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+500 customers
around the world
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Transvalor’s software solutions

FORGE

The reference in simulation
for hot-warm-cold metal
working
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TRANSWELD

Simulation software for
welding processes

COLDFORM

Dedicated simulation software
for cold forming

DIGIMU)

Solution for the prediction
of microstructural
evolutions

Simulation software for
PU foams chemical foaming

THERCAST

Simulation software for
metal casting processes
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Non-linear material &
structural analysis suite
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Electromagnetics Assisted Applications

Induction Heating

Magnetic Pulse Forming

... Control local surface hardness ...

Buuing 777 Avplana Termra Tutm sfter dustructive testing
N MW (e st o agatic sy termed jnt i act and

Y
... Increase formability and
eliminate elastic springback ...

ElectroMagnetic Stirring

Mold S I
gg;ld Torch Cutoff
Support roll Ront
Spray Solidifying
Cooling /" Shell
Metalurgcal
Strand

.. Control solidification and segregation ...
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ectromagnetics Assisted Applications

Electric Upsetting

Spot Welding

o

l-upsetting cylinder, 2-workpiece,

3-clamping electrode, 4-anvil, 5-anvil cylinder

... fast preforming ...

Temperature [node]
Unit: Celsius
Frin

AL Power Supply

1599.21

T 144129

1125.45

967.520

B09.607

Resistance Spot Welding (RSW)

Foree l

Tong

Elcetrode
weld .__

Blectrode

www substech com

Fig. 6 Microstucture of the surface crack at a high welding current (12.0kA)

... fast welding for assemblies ...
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Fundamentals: Physics

Induction Driven Processes
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Fundamentals: Mechanics

Contact

o <0
Tool

Fundamental Principles

Mass conservation for
compressible media
Conservation of linear
momentum
Conservation of angular
momentum

Constitutive Empirical relations

&>
&l

Hypothesis: Additive Strain

£ =gel 4 gth 4 gvp

Model
Elasticity: o 1FV v )
Hooke’s law £ =7 ¢ —tr (E)é
Thermal expansion Eth = aTI
.
ViscoPlasticity: SP — 3e% S
= 2 0=

Flow rule example:
Johnson-Cook
[Johnson et al. 1983]

....................................

Contribution to mass conservation

3(1—2v)

tr (gel) =~ g P
) :

_ Y l £ T—Ty \"
= wssofren(Ql]- ()
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Fundamentals: Heat Transfer

Fundamental Principles

Fl:{T:zmp}

Energy conservation pCpD:T ==V - q+ Q +o:€

I,:4g=hT-T,)}

[:g=h,T-T,) . . :
{ } Constitutive Empirical relations

Heat transfer

Fourier heat conduction q=—kVT

~ %@ h Convection with media:
VR 2
~~h_

Radiation (simplified):

—kVT - = hop(T — Tort)

—kVT - = €,0,.(T* — T2.t)
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Physical Couplings

Non-linearities in physical systems

Shape non-linearities

Complex shapes
Mechanical Contact

Material non-linearities

Material properties depend on State variable fields (e.g. Temperature,
Magnetic field, Strain,...)

B,M [Tt

7 e, Elasto-plasticity ye/d

Magnetic —’if -
hysteresis

Strain

Physical non-linearities

Physical principle has a non-linear dependency of the state variable OR
different physics that need to be solved together

Ex: Green-Lagrange Strain tensor in finite strain theory

~ 1 N N N
E =§(Vut+Vu+Vut-Vu)

Couplings

Solve all physical blocks
together
... accurate but slow

Only done for small
academic/semi-analytic
problems

Sequential

time

‘ L‘
| g

‘ :
Solve each physical block

individualy and increment
... fast but less accurate

Most numerical softwares
use this kind of approaches
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Application: Induction Heating




Heat Treaments by Induction Heating

Goals of HT simulations:
> Prediction of HAZ

» Prediction of phases and residual
stresses after quenching

> Prediction of distortions

» Understanding of generator behavior
and optimization of process
parameters

|

Hardness (high or low frequency)

-.1_-
tl - 2 : & 2 : s =
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Chained Heat Treatment Simulation

Study Case between: » EMAG-Thermochanical simulation piloted by a generator

» Followed by quenching simulation
NTN.
® current-

carrying bars

(\ Cutting zone
THA{@A o

for .
Simulated

microstructure
. |
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_______ L9 : e : 1;7"pn 7:-pH |
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[Lejay V., Barlier J., Fabro T. Settefrati A., “FEM Simulation of induction hardening: from the generator behavior to the quenched microstructure prediction. Comparison of experiments vs simulations.” 2016]
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Chained Heat Treatment Simulation

