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Research at the IBF - Materials, Processes and Application

Material Semi-finished Shaped Parts Products

Process Chains of Sheet and Bulk Metal Forming

Steel Strip Casting Forging Material
Non-Ferrous Hot Rolling Ring Rolling Aerospace
Aluminum Cold Rolling Stretch Forming Automotive

Nickel-Based High-Precision ISF Construction
Rolling

Titanium Deep Drawing E-Mobility
Roll Bonding

Copper Hot-Gas Energy

Forming Vedical
edica
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Research at the IBF - Digitalization

Material Semi-finished Shaped Parts Products

Digital Twin of Processes & Materials

$

» Process Optimization * Process Chain Simulation
* Property Control .+ Multiscale Models
» Assistance Systems N’J » Fast Models
* Automation * Machine Learning
« Virtual Reality Training « Data Processing
\_ . \ .
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Research at the IBF — Sustainability

Material Semi-finished Shaped Parts Products

Process Efficiency (energy and material efficiency)

* Process Chain Shortening / Energy Optimization
Minimization of Scrap, Tolerances and Trim
Near Net Shape Production

E * |nnovative Processes
\» - Digital Twins

Minimized Resource Consumption
Energy Efficiency in Application
Product Performance / Service Life

Lightweight Construct.
Composite Materials
Damage Control

Circular Economy

* Recycling . * Innovative Processes
« Remanufacturing ol . Digital Twins
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Integrated Computational Materials (and Process) Engineering
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Motivation and Method

The material’s manufacturing process defines its microstructure!

Significant influence of the microstructure on the properties of the material!

Processing semi-finished product leads to microstructure & property modification!

Microstructure affects effective properties as well as component performance!

RVE simulations can connect microstructure, properties and performance

) ) )

S Integrated Computational Materials (and Process) Engineering
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Challenges

microstructure grain size, grain shape, crystallographic texture, dislocation density, precipitates, ...

properties

strength, toughness, fatigue resistance, corrosion resistance, ...

performance evolution of load carrying capacity and expected lifetime
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Holistic view on the process chain

Interaction of different loading steps must be considered —
including the component use

1. Manufacturing step 2. Manufacturing step
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RVE Generation

Microstructure must be

reproduced as accurately

as possible!
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Microstructure evolution

must be accurately

predicted numerically!

The influence of the
microstructure on the effective
properties must be predicted!
Interaction of mechanisms
must be represented!
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RVE Generation

RVE-Simulation

Microstructure evolution
must be accurately
predicted numerically!
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Modelling the microstructure evolution during processing

Microstructure must be
reproduced as accurately
as possible!

Microstructure evolution
must be accurately
predicted numerically!

The influence of the
microstructure on the effective
properties must be predicted!

Interaction of mechanisms
must be represented!
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Modelling the microstructure evolution during processing

Microstructure must be
reproduced as accurately
as possible!

Engineering stress [MPa]

10013
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Engineering strain [1]

Individual crystal
Microstructure evolution

must be accurately
predicted numerically!

a _ a,a
7 =to || sgn® - x%)

Backstress evolution law
X% = Ay® = Bly®|x®
Resolved shear stress

% = a[m* ® n%]

Critical resolved shear stress

The influence of the
microstructure on the effective
properties must be predicted!

Interaction of mechanisms
must be represented!
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Modelling the microstructure evolution during processing

Microstructure must be
reproduced as accurately
as possible!

Microstructure evolution
must be accurately
predicted numerically!

The influence of the
microstructure on the effective
properties must be predicted!

Interaction of mechanisms
must be represented!

Experimentally characterized
surface roughness after forward
extrusion

Zm)

Macro-Micro
transfer

sRVE sith surface
rouhness

S, S11
(Avg: 75%)

+1.545e+03
+1.327e+03
+1.109e+03
+8.910e+02

How can we predict fatigue lifetimes in RVE simulations?
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Example 1: Microstructure sensitive fatigue modelling

How does the microstructure affect the fatigue resistance?
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Effect of inclusions on accumulated plastic strain
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Selection of RVEs of the simulation set

17
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Response of RVEs of the simulation set
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Parameter extraction

Grain size averaged accumulated 25} ' - ' :
plastic strain P,,,,,:
20t 1
NET -
1 Gr
Pmps = max NG p;Vi .

