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Why MMCs?

Weight saving as major
challenge

Performance, efficiency,
environmental, ...
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How to save weight?

(1) Reduce density
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Material p/gcm3
Fe 7.85
Ti 4.50
Al 2.70
Mg 1.74
PE-LD 0.95
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How to save weight? 7

(2) Increase specific strength
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ultimate tensile strength [MPa]

Material p/gcm3 UTS / MPa
UHS steel 7.85 > 1500
TI64 4.50 ~ 800

Al #7000 2.70 ~ 450

Mg AZ31 1.74 ~ 200
PE-LD 0.95 ~ 10
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How to save weight?

(3) Increase stiffness

—

t / \ Deflection
_FP
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Material p/gcm3 UTS / MPa E/GPa
UHS steel 7.85 > 1500 ~ 200
TI64 4.50 ~ 800 ~ 110
Al #7000 2.70 ~ 450 ~ 70
Mg AZ31 1.74 ~ 200 ~ 45

PE-LD 0.95 ~ 10 ~0.2
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= Lighweight design

Most important material properties
High (Yield)Strength
no plastic deformation under load

High Youngs-Modulus

high stiffness and resonance

Low density

low mass

sufficient ductility

production - energy-absorption special case

More
Fatigue- & corrosion resistance, welding ....

... @ low costs — steels!

> Low weight of the part
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Light steels?

Common metals have similar E / p ratio
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—> defects, lattice distortion (austenite, martensite?)
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Example: drive shaft design

_Fly
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FIB 1'[;}"4 ,'/ \
3E]xx ]xx - 4

Strength Op <Rpo2v

Deflection fp =

- Mass of part

s M3 on 6 s FIGA

2 e
P Lty 2 N R
4

Comparison (F, f, ,| = constant)

Material E/GPa p/gcm3 AMass/%
42CrMo4 208 7.90 / X — - X
30Mn-1.2C-5AI 175 7.14 l
. N . |7
- Only minimum saving!
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\What do do?

Implement stiff and light particles (spheres, fibres, flakes ...)

- Known (M)MC applications?

WD=27nm  Mag=150KX ,—
Photo N° = 9769 Detector = SE1 S s

EHT = 20.00 kV
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\What do do?

Implement stiff and light particles (spheres, fibres, flakes ...)
Cutting plates (WC-Co)

GFRP
CFRP -2 p ~ 1.5 gcm=3; E ~ 200 GPa (non-isotropic!)
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Particle selection

,,No* fibres in MMC's for isotropic behaviour

Desired property profile

High efficiency (E, p)

Strong interface (d <, Wetting angle)
High ductility (K, B/G)

Stable, cost effective, ooy, -

- Balance required:
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Particle selection

Types of particles: Borides,
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Particle selection

Types of particles: Borides, Carbides, Nitrides, Oxides, Intermetallics
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Why these types of compounds?
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Particle selection

Types of particles: Borides, Carbides, Nitrides, Oxides, Intermetallics

Covalent
bonding
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-> Light elements for density reduction

-> Strong bonding by covalent and ionic contribution for stiffness
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Particle selection

Types of particles: Borides, Carbides, Nitrides, Oxides, Intermetallics
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Optimisation (again)
Not all particles are stable in liquid Fe (example?)

Production is often difficult — how to introduce particles?
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Production strategies

Powder metallurgy

\

Sintering

Mixed salt powders

£
!
v

Melt injection

-+ Heating coil

Infiltration

Al alloy melt
Crucible

\
oooooooooo\\\

0000000000
\ 1 1 1
1
1
|H

Often expensive and difficult to control = in-situ liquid metallurgy favourable!

