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» Crystal structure and Miller-Bravais indices
» Dislocations in hexagonal metals
» Special case: kink banding
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Crystal structure and Miller-Bravais indices

Reminder: hexagonal crystal structure and Miller-Bravais indices

ABAB stacking sequence A C

AXxes: A —
a,=a,=ag#cC

Angles:
a-c=90°

|
|
i
| i
| |
| |
| |
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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#C

Angles: (0001)

a-c=90°

a;-a, = a,-a; = a;-az; = 120°

Planes (Miller-Bravais indeces): 8 o | |eo 5

(hkil) withh+k+i=0 o O | | f
a; Is redundant: a; = -(a; + a,) . T @ ) /

(1100)
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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#C

Angles:
a-c=90°
a;-a, = a,-a; = a;-az; = 120°

Planes (Miller-Bravais indeces):
(hki) withh+k+i=0
ag Is redundant: a; = -(a; + a,)

Directions (Miller-Bravais indeces):

[uvtw] with u + v +t =0
u="%"%(2u —v)
v =V3(2u — V)
t=-(u+v)
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Crystal structure and Miller-Bravais indices

ACE. basal plane AB: <a> direction
ABB'A’: prismatic plane AF’: <c + a> direction
ABO’:  first order pyramidal plane

ACD’F’: second order pyramidal plane
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Crystal structure and Miller-Bravais indices

Metal cla Relevance of hexagonal metals:
Be 1.568
Y 1,572 > Ti light-weight; corrosion resistant
Os 1.579 » Mg: light-weight; high specific strength
Hf 1.581 » Co: high-temperature material; ferromagnetic
Ru 1.583 > Zn: galvanization; brass-constituent
Ti 1.588 » Zr. low neutron absorption
Sc 1.592 » Be:  light-weight; superior specific strength;
corrosion resistant
Zr 1.593 . . : .
» RE /Y: superior magnetic, optic, electrochemical
Tl 1.599 properties; unique alloying effects
Re 1.615
Co 1.623
Mg 1.623
Zn 1.856
Cd 1.886
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Crystal structure and Miller-Bravais indices

HEX # hcp

NOT: closed packed
crystal structure

Classification as structural
materials class ,hcp“ not
adequat

Plastically anisotrop

Metal cla

Be 1.568
Y 1,572
Os 1.579
Hf 1.581
Ru 1.583
Ti 1.588
Sc 1.592
Zr 1.593
T 1.599
Re 1.615
Co 1.623
Mg 1.623
Zn 1.856
Cd 1.886

8
> hcp:\/; = 1.633
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Crystal structure and Miller-Bravais indices

Metal .
____| Interplanar spacing
Be i a3
Y 6
. av3
Os v 10172 " KN
Hf 3 i .__ffiéi___
6\/4(:2-&-302
Ru . Sac+3
Ti 6v4c? +3a’
ac\3
= vii (0001) Y 6v3a’ +c?
vi acy3
33a? +¢?
vii cl2

Partridge, 1967
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» Why use of Miller-Bravais for hexagonal structure?
» Give the indices and show

» Basal plane pC

» Prismatic plane

» 15t order pyramidal plane

> <a> direction B ‘\./ .

:
|
» <c+a> direction . ‘

Max-Planck-Institut flr Eisenforschung



» Crystal structure and Miller-Bravais indices
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Dislocations in hexagonal metals

ACE: basal plane
ABB’A’: prismatic plane
ABQ’: first order pyramidal plane = o 3 systems
ACD’F’: second order pyramidal plane .

AB: <a> direction : ’ '
AF’: <c + a> direction

Basal {0001} < 1210 >

Max-Planck-Institut flr Eisenforschung



Dislocations in hexagonal metals

|
|
A \‘\ = |
7. L " i
E = ~ 0 (& a2 F ,’,—’ 0 C

a2
a; A B ay A B
Cross-slip of <a> dislocations on prismatic plane Klv

ACE: basal plane
ABB’A’: prismatic plane 3 systems
ABQ’: first order pyramidal plane
ACD’F’: second order pyramidal plane g,
AB: <a> direction - :
AF’. <c + a> direction

Prism {1010} < 1210 >
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Dislocations in hexagonal metals

AN

|
L
F -~ 0

aq 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

6 systems

Pyramidal <a> {1011} < 1210 >
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Dislocations in hexagonal metals

Cc

E’ 2 ;D,
| I
Fr i O' E Cr
’ | |
' ‘ B’ [
| i I
| |
i ; |
| ¥ |
) {
| (i I
: {
az/ !
| |
E
oSl |
il S
e \>L_
F =0 C a;
aq A B

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

12 systems

Pyramidal <cta> {1011} < 2113 >
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Dislocations in hexagonal metals

