Basal plane rotation: 55° (1100)

K, {1122}
K,:{1124}
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Twinning Iin hexagonal metals

' A ‘ {11223}(1123) compression twin
|
F’ | 0’ Basal plane rotation: ~55°(1100)
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ACE: basal plane

ABB’A’: prismatic plane

ABOQ'’: first order pyramidal plane

ACD’F’: second order pyramidal plane 50
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Twinning in hexagonal metals

Twin nucleation

» “Normal” twinning mechanism
Simultaneous glide of multiple twinning dislocations

» “Zonal" twinning mechanism
Simultaneous glide of a zonal dislocation (,super-dislocation® of partial
dislocations) and multiple twinning dislocations

B Max-Planck-Institut

ur Eisenforschung GmbH
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Twinning in hexagonal metals

Twin nucleation

» “Normal” twinning mechanism
Simultaneous glide of multiple twinning dislocations

» “Zonal" twinning mechanism

Simultaneous glide of a zonal dislocation (,super-dislocation” of partial
dislocations) and multiple twinning dislocations

ABy,C D4E chGth;l i KL [MpN,OgA,  ideal hep
Pl

A By CcDgE oFf GgHy 'G th i KLiMpN,  2-layer twin
P2
A 4B C DE G H G,arrcg Hpli Ji KLy 4-layer twin
lm

AgBpCeDgE Fy G B_ ng IEePf G th JJ 6-layer twin

'P4
C.Dy E, FngthhH Gy F, EeFf Gth I; Jj 8-layer twin

“Normal® twinning

@ Max-Planck-Institut
J fur Eisenforschung GmbH Tomé et al. (2009)
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Twinning in hexagonal metals

Twin nucleation

» “Normal” twinning mechanism
Simultaneous glide of multiple twinning dislocations

» “Zonal" twinning mechanism
Simultaneous glide of a zonal dislocation (,super-dislocation” of partial
dislocations) and multiple twinning dislocations

A 3By CoDE o GgHpLJi KL VN, OgA,  ideal hep
|

A, 2-layer twin

AgB,C.D4E FfG G"l‘f-Cg Hpli Ji Ky 4-layer twin
lm

AgBpCeDgE Fy G B_ ng I[‘eF G th Jj j 6-layer twin

P4
C.Dy E, FngthhH Gy F, EeFf GgHy Ij Jj  8-layer twin
“Normal® twinning

@ Max-Planck-Institut
# fur Eisenforschung GmbH Tomé et al. (2009)
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Twinning in hexagonal metals

Twin nucleation

» “Normal” twinning mechanism
Simultaneous glide of multiple twinning dislocations

» “Zonal" twinning mechanism
Simultaneous glide of a zonal dislocation (,super-dislocation” of partial
dislocations) and multiple twinning dislocations

ABy,C D4E chGth,'l i KL [MpN,OgA,  ideal hep
PI

C.D4E GH'GHI J; KL 2-layer twin
dE Ff GgHgGgHplJy Ky L)

PZ
aBbC DdE FfG G'J}‘ \ th J: Klil 4-]3)’0!’ twin
i

l’3

AgBpCeDgE Fy G B_ ng I[‘eF G th Jj j 6-layer twin

P4
C.Dy E, FngthhH Gy F, EeFf GgHy Ij Jj  8-layer twin
“Normal® twinning

@ Max-Planck-Institut
# fur Eisenforschung GmbH Tomé et al. (2009)
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Twinning in hexagonal metals

Twin nucleation

» “Normal” twinning mechanism
Simultaneous glide of multiple twinning dislocations

» “Zonal" twinning mechanism
Simultaneous glide of a zonal dislocation (,super-dislocation” of partial
dislocations) and multiple twinning dislocations

ABy,C D4E chGth,'l i KL [MpN,OgA,  ideal hep
PI

A By CcDgE oFf GgHy 'G th i KL iMpN,  2-layer twin
P2
A 4B C DE G H G,arrcg Hpli Ji KLy 4-layer twin
'3