Example ODS steel:

Agglomeration, clustering, decohesion

I matrix =
| Mechanical Hot Subtractive Finished
| alloying compaction shaping product
l oxide }
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Particle selection

Wetting often controls interfacial properties

Ysv—Vsl

cosf =

90 °

Wettingangle 6 [°]
(1653K - 1823K)

@(4 / - .J

Formation enthalpy
-AGf [KI/atom (O, C, B, N)]

Wl EHT- 500KV Signal A= QESDOY

Max-Planck-Institut fir Eisenforschung, Dusseldorf, Germany = M. Belde



Model System Fe — TiB,

Effective particle
E =515 GPa
p=4.529gcm-3

SG P6/mmm (type MgB,)
c/a ~ 1.066

P Sy > S 2
@ 200 WD ? ODIVBWROVO

FERSESS—F =8 T Vs o T e

- Lecture S. Sandlobes
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Temperature / °C

Pseudo-binary eutectic

1800
| system - precipitation
1600 | from homog. Liqu.
1400 _L L+Fea BB
| ; L+ Fey+TiB, B
1200 L/+ Fe a + TiB, i
h Fey+ TiB, i
1000 | i
] Fe o + TiB, i
800 T T T T
0 4 6 8 10 12

TiB, in Fe / mol.%

Strong interface

y
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Example: drive shaft design

_Fly
Jxx

FIB 1'[;}"4 ,'/ \

3E] Jxx = 4

Strength Op <Rpo2v

Deflection fp =

- Mass of part

s VB2 g FIG.

2 e
P Lty 2 N R
4

Comparison (F, f, ,| = constant)

Material E/GPa p/gcm3 AMass/%
42CrMo4 208 7.85 X — - X

% r g
30Mn-1.2C-5Al 175 7.14 l
HMS + 20%TiB2 244 6.96

-> Story over?
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Challenges — Micromechanics

Alloy design strategies

Max-Planck-Institut fur Eisenforschung, Dusseldorf, Germany



HMS — Challenges

In-situ fabrication feasible, physical properties achieved

Macro-mechanical behaviour not satisfactory (embrittlement):

700 -
600 200 -
500 ~ 122:
g ™~
a 400 ~ g) 100 + \
e £
2 300 g
£ (%)
g 1 &
@ 200 1
— 0 T T v T v T v T
100 - Fe, Fe-13Cr 0,0 0.1 0.2 03 0.4
HMS Dehnung [%]
0 -

r T T T T T > T T T T T T T T T T T T T T

0O &6 10 15 20 25 30 35 40 45 50
Dehnung [%]

-> Micro-mechanical reasons for material performance?
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Micromechanics MMC's

(1) Elastic mechanics — predict particle contribution

Cin Ciz Ci2 0
Fo1r Cz Cn Ci2 0
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Micromechanics MMC's

(1) Elastic mechanics — predict particle contribution

Different assumptions and models developed (volume changes, interfacial

properties, geometry of reinforcement ...)

- Good agreement for disc. reinf. by Halpin—Tsai (Hashin) Equation:

g g
Young's Modulus E, GPa

— - Hashin[21] 7
— Miodownik[22] |
[ I

10

20 a0 40 50
TiBz Content, vol9:

for discontinuous reinforcement in the Halpin—Tsai o
equation'®! 5wl
0]
E.(1 +2sqV, S f
E, = EnlL ¥ 2547 (17) 3 |
1—qV, 3 =t
<
where 2 uf
E /E, —1 & wf
q:{{E P//E )+2J (18) ;
P m S - - E 1 -
and s is th@cle aspect @\s seen from ENTS with T coment o o

Particles should be spherical - plastic behaviour!

About 20 vol.% of TiB, neccessary for 240 GPa
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Micromechanics MMC's

(2) ,,Plastic“ mechanics — damage

S

-

et )

W

Particles represent stress/strain-concentrators: at interface and
sharp edges (fracture mechanics) - spherical ideal (?)

- Lectures P. Shantraj, C. Tasan
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Micromechanics MMC's

(2) Damage: initiation and propagation

@l oo
\Z o \7 \%

Complex scenario!

Behaviour depending on size, shape, relative crystallographic
orientations, properties of both phases, dispersion, ... 2 modelling?

Max-Planck-Institut fur Eisenforschung, Dusseldorf, Germany



Example Fe — TiB,

Increasing fraction leads to large (primary) particles with detrimental
morphology

1800 1 1 1 1 1
g) . Liquid
=~ 1600 -
)
S .
% 1400 { - *Fea :
o . / L+ Fey+ TiB,
Q | 7
e P00 L+ Feur T,
Q 1 Fe y + TiB,
= 1000 -
| Fe o + TiB,
800

15kV X500 50pm 13 55 MIX

15kV X500 50pm 13 55 MIX 15kV X500 50pm 15 55 MIX
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Improving physical properties deterioates mechanical behaviour
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Conflict

Improving physical properties deterioates mechanical behaviour
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\What do do?