Slip Burgers Slip Slip Dislo. No. of slip systems
system type vector type direction plane Energy qig Independent
basal a < 1120 > (0002) |a|? 3 2
prismatic a <1120 > {1010} |a]|? 3 2
pyramidal <a> a <1120 > {1011} |a]? 6 4
pyramidal <c+a> c+ad <1123 > {1011} 2.63|al®> 6 5
pyramidal <c+a> c+a <1123 > {1122} 2.63|a|> 4 5
twinning 0.5 (polar)
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Dislocations in hexagonal metals

Generalized CRSS for slip systems in hex metals

F
Terit =Z'COSK'COS}\=O"m

A: angle of force to slip direction
k. angle of force to slip plane normal
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Dislocations in hexagonal metals

Generalized CRSS for slip systems in hex metals

F
Terit =Z'COSK'COS}\=O"m

Examples:
_ 0 V3
(0002)[1210]: Terie oooz(a210) = = + " Ozy
V3

S . Oxy
(1010)[1210]: Trit (10T0)[T2T0]= 7 (Gux — ayy) + B

(1011)[1210]1 Terit (1011)[1210]
V3 V3

o o
=T'Sin9(0xx_O-YY) —sine%—cose%+7c059@y
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Dislocations in hexagonal metals

Stress [N/mm?]

— pure Mg
30 1 —MgY3%

0 : : : :
0,0 50 100 150 200 250
Strain [%]

» 5 times higher ductility

» Well-balanced work hardening » Comparable strength
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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



Dislocations in hexagonal metals

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

» Red arrows:
cross-slip events

» Blue arrows:
dislocation dissociation on
pyramidal planes

Max-Planck-Institut ftr Eisenforschung



Dislocations in hexagonal metals

Metal
Be

Hf
Ti
Sc
Zr
T
Re
Co

n

Cd

cla

1.568
1,572
1.581
1.588
1.592
1.593
1.598
1.615
1.623
1.623
1.856

1.886

Primary glide plane
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>

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
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Dislocations in hexagonal metals

Metal
Be

Hf
Ti
Sc
Zr
T
Re
Co

Zn

Cd

cla

1.568
1,572
1.581
1.588
1.592
1.593
1.598
1.615
1.623
1.623

1.856

1.886

Primary glide plane
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 flr Eisenforschung

Secondary glide plane(s)

o O Y 6O

N

CRITICAL RESOLVED SHEAR STRESS (T(),kg/mm?

TS Ty T 6O

TEMPERATURE,, °K
Partridge, 1967




Dislocations in hexagonal metals — special case kink banding

Areas of e = = o o o e — = = = =
maximum (UL - - - -

shear Edge dislocations

wall define kink
N 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).

Barsoum et al., 1999

Max-Planck-Institut flr Eisenforschung
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(1100] —
Specimen [ STEM DF ] 1 glide plane—

[0001]
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» How many slip system types in hexagonal metals?
» Which slip system types?

» How many independent system?

» Which are the most common slip systems?

» Why are metals with basal <a> slip brittle?
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» Crystal structure and Miller-Bravais indices
» Dislocations in hexagonal metals
» Special case: kink banding
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Stacking faults in hexagonal metals
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Anisotropy of precipitation strengthening
Phase transformations; dual- / multiphase systems

Damage, fracture in hexagonal metals
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Twinning in hexagonal metals

Twinning in hex metals:
» Prevalent deformation mechanism
= 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,
chl

YV V VY

YV VYV

s

> c/a: “atomic shuffling” X

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

Max-Planck-Institut flr Eisenforschung



Twinning in hexagonal metals

TreusuoN Twinning planes Shear directions

(1011) [1011]
;= (071 o (1012) [1012]
R, , , (1013) 3[1123]
7°24 i e and (1121) %[1126]
| a2
COMPRESSION i * ¢ COMPRESSION (1124) [3032]

86'18' l MATRIX 7,

X h
L s

1 TENSION

Cla < V3 eq 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

Partridge, 1967

Max-Planck-Institut flr Eisenforschung



Deformation HEX

First order prismatic plane

(2114) «

(2113)

(2112) g > (1013)
a, (1012)

Basal plane ,  (1011)

Partridge, 1967
Capolungo et al., 2008
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Deformation HEX

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

—> tension twin —> compression twin

ACE: basal plane

ABB’A’: prismatic plane

ABQ’: first order pyramidal plane
ACD’F’: second order pyramidal plane

Max-Planck-Institut flr Eisenforschung



Deformation HEX

Primary {1011} twin _|
Z*

/.