AaBchDFf Gthl Jj j 6-layer twin
P4
C.Dy E, FngthhH Gy F, EeFf GgHy Ij Jj  8-layer twin
“Normal® twinning

@ Max-Planck-Institut
# fur Eisenforschung GmbH Tomé et al. (2009)
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Twinning in hexagonal metals

Twin nucleation

» “Normal” twinning mechanism
Simultaneous glide of multiple twinning dislocations

» “Zonal" twinning mechanism
Simultaneous glide of a zonal dislocation (,super-dislocation” of partial
dislocations) and multiple twinning dislocations

A B, C DgE chGth,'l iJi KL IMpN, OpA,  ideal hep
PI
A By CcDgE oFf GgHy 'G th i KL iMpN,  2-layer twin
PZ
A 4B C DE G H G,JPf-Cg Hpli Ji KLy 4-layer twin
lm
AgBpCDgE Fy G B_ ng I[‘eF G th Jj j 6-layer twin

'p4
i

|
C.Dy FngHhIhHngFc_ F GgHy I J; 8-layer twin

“Normal® twinning

@ Max-Planck-Institut
# fur Eisenforschung GmbH Tomé et al. (2009)
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Twinning in hexagonal metals

Twin nucleation

» “Normal” twinning mechanism
Simultaneous glide of multiple twinning dislocations

» “Zonal" twinning mechanism
Simultaneous glide of a zonal dislocation (,super-dislocation” of partial
dislocations) and multiple twinning dislocations

AaBchDdEchGth'liJj KiLMyNyOgAy  idealhep  AgByCoDGE FrGoHyl i3 Kyl [MyN, OgA,  ideal hep

|
PI P1
A By CcDgE Fy G gHy 'G th i KL iMpN,  2-layer twin - AgBy,CDgE eFngHgHPl iJj Kkl MN, O stacking fault
P2 :PZ
BbC DdE FfG G'JFf-% th J Kk IJI 4_]ayer twin Aa%CchE CchﬁgGLCthl i Jj Kk L le 3-layer twin
'm 'P3
|
AaBchDdE ch ;g ng 'EeF G Hh I J; j 6-layer twin AalBI)CchE eFngl_{_ng FgFng“ hl iJ ij S-layer twin
I
'|>4 IP4

C.Dy E, chgﬂ.,lhu GiFeEeF; GgHy I; Jj  gayertwin  Cela Fe FrGgHpl iHgGrFeRGHRT 19 jKy 7.1ayer twin
“Normal® twinning “Zonal”“ twinning

Max-Planck-Institut =
fur Eisenforschung GmbH Tomé et al. (2009) '




Twinning Iin hexagonal metals

Twin nucleation

» “Normal” twinning mechanism
Simultaneous glide of multiple twinning dislocations
» “Zonal" twinning mechanism

Simultaneous glide of a zonal dislocation (,super-dislocation” of partial
dislocations) and multiple twinning dislocations

AaBchDdE chGth;l iJj KkL |lmen00Aa ideal hep AaBchDdE chGthl iJj KkL |M“NI'IOOA3 ideal hep
|
PI Pl

A B C Dy4E eFngH IG th KkLIMmNn 2-layer twin AaBchDdEeFij KL M N, O,  stacking fault
P2 :Pz
A B, C.D4E FfG G'JFf.Cg Hpl; J; Kk"l 4-layer twin AaBchDdEechﬁgGLGthliJj K LM, 3-ayer twin
lm :PJ
AaBpCcDgE Fr G B ng 'Fth G Hh Ii Jj i 6-layer twin  AaBpCcDgE oFy Ggggcf FgFngH hlid ij S-layer twin
'P4 IP4

C.Dy E, chgﬂ.,lhn GiFeEeF; GgHy I; Jj  gayertwin  Cela Fe FrGgHpl iHgGrFeRGHRT 19 jKy 7.1ayer twin
“Normal® twinning “Zonal”“ twinning

Max-Planck-Institut =
fur Eisenforschung GmbH Tomé et al. (2009) ’




Twinning Iin hexagonal metals

Twin nucleation

» “Normal” twinning mechanism
Simultaneous glide of multiple twinning dislocations