Modelling: get insight into crack iniation and propagation as a
function of particle shape, dispersion and location, matrix properties

?7?7?

Damage

.,

Particle — parameter

(radius, distance,
orientation, ...)

- Knowledge-based guidelines for alloy/microstructure design

Max-Planck-Institut fur Eisenforschung, Dusseldorf, Germany D. Wang



What to do?

Known boundary conditions for alloy design:
20 vol.% TiB, needed - hyper-eutectic alloy
Particles should be spherical (max. E, min. stress-concentration)

Particles should be small (strengthening) - size?

How to achieve this?

Max-Planck-Institut fur Eisenforschung, Dusseldorf, Germany



Example: solidifcation rate

Hyper-eutectic Fe — Ti — B melt

Tyer 2 1600 °C

o
2
T
S
@
o
1=
@
'_

,industrial* —— E = 240 GPa
solidification

— -3
unfavourable SRR

floatation,
agglomeration

- Embrittlement

Max-Planck-Institut fur Eisenforschung, Dusseldorf, Germany



Example: solidifcation rate

Slow solidification close to equilibrium

Tyer 2 1600 °C

Temperature

Time

Separation of solidification products (primary, eutectic)
Homogenous areas fine grained one order of magnitude - ductile

Primary layer for wear resistance

Max-Planck-Institut fur Eisenforschung, Dusseldorf, Germany



Example: solidifcation rate

Rapid solidification + reheating

Tyer 2 1600 °C

Temperature

Amorphisation

Time '

Annealing for nano-disperse precipitation of TiB, (100 orders of magnitude)

Max-Planck-Institut fir Eisenforschung, Disseldorf, Germany = R. Aparicio-Fernandez, A. Kostka, J. Duarte



Example: alloying

Hyper eutectlc Fe —Ti— B melt + 5 wt.% X

R T Y
g Iy

a \Q ~ '<“'r Strong change in
g 1) J"; '«\. >e»—'

5 @ morphology
"’\ w':,. 4 \‘-:ﬁ. }*&1\1\
b2 " l\‘f‘wg;}?'ﬂ,, #v"\\‘ I‘eaSOnS')

3 {
B L
St AR
il A ST P IR T ‘;T D o -v‘v-v.. Foa

changed properties?

i Pl p e e ag
%? v..(

il / e - f . |
.. 0 4 Superpositioning?
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High-throughput mechanical testing
Motivation and challenges

Examples

Max-Planck-Institut fur Eisenforschung, Dusseldorf, Germany



Alloy design

Requirements

Experience / Simulation
lterations = Bottleneck

“lllll,’

I@i@ =
(@

Synthesis / Processing ™ ‘e,
s -
Basic properties / testing g J ~
I’ ‘\
’, W
ﬁ @ "llln\‘

-> Acceleration through

Detailled testing combinatorics

1

Industry

Max-Planck-Institut fur Eisenforschung, Dusseldorf, Germany
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Alloy design

U

Requirements

Experience / Simulation

—
-

Rapid Alloy Prototyping
_ ldentify trends
Synthesis

_ Verify simulations
Processing

]

Study transients

Basic testing

Il

_ How to test? = Properties
Upscaling depend on testing conditions!

Detaillled testing Hardness indicates ,,strength
potential“ (slow, compression),
tensile and toughness
(velocity!) more severe

3

Industry

Max-Planck-Institut fur Eisenforschung, Dusseldorf, Germany



RAP “steel plant in a box”

1.

2.

3.

4.