S yGr 0=l ‘
2V 10}

=1

Quantity
o
|
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W. D. Musinski, D. L. McDowell, Microstructure-sensitive probabilistic
modeling of hef crack initiation and early crack growth in ni-base superal- 5¢ .
loy in100 notched components, International Journal of Fatigue 37 (2012)
41-53. doi:10.1016/j.ijfatigue.2011.09.014.

0 | ! L
0 05 1 1.5 2
mps.n X1 0—3

Histogram of extracted grain size average accumulated plastic
strain extreme values of 94 RVEs with same loading conditions; set

The parameter was extracted from definition: o, = 402 MPa and R= -1
each RVE which has been loaded

with the same loading level and stress

ratio.
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Sensitivity of the lifetime prediction equations

- Changing a,,: parallel
shift of Ny ; values to
higher cycle numbers.

« Changing u: tilt of
Nycrvalues.

N ll 800
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constants S 400- SIS
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— ]
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300 -
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1000000 1E7  1E8
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Local SN-plot of experimental and simulation results: Square symbols are the 50% fracture
probability of the experiments, determined with notched specimens, R=-1, 35 Hz; solid line

is best fit of parameters; dotted lines are derivative parameter sets
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Validation of the prediction approach: R-Values

Material — T —— T ——
) ?SN,I,nSIVS _ , = 700~ O Experiment R =-1
* “No” initiation at inclusions
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-
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Experimental details:
« Tests for calibration with

. Rt 500 - ;
« Specimen notched [ 5 PR

K,=1.45: 400+ i
« 35Hz

Local Stress Amplitude [MP

300 \N
Tests for verification ] K. 3 ittt bl

+ R=0.1; 200 -

LA | 4 AL | 4 LA | v vor e
. Specimen smooth 10000 100000 1000000 1E7 1E8
K.=1.02; Cycles
° 35 HZ Local SN-plot of experimental and simulation values for different R-ratios; black squares are
the experimental results of the fitting procedure; black dotted line is the 50% fracture

probability SN- curve of the experiments; black curve is the simulated SN-curve; round red
symbols and dotted line are the 50% fracture probability of experiments with R=0.1,
hourglass specimen, 35Hz; red line is the simulated SN-curve
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Residual stresses around inclusions

Coefficient of
Material linear expansion,
a/10°6°C

Young’s

modulus, E / GPa Poisson's ratio, v

Al;O;

MgO-A|203
MnS
TiN

Steel matrix

Effect of cooling after hot rolling

« Both matrix and inclusions shrink due to temperature decrease

« Incompatibility of thermal expansion coefficients leads to residual stresses

* In most cases, tensile stress in the steel matrix, compressive stress in the
particle

4
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Application of concept — attempt #2

1.06x102

8.69x10°

8.69x10712
8.69x10°13
8.69x10-14
8.69x1071°
6.69x10715
4.69x10°16
2.69x10-15
9.69x10-18
4.35x10%5
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Predicted fatigue lifetime
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Example 2: Edge crack sensitivity

How does the manufacturing of edges affect the edge crack resistance?
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Edge crack sensitivity

Cracks occuring during edge forming
operations

No correlation to fracture elongation or
uniform elongation

Known influencing factors:
- Manufacturing processes

- Microstructure 20
Common experimental characterization %Z& H | % ] % I
approach: Hole expansion test 1
HER —D — Dy *100
0
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MBW model

1200 1

0,9
1000 - Damage
initiation 0,8
_—

S 800 o= (1-D)-5(e) Fracture 0,7
= 0,6
2 600 05

()] E = (1 - D) . EO ’
£ 0,4
g 400 E =E, 0.3

|_

200 A 0.2
E = E, 0.1

0 !  — : : : 0

0 0,05 0,1 0,15 0,2 0,25 0,3 0,35
True strain, -

Damage variable

Threshold at
n=-1/3

Equivalent plastic strain
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Simulation of hole expansion test
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Evaluation of HER

100
90
80
70
60
50
40
30
20
10

0

HER, %

i

DP600,

DP600, DP1000, DP1000,
sim '

Scratches and roughness decrease edge

formability...