» “Zonal" twinning mechanism
Simultaneous glide of a zonal dislocation (,super-dislocation” of partial
dislocations) and multiple twinning dislocations

AaBchDdE chGth;l iJj KkL |lmen00Aa ideal hep AaBchDdE chGthl iJj KkL |M“NI'IOOA3 ideal hep
|
'P1 P

AaBchDdE eFngH IG th KkLllmen 2-layer twin AaBchDdE eFngHgHFIl i‘lj KkL IWINHOO stacking fault

P2 P2
BbC DdE FfG G'JFf-% th J: Kk lJl 4-]3)’0!’ twin A%CchE thl i Jj Kk L le 3-layer twin
'p3

lrs

|
AaBpCeDgE Fy G g_ ng 'Fth G Hh I Jj j 6-layer twin AaBpCeDgE oFy Ggl_l_gcf FgFngH hlid ij S-layer twin
|

'P4 P4
|

C.Dy E, chgﬂ.,lhn GiFeEeF; GgHy I; Jj  gayertwin  Cela Fe FrGgHpl iHgGrFeRGHRT 19 jKy 7.1ayer twin
“Normal® twinning “Zonal”“ twinning

Max-Planck-Institut =
fur Eisenforschung GmbH Tomé et al. (2009) ’




Twinning Iin hexagonal metals

Twin nucleation

» “Normal” twinning mechanism
Simultaneous glide of multiple twinning dislocations

» “Zonal" twinning mechanism
Simultaneous glide of a zonal dislocation (,super-dislocation” of partial
dislocations) and multiple twinning dislocations

AaBchDdE chGth;l iJj KkL |lmen00Aa ideal hep AaBchDdE chGthl iJj KkL |M“NI'IOOA3 ideal hep

l
'P1 P1

AaBchDdE eFngH IG th KkLllmen 2-layer twin AaBchDdE eFngHgHFIl i‘lj KkL IWINHOO stacking fault
P2 P2
BbC DdE FfG G'JFf-% th J: Kk lJl 4-]3)’0!’ twin A%CchE echﬁgGLCthl i Jj Kk L le 3-layer twin
lm 'P3

]
AaBpCeDgE oFf GgHoGr K 'FeFfG Hplidj  6layertwin  AaBpCeDgE FrCoHoGrFJGHpI I Ky stayer twin
IP4

'P4
|

C.Dy E, chgﬂ.,lhn GiFeEeF; GgHy I; Jj  gayertwin  Cela Fe FrGgHpl iHgGrFeRGHRT 19 jKy 7.1ayer twin
“Normal® twinning “Zonal”“ twinning

Max-Planck-Institut =
fur Eisenforschung GmbH Tomé et al. (2009) ’




Twinning Iin hexagonal metals

Twin nucleation

» “Normal” twinning mechanism
Simultaneous glide of multiple twinning dislocations
» “Zonal" twinning mechanism

Simultaneous glide of a zonal dislocation (,super-dislocation” of partial
dislocations) and multiple twinning dislocations

AaBchDdE chGth;l iJj KkL |lmen00Aa ideal hep AaBchDdE chGthl iJj KkL |M“NI'IOOA3 ideal hep
|
PI Pl

|
AaBchDdE eFngH IG th KkLllmen 2-layer twin AaBchDdE eFngHgHFIl i‘lj KkL IWINHOO stacking fault
P2 :Pz
BbC DdE FfG G'JFf-% th J: Kk lJl 4-]3)’0!’ twin A%CchE echﬁgGLCthl i Jj Kk L le 3-layer twin
lm :PJ
AgBpCDgE Fy G 2 ng 'Fth G Hh I 35 i 6-layer twin A 2By C e DgE Fy Ggl_i_gcf FgFngH hlid jK k  S-layer twin
|
'P4 IP4
C.D4E FngHh IhH G¢F, EeFf Gth I; Jj 8-layer twin Cely F ngththngF ngH h!iJ j Kk 7-layer twin
“Normal® twinning “Zonal”“ twinning
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fur Eisenforschung GmbH Tomé et al. (2009) ’