56.2°

Secondary {1012} |
twin

Parallel lines are basal plane traces

Barnett, 2008

Secondary tension twin
(0001) (1012)

. Ay AP
BN | 4/ /C

h\Z¢

Parent
Primary compression twin

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

Max-Planck-Institut flr Eisenforschung



Twinning in hexagonal metals

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

Basal plane rotation: 86° (1210)

K, {1012}
K,: {1012}
n.: (1011)
N,: (1011)
c 2
(5 -3

twn4 ( )2+3 (*)
By, - (

)2 (*)
(5) -
ACE: basal plane Twinning shear: ~2——
ABB’A’: prismatic plane (E)‘E
ABQ’: first order pyramidal plane

. ; (*) by : Bugers vector of zonal twin dislocation n; - ,simple®
ACD’F": second order pyramldal plane geom(natrical description of complex atomic shuffling to form twin

Most commonly observed twin

b

=== <

Qla
N

w

VN
Qla

)az

Qla
+
w
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Twinning in hexagonal metals

{1011}1012) compression twin

Basal plane rotation: 56° (1210)

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

)
R
)

>y Puny’ 4(6—61)2+27

(*)

(*)

Twinning shear: 4(5) =

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

. ; (*) by : Bugers vector of zonal twinning dislocation n; - ,simple®
ACD’F": second order pyramldal plane geom(natrical description of complex atomic shuffling to form twin

Max-Planck-Institut flr Eisenforschung



Twinning in hexagonal metals

E TC D’ {1021}{1126) tension twin
| |
F’ i 0’ i G’ Basal plane rotation: 35° (1100)
A , )
l 77/ K, {1121}
// | i | K;: (0002)
| i | Ny %(1126)
| | | 1 _
| | | n,: 5 {(1120)
: : .
| . *
a3 S | o, 7z~ ()
vV i S a(S) +1
R T - a
= //‘ \\\\ 'l : \\\\ bterz 1 (*)
g - { \5{__ ) e D a . . 1
F [ 0 L A—— € 2 Twinning shear:E
aq A B

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

. ; (*) by : Bugers vector of zonal twinning dislocation n; - ,simple®
ACD’F": second order pyramldal plane geom(natrical description of complex atomic shuffling to form twin

Max-Planck-Institut flr Eisenforschung



Twinning In hexagonal metals

B 'TC ) {1122}1123) compression twin
| |
F’ | o’ | C’ Basal plane rotation: 65° (1100)
v ] g
| LB 7/ K, {1122}
7 | E i K2 {1124}
i i i Ny —(1123)
|
i i E Ny g(2243)
| | 2
| | Y _
asf | N R
| | | .
N O
=5 \’\ | \\»\ 2
o \”\ | | N E _
‘,;'z//‘,ﬂ ‘ twng * )2 )
a;,—A B (3) +4
2 (5)2—2
ACE: basal plane o _ a
ABB’A’: prismatic plane Twinning shear: 3(5)
ABQ’: first order pyramidal plane a
ACD’F’: second order pyramidal plane (*) brn :.Bugers v'ec?or of zonal tvvinning'dislocat'ion N -,,simple“

geometrical description of complex atomic shuffling to form twin

Max-Planck-Institut flr Eisenforschung



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

Twinning dislocation: line defect with dislocation and step character (“zonal)

Max-Planck-Institut flr Eisenforschung



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

AgBpCeDgE o G gHpl i3 Kyl | MyiN, Op A
[
 PI

A By CeDgE oFf GgHgGaHpl i KiL My,
P2
AaBpCeDgE oFy GgHoGeFpGy Hyly Jj Ky 1y
:93

AdBpCcDgE oFy GgH oG FEoFy Gyl 1;

:N
|
Cely B FyG gy, InHo Gy Fo E Fy GoHy, T J

“Normal® twinning

Twinning dislocation: line defect with dislocation and step character (“zonal)

Max-Planck-Institut flr Eisenforschung

ideal hep

2-layer twin

4-layer twin

6-layer twin

8-layer twin

Tomé, 2009



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 2By CcDE Fr G Hpl iJ; KR LMy N OgA,  ideal hep AaBchDdEeFngHmliJj KL iMpNROpgA,  ideal hep

PI m

A By CeDgE F GgHoGoHRTiJ KL My, 2-layer twin AaBpCe DdEeFngPngpl. KiLiMpN, Oy stacking fault

P2

A By CeDgE Fy GgH GeFpG, Hyly J; Ky Iy 4dayer twin  AaBpCe DdEeFfGﬁngGthl.J, K LM, 3-layer twin
P3 P3
AgByCDE Fr GgHoGrFRFr Gy 13 3} Glayer twin AaBchDdEJnglngfngfGQ*h'iJ iKk  sayer twin