5. Tensile tests

Multiple casting VIM
5 alloys

Hot rolling, cutting

10 segments / alloy

(heat) treatment

50 combinations (Matrix)

Sample preparation

3 samples per state

150 samples - Data management

Max-Planck-Institut fir Eisenforschung, Dusseldorf, Germany = Springer and Raabe, Acta Mater. 60 (2012) 4950



RAP “steel plant in a box”

1. Multiple casting VIM
5 alloys

2. Hot rolling, cutting

10 segments / alloy

3. (heat) treatment /'/’ 50 states
£ 4

50 combinations (Matrix) 150 samples

4. Sample preparation

5. Tensile tests

150 samples - Data management

Max-Planck-Institut fir Eisenforschung, Dusseldorf, Germany = Springer and Raabe, Acta Mater. 60 (2012) 4950



Program Iriplex — lightweight steels

Compositions [wt.%]

Fe —20Mn - 0.4C - 0...
Fe —20Mn - 0.8C - 0...
Fe —20Mn - 1.2C -0...
Fe —25Mn - 0.4C - 0...
Fe —25Mn - 0.8C - 0...
Fe —25Mn -1.2C -0...
Fe —30Mn —-0.4C - 0...
Fe —30Mn - 0.8C - 0...
Fe —30Mn -1.2C -0...

45 alloys
360 states

11Al
11Al
11Al
11Al
11Al
11Al
11Al
11Al
11Al

Treatments

aging variations (T & t)
cold rolling

cryogenic treatment

warm deformation

DATABASE:TCFE6
P=1E5, N=1, W(MN)=0.3, W(C)=1,2E-2;

TEMPERATURE_CELSIUS

1600

1400
.

=y
L]
=3
T

=y
o
(=3
T

800

600

400

1:*FCC_A1
2:*m7C3

3:*BCC_A2¢
[ 4rLlQuip

MASS_PERCENT AL

1080 tensile tests & hardness indents, 315 XRD measurements

Evaluation criteria?

Max-Planck-Institut fur Eisenforschung, Dusseldorf, Germany



Program Iriplex

Austenite stability / SFE
K-carbide precipitation
Embrittling phases (g, a’, M.C; ...)

- New alloys?

80
| advanced steels with displacive
s ferritic transformations (TWIP, TRIP)
= nanocrystalline [steels
3 2
s 60 — reverted nano-gustenite
S | steels
© 50 L 3 Y — A |
m o~ - [}
® :
Y
S 40-
C
i)
© 30 -
(o)
= J
o dual phase
) 20 - ! ! N
[ TRIP and
o complex phase ; i
e 104 PIEXPNASERS —advanced marag RIP/TWIP
1o martensitic P nanoparticle hardengd steels
O T l T l T ' T l T l T I T l T l T l T I L} I L} l 1 I T

200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600
ultimate tensile strength [MPa]
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Results — overview

Material library
-> recognize trends

- targeted alloy maturation

100 - 100 - e O0Al
) 2 Al
80 - 804 e 5Al
® 8 Al
11 Al
° 60 ° 60
40 40 -
20 - 20 -
]
®
0 T T T T T T T O Y 1 Y I L) 1 L 1 L I L 1 v 1
200 400 600 800 1000 1200 1400 1600 200 400 600 800 1000 1200 1400 1600
UTS / MPa UTS /MPa
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Link mechanical properties & constitution

1200 Fe — 20Mn - 0.4C — xAl
1ooo-_ YS
8001
o |
2 600- s
2
400
200 1
o | 2 4 & 8 10

Al content / wt.%

TE

as-quenched
400°C, 24h
500°C, 24h
600°C, 24h

0 T T T T T T T T T T T T
0 2 4 6 8 10

Al content / wt.%

TE/ %

| >

Phase fraction / vol.%

100 -
90-
804
70
60
504
40
30-
20

10

vy austenite

€ martensite

RT XRD

I N I ! 1

100 200 300 400 500 600
Tempering temperature / °C

Max-Planck-Institut fur Eisenforschung, Dusseldorf, Germany



Link mechanical properties & constitution

i Fe — 20Mn — 0.4C - xAl

1000—- YS

800

600 +

YS /MPa

400 +

200

/'

T T T T T N T

0 2 4 6 8
Al content / wt.%

10

100 T

80

60

TE/ %

40-

20+

0 T X T g2 T L T T T

0 2 4 6 8
Al content / wt.%

Phase fraction / vol.%

100 -
90 +
80 1
70+
60 -
50 1
40 -
30 +
20 -
10 -

Max-Planck-Institut fur Eisenforschung, Dusseldorf, Germany
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Link mechanical properties & constitution

i Fe — 20Mn — 0.4C - xAl

1000
_ YS
800
o ]
§ 600 //' 100f
. %N v austenite
400- f
| 80 _
200- < 70| oferrite
5 5 4 & |5 |10 S 60-
Al content / wt|% § 50_'
O 4
S 40
] @ .
i TE g 20
- & 20+
80 1
104
2 60+ 0_ : r : . 5 T : ; :
E 0 100 200 300 400 500 600
0 Tempering temperature / °C
20 s
0 T T T T T T T T T T T T
0 2 4 6 8 10