Twinning in hexagonal metals
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Twinning in hexagonal metals

Metal c/a

Be 1.568
Ti 1.588
Zr 1.593
Re 1.615
Co 1.623
Mg 1.623
Zn 1.856
Cd 1.886

Active twinning
system(s)

{101211011)

{1012K1011)
{1011}1012)
{1021K1126)
{1122}(1123)
{1012K1011)
{102111126)
{1122}(1123)
{1021K1126)
{101211011)
{1021K1126)
{1012K1011)
{1011}1012)
{1012}11011)

{1012}(1011)

72
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Twinning in hexagonal metals

Tensile twin (86°@11-20)
Compression twin (56°@11-20)
Secondary twin (38°@11-20)
HAGB (>15°)

-, oo I WFIEI W i I ¥

Max-Planck-Institut
fur Eisenforschung GmbH




Twinning in hexagonal metals

Tensile twin (86°@11-20)
Compression twin (56°@11-20)
. Secondary twin (38°@11-20)
Max-Planck-Institut 0

fur Eisenforschung GmbH T HAGB (>15°)
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Quiz
» How many twinning systems in hexagonal metals?
Which twinning systems do you remember?
What is a tension twin?
What is a compression twin?

What is a secondary twin?

What is a twinning dislocation?

v Vv YV VvV VY V¥V

Why using the concept of twinning dislocations in hexagonal metals?

8y Max-Planck-Institut
2 fur Eisenforschung GmbH
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Topics

» Crystal structure and Miller-Bravais indices
» Dislocations in hexagonal metals
» Special case: kink bands
» Twinning in hexagonal metals
» Stacking faults in hexagonal metals

» Texture components in hexagonal metals

67
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Stacking faults in hexagonal metals

Basal stacking faults in hex metals:

|,- stacking sequence ...ABABCBCBC...
|, - stacking sequence ...ABCACAC...

E - stacking sequence ... ABABCABAB...

Non-basal stacking faults in hex metals:

~ 80 possible dislocation dissociation reactions
Relevant for twin nucleation

Confirmation only by MD yet

Stacking fault energies determine:
» Energy needed for the dissociation of a perfect dislocation
» Dislocation core structure
» Dislocation mobility
» Cross-slip probability

&8 Max-Planck-Institut

¥ fur Eisenforschung GmbH
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Stacking faults in hexagonal metals

Basal stacking faults in hex metals:

B s C ee—
|,- stacking sequence ...ABABCBCBC... é ) —
Shockley-type basal <a> partial and A — CB: —
Frank-type %<c+a> partial i S—- A\_
— sessile, proposed as Frank-Read source <c+a> B m— 5 se—

&y Max-Planck-Institut

-h

ur Eisenforschung GmbH
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Stacking faults in hexagonal metals

Basal stacking faults in hex metals:

|,- stacking sequence ...ABABCBCBC...
Shockley-type basal <a> partial and

1 .
Frank-type S<cta> partial
— sessile, proposed as Frank-Read source <c+a>

|, - stacking sequence ...ABCACAC...
2 Shockley-type basal partials :

~[1210] - £ [0170] + - [1100]
“‘equivalent” to ISF in fcc
proposed as measure for cross-slip probability

>POP>O>mW>

&8 Max-Planck-Institut

¥ fur Eisenforschung GmbH

-h

oy

O

WO P

!

R



Stacking faults in hexagonal metals

Basal stacking faults in hex metals:

|,- stacking sequence ...ABABCBCBC...
Shockley-type basal <a> partial and

1 .
Frank-type S<cta> partial
— sessile, proposed as Frank-Read source <c+a>

|, - stacking sequence ...ABABCACAC...
2 Shockley-type basal partials :

%[iZiO] N %[01i0] +§[i100]

A
“‘equivalent” to ISF in fcc S ——— 5 ——
proposed as measure for cross-slip probability é —— [\ E—
I -C- I
E - stacking sequence ... ABABCABAB... B e 5 m—

energetically unfavorable A A
B b 4 ] B_

Max-Planck-Institut

%

fur Eisenforschung GmbH
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Stacking faults in hexagonal metals