P4 IP4

. .
CL‘D(l EL‘ l:I'G(”h lh“ (’i F Lch Gg“h li Jj 8-layer twin chj EeFngthﬂ-lngFstGgH hl iJ ij 7-layer twin

“Normal® twinning “Zonal” twinning

Twinning dislocation: line defect with dislocation and step character (“zonal®) Tome, 2009

Max-Planck-Institut flr Eisenforschung



Twinning in hexagonal metals

0
| I
' :
© I I | -
g 05 i I | |
I
5 oal- | I\\”}\ L~
' 1N\ l O S b !
2 I NG A | 0 A 73',;&\ |
Z o3f | Sy | N2 . —
= | | WO K407 |
- I ] £%) |
0e p— l | W\ all
I A
04 |- | %\\0& |
. i | V% | /3 |
° e
14 1.5 : 4.7 18 9
Yoo, 1981 AXIAL RATIO c/a
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Twinning In hexagonal metals

Metal c/a Active twinning [ | 1 ]
sys}emgs) PtsU cd

Be 1568 {1012}(1011) Bf | = i

e —— |

Ti 1.588 {1012}1011) (1130) [ |
(1011}(1012) | f ["26 |
{1021}(1126) I | 4
(1122)(1123) l |

Zr 1593 {1012K1011) | )
{1021}(1126) | @'z)\ o
{1122}(1123) I > b

Re 1615 {1021}(1126) ) { \\i\@“

Co  1.623 {1012X1011) | "
(1021)}(1126) | &

Mg  1.623 {1012}1011) I l
{1011}(1012) i Jg | /3 oo

Zn 1.856 {1012}1011) !

Cd 1.886 {1012}1011) C 1.7

Yoo 1081 AXIAL RATIO c¢/a

Max-Planck-Institut flr Eisenforschung
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RDI

ND

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

43



» 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?

Why using the concept of twinning dislocations in hexagonal metals?

Max-Planck-Institut flr Eisenforschung



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

Damage, fracture in hexagonal metals

v Vv Y VvV VY V¥V V

Characterization of plasticity carriers in hexagonal metals
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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

Max-Planck-Institut flr Eisenforschung




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>

Max-Planck-Institut flr Eisenforschung
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Stacking faults in hexagonal metals

Basal stacking faults in hex metals:

|,- stacking sequence ... ABABCBCBC...
Shockley-type basal <a> partial and Frank-type %<c+a> partial
— sessile, proposed as Frank-Read source <c+a>

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

A

B
1 1 1 A
M1 - EY 211 B e P e—
[1210] - 2[0170] + £ [1100] B

B

A

“‘equivalent” to ISF in fcc
proposed as measure for cross-slip probability

Max-Planck-Institut flr Eisenforschung




Stacking faults in hexagonal metals

Basal stacking faults in hex metals:

|,- stacking sequence ... ABABCBCBC...
Shockley-type basal <a> partial and Frank-type %<c+a> partial
— sessile, proposed as Frank-Read source <c+a>

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

A
B
1 1 1 A
M1 - EY 211 B e P e—
- [1210] ~ - [0110] + £ [1100] A
“equivalent” to ISF in fcc B
proposed as measure for cross-slip probability A

[11-20] component Basal Screw
ol e el e e e el e e e e
8-' ] LA \ \ N N NN - 0'04
S| 0«0=0=0«=0+=0=0=0=0-=0
0 ’ 0.02
01 0

" g e T e © 3 grgieo ) N Dissociated (l,-type] basal
Ab-initio g e e e S -0.04 screw dislocation core
Yasi et al. 2009

Max-Planck-Institut flr Eisenforschung




Stacking faults in hexagonal metals

Basal stacking faults in hex metals:

|,- stacking sequence ... ABABCBCBC...
Shockley-type basal partial and Frank-type %<c+a> 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

A A
B e B ess—
E - stacking sequence ...ABABCABAB... A — |\ w—
energetically unfavorable 2 T el R—
experimentally not observed B e B —

A A
B _B_
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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?

1000
900 2000 |
800

—~ 700 | o

E £ 1500

> 600 | £

£ o

3 500 =

()

2 ol : 1000
LL (i

n

% 300 2

200 500 F

100

0

0O 01 02 03 04 05 06 07 08 09 1 0
Displacement along 1/3<11-20>
Wu et al., 2010
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Stacking faults in hexagonal metals

180 Mg Mg3wt.-%Y DET
150 7

[EEY

w (e))] (o] N
o o o o o
| | | |

Stress [N/mm?]

12
Strain [%]
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» Which stacking faults in hexagonal metals do you remember?