Al content / wt.%
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Link mechanical properties & constitution

1200 4
1000
800

600 +

YS /MPa

400 +

200

Fe —20Mn = 0.4C = xAl
YS

100
80

60

TE/ %

40

20+

2 4 6 8 0o

T T T N T & T

Al content / wt.%

TE

T L T U T Y T A4

2 4 6 8 10

Al content / wt.%

Phase fraction / vol.%

100 -
904
804
70
601
504
40
30-
20

10

vy austenite
a Ferrite

K carbide

I N I ! I

100 200 300 400 500 600
Tempering temperature / °C
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Selection for targeted alloy design

TR Fe — 20Mn — 0.4C — xAl
1000—- YS

800

600 +

YS / MPa

400+

| Embrittlement
e @ low Al, x (+ o) @ high Al

good balance of
density, strength & ductility

60

TE/ %

40

20+

Al content / wt.%

Max-Planck-Institut fur Eisenforschung, Dusseldorf, Germany



B D :E

> 250 nm

400 800 1200 1600
Fe —30.5Mn - 1.2C - 2.1Al True Stress (MPa)

Max-Planck-Institut fir Eisenforschung, Dusseldorf, Germany = Gutierrez-Urrutia et al. Acta Materialia 60 (2012) 5791




C D

W00 nm

“ 250 nm
400 800 1200 1600
Fe —30.5Mn - 1.2C - 2.1Al True Stress (MPa)

Max-Planck-Institut fir Eisenforschung, Disseldorf, Germany = Gutierrez-Urrutia et al. Acta Materialia 60 (2012) 5791




Example — Lean & ductile martensitic steels

Optimum mechanical properties via nano-scaled austenite reversion

(a) 2000 S

1750 | [t tE o
1500 F o~ 10min 30min
1250 |
1000
750

1.4034 cold band

—

Engineering stress / MPa

500
250 § water quench
oo ‘Terpperedlat40(l’c
00 5 10 15 20 25
Engineering strain / % N e A: mtonits carbon 2 at.% C iso-conc. —

Steel 1.4034

iInfluence of alloying elements?

Max-Planck-Institut fur Eisenforschung, Dusseldorf, Germany = L. Yuan et al. Acta Mater 2012



Create material lib

Fe — 13.5Cr — 0.45C...

Mn

Streckgrenze [MPa]

raries

20 4
650 35
18
450
600 Lh 2
w = £ 144
o o = T
£ 400 2. 550 5 124 ©
2 3 £ £ 25
& 5 g " 2
@D ] E ol
3 e R BT £ 5004 G &7 T,
@ —8— RpWB2 o ] b
&5 3504 * RpWB3 N O 64
#— Rp WB4
®  RpWB5 450 4
Rp WES ] 15
® RpWB7|
® Rp WES| 24
400 T T T . T T T T T T T T
o0 H H 3 M 0 1 2 4 0 1 2 4 0 1 2 3
164 —@— Ag WEB1 60
1200 . . 1400+ —e— g W2 .
- » 14 o Ag WB3
b # AgWB4 55
H S 1200 ° . o AgWES -
1000+ . —e . oy Ag WES
- " LNy . ® - Ag WBT -
T ° & 1000 , Loemuss w0l
4 soo . 1 —
s g g
@ = 800 [4
Mool T8 g <4
2 ] 2 2
= 7 600 £
2 g z
2 4004 =4 . 40
7] - 400
e N
35+
200 200
0 T T T T T o r T T T T 0 y T T y T 30 T T T y T
05 10 15 20 2.5 05 1.0 15 20 25 05 10 15 20 25 05 10 15 20 25
224 I E 60~
12004 1600 4 0]
1400
184 a
1000 504
1200 4 _ 164
800 - c O
= 10004 ] )
= 5 2]
= 2 12 % 404
500 £ 8004 5 =
2 S — o 10 2]
2 o0 —e— RmWE1 £ S
£ 9 - Rm W82 a g T .
400 2 / * RmWB3 i} B~E
N 4004 / * RmWB4 O 6 0] e— o ———o & HRC WE3
.(/ ® RmWBS @ HRC WB4
200 Rm WEBS 4] & HRCWES
0 Rm We7 o recue
Rm WBS 2] ® HRC WES
0 T T T T T o T T T T T T T T 20 T T T T T
0 1 2 3 4 o 1 2 k] 1] 1 2 3 ] 1 2 3 4
Gehalt Mn [wt%] SOLL Gehalt Mn [wt %] SOLL Gehalt Mn [wt.%] SOLL Gehalt Mn [wit%] SOLL
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Select interesting compositions / treatments