(I,-type) GSFEs for hexagonal metals

SFE:
Dissociation and formation of SFI2 on basal plane
Cross-slip on prismatic planes

USFE;
Nucleation of <a> dislocations

@ Max-Planck-Institut
@ fur Eisenforschung GmbH
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Stacking faults in hexagonal metals

Metal
Be

Ti

Zr

Co
Mg

Zn

Cd

cl/a

1.568

1.588

1.593

1.623
1.623

1.856

1.886

Max-Planck-Institut
fur Eisenforschung GmbH

d/b

0.78 (B)
0.87 (Pr)

0.80 (B)
0.87 (Pr)
0.80 (B)
0.87 (Pr)
0.81 (B)

0.81 (B)
0.87 (Pr)

0.93 (B)

0.94 (B)

w/b

0.38 (B)
0.47 (Pr)

0.57 (B)
0.68 (Pr)
0.67 (B)
0.65 (Pr)
0.67 (B)

0.61 (B)
0.62 (Pr)

0.67 (B)

0.83 (B)

Primary glide

plane(s)
basal <a>

prismatic <a>
prismatic <a>

basal <a>
basal <a>

basal <a>

basal <a>

Secondary glide plane(s)

prismatic <a>; pyramidal

<a>

basal <a>; pyramidal <a>

basal <a>; pyramidal <a>

prismatic <a>; pyramidal

<Cc+a>

prismatic <a>; pyramidal

<a>

pyramidal <c+a>; kinking

prismatic <a>; pyramidal

<a>

pyramidal <c+a>; kinking

oy

R
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Stacking faults in hexagonal metals

Metal c/a d/b w/b Primary glide Secondary glide plane(s)
plane(s)

Why basal <a> and not prismatic <a>?

Mg

1.623 081(B) 0.61(B) basal <a> prismatic <a>; pyramidal
0.87 (Pr) 0.62 (Pr) <c+a>

m MACHEN
e Bl A%

8 Max-Planck-Institut

8 fur Eisenforschung GmbH
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Stacking faults in hexagonal metals

(I,-type) GSFEs for hexagonal metals

SFE:
Dissociation and formation of SFl, on basal plane
Cross-slip on prismatic planes

1000
—— Be
2.
900 | 3~ 5, 2000 |
—— Zn
800 | o g
—~ 700 | o
% £ 1500
S 600 { E
g/ b :;
& 500 - 5
e @ 1000 |
E 400 =
[V
& 300 1 @
200 : 500 |
100 i
0 ¢ n 1 i
07 08 09 1 0

0 01 02 03 04 05 06
Displacement along 1/3<11-20>

Displacement along <01-10>

75
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Stacking faults in hexagonal metals

(I,-type) GSFEs for hexagonal metals

SFE:
Dissociation and formation of SFl, on basal plane
Cross-slip on prismatic planes

Low SFE |,: dissociated dislocation core — cross-slip difficult

1000

—— Be
- Ti
900 Zr
800 —e— Zn
—— Mg [11-20] component Basal Screw
—~ 700 — 0 -0 =0-0=0=0<0+-0=0=0
Ng 8" RGN \ \ ) SN GRS WIS S 0.04
g 90 1 C|0=0=0=0=0=0=0=0=0=0
g D = N/ & \ \ - 0.02
3 500 - O =) == \— O'=-"0 |
S 01 +\ AN T ko
& 400 ol B .;_;./..\ -0 =0
é 300 b ‘,'_) ’- \3 - ;/.- QO =0 = Q- -\\. /" \C',. ‘) -0.02
— —initi ' o\ \ \ R SR ) L
200 5 éb- 'Q't.'.o.J ..\.;, =0 =0=0=0=0=0 -0.04
100 _ _ .
.. g T ., Dissociated (I,-type) basal  Yasietal (2009)
0O 01 02 03 04 05 06 07 08 09 screw dislocation core

Displacement along 1/3<11-20>

mx-Planck-lnstitut
ur'Eisenforschung GmbH
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Stacking faults and dislocation cores