» How do the stacking fault energy(s) influence the deformation
behavior of hexagonal metals?
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» Crystal structure and Miller-Bravais indices
» Dislocations in hexagonal metals
» Special case: kink banding
Twinning in hexagonal metals
Stacking faults in hexagonal metals
Texture components in hexagonal metals
Anisotropy of precipitation strengthening
Phase transformations; dual- / multiphase systems

Damage, fracture in hexagonal metals

v Vv Y VvV VY V¥V V

Characterization of plasticity carriers in hexagonal metals
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Texture components in hexagonal metals

Basal <a> slip +
tension twinning

c/a=1.633 \

RD
Basal <a> slip + plastic
¢/a>1.633 L. pyramidal slip anisotropy

c/a<1.633

Prismatic <a> slip +
basal <a>slip

Wang et al., 2003
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Texture components in hexagonal metals

Pmax = 17.480

0001

max

D

RD

Example for strong basal texturing: Mg
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Texture components in hexagonal metals

Deformation texture at fracture begin

70 e

» 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

Max-Planck-Institut flr Eisenforschung



Texture components in hexagonal metals

an

00

(0001) {1010y (-2110)

{0001} basal

RD

05 (J -

{0001) {10-10) (2110}

{0001}<1010>

RD
D -} s é—l— ™

{0001) (1010} {-2110)

(1010}<0001>

1,
NI

O@

Wang et al., 2003

RD RD

{0001}

06O

(10-10) {2110}

{0001}<1120>

{10-10) (2110)

{1010} fiber

(0001)

Nt/

{10-10) {2110}

{1010}<1120>
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» Crystal structure and Miller-Bravais indices
» Dislocations in hexagonal metals
» Special case: kink banding
Twinning in hexagonal metals
Stacking faults in hexagonal metals
Texture components in hexagonal metals
Anisotropy of precipitation strengthening
Phase transformations; dual- / multiphase systems

Damage, fracture in hexagonal metals

v Vv Y VvV VY V¥V V

Characterization of plasticity carriers in hexagonal metals
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Anisotropy of precipitation strengthening

| ;(0001) plate
=

P e

[0001] rod

/L L sphere
-~ &> V /In Q
©
—— — - — 4+ ——
/ /OI 9 (0001)
I ©_|_ _
//lo V

Which is most effective?
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Anisotropy of precipitation strengthening

| ;(0001) plate
=

e

[0001] rod

/L L sphere
-~ &> V /|° 9
©
———p—— 1 ——
/ /°| 9 (0001)
I ©_|_ _
{/lo V

Which is most effective?

Basal O Pn‘smatic”
B :

) ° Prismatic— l]

O ° = |
o]
o] ° —
o =)
o o =
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Anisotropy of precipitation strengthening

(0001) plate
‘ [0001] rod
=
L1 N .
-
L el — —
ot sphere
_ - /‘°

/ _/_6'}' _6" — _“ooo1)

G: shear modulus

. Gb d,
Orowan Looping: AT = ]Jn—=  b:Burgers vector
2TAV1-v To v: Poisson’s ratio

A: planar interobstacle distance
dp: planar precipitate diameter

1y: dislocation core radius
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Anisotropy of precipitation

| ;(0001) plate

strengthening

(0001)

Orowan Looping: AT = “b lnd—p
ping. N
1
d(plate) (E)E
3

» d(sphere) -
1

d(rod) (1)5
d(sphere) -~ \34

G: shear modulus

b: Burgers vector

v: Poisson’s ratio

A: planar interobstacle distance
dp: planar precipitate diameter
1y: dislocation core radius

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

Damage, fracture in hexagonal metals

v Vv Y VvV VY V¥V V

Characterization of plasticity carriers in hexagonal metals
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Phase transformations

Co: high temperature fcc phase
strain-induced (martensitic) phase transformation: fcc — hcp

Zr: high temperature bcc phase
rarely reported strain induced phase transformation

Ti: high temperature bcc phase
several martensitic phases
stress-induced martensitic transformation

Reminder:
Martensitic transformation is a diffusionless solid-state phase transformation

which occurs either by quenching from HAT phase or strain-induced.

Max-Planck-Institut flr Eisenforschung



Phase transformations — fcc—hcp

Co: high temperature fcc phase
strain-induced (martensitic) phase transformation: fcc — hcp

- 900 ®
A f_/ D f_/ b C-layer is missing: intrinsic SF created
“Peve- -

locally hexagonal stacking
A [ L B 6 -> accumulation of SFs leads to hcp stacking
«; 7 o (Co fcc (HT) — hep (L))
C d SR
0 0 @e
» 806 6
SESE NS

perfect fcc lattice in <110> projection

{111}

ﬂ

C
[100]
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Phase transformations

Co: high temperature fcc phase
strain-induced (martensitic) phase transformation: fcc — hcp
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Phase transformations

Zr, Ti: high temperature bcc phase
martensitic phase transformation: bcc — hcp

Burgers Path / Burgers Orientation Relationship (BOR)