/| Computation_06-...}- [/ 11_EMAG_B- [ 7] 12_HEATING_G-f- [/ 13_TRANSITIONS _G-n [7] 14_QUENCHING_E

Austenite
profile

Temperature
profile

Strain
distribution

Stress
distribution

Joule Heat source term distribution

[Lejay V., Barlier J., Fabro T. Settefrati A., “FEM Simulation of induction hardening: from the generator behavior to the quenched microstructure prediction. Comparison of experiments vs simulations.” 2016]
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Chained Heat Treatment Simulation

/| Computation_06-... [ 7] 11_EMAG_B- [ 7] 12_HEATING _B-o [ 7] 13_TRANSITIONS _6--f- [7] 14_QUENCHING_E

Original
Tmax >1150°C Tmax aprox. 80°C profile  End
Strain & profile
profile v

End of Quenching Simulation

Hardness HV
Aprox. 750

Stress
profile

[Lejay V., Barlier J., Fabro T. Settefrati A., “FEM Simulation of induction hardening: from the generator behavior to the quenched microstructure prediction. Comparison of experiments vs simulations.” 2016]

Initial State From Coupled Simulation

f\(
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Chained Heat Treatment Simulation

Bearing properties

Comparison of measured and . . . .
predicted inductor data Prediction of Operation point _ _ _ _
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[Lejay V., Barlier J., Fabro T. Settefrati A., “FEM Simulation of induction hardening: from the generator behavior to the quenched microstructure prediction. Comparison of experiments vs simulations.” 2016]
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Application: Magnetic Pulse

Forming




MAGNETIC PULSE FORMING

Mechanical joining and/or forming of metallic parts by
electromagnetic induction

* Elimination of elastic spring back

* Improved mechanical joints by cold-welded
surfaces

* Excellent electric surface conductivity between
parts for electric applications

* Weld of dissimilar materials
* Preservation of surface

quality due to lack of
contact.

Metallic grains

Shock waves

Inertial waves help release and redistribute
stresses improving formability

140 ————— ——

LLmut:ajn_:ate © u -
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| * at fracture o High rate data |
120 +near fracture gh
- ©away from fracture Possible |

. D
100 (- High strain rate © high rate FLD-
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o

Negcking a
faihEre zone 4,0 f .
tlow o® + Low rate

G -

% Major Strain
g &
T -
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4
I Fomh%%stram ratee© data ’j
20 Curve /;%7
for 6061 T4 Safelzone
Q F i | | L |
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% Minor strain

FLD for 6061T4 aluminum(...)
[Balanethiram, V. and Daehn G.S., ‘Hyperplasticity: increased forming limits
at high workpiece velocity’, 1994]
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MAGNETIC PULSE FORMING

Study Case provided
by:

UL
P

International

Impulse Forming
Group

Benchmark (Work in Progress)

View 1

Case 1 [emag_ichsfl.don]
AllINDUC_FVOL [3D element] INDLICTELT [3D element]
Unit; Nfm3 Isaval
Frin, Tso\ol 3

e+ 011 05
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e+ 010 16
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E—
International
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-

R N
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¢ TIME: 0.000 , PROCESS TIME: 0.000 INC: o

View 2
Case 2 [meca_ichsfl.don]
AlIVELOCTIV [node]
Unit: mmy's
Frin
110324

992417
552503

M - Frame:  1/350
* TIME: 0.000 , H: 3.5000E-04INC: 0

Electric Current Output @4k]

80000 T
— Current Raw
— Current filtered.
60000 - — FORGE

40000 H

20000

Current [Amps]

—20000

—-40000 I I I I I I I I
0.00000 0.00005 0.00010 0.00015 0.00020 0.00025 0.00030 0.00035 0.00040 0.00045

Time [s]

[Bay F., Alves J., “A computational model for magnetic pulse forming processes — Application to a test case and sensitivity to dynamic material behaviour.” 2018]
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Application: Electromagnetic

Stirring




Electromagnetic Stirring

Linear Stirrer

Long(wide)-side casting mold

Process: Electromagnetic Stirring

Mechanism: Lorentz Forces

Submerged nozzle

Moving
magnetic field
(traveling flux)

Electromagnetic
force in molten
steel

Stirring of casted metal during continuous casting
process

Electromagnetic stirrer

(M-EMS)