= ...due to strain localization

= ... due to transformation to less favourable
stress states

Macroscopic ductile damage mechanics

models cannot capture these effects

=  Assumption of smooth surfaces,

= Roughness profiles significantly below FE edge
length

Residual damage from manufacturing
= Depending on microstructure
= Relevant for any kind of shear cutting
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Experimental results

25
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Roughness profiles resulting from different manufacturing processes

Surface profile

Water jet Wire
cutting cutting

Roughness

[ |
31 Integrated Computational Materials and Process Engineering | Sebastian Minstermann | Lehrstuhl a AMAP 'bF ‘ RWTH

fur Werkstoffmodellierung in der Umformtechnik | 20.03.2025 | AMAP-Kolloquium



Roughness and waviness (before test is started)

15

10

0,0 0,5 1,0 1,5
Distance, mm

Depth, um
o

0,0 0,5 1,0
Distance, mm
0,0 0,5 1,0

Distance, mm
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Construction of submodels

0,8
> 0,6 Grinded sample
& 04
S 02
L?“j ’ ,Representative surface
0.0 element”
0 1 2 3 4
Depth, um
1,0 o~ A S
> 0,8 Polished sample
2 06 Polished Grinded
() ’
5 sample sample
g 04
L 0,2
0,0
0 1 2 3 4
Depth, um
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Simulation results (micro scale)

PEEQ

(Avg: 75%)
+1.000e+00
+9.167e-01
+8.333e-01
+7.500e-01
+6.667e-01
+5.833e-01
+5.000e-01
+4.167e-01
+3.333e-01
+2.500e-01
+1.667e-01
+8.333e-02
+0.000e+00

Grinded

sample

Polished
sample

0 100 200

Exploitation of fracture
strain, %

300
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Comparison experiment-simulation

75
Macroscopic simulation
60
2 45
.
L
T 30
) J I I
0 L
Drilling Milling Waterjet cutting Wire cutting Shear cutting
m Experiment Simulation
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Example 3: Texture design for cold formability

How does the process-induced crystallographic texture affect the sheet
material’s cold formability?

36
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Material property characterization
Texture — AISI 439

Joud B
228,
2 AR ; ¢
i@ 1 A e
\ % ]
ﬁu’{"’;

e o oo (7
- ¥

Materlal AISI 439 ferritic stalnless sheet steel

« Sample size: 3.5 mm*15 mm

« 8 measurements in mid thickness stitched to one
figure

« Total grain number: 41,119

*  Number of a grains: 41,105

* Number of grains inside the scanning area: 40,434

* Number of a grains inside the scanning area:
40,420
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Material property characterization
Tensile properties and formability — AISI 439
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Alternative approach: Virtual experiments on RVE

NWw =

Original texture Reduced texture RVE with assigned texture

0

Virtual laborato
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Challenges, solution approach

Challenges

* Hill48 model is even not capable to reproduce anisotropy of r-value and
yield stress at the same time

[ )
13 3 py
125 | -~ *  r-vaule @ 5% strain |ng
é_ sio / o N 2.5 Hill48 (stress based) 2
\ - »
] 4 \ = == == Hill48 (r-value based) L of
2 115 ¢ 2 1
7] / \ . - /
-] / \ g ™ - =3 7’
5 1 — s 5 2d e
= z - ”
g 105 | / » " g 3 o
ZB : e  Nommalized Rp0.2 \_/
SO Hill48 (stress based) 05 |
o 095 | = = = Hill48 (r-value based) .
0.9 - - - - ' 0 , . ; ; . es
0 15 30 45 60 75 90 0 15 30 45 60 75 90
Angle, ° Angle.®

* Define all material parameters as functions of equivalent plastic strain.
* Details in Lian et al., [JSS 2017
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Evolving non-associated Hill48 (enHill48) model
Lian et al., IJSS, 2017

Yield function: Flow potential:
f=d(0)—0y(EP) <0 g=0a(o) —oy(e?) <0
2/ 2(= 21, (EP
F () = SBE _ 4 4 @) F. (&) = 0(€P) |
020 (gP) o2 (zP) To0 (EP)(1 + 14 (€P))
2(5D 205D 2
Y — _ 05(EP) | 0§(EP) D\ _
Gy(eP) =1 050 (EP) + of(eP)’ Gr(&P) = 1+ ry(&P)°
2(sp 2(sD 24
DY — o5 (EP) _ao(e ) 27‘0(8 )
Ho(81) = 1+ 2 @) ~ opemy’ He (&) = T apy’
L;(?) =3, L. (&P) = 3,
My (€7) =3, M, (&P) =3,

103(&) a3 (&)

Nol&) ="z (@) ~ o2 (e) N (€F) =

(7"90(8_p) + To(g_p))(l + 215(P))
7"90(5_’9)(1 + To(f_p))
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Modified maximum force criterion (MMFC) (Hora, et al., IJMF, 2013)