=
alv) _3 alv) _3 0 1
. 2 A 2 T4y 442
U: hcp deformation (V)= s . at s gics 111 S (:)
u: atomic shuffle | 2 T42 2 Ta2 °_ 442 a(V) = 8(a ’
0 0 —‘—23 0
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Phase transformations

Zr, Ti: high temperature bcc phase
martensitic phase transformation: bcc — hcp

Burgers Path / Burgers Orientation Relationship (BOR)

A<111>p

Burgers Relationship

,.""6110)[3 {0002}a // {110}B

<11-20>a // <111>B

2 <1120 >«

(0002)«
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Phase transformations

Co: high temperature fcc phase
strain-induced (martensitic) phase transformation: fcc — hcp

Zr: high temperature bcc phase
rarely reported strain induced phase transformation

Ti: high temperature bcc phase
several martensitic phases
stress-induced martensitic transformation

R

Technologically relevant dual- and multiphase alloys
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Dual- / multiphase systems

Ti - alloying elements:
B-stabilizing elements : V, Nb, Ta, Mo, W, Fe, Co, Ni, H
a-stabilizing elements: Al, Ga, In, Sn, N, O

(a)g( o+ )g( B

< >«
! metastable | stable
1155K :

(—)émechanically instable

o i
: .
® E Stress induced a*
gi -
=
2
B+wg, hex
B: bcc
RT w: hex
— a': distorted hex
B-stabilizing elements o orthorhombic

Banerjee, 2013
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Dual- / multiphase systems

Ti - alloying elements:
B-stabilizing elements : V, Nb, Ta, Mo, W, Fe, Co, Ni, H
a-stabilizing elements: Al, Ga, In, Sn, N, O

(1120]
%

o hex
B: bcc
w: hex

a': distorted hex
B-stabilizing elements o' orthorhombic

Banerjee, 2013
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Dual- / multiphase systems

B: basal plane

P: prismatic planes

P1: first order pyramidal planes
P2: second order pyramidal planes

[2-1,-1.0)
a3
\ — close alignment
(1 J‘IH
At e Plz FAL1C (1.1.0) — R — -_u)_lil_l—-__ {-1.1.2)
“ ] =
-2,1,1.2) “l!” o Fi-L23] (1-2,1.2)
Pzz ® o 'b-d (1.2:1) - oy - 1,011

1,1,-2)
(=L0.L1)

>
a: ‘a’ slip directions in alpha

b: <111> slip vectors in beta

c: “c+a" slip vectors in alpha

Banerjee, 2013
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Dual- / multiphase systems

B: basal plane
P: prismatic planes

P1: first order pyramidal planes
P2: second order pyramidal planes

[2-1,-1.0]

a3

\ — close alignment

ll.”.-lb- 21 -ICl (L1LO (1.2.1.3] - - ! -_.- : '-IOZJ)
= = E7 a0z
-2, 1,1.2) “ [.)l : ] 0303
: A ° RPN (-212
P * e 2.1 | B
22 ° b‘ ' B

(1,1-2)

(-LeL)

4444

Banerjee, 2013
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Dual- / multiphase systems

g
2
£
g
8

-

Distance (nm)
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» Why is precipitation strengthening anisotrop in hexagonal metals?

» Which precipitate shape is most effective?
» Which hexagonal metals have a high temperature cubic phase?
» Which cubic phase?

» What is the effect on the deformation behavior?
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» Crystal structure and Miller-Bravais indices
» Dislocations in hexagonal metals
» Special case: kink banding
Twinning in hexagonal metals
Stacking faults in hexagonal metals
Texture components in hexagonal metals
Anisotropy of precipitation strengthening
Phase transformations; dual- / multiphase systems

Damage, fracture in hexagonal metals

v Vv Y VvV VY V¥V V

Characterization of plasticity carriers in hexagonal metals
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Damage, fracture in hexagonal metals

,Conventional® frailure:

»  Stress concentration (e.g. grain or phase boundaries, twin tips)

»  Accomodation of shape change by twinning

»  Stress-corrosion

» Additional failure mode in hex metals: shear banding

£¢ aa ik

Highly localized deformation
Independent of microstructure

Max-Planck-Institut flr Eisenforschung
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,Emergency exit"
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Damage, fracture in hexagonal metals

Slip Burgers Slip Slip Independent
system type vector type direction plane slip systems
basal a <1120 > (0002) 2
prismatic d <1120 > {1010} 2
pyramidal <a> a <1120 > {1011} 4
pyramidal <c+a> c+d <1123 > {1011} 5
pyramidal <c+a> c+a <1123 > {1122} 5
twinning 0.5 (polar)

von Mises criterion
Compatible polycrystalline deformation: = 5 independent slip (deformation) systems:

» Case 1: basal <a> + twinning 2.5 independent systems
» Case 2: prismatic <a> + twinning 2.5 independent systems
» Case 3: basal <a> + prismatic <a> + twinning 4.5 independent systems

mmm) Pyramidal slip systems necessary to reach 5 independent deformation systems
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Damage, fracture in hexagonal metals

Deformation microstructure at fracture begin — KAM* maps

» Pure Mg

» Strongly localized strain in
few shear bands

* Low internal
misorientations in matrix
grains

» Mg3Y

5. ¥
¥ : ’/;Q“g P ‘,_“

A2 SERREN i

* High amount of shear
bands

* Homogeneously distributed
strain

*KAM: Kernel average misorientation, calculated as the average over all misorientation angles
determined between the centre and all edge pixels in a kernel of pixels in an orientation map
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Damage, fracture in hexagonal metals

Deformation texture at fracture begin

Y - 40% B

r,-_ﬁ'v)' » '!").‘ e

TD

» Weaker (0.5) basal texture intensity
» r-type texture ((0001) 15° tow. RD)

3= | » Additional deformation mechanisms
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Damage, fracture in hexagonal metals

L
p<

M

RD 1070

0001 2710

“ 60 pm ?5'.
1 "
——— ¥ {

4% compression 8% compression
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Damage, fracture in hexagonal metals

Shear band

Basal slip

8% compression
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Damage, fracture in hexagonal metals




Damage, fracture in hexagonal metals

Plane strain compression

Plane strain compression

+ out-of-plane shear
Max-Planck-Institut flr Eisenforschung 85




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

Damage, fracture in hexagonal metals

v Vv Y VvV VY V¥V V

Characterization of plasticity carriers in hexagonal metals
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Characterization of plasticity carriers in hexagonal metals

Electron source

Condenser lens

Object

Objective lens

— Focal plane of objective —

S 1st. Intermediate
Image /;

Intermediate
lens

2nd. Intermediate
Image I,

lllumination system:
parallel or convergent
illumination

Obijective lens:
creates image of sample

Selector aperture

Intermediate lens:
focused either on
diffraction plane

or on image plane

projector lens:
creates final magnification

Projector lens

Observation area:

B.tecs mng | vesmes

Imaging

A._ e

Microscopy

\l‘

Phosphor screen or camera

Diffraction © Zaefferer

Diffraction
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Characterization of plasticity carriers in hexagonal metals

Diffraction: ,multi-beam” conditions
multiple sets of lattice planes are in Bragg condition

Reciprocal space:
Inverse

A
/3
/

nA=2dsin®
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Characterization of plasticity carriers in hexagonal metals

Diffraction: ,multi-beam” conditions
only one set of lattice planes is in Bragg condition

)

L .
< -

|dentification of defect

types and Burgers vectors
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Characterization of plasticity carriers in hexagonal metals

2-beam condition g; electron beam

LT

dislocation
visible
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Characterization of plasticity carriers in hexagonal metals

electron beam

RRTRRNY

2-beam condition g,

dislocation
invisible
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Characterization of plasticity carriers in hexagonal metals

electron beam

2-beam condition g4

g3 b#0

dislocation
visible
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Characterization of plasticity carriers in hexagonal metals
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Characterization of plasticity carriers in hexagonal metals

Diffraction vector
Burgers vector 0002 | -1011 | 10-10 | 10-11 | 0-11-1 | 0-111 | 01-10 g.b = 0 invisible
perfect | 1/,[11-20] | 0,00 [ -1,00 | 1,00 | 1,00 | -1,00 | -1,00 [ 1,00

perfect | 1/,[1-210] 0,00 0,00 0,00 0,00 1,00 1,00 | -1,00 gb # O V|S|b|e
perfect | %/,[-2110] 0,00 1,00 | -1,00 | -1,00 0,00 0,00 0,00

perfect | [0001] 2,00 1,00 0,00 1,00 -1,00 1,00 0,00

D <
perfect | 1/,[11-23] 2,00 0,00 1,00 2,00 -2,00 0,00 1,00 g b - 05 Weak contrast