Iron core Copper coil

e Surface quality improvement

K. YOKOTA and K. FUJISAKI, NIPPON STEEL TECHNICAL REPORT No.
89 JANUARY 2004

 Shell thickness uniformisation
Rotational Stirrer

® G a i N i N Ca Sti ng ve I OoC ity Copper mold Submerged nozzle

Stainless mold
Free surface

Electro- of molten steel

magnetic
Coil

 Central porosity reduction |

x4
&
Travelling
direction of
magnetic
field

=
o
=

4

 Central segregation reduction

 Enlargement of the central equiaxed
microstructure

Electromagnetic
force

Castin'g
direction

S. Satou and K. Fujisaki, Electrical Engineering in Japan, 177(3):62-68, 2011.
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Electromagnetic Stirring

* MUSAEVA et al., Experimental investigation of low-frequency pulsed Lorentz force influence on the motion of Galinstan melt, St.
Petersburg Polytechnical University Journal: Physics and Mathematics 2 (2016) 193—-200

Y [mms]

Resulting Lorentz force field
averaged on a period

THERCAST

'J

§

AN

Lorentz force

Container distribution Melt

Vertical velocity along axis from top to bottom

(

Streamlines in the melt, colored by
vertical velocity magnitude

N
o

—
o

Velocity (mm/s)
5 o

)
)

Simulation average
Experimental

0 10 20 30 40 50 60 70 80
Depth (mm)

w
S

Electromagnetic field |
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Electromagnetic Stirring

Ingot casting

"W' SEGREGATES

* Macrosegregation in as-cast products

* Varying composition of the solidified volume due to solute redistribution i nt,
during solidification (microsegregation) ror seonhmon if Jt .
; f ttq__rf E E*i; ,,..-"""" SEGREGATES
. * E LY, 3
* Observed for centuries 3 v/
* Extensive studies since the 20t century (more or less) , ¥y
. . . . . e e e . P
* Objective: increase the yield of production by minimizing the segregation A

Degree of segregation

0 05 1 15 2 25 3
[Flemings, ISIJ International, vol. 40, 2000]

0

1 20
Macrosegregation can affect the mechanical properties

of the finished product, or the different
transformations applied to the as-cast product

'
(o2} H
o o

Centerline segregation in

high carbon steel

(continuous casting)
Sulphur prints and measured

concentrations

-t -h o
N o o

o o

(wuw) asueysiq

1 140

160

[Choudhary and Ganguly, ISIJ International, vol. 47, 2007]
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Electromagnetic Stirring

Lead concentration pattern at 5000s with binary model over half-cutting plane of axis y

Pb wt%

15
147368
142105
13.6842
13.1579
126316
12.1053
11.57859
11.0526
10,5263
10
9.47368
B.94737
B8.42105
T.89474
T.36842
G.84211
631579
5.78947
5.26316
5

no EMS

16 A, 5 Hz, 160 spire

16 A, 25 Hz, 80 spire

l—
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Application: Electric Upsetting




ELECTRICALLY ASSISTED FORMING

Process: Electric Upsetting

l-upsetting cylinder, 2-workpiece,
3-clamping electrode, 4-anvil, S-anvil cylinder

vd

L I More than 20 d >|

Electric upsetting

'b

Forging
F

[Guozheng Q. et al, ‘Influence of Electric Upsetting Process Variables on

Temperature Field Evolution by Multi-Field Coupling Finite Element
Analysis’, 2015]

Metallic grains

> 1 bulk

Grain boundaries

Temperature is increased
between the recrystallization
point and the melting
temperature

 Reduction of yield strength
* Increased ductility

Mechanism: Electrical
Thermal Softening

alor 2021 - Shall not be disclosed without prior written notice
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Electrical upsetting

VALVE HEAD

ENGINE VALVES MANUFACTURING 21-4N austenitic stainless steel

. 21% chromium and 4% nickel
. Excellent performance characteristics at elevated temperatures
. High resistance to heat and corrosion

VALVE STEM
FRICTION WELDING ELECTRICALUPSETTING FORGING *  EN52 martensitic steel

. High tensile strength and abrasive wear resistance property

HEAT TREATMENT

MACHINING

COOLING COOLING MACHINING
FINISHING

H Transvalor @ THANS\/ALDH



Electrical upsetting

m L U Forming Technology and

. IFUTEC® . Machine Tools Laboratory
T\t < » HOCHSCHULE OSNABRUCK TECHNISCHE UNIVERSITAT

