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Research at the IBF - Materials, Processes and Application
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Research at the IBF – Digitalization

4

Material Semi-finished Shaped Parts Products

• Process Chain Simulation
• Multiscale Models
• Fast Models
• Machine Learning
• Data Processing

• Process Optimization
• Property Control
• Assistance Systems
• Automation
• Virtual Reality Training

Digital Twin of Processes & Materials
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Research at the IBF – Sustainability

5

Material Semi-finished Shaped Parts Products

Product Efficiency (energy and material efficiency)

• Innovative Processes
• Digital Twins

• Recycling
• Remanufacturing

• Lightweight Construct.
• Composite Materials
• Damage Control

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

• Innovative Processes
• Digital Twins

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

Process Efficiency (energy and material efficiency)

Circular Economy
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Integrated Computational Materials (and Process) Engineering
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Motivation and Method
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Significant influence of the microstructure on the properties of the material!

The material´s manufacturing process defines its microstructure!

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

Microstructure affects effective properties as well as component performance!

Strength of phasesGrain size / shape / phases Inclusions / Inclusion distribution

RVE simulations can connect microstructure, properties and performance
Reference:
Sharaf, 
Münstermann,et
al. microstructure 
influence on 
fatigue life 
variability in 
structural steels; 
Comp. Mat. Sci. 
94 (2014) 258-272

Integrated Computational Materials (and Process) Engineering

process microstructure

properties

performance
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Challenges

process

microstructure

properties

performance

casting rolling annealing component  forming welding service

grain size, grain shape, crystallographic texture, dislocation density, precipitates, … 

strength, toughness, fatigue resistance, corrosion resistance, …

evolution of load carrying capacity and expected lifetime
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1. Manufacturing step 2. Manufacturing step
Static component use

Cyclic component use

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

Pores from the forming process are 
critical for fatigue strength

Holistic view on the process chain

Microstructure evolution must be accurately predicted numerically!

Interaction of mechanisms must be represented!

Microstructure must be reproduced as accurately as possible!

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



10 Integrated Computational Materials and Process Engineering |  Sebastian Münstermann  |  Lehrstuhl 
für Werkstoffmodellierung in der Umformtechnik  |  20.03.2025  |  AMAP-Kolloquium

RVE Generation

Microstructure evolution 
must be accurately 
predicted numerically!

Interaction of mechanisms 
must be represented!

Microstructure must be 
reproduced as accurately 
as possible!

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

Area

a

b

Aspect ratio : AR = a/b

Representative 
Volume Elements for 

a wide variety of 
microstructures can 
be generated in this 

way
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RVE Generation

Microstructure evolution 
must be accurately 
predicted numerically!

Interaction of mechanisms 
must be represented!

Microstructure must be 
reproduced as accurately 
as possible!

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

Backside of the sheet

𝐹 =
𝐹11 𝐹12 𝐹13
𝐹21 𝐹22 𝐹23
𝐹31 𝐹32 𝐹33

Macroscopic Simulation Critical area Deformation Gradient
RVE-Simulation
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Modelling the microstructure evolution during processing

Microstructure evolution 
must be accurately 
predicted numerically!

Interaction of mechanisms 
must be represented!

Microstructure must be 
reproduced as accurately 
as possible!

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

Prediction of the “white layer” thickness during hard turning

Grainsize d (nm)
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Modelling the microstructure evolution during processing

Microstructure evolution 
must be accurately 
predicted numerically!

Interaction of mechanisms 
must be represented!

Microstructure must be 
reproduced as accurately 
as possible!

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

Ferrite

Martensite

In-Situ micropillar compression 
to estimate single-phase 

material parameters

Individual crystal 
plasticity parameters 
are transferred to an 

RVE...

!̇! = !̇"
$! − &!
$#!

$
'() $! − &!

Slip rate

Initial critical resolved shear stress

Backstress evolution law
&̇! = *!̇! − + !̇! &!
Resolved shear stress
$! = , -! ⊗)!
Critical resolved shear stress

$#! = $% + 0!& ℎ" 1 − $#
&

$'

(

Δ!&

$% = $$) +
4
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Modelling the microstructure evolution during processing

Microstructure evolution 
must be accurately 
predicted numerically!

Interaction of mechanisms 
must be represented!

Microstructure must be 
reproduced as accurately 
as possible!

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

Experimentally characterized 
surface roughness after forward 

extrusion

sRVE sith surface 
rouhness

Macro-Micro 
transfer

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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10

Selection of RVEs of the simulation set
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Response of RVEs of the simulation set
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Parameter extraction 

Grain size averaged accumulated
plastic strain 𝑷𝒎𝒑𝒔:

The parameter was extracted from
each RVE which has been loaded
with the same loading level and stress
ratio.