perfect | 1/,[1-213] 2,00 1,00 0,00 1,00 0,00 2,00 | -1,00

perfect | 1/,[-2113] 2,00 2,00 | -1,00 0,00 -1,00 1,00 0,00

perfect | %/,[11-2-3] | -2,00 | -2,00 1,00 0,00 0,00 | -2,00 1,00

perfect | %/,[1-21-3] | -2,00 | -1,00 0,00 | -1,00 2,00 0,00 | -1,00

perfect | %/,[-211-3] | -2,00 0,00 | -1,00 | -2,00 1,00 | -1,00 0,00

partial 1/, [10-10] 0,00 | -0,67 0,67 0,67 -0,33 | -0,33 0,33

partial 1/, [1-100] 0,00 | -0,33 0,33 0,33 0,33 0,33 | -0,33

partial 1/, [01-10Q] 0,00 | -0,33 0,33 0,33 -0,67 | -0,67 0,67
partial 1/, [0001] 1,00 0,50 0,00 0,50 -0,50 0,50 0,00
partial 1, [20-23] 1,00 | -0,17 0,67 1,17 -0,83 0,17 0,33

partial Y [2-20-3] | -1,00 | -0,83 0,33 | -0,17 0,83 | -0,17 | -0,33

partial | 1/,[02-2-3] | -1,00 | -0,83 | 033 | -017 | -017 | -1,17 | 0,67

partial Y, [-2023] 1,00 1,17 | -0,67 | -0,17 -0,17 0,83 | -0,33

partial 1, [02-23] 1,00 0,17 0,33 0,83 -1,17 | -0,17 0,67

partial | 1/,[20-2-3] | -1,00 | -1,17 | 067 | 017 | 017 | 083 | 033

partial g [11-21] 0,33 | -0,33 0,50 0,67 -0,67 | -0,33 0,50

partial Y4 [11-2-1] | -0,33 | -0,67 0,50 0,33 -0,33 | -0,67 0,50
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Characterization of plasticity carriers in hexagonal metals

Diffraction vector

Burgers vector 0002 | -1011 | 10-10 | 10-11 | 0-11-1 | 0-111 | 01-10 g.b = 0 invisible

perfect | 1/,[11-20] 0,00 | -1,00 1,00 1,00 -1,00 | -1,00 1,00

perfect | 1/,[1-210] 0,00 0,00 0,00 0,00 1,00 1,00 | -1,00 gb#O ViSible
perfect | 1/,[-2110] 0,00 1,00 | -1,00 | -1,00 0,00 0,00 0,00

perfect | [0001] 2,00 1,00 0,00 1,00 -1,00 1,00 0,00

D <
perfect | 1/,[11-23] 2,00 0,00 1,00 2,00 -2,00 0,00 1,00 g b - 05 Weak contrast

perfect | 1/,[1-213] 2,00 1,00 0,00 1,00 0,00 2,00 | -1,00

perfect | 1/,[-2113] 2,00 2,00 | -1,00 0,00 -1,00 1,00 0,00

perfect | %/,[11-2-3] | -2,00 | -2,00 1,00 0,00 0,00 | -2,00 1,00

perfect | %/,[1-21-3] | -2,00 | -1,00 0,00 | -1,00 2,00 0,00 | -1,00

perfect | %/,[-211-3] | -2,00 0,00 | -1,00 | -2,00 1,00 | -1,00 0,00

partial 1/, [10-10] 0,00 | -0,67 0,67 0,67 -0,33 | -0,33 0,33

partial 1/, [1-100] 0,00 | -0,33 0,33 0,33 0,33 0,33 | -0,33

partial 1/, [01-10Q] 0,00 | -0,33 0,33 0,33 -0,67 | -0,67 0,67
partial 1/, [0001] 1,00 0,50 0,00 0,50 -0,50 0,50 0,00
partial 1, [20-23] 1,00 | -0,17 0,67 1,17 -0,83 0,17 0,33

partial Y [2-20-3] | -1,00 | -0,83 0,33 | -0,17 0,83 | -0,17 | -0,33

partial | 1/,[02-2-3] | -1,00 | -0,83 | 033 | -017 | -017 | -1,17 | 0,67

partial | /,[-2023] | 1,00 | 117 | -067 | -017 | -017 | 083 | -0,33

partial | /,[02-23] | 1,00 | 017 | 033 | 083 | -1,17 | -017 | 067

partial | 1/,[20-2-3] | -1,00 | -1,17 | 067 | 017 | 017 | 083 | 033

partial g [11-21] 0,33 | -0,33 0,50 0,67 -0,67 | -0,33 0,50

partial Y4 [11-2-1] | -0,33 | -0,67 0,50 0,33 -0,33 | -0,67 0,50
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Characterlzatlon of plast|C|ty carriers in hexagonal EES

i
y[11?3|—>/[1m3i

%[1510] \

)

1/ 1120 = /] 1010 |+ 1/] 0110
3 _I 3 I 3 i\
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Characterization of plasticity carriers in hexagonal metals

\\\ S

”\ s 22)

» TEM: only GNDs and “debris” of active dislocations

» Confirmation of slip system activity (slip band analysis, texture) necessary
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» Which method can be used to characterize dislocations?

» Do you remember how dislocations are characterized?
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