(plane strain) Localisation (8 = 0)

\ . \ _- -
N -
-
\ -
Mo Swift instability, » <
\ td
€ \ [Phe B=0
\ \ ’ 7 (Gradual transition
’ y :
\ , V‘ towards plane strain)
N[ 2 et

(Linear strain path)

€2
Derivation from the Maximum Force Criterion

(])szd(O'll’A) =d0'11'A+0'11‘dA=0
(2) do11 = 041 - dégg

(3)doy; = 9911 . e €11 +—5 6011 ~df =091 - degq

6811

60'11 60'11 6[3 _
: =011
deq1 0B Oen

(%)

014 Localisation

Diffuse necking

Ag™* (Additional stress induced
1 by stress state change)

Aoy (Work hardening)
4

Variable definitions:

022 822
a=—; f =

011 €11

Strain state evolution:

@) =25 g(B) = —

ap _ 011

Y
. T
7 1 y
7 . Y
7.
/7 .
7 ) L
/1 . & >
! S
: R
: 4
. . P4
N e 7
\ -_— e - -

€11

—f(a@)-g(B) - H'

@ -H/GE
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Parameter study: Effect of texture on cold formabilty

0.8 pax
£1=-2£2 82:0 £1=£2 ) 12

0.7 r

Major strain, -

--Random

0.2 | —0-{111}<110>

-o-{111}<112>
01 |

——{554}<225>

0 | | | | | | | | | |
-04 -03 -0.2 -0.1 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Minor strain, -
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Example 4: Safety assessment for hydrogen infrastructure

How does the microstructure affect the resistance against hydrogen
induced cracking?
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Motivation - Strategy European Hydrogen Backbone
creel REPowergEU

Pipelines Storages Other
= Repurposed A Salt cavern * City, for orientation purposes

New ® Aquifer L Energy hub / Offshore (wind) 1 .
-= Subsea & Depleted field hydrogen production U ntll 2040 -

== Import/Export @® Rock cavern < Existing or planned

gas-import terminal = approx. 53.000 km pipeline network
= 60 % redesignated from pipelines for natural gas
transport

" i
Oslo i < " Helsinki
3 \
\_» Talinn

Stockholm  §

Goteborg's

. Gdansk * Vilnius

~ 1

Explosion craters Carlsbad 19.08.2000
European Hydrogen Backbone initiative 2022, (Quelle-. NTSB/PAR'03/0 1)

supported by Guidehouse
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Implementation of hydrogen diffusion according to Oriani

» Hydrogen diffusion can be described by Fick's laws
» Hydrogen atoms diffuse into areas of high elastic stress

» The hydrogen concentration is a function of hydrostatic stress
!
» Hydrogen atoms dissolved in the traps & hydrogen atoms dissolved in the interstitial lattice sites.

~ ~d ~gb A Evolution of dislocation
Hydrogen traps aC, oCy  9C7 0Cr ~ trap densit
__1+ — + — + ~ _Vx'DLVxCL y
at a CL a CL a CL 24 T T T T T T T T T
| ] |\ J s ]
| | -
Diffusion flux Concentration difference E 23f
over boundary & | |
=
22 -
I |Z_
p = .
p DLCLVH ] Z aCk aNT de =
. pd R
X i £ 2 W results Kumnick
aN agp dt §’ | and Johnson
\ Y J 20 1 1 1 1 1 1 1 1 1
i 0 0,2 0,4 0,6 0,8 1
Hydrogen concentratlon asa Hydrogen concentration as a Equivalent Plastic Strain &P
function of hydrostatic stress function of plastic strain
C. = hydrogen in lattice sites; C+ = Hydrogen in trapes; D, = Diffusion coefficient;
V, = partial molar volume of hydrogen; Oy = hydrostatic stress; R = universal gas constant;
N; = available sites for hydrogen in traps; N, = available sites for hydrogen in lattice sites; €, = equivalent plastic strain;
K7 = equilibrium constant between lattice and trap sites
(|
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Option 1:
Fracture locus under hydrogen loading édf(navg, Oavg, Cy+

)