1 [1101] 00000000000 $50000000600

0 00000000, - oooooegg
O'ncmno ~
ooo@oodoogocge o [1120]

Mg: pyramidal <a> -edge dislocation
77

Max-Planck-Institut
fur Eisenforschung GmbH Groh et al. (2009) m' mlﬁ@é&&%
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Stacking faults and dislocation cores

Mg:
basal <a> -edge dislocation
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Stacking faults and dislocation cores

Mg: pyramidal <c+a> edge dislocation Yasi et al. (2009)
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Stacking faults in hexagonal metals

Metal
Be

Ti

Zr

Co
Mg

Zn

Cd

cl/a

1.568

1.588

1.593

1.623
1.623

1.856

1.886

Max-Planck-Institut
fur Eisenforschung GmbH

d/b

0.78 (B)
0.87 (Pr)

0.80 (B)
0.87 (Pr)
0.80 (B)
0.87 (Pr)
0.81 (B)

0.81 (B)
0.87 (Pr)

0.93 (B)

0.94 (B)

w/b

0.38 (B)
0.47 (Pr)

0.57 (B)
0.68 (Pr)
0.67 (B)
0.65 (Pr)
0.67 (B)

0.61 (B)
0.62 (Pr)

0.67 (B)

0.83 (B)

Primary glide

plane(s)
basal <a>

prismatic <a>
prismatic <a>

basal <a>
basal <a>

basal <a>

basal <a>

Secondary glide plane(s)

prismatic <a>; pyramidal

<a>

basal <a>; pyramidal <a>

basal <a>; pyramidal <a>

prismatic <a>; pyramidal

<Cc+a>

prismatic <a>; pyramidal

<a>

pyramidal <c+a>; kinking

prismatic <a>; pyramidal

<a>

pyramidal <c+a>; kinking

oy
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Stacking faults in hexagonal metals

Metal c/a d/b w/b Primary glide Secondary glide plane(s)

1.568 0.78(B) 0.38(B) basal <a> prismatic <a>; pyramidal
0.87 (Pr) 0.47 (Pr) <a>

Why basal <a> and not prismatic <a>?

m MACHEN
e Bl A%

8 Max-Planck-Institut

8 fur Eisenforschung GmbH
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Stacking faults in hexagonal metals

(I,-type) GSFEs for hexagonal metals

SFE:
Dissociation and formation of SFl, on basal plane
Cross-slip on prismatic planes
Dislocation stability on competing planes
— higher stability on basal plane

1000 (=7 — : ; . . / i = ' —— Be

900 T I SN 2000 |

800 | o f,{;
o~ 700 | o
E £ 1500
e L
g 600 %
& 500 2
@ o)
£ 400 c 1000
L LL
%)
¢5 300 3 8

200 f ' 500

100

o 1 1 1 1 1 1 1 1
0O 01 02 03 04 05 06 07 08 09 1 0 ' : ' ' : : ;
Disp|acement a|ong 1/3<11-20> 0 0.1 0.2 9.3 0.4 0.5 0.6 0.7 0.8 0.9 1
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Stacking faults in hexagonal metals

\ Basal plane

Prismatic plane

unstable stable

Prismatic plane:
» Much higher SFE
» Unstable dislocation core
» Immobilization (“locking®)
» Stress: cross-slip of
segments on basal plane
Basal plane:
> Lower SFE Cross-slip \

» Spreading of core
> Stable, glissile SF l

5 Cross-slip

f Ulo ULy ULy f ul3

stable unstable

Regnier, Dupouy (1970)

oy



Stacking faults in hexagonal metals

(I,-type) GSFEs for hexagonal metals

SF:
Nucleation of <c+a> dislocations?