CHEMNITZ

MATERIAL FORMING SIMULATION

20x

% Bundesministerium
ZEY B fur Wirtschaft
und Energie
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Application: Resistance Spot

Welding




Resistance Spot Welding

Process: Spot Welding

Resistance Spot Welding (RSW)

Foree l

Ford Mustang
2015

Joining by melting
without additional
material

Heavely used for
assembly of body in
white in the automotive
industry

Structure / Structure / Cover

Mechanism: Controlled
Melting and Cooling

Weld nugget size and penetration in the assembly
drives the quality

Heat releated loss of mechanical properties are a
major consern for controlability

Fig. 6 Microstructure of the surface crack at a high welding current (12.0kA )

tice
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ELECTRICALLY ASSISTED JOINING

SPOT WELDING
(b) 6RO e

3 S iy o~ T
- B > g < J-&
-

ve 2 Y o’
-y - » & R i g FO
: ~yo . Py - - v .
3 R b | ’ - » v
- . s % 1 . -
- P 4 X .
. - . O PPl el i -
I‘ g :
L g : i = i
- = -~ 3 4
/ ' i
“ x % b A >
-~ 1 . W
& 5
»
. ‘\.
.
4 .

( a) Evaluation of Surface Crack in Ressstance Spot Welds of Zn-Coasted Steel

,,
'b

e o= === === (avitations and cracks
-'.T = == behind the expelled

y e » . ¥ . . 4
7 < & Initration of crack ok

;-f-,i- — w—— — Expelled fused metal

W - (b)

Figure 4. Fracture beside the weld bead; (a) crack initiation around the weld nugget; (b) the expelled weld metal.

Current problems in Spot-Welding:

*Evolution of the liquid zone (weld nugget) as fonction of the electric signal
and the electrodes force: Control the fusion between plates.

*Apparition of cracks during cooling: understanding the problem and
optimizing the process
Phase Transformation, migration of chemical species,
nucleation and cracks propagation, etc...

Fig. 6 Microstructure of the surface crack at a high welding current (12.0kA).

(@) [YoungK. et al, “Evaluation of Surface Crack in Resistance Spot Welds of Zn-Coated Steel” 2013]
(b) [Al-Mukhtar A. and Doos Q., “Cracking Phenomenon in Spot Welded Joints of Austenitic Stainless Steel” 2013]
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ELECTRICALLY ASSISTED JOINING

Study Case between:

UL

Institut de Recherche Dupuy de Lome

AN

ArcelorMittal

THA\@A o

Simulations done with
FORGE®2D

[Queval J. et al, “Improvement of Weldability of Dissymmetric Assembly with very thin Sheet During Resistance Spot

Welding” 2018]

SPOT WELDING ¥ ¥ ¥

Resistance Spot Welding (R.S.W.)

Welding of thin carbon/alloy steel
sheets (Automotive Industry)

Force, welding current parameters

Features "‘

. Dissimilar metals and thicknesses

]

Welding

]

Forging Separation

%4
A

Clamping
. High rate/automatic production

. Small welded nugget

Numerical Modelling
* 2D axisymmetric model with electric solver
* Multi-bodies deformable contact




ELECTRICALLY ASSISTED JOINING

Study Case between:

114018

Institut de Recherche Dupuy de Lome

ArcelorMittal

™A {@A o/

Simulations done with
FORGE®2D

Water cooling

AM54

DP600
Usibor

Water cooling

Forging force
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SPOT WELDING

Time Experimental results Numerical results
(ambient temperature) (high temperature)

80 ms

150 ms

300 ms

Comparison of the localization and the shape of the numerical molten pool
(high temperature) and the experimental nugget (ambient temperature)

[Queval J. et al, “Improvement of Weldability of Dissymmetric Assembly with very thin Sheet During Resistance Spot

Welding” 2018]
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Transvalor S.A.

Multiphysics for bulk metal forming

Towards Deep Learning integration




Four Pillars of Engineering

engineers can only rely

e At the very beginning, W
on experiments

/- Quick methods able to

capture non-linear
behaviors at least cost

\

Analytical

Model

FEM
Modelling

e Preliminary basic approaches
to model the physics and
calculate simple phenomena

e Today, we trustin
FEM modelling to obtain
High-Fidelity results

_/

ﬂ Transvalor

@ TRANSVALOR



A vision for customed solutions

Forecasting

From a given initial state fast-forward to
predict a future state

« will it rain tomorrow? »
« will my part fail? »

- ¥ )
2 2k ',
o ¢
= g

t=0 t-(t-1)fort=1tot=4 t—(t-1) att=5

t=5

| I ‘
I
sum

Fast-forward a
numerical version of a
physical process

Optimization

Reverse engineer to know which initial
condition gives a final (desired?) state

« why is it raining today? »
« why is my part failing?»