Fe — 13.5Cr — 0.45C...

— Mn

Streckgrenze [MPa]

UTS

L) . wB1 .
5 BTl . 35
450 & AgWB3 .
& Ag WB4 o
. . 18 . xm ..__:/,/ "
2 ~ —y = _
5 % e
2 E 'B b \\' =
[+ —8— Rp WB1 - _ ~g
. e 2 1600 i
#— Rp WB4
Vs 1 S
+ i 1400
L : : 4 p | : ‘
_ 1200 + Fe—13.5Cr —0.45C
1200 . . 1400 L]
. Il ) E 1000 Fe—13.5Cr —0.45C =2.5Mn .
1000 4 . y o —® 1200 .
-
g : : o . g P 1 Fe—13.5Cr —0.45C =25ij -
h . ) E 800 E BDD 7 - !
(3 7 = .
8] T8 $ g = ] Fe—13.5Cr —0.45C —=2.5Mn —=25i
g g 600+ w EDD P LW
8 e —* © =
n -, .),/" - N 4004 J
“ 400
0 T T T T . oL J +—
05 1,0 15 20 25 25
200 4
_ = S 1600 +
e ; — ; 00 ; D ) I L L 1 H L = I Ll T L) T Ll
- 4 — 1
1000 R : . 0 2 4 [ 8 10 12 14 16 18
o . 1200+ . I
wod |* I ; € o] Strain [ %
= 3 '%' .
600 o 800 4 — E o] =
wm % o] ’ T E ] e ¥ E [P
400 e 2 = RmWB3 8 o« * AgWe4 —&—HRC WE2
¢  RpwBL N 00d - RmWs4 0 gl o AgWBS = & HRCWB3
Rp W8S 4 ® RmWBS Ag WBS @ HRC WB4
L2 Fover 200 . Amwe 4 o Ry — e
— * Rm -
& Rp Wes & RmWBS N [ it d
] T T T 0 T T T T T T T T T T T T
0 1 2 3 4 1] 1 2 3 4 (1] 1 2 3 4 1 2 3 4
Gehalt Mn [wi%] SOLL Gehalt Mn [wt.%] SOLL Gehalt Mn [wt.%] SOLL Gehalt Mn [wt%] SOLL
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Link microstructure / mechanical properties

Fe — 13.5Cr — 0.45C... - austenite reversion = mech. compliance

Streckgrenze [MPa]
& &
8 3
i N
I L] .I . ) . I
\
|
\
\
|
- .e par «
J \
iy
| N,
EH | N
SRREERR s e w.
F" / ii. ,’/
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e
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—
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200 .
[ 1
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E 800 =
8 — v §
§ 600 &
2 2
3 8
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& o N
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05 1.0 15
_ YS
12004 2
-
:
.
1000
. .,., T
—_ /’_,!.‘
- 1 s S
Bl P
—
2 2 good
5
S Rp WB1
400 Epie
£ wes
| 3 e
b o
J Rp WBS§
200 ro%es
Rp WB3)
[} T
0 2 3

Gehalt Mn [wt%] SOLL

Max-Planck-Institut fur Eisenforschung, Disseldorf, Germany = H. Springer et al. MSEA 2013



g Y R ) R P My
— " W b, o ,/_,_/} AR Rl i
— P , by " AR SRRGR T :

Max-Planck-Institut fur Eisenforschung, Dusseldorf, Germany