Histogram of extracted grain size average accumulated plastic 
strain extreme values of 94 RVEs with same loading conditions; set 
definition: 𝜎! = 402 MPa and R= -1

𝑥10#$
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Sensitivity of the lifetime prediction equations

Calibration of the 
constants
• Changing 𝛼$: parallel 

shift of 𝑁%&',) values to 
higher cycle numbers.

• Changing 𝑢: tilt of 
𝑁%&',)values.

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
• 38MnSiV5
• “No” initiation at inclusions

Experimental details:
• Tests for calibration with 
• R=-1; 
• Specimen notched 
𝐾*=1.45; 

• 35 Hz

Tests for verification 
• R=0.1; 
• Specimen smooth 
𝐾*=1.02; 

• 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

Material
Coefficient of 

linear expansion, 
a / 10−6 °C

Young’s 
modulus, E / GPa Poisson's ratio, v

Al2O3 8.0 390 0.25
MgO-Al2O3 8.4 271 0.26

MnS 14.8 103 0.30
TiN 9.4 320 0.19

Steel matrix 23.0 206 0.30

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
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Application of concept – attempt #2
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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: 
à Manufacturing processes
à Microstructure

§ Common experimental characterization 
approach: Hole expansion test
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MBW model
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Simulation of hole expansion test
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Evaluation of HER
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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
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Roughness profiles resulting from different manufacturing processes
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Roughness and waviness (before test is started)
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Construction of submodels

0,0
0,2
0,4
0,6
0,8

0 1 2 3 4

Fr
eq

ue
nc

y

Depth, μm

0,0
0,2
0,4
0,6
0,8
1,0

0 1 2 3 4

Fr
eq

ue
nc

y

Depth, μm

Polished sample

Grinded sample

„Representative surface 
element“

Polished 
sample

Grinded 
sample



34 Integrated Computational Materials and Process Engineering |  Sebastian Münstermann  |  Lehrstuhl 
für Werkstoffmodellierung in der Umformtechnik  |  20.03.2025  |  AMAP-Kolloquium

Simulation results (micro scale)
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Comparison 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?



37 Integrated Computational Materials and Process Engineering |  Sebastian Münstermann  |  Lehrstuhl 
für Werkstoffmodellierung in der Umformtechnik  |  20.03.2025  |  AMAP-Kolloquium

Material property characterization
Texture – AISI 439

• Material: AISI 439 ferritic stainless 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 α grains: 41,105            
• Number of grains inside the scanning area: 40,434
• Number of α grains inside the scanning area: 

40,420
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Material property characterization
Tensile properties and formability – AISI 439

Anisotropy evolution
• Obvious anisotropy for the initial yield stress and 

the initial r-values
• Significant evolution of flow stress anisotropy due 

to anisotropic  strain hardening,
• Only minor evolution of r-value anisotropy with 

increasing equivalent plastic strain

• Nakajima tests according to ISO 12004-2
• Sample size: 190 mm * web width mm
• 3-layer lubrication system
• Evaluations methods: 

Visual method & Position dependent method            
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Alternative approach: Virtual experiments on RVE

Original texture Reduced texture RVE with assigned texture Virtual laboratory
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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 
• Non-associated Hill48 model (Stoughton, IJP 2002) reproduces anisotropy 

of r-value and yield stress, but fails to predict their evolution with increasing 
equivalent plastic strain (not shown here)

Solution approach
• Enrich the nHill48 approach of Stoughton to cope with the evolving features 

of yield stress and r-value. 
• Define all material parameters as functions of equivalent plastic strain.
• Details in Lian et al., IJSS 2017
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Evolving non-associated Hill48 (enHill48) model
Lian et al., IJSS, 2017

Yield function:
𝑓 = -𝜎 𝝈 − 𝜎+ ̅𝜀, ≤ 0

𝐹- ̅𝜀$ = -!" ./#

-$!" ./#
− 1 + -!" ./#

-%
" ./#

,

𝐺- ̅𝜀$ = 1 − -!" ./#

-$!" ./#
+ -!" ./#

-%
" ./#

,

𝐻- ̅𝜀$ = 1 + -!" ./#

-$!" ./#
− -!" ./#

-%
" ./#

,

𝐿- ̅𝜀$ = 3,
𝑀- ̅𝜀$ = 3,

𝑁- ̅𝜀$ =
4𝜎01 ̅𝜀$

𝜎231 ̅𝜀$
−
𝜎01 ̅𝜀$

𝜎41 ̅𝜀$

Flow potential:
𝑔 = -𝜎 𝝈 − 𝜎+ ̅𝜀, ≤ 0

𝐹5 ̅𝜀$ =
2𝑟0 ̅𝜀$

𝑟60 ̅𝜀$ 1 + 𝑟0 ̅𝜀$
,

𝐺5 ̅𝜀$ =
2

1 + 𝑟0 ̅𝜀$ ,

𝐻5 ̅𝜀$ =
2𝑟0 ̅𝜀$

1 + 𝑟0 ̅𝜀$ ,

𝐿5 ̅𝜀$ = 3,
𝑀5 ̅𝜀$ = 3,

𝑁5 ̅𝜀$ =
𝑟60 ̅𝜀$ + 𝑟0 ̅𝜀$ (1 + 2𝑟23 ̅𝜀$ )

𝑟60 ̅𝜀$ 1 + 𝑟0 ̅𝜀$
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Modified maximum force criterion (MMFC) (Hora, et al., IJMF, 2013)

Derivation from the Maximum Force Criterion

(1) 𝑑𝐹 = 𝑑 𝜎!! ( 𝐴 = 𝑑𝜎!! ( 𝐴 + 𝜎!! ( 𝑑𝐴 = 0

(2) 𝑑𝜎!! = 𝜎!! ( 𝑑𝜀!!