Inverse problem

Inputs <
Current
Frequency
Initial conditions
Material selection

Geometry
etc

Outputs

Temperature
Metallurgy
Distorsions

Residual stresses
Final in-use
properties (hardness)
> * etc

=

Direct problem

Transvalor
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Towards a new approach for complex material
modelling

... A different way of bridging the micro and
the macro

A M.L. approach to assist process modeling:

Mathematical models Final Simulation

Experimental tests

" /'I' /,

: A
— ) AN
NS~ A
X T~ 0 N _
AN B A
N v g
& .L\ S/ \\ _ g ’/

Experimental tests

T '
Neural Network Enriched Simulation

n Transvalor
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Physics Embedded Surrogacy

From Physics-Informed Neural Networks to Physics-Embedded Graph Architectures

PDE E(u) =0 * NN are efficient for interpolation, but less for
0 extrapolation => need to include physical knowledge
L Oz to eliminate spurious solutions
L(up)
t \W\Y a . . H
| 57 e C(lassical PINNs use physical knowledge only during
0 + 0 Ovptimize @ training phase... and they have been designed for the
- analysis of structured data...

Hybrid GNN-FEM :

Towards accelerated simulations combining GNNs & FEM

N 7

A
[
0 @ @ @& 0 @ O & & @& OO0 O 0@ >
FEM GNN GNN FEM GNN

 GNN covers the analysis of unstructured data (meshes)
* Training with Physical knowledge, and with numerical simulations
* Inclusion inside the FEM framework Finite Elements

Graph structure
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The Space-propagation problem
A Hybrid approach for complex geometries

Combine both worlds
* Finite Element geometrical knowledge and Deep Learning expressivity

* Usecase: Electrostatic problem, GNN on a complex geometry, unreachable for plain NN or classical autodifferentiation

Workflow: Finite Element techniques used during training

True (reference) solution GNN solution Error GNN w.r.t FEM

FEM

TSVPyLab
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The Space-propagation problem
A Hybrid approach for complex geometries
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[Chenaud M., Magoules F. Alves J., Physics-Informed Graph-Mesh Networks for PDEs: A hybrid approach for complex problems, 2024 ]
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The Time-evolution problem

After roll-outs, error can accumulate.
Reduce error by switching back to FEM
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Velocity of displacement — Hammer forging case Predicted velocity
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TSVPyLab — Interoperability

FORGE' [ “ORM’ THERCAST' > E . . e ey
The reference in simulation ; ation software Simulation_ software for a SI I d efl n e CO m Iex I n It I a I . . o . . .
crerint” e y P » Quick visualization within python for

e W & o f" = or boundary conditions prototyping

» Interoperability with all the scientific
libraries in the python ecosystem

TRANSWELD DIGIMU’ REM3Dr

Simulation software for Solution for the prediction Simulation software for
welding processes of microstructural PU foams chemical foaming

e 0 3D Visualization
TSVPyLab o° Py

b r‘anSvalor‘ @
» Generate large amount of high- o

fidelity data with Transvalor = NumPy .
Software SCIPy s

» Manage Design-of-Experiements
with ease using the Optimization
module » Custom advanced pre-&-post (J ﬂ'ﬁa
processing for field and PyTOI’Ch PyG
geometric manipulation

Scientific calculus
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Multi-physics & Multi-scale

ELECTROMAGNETISM

MODELING .
HIGHPERFORMANCECOMPUTING ™ mus,,
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Data Interoperability

High fidelity FEM \

based simulations .
Data-driven model

\ discovery for surrogating

Bridge physical scales

Challenge performance

Building up towards digital twins
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NEW GENERATION

SIMULATION EXPERIENCE
ol ) TRANSVALOR

Thank you

You
® transvalor.com @transvalor ®transva|or—s—a Transvalor1984

Transvalor S.A. - 950 avenue Roumanille - CS 40237 Biot - 06904 Sophia Antipolis cedex - France
+33(0)4 92 92 42 00 - marketing@transvalor.com



http://www.transvalor.com/fr/
https://twitter.com/Transvalor?lang=fr
https://www.linkedin.com/company/transvalor-s-a-/
https://www.youtube.com/user/Transvalor1984
mailto:marketing@transvalor.com
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