85
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Stacking faults in hexagonal metals

180

150

=

N

o
|

Stress [N/mm?]
O
o

60 -
— pure Mg
e | —MgY3%
0 : : : :

000 50 100 150 200 250
Strain [%]

» 5 times higher ductility
_ » Comparable strength
» Well-balanced work hardening

86
Max-Planck-Institut =17 | R\NTH
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Stacking faults in hexagonal metals

¥

~ — basal <a>
| — sessile <c>

TEM images of dislocations in pure Mg

» High amount of basal <a> dislocations

» Hardly any dislocations with a <c>
component

» Basal <a> dislocations lying on defined

slip bands 87

RWTHAACH
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Stacking faults in hexagonal metals

TEM images of <c+a> dislocations in
Mg 3 wt-% Y (3.5 % CR)

» Red arrows:
cross-slip events

» Blue arrows:
dislocation dissociation on

pyramidal planes 88
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... but mechanisms?
Mg3Y

» Why high activity of compression twins and <c+a> slip?

for ductility, but for failure
= Not related to . precipitation hardening)
= No purification e
= Not caused by g lnement
= cl/aratio notd

an not explain high twin activity

89

N Max-Planck-Institut

W8 fur Eisenforschung GmbH
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Stackmg faults In hexagonal metals

100 nm

100nm | stacking fault:

~ 0.5-1.5 mJ/m?

S fiir Eisenforschung GmbH



Stacking faults in hexagonal metals

Stacking fault enerey:

s

energy of a crystal with a stacking fault
energy of a perfect crystal
stacking fault area

Axial Next Nearest Neighbor Ising /
ANNNI model [5] 09000

Expansion of the energy, assuming 000

layers S; interact via J,: 09090
G==% 255, 000

(Y S 4.+

hcp Mg-Y

g ordcr approximation:

&\

o 0% °

Q090
09000

dhcp Mg-Y

([lup = tcn)

/_—/(rd —BE.-7)

fec™

hep

Density functional theory (DFT)
calculations of Mg-Y hcp and dhcp
--supercells employing the VASP code,
PAW potentials, GGA-PBE, 400 eV

cut-off energy, and 60 000 k-poiny

Max-Planck-Institut
fur Eisenforschung GmbH
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Stacking faults in hexagonal metals

|,- stacking sequence ...ABABCBCBC... =—» 20-40 mJm-2 from DFT in pure Mg

<«— hcp stacking E dhcep stacking i hep stacking —»

SFE: v = Fse = Fo F=— Zn zz JnSzSz+n

A>p
92
- | - t t ey
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Stacking faults in hexagonal metals

|,- stacking sequence ...ABABCBCBC... =—» 20-40 mJm-2 from DFT in pure Mg

Y |
Ve D,
rQ® O

| P Al | 1%4 iy
' VYD

<«— hcp stacking hep stacking —»

dhep stacking

Fsg — F
SFE: v = SZZD 2 F=— Zn Zz J7zSiSi+'rz
93
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Stacking faults in hexagonal metals

|,- stacking sequence ...ABABCBCB... =—» 20-40 mJm-2 from DFT in pure Mg

<«— hcp stacking | dhep stacking i hep stacking —»
Fsp — Fy
SFE: y = E = = Zn Zz JnSiSi—l—n
2D
94
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Stacking faults in hexagonal metals

|,- stacking sequence ...ABABCBCBC... =—» 20-40 mJm-2 from DFT in pure Mg

R @ °
+— hep stacking i dhcep stacking i hep stacking —

Source mechanism:
glissile <c+a>

Max-Planck-Institut =l
fur Eisenforschung GmbH ’?fx‘“‘\’.;‘f;"f‘,’."' mm&@ggl%ﬂ




Stacking faults in hexagonal metals

25 - , , — =y D - ‘
/MQ Mgi07Y; | e Gb™ 2—v - 21 cos 23
. 20% X/ Mg31Y1 87;(] l_V 2 —V
§ 157 x/ MgsY,
E y SFE G shear modulus

.(—r,...)- et -&,’x o PO O S B < < - —

x-=x—’1|r’::‘au‘n-¢u‘=1=. o et A S A a0

Max-Planck-Institut
fur Eisenforschung GmbH

|, SFE in Mg-3wt.-%-Y: 0.5-1.5 mJ/m2
(after 1.5% cold deformation)

|, SFE in Mg-1wt.-%-Y: 2.5-3.5 mJ/m2
(after 1.5% cold deformation)

ild | "%
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Stacking faults in hexagonal metals

Stress [N/mm?]