7000
6000
daf df _ daf
5000 = = |(pY . oD Navg — pAf . o=D, 1 2 af | o=D," Tavg| .
gap = |(Df - €702 Mave — p§F - e7D4 Mava ) 62, + DGT - 7D Mana | - fup (Ciye)
Z 4000 %ot
8 [Py ————" A:sgz
16 Athellsabstard =247 MM Yergroerung = 500 X = 3
S 3000 -s1cH2 0 mol/mm
-sz C, =6.47E-8 mol/mm®
2
I S3C,, =4.60E-8 mol/mm®
2000 $1C,, =0 molmm? $4C,, =3.57E-8 mol/mm® 35 sz, mol/mm
2 2 3
S4C,, =3.57E-8 mol/mm
$2C,, =6.47E-8 mol/mm® $5C,, = 1.52E-8 mol/mm® 5 -
1000 | 2 2 1 -ss C, = 1.52E-8 mol/mm®
$3C,, =4.60E-8 mol/mm® z
2
0 1 1 1 1 1
0 1 2 3 4 5 6 R =
Displacement / mm || oosemin2tdmn  vogdbenrgs EOX
2
EN
S16 * W Beladene Zugversuche
£
814 n .. ++++++Expon. (Beladene
° Zugversuche)
<12 "..
z "
3
208 | °°.._ "
& ... Critical
© 06 r ee,
P element
S 04 "....-
£ y = 1.7684e20%2
Soz2¢ R2=0.9193 B
0 1 1 1 1 1 1
0 0.2 04 06 08 1 12 14
H*-Beladung [ppm]
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Step 1:
3D Pipe forming simulation on macroscale

S, Mises
(Avg: 75%)

+7.576e+02
+6.944e+02
+6.313e+02
+5.682e+02
+5.050e+02
+4.419e+02
+3.788e+02
+3.157e+02
+2.525e+02
+1.894e+02
+1.263e+02
+6.313e+01
+0.000e+00

L]

L

-

-

[

]

Y .

Step: crimp -

Increment 0: Step Time = 0.0
L X Primary Var: 5, Mises
Deformed Var: U Deformation Scale Factor: +1.000e+00 I
]
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3D Pipe forming simulation on microscale

Viewport: 1 ODB: C:Berk_Temp/UOE_A2017_f20.0db

S, Mises
(Avg: 75%)

+0.000e+00
+0.000e+00
+0.000e+00
+0.000e+00
+0.000e+00
+0.000e+00
+0.000e+00
+0.000e+00
+0.000e+00
+0.000e+00
+0.000e+00
+0.000e+00
+0.000e+00

Y

Step: crimp
ngrement 0: Step Time = 0.0
Primary Var: S, Mises

Deformed Yar: U Deformation Scale Factor: +1.000e+00

Viewport: 2 ODB: C:Berk_Temp/RVE_Laengs_S...2017_CPgithub_frame20.odh

S, Mises
(Avg: 75%)

+0.000e+00
+0.000e+00
+0.000e+00
+0.000e+00
+0.000e+00
+0.000e+00

Step: Step-1
Increment 0: Step Time = 0.000
Primary Var: S, Mises
z yDeformed Var: U Deformation Scale Factor: +1.000e+00

RVE1b
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Sim. of hydrogen diffusion on the microscale based on UOE deformation
history

Viewport: 1 ODB: X:UOE3_xz/RVE1_Rel_H2/UOE3_Relax_xz_Sym_H2.odb Viewport:2 ODB: X:lUOE3_xz/RVE1_Rel_H2/Job_RVE1_Rel_H2.odb
S, Mises SDV206
(Avg: 75%) (Avg: 75%)
+0.000e+00 +0.000e+00
+0.000e+00 \ +0.000e+00
+0.000e+00 +0.000e+00
+0.000e+00 +0.000e+00
+0.000e+00 +0.000e+00
+0.000e+00
+0.000e+00
+0.000e+00
+0.000e+00
+0.000e+00
10:0005400 RVE1
+0. e+
+0.000e+00
L,0 ’
g
e

i

|

|

f
Y
1 Step: crimp Step: Step-1
.»Ing(ement 0: Step Time = 0.0 Increment 0: Step Time = 0.0

Primary Var: S, Mises Primary Var: SDWV206
Deformed Var: U Deformation Scale Factor: +1.000e+00 yDeformed Var: U Deformation Scale Facti
RVE1
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Conclusions

* New structure at IBF with two chairs
« Continuation of existing research topics + exploration of new topics

* New topics: Multiscale modelling of microstructure evolution along the process chain
including component performance evaluation

» Astronger focus on ,non-steel topics”® is desired for the new chair of material modelling
in forming technology

* Application examples show the research projects address relevant open questions

* For questions: sebastian.muenstermann@ibf.rwth-aachen.de
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Thank you very much
for your attention!
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