(3) 𝑑𝜎!! =
"#%%
"$%%

( 𝑑𝜀!! +
"#%%
"%

( 𝑑𝛽 = 𝜎!! ( 𝑑𝜀!!

(4) "#%%"$%%
+ "#%%

"% ( "%
"$%%

= 𝜎!!

Strain state evolution:

𝜕𝛽
𝜕𝜀!!

=
𝜎!! − 𝑓 𝛼 ( 𝑔 𝛽 ( 𝐻′

𝑓′ 𝛼 ( 𝐻/ 𝜕𝛽𝜕𝛼

Variable definitions:

𝛼 =
𝜎&&
𝜎!!

; 𝛽 =
̇𝜀&&
̇𝜀!!
; 𝑓 𝛼 =

𝜎!!
;𝜎
; 𝑔 𝛽 =

𝜀'

𝜀!!
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Parameter study: Effect of texture on cold formabilty
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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 2022

Until 2040:
§ approx. 53.000 km pipeline network
§ 60 % redesignated from pipelines for natural gas 

transport

Explosion craters Carlsbad 19.08.2000
(Quelle: NTSB/PAR-03/01)

Green 

Deal
Fit for 55

REPowerEU
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CL = hydrogen in lattice sites; CT = Hydrogen in trapes; DL = Diffusion coefficient; 
VH = partial molar volume of hydrogen; σH = hydrostatic stress; R = universal gas constant; 
NT = available sites for hydrogen in traps; NL = available sites for hydrogen in lattice sites; εp = equivalent plastic strain; 
KT = equilibrium constant between lattice and trap sites

Implementation of hydrogen diffusion according to Oriani

𝜕 A𝐶7
𝜕𝑡 1 +

𝜕 A𝐶89

𝜕 A𝐶7
+
𝜕 A𝐶8

:4

𝜕 A𝐶7
+
𝜕 A𝐶8;

𝜕 A𝐶7
− 𝛻𝒙 E 𝐷7𝛻𝒙 A𝐶7

+	𝛻𝒙 E
𝐷7 A𝐶7𝑉%
𝑅𝑇 𝛻𝒙𝜎% +K

)

9
𝜕 A𝐶8)

𝜕 L𝑁8)
E
𝜕 L𝑁8)

𝜕𝜀$ E
𝑑𝜀$

𝑑𝑡 = 0

Hydrogen traps
Evolution of dislocation

trap density

Ø Hydrogen diffusion can be described by Fick's laws
Ø Hydrogen atoms diffuse into areas of high elastic stress
Ø The hydrogen concentration is a function of hydrostatic stress
Ø Hydrogen atoms dissolved in the traps ⇔

!
  hydrogen atoms dissolved in the interstitial lattice sites.

Diffusion flux Concentration difference 
over boundary

Hydrogen concentration as a 
function of hydrostatic stress 

Hydrogen concentration as a 
function of plastic strain
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Option 1:
Fracture locus under hydrogen loading  ̅𝜀!𝒇 𝜂#$%, 𝜃̅#$%, C&)

̅𝜀!" = 𝐷#
!" . 𝑒$%"

#$&'%&' − 𝐷(
!" . 𝑒$%(

#$&'%&' 𝜃̅)*+, + 𝐷(
!" . 𝑒$%(

#$&'%&' ⋅ 𝑓!" (C-))

S5

Critical 
element

S3

SSRT



48 Integrated Computational Materials and Process Engineering |  Sebastian Münstermann  |  Lehrstuhl 
für Werkstoffmodellierung in der Umformtechnik  |  20.03.2025  |  AMAP-Kolloquium

Step 1:
3D Pipe forming simulation on macroscale

C

U

O

E

symmetry
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3D Pipe forming simulation on microscale

RVE1b



50 Integrated Computational Materials and Process Engineering |  Sebastian Münstermann  |  Lehrstuhl 
für Werkstoffmodellierung in der Umformtechnik  |  20.03.2025  |  AMAP-Kolloquium

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

̅𝐶8,: = 3,75𝑥10;<

mol/mm3

RVE1

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

• A stronger 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

mailto:sebastian.muenstermann@ibf.rwth-aachen.de


Thank you very much
for your attention!
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