180 Increased activation Enhanced <c+a> dlslocatlons
Mg Mg-3Y : - . -
150 | contraction twinning,
secondary twinning
120 | Re—— and pyramidal <c+a>
dislocation slip
90
basa\ <a> slip and
60 - extengion twinning
30 - Improved
mechanical properties
0 e e e e
00 50 100 150\ 200 SFE significant de_c_reased Assumption:
Strain [%] through Y addition SFE Modification

B A B A B A B ¢ B ¢ B ¢ B

RV VD D DD
VeV VD BBV
@ @ © 9°2°2%®

«— hep stacking § dhep stacking i hep stacking —

-PI - itut
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Stacking faults in hexagonal metals

180 Increased activation Enhanced <c+a> dlslocatlons
Mg Mg-3Y i .. —

contraction twinning,
secondary twinning
NEEEEE and pyramidal <ct+a>
dislocation slip

150

basa\ <a> slip and
extengion twinning

Stress [N/mm?]
O
o

(o))
o
|

30 - \ Improved
mechanical properties
0 e e e e :
00 50 100 150\ 200 SFIl; acts as nucleations Assumption:
Strain [%] source for <c+a> dislocations SEE Modification
/

@,
%
QQQQQQQ

«— hep stacking § dhep stacking i hep stacking —
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& o
00
°o &
0
°o &
0
° &
&
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Quiz

-" BN Max-Planck-Institut

» Which stacking faults in hexagonal metals do you remember?

» How do the stacking fault energy(s) influence the deformation
behavior of hexagonal metals?

B g

e fur Eisenforschung GmbH
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Topics

» Crystal structure and Miller-Bravais indices
» Dislocations in hexagonal metals
» Special case: kink bands
» Twinning in hexagonal metals
» Stacking faults in hexagonal metals

» Texture components in hexagonal metals

100
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Texture components in hexagonal metals

(0002) (1100)
RD R

$

c/a=1.633
Mg, Co
RD K. Hantzsche
‘c/a>1.633 D
Cd, Zn
RD
c/a<1.633
Ti, Zr T©
101
=<1 ¥ | RINTHAACHEN
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Texture components in hexagonal metals

(0002) (1100)
RD RD
Basal <a> slip +
c/a=1.633 \/TD Om tension twinning
Mg, Co
RD RD
\ m Basal <a>slip + plastic
¢/a>1.633 I pyramidal slip anisotropy
Cd, Zn
RD RD
C/;‘_<12633 T f M TD Prismatic <a> slip +
I, £F i
w basal <a>slip 102
- RWTHAACHEN

BEEE TUr Elsentorschung GmbH Wang et al. (2003) ' 1 UNIVERSITY



Texture components in hexagonal metals

(0002) (1100) (1120)

T .\. P
! \ {OOOIKliOO)
\)m \_ /T':' /m Basal texture

e 0001}(1120
KDTD \ \ ED { }< )

\
\>./TD \ <'/ ) i oo Basal texture

Basal fiber
texture

103
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Texture components in hexagonal metals

(0002) (1100) (1120)

{1100}(1120)
Prismatic texture

{1100}(0001)
Prismatic texture

Prismatic
fiber texture

104

-@Max-Planck-lnstitut
g fur Eisenforschung GmbH Wang et al. (2003)
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Texture components in hexagonal metals

D
— % " | Example for strong basal texturing: Mg 105
Max-Planck-Institut =<1 -7 | RINTHAACHEN

fur Eisenforschung GmbH ’ 1WA | UNIVERSITY



Texture components in hexagonal metals

Deformation texture at fracture begin

. oy SR A ‘330
" = Ty ol 3
’ h .5
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-
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» Strong basal type texture » Weaker (0.5) basal texture intensity

» Matrix grains (O001)||ND » r-type texture ((0001) 15° tow. RD)

» Basal slip and tensile twinning » non-basal deformation mechanisms 44
Max-Planck-Institut =1 25 | RANTHAACHEN
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Questions?

Ask now

or.

sandloebes@imm.rwth-aachen.de
raabe@mpie.de
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