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Achieve a long service life with the correct choice of material

Product design

Main focus Side focus
— The best possible function — — —» Corrosion resistance
- (G0ood appearance — = = » Wear resistance

— High reliability — — —» Fatigue resistance




Aggressive environment imposes very high demands on materials

Product challenges

New combinations of materials

Bumper Structure:
Steel 980 - 1200 MPa or
Aluminum

[ render. | | Door Outer: 1 floon |1 A Pillar: 1
Mild or Bake Bake Hardened Steels Mild Steel Steel 1000-1500 MPa
Hardened Steels Tensile / Hotformed
Door Inner:
Mild Steel Source: CAR Research

Example of a multi-material body-in-white, Alliance Project Horizon 2020.

Source: Materials & Corrosion, Volume: 73, Issue: 11, Pages: 1730-1751, First published: 07 July 2022, DOI: (10.1002/maco0.202213140)




Aggressive environment imposes very high demands on materials

Product challenges

New type of designs

The EDAG Light Cocoon concept car showing the use of additively manufactured
nodes combined with steel profiles in the NextGen spaceframe.

Source: https://www.metal-am.com/articles/metal-3d-printing-in-the-automotive-industry/




Aggressive environment imposes very high demands on materials

Environmental changes

Product challenges
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Effects of climate change on corrosion rates for two cities: Melbourne (left)
and Brisbane (right) (Nguyen et al., 2013).




Aggressive environment imposes very high demands on materials

Product challenges

Material costs l U.S. corrosion resistant alloys market by end-use, 2014 - 2025 (USD Million)

mitigated with:

Value engineering
gs37 89985

Material substitution
Design optimization

2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025

m Aerospace & Defense @ Automotive & Transportation ® Oil & Gas  ® Induslrial
® Energy &Power B Others

Source: https://www.grandviewresearch.com/industry-analysis/corrosion-resistant-alloys-market




Aggressive environment imposes very high demands on materials

Product challenges

2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025

mAerospace & Defense @ Automotive & Transportation  » Qil & Gas W Industrial
u Energy &Power B Others




Digital transformation isn’t important, it’s imperative

Intelligent corrosion tool concept

REQUIREMENTS

i A computational database architecture:
| - storing and retrieving user-specified material properties and behavior,
|

- easy selection of material, corrosion mode, environment, and other user-definable contextual parameters.

i With the ability to gather key geometry and materials information from a component drawing file, reading Standard
| Triangle Language (STL)-based drawings designed in commercial CAD software.

prepare model preprocessing files, and interface files.

N T e
e | With the ability to read multiple CAD drawings, identifying materials and potential corrosion modes, automatically
|

L T T T T T
o ! Incorporating logic to evaluate drawings/designs against the corrosion risks depended on environment and material
| properties.




Computer Aided Analysis:

assistance in spotting corrosion risks when working on product

design and material selection




Computer Aided Analysis approach

A dry concept of corrosion risk assessment

Environmental conditions

Water film thickness and electrolyte chemistry based on
surrounding environment characteristics

®

Materials

User-tailored library with electrochemical
data on material performance depended on
corrosion environment

March 24
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Computer Aided Analysis approach

Environmental conditions

Film thickness

Accelerated first guess of water film thickness based on environmental
conditions and geometrical characteristics:

: z Nusselt equation

4pp ke (Ty — Tw)Zr/4
pL(pL — pv)gh

Wallat T, )

Saturated vapor 6 —
at Ty -

T — 4 Tv=Toar

Condensate film

Source: R.W. Serth, 11 - CONDENSERS, Editor(s): R.W. Serth, Process Heat Transfer, Academic Press,

2007, Pages 539-628,

Electrical conductivity, oxygen diffusion coefficient and oxygen bulk
concentration derived from environmental salinity concentration and

temperature:
Conductivity
F2
EC© = z A(r)n,ici = (ﬁ) Z DiZl-ZCi Nernst-Einstein equation
i i
Diffusion

1 [ b ] 4.410 + 7738 (506.4/T)?
0810 | 21| = —™ T .
cm?s~ T with T in [K]

Han, P. and Bartels, D. M. (1996). Temperature dependence of oxygen diffusion in H20 and D20.
The Journal of Physical Chemistry, 100(13), 5597-5602.
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Computer Aided Analysis approach

Materials — electrochemical data

Galvanic corrosion Atmospheric corrosion

* Raw polarization data * Decomposed curves (metal oxidation, oxygen reduction

and hydrogen evolution) are required
1E-4 4
] J[A/m2] \ i i oxygen reduction
& | (mass transfer
y Liog! ‘.___hydrogen evolution | | contolled) 10 4
1E-5 || / /
. ] bis 0.3 4
£
; 1 l3.2et ; 051
< IE-6
z 3 \
g S.6E metal cxid}qtlan — oxygen reduction 13
g | (Kinetically
- 2 controlled)
5 1ET74 %60 138 116 094 972) 050 025 006 015 038 060 |
=
o E vs NHE [V]
1E-8 = * ‘]’Z:/ Reaction Name Stoichiometry Modeling strategy
3 it |
--= +20% . . . Spline or Butler-Volmer
e 1 0, reduction 2H,0+0,+4e =4 0H P i
— , mass transfer limited
0.3 -0.2 -0.1 0.0 0.1 0.2 03 0.4 0.5 2 H, evolution H,0 +2¢€ =Hy+ 2 OH Analytic Butler-Volmer
Voltage / V -
3 Metal oxidation Me +xe = Me™ Spline

g E'EI_{EH 12



Computer Aided Analysis approach

Materials — electrochemical data

Atmospheric corrosion

*  The Butler-Volmer expressions are mathematically expressed as:

Reaction Name Stochiometry
1 O, reduction i1 = kaz exp(oy 2F(V1-U-Eo1)/RT) — kea [H] exp(-B12F(V1-U-Eo1)//RT) Eg.1
2 H, evolution | |, = ka, exploadF(Vi-U-E,,)/RT) — ke [H'] [0.]. exp(-B4F(V,-U-E,,)/RT) Eg. 2
*  The theoretical limited current density can be calculated from:
D
: 23, ,-1/6,.1/2 o
J21imRrDE =-062nFD"v "0 [Oz]b Eqg. 3 :
8

*  The diffusion layer thickness can be introduced as:

1, [021. =[03],

}'2:

)

Eq. 4

oxygen diffusion coefficient (m2/s);

rotation speed (rad/s);

kinematic viscosity (m2/s);

# of electrons exchanged in electrode reaction 2 (= 4);

Faraday’s number (= 96500 C/mol);

oxygen bulk concentration (mol/m?);

oxygen reduction mass transfer limited current density (A/m?).
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Computer Aided Analysis approach

A dry concept of corrosion risk assessment

Component geometry

CAD models created in whatever
CAD-tool

Solver

Fast and robust solver for corrosion rates
calculation

Electrical connections

Automatic detection of intersections
between relevant body structures

Mesh

Automatic 3D FE mesh generation based on
geometry, intersections and environmental
conditions

March 24 14



Computer Aided Analysis approach

Automatic pre-processing

\ s ‘
Bodies assembly Meshing of bodies assembly Detection of dry surfaces
' [ ti
+ : Detection of inner dry volumes Water film creation

Film thickness information
N\ )

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

=l=suce 15
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Computer Aided Analysis approach

Meshing step

Film mesh: Overview
Land condition

Internal dry volume(s)
automatically
identified and isolated

Film mesh: Section view

Conditions Land Coastal |User Defined Vet ISzt

with Sea water

Film thickness [mm] 0.147 0.161 0.182 0.182
FE Mesh: # Nodes 343 838 341454 335779 335779
FE Mesh: # Elements 996 575 985640 961 653 961 653
Meshing Time [min]* 12 11 11 -
RAM Consumption [GB]* 1.57 1.56 1.57 -

*Machine characteristics: Processor: 11th Gen Intel(R) Core(TM)i7-11850H @ 2.50GHz | Installed RAM:16.0 GB (15.7 GB usable)

16



Computer Aided Analysis approach

Water film definition

Water film thickness 0.1 mm Water film thickness 0.5 mm

e ElEI_{I:I—_-I— 17



Computer Aided Analysis approach

Parameter definition

s

Project > Y = :
Dashboard _ Environmental Conditions ~ Component Characteristics _Electrolyte Film Characteristics

Enter project name... - . B

Air temperature [*C] Air/Component temperature difference [°C]

Atmospheric pressure [Pa] = 0 Electrical conductivity [S/m]

Water film thickness [mm]

02 diffusion coefficient [m?/s]
Salinity [g/1]

02 bulk concentration [mol/m’] 0.2927
Wetted time fraction [%] m

Relative humidity [%]

__|51_4:;:a- 18



Computer Aided Analysis approach

A dry concept of corrosion risk assessment

Component geometry

CAD models created in whatever
CAD-tool

Solver

Fast and robust solver for corrosion rates
calculation

Environmental conditions

Water film thickness and electrolyte chemistry based on

surrounding environment characteristics

it

Mesh

Automatic 3D FE mesh generation based on
geometry, intersections and environmental
conditions

Materials

User-tailored library with electrochemical
data on material performance depended on
corrosion environment

Electrical connections

Automatic detection of intersections
between relevant body structures

March 24
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Computer Aided Analysis approach

A dry concept of corrosion risk assessme

CAD models cr .1 S y with electrochemical
g formance depended on

ohnections

Fast and rofget soi ~ of intersections
ody structures

March 24 20



Computer Aided Analysis approach

Logical evaluation of the corrosion risks

Cradle (Mg)

Bolt
(zn coated steel) N\ Crush limiter (Al)
: Sleeve (Al) T6 brake (Al)
washer (Zn 13.5” mated
coated steel) washer (Zn coated
steel)

g EIEI_“:i:I— 21



|
Computer Aided Analysis approach

Logical evaluation of the corrosion risks

User Defined

Jn[mA/mz2]
2000.00

! 1800.00
m 1600.00
H 1400.00
1200.00
1000.00
800.00
400,00
& 20000
m 0.00
=] -200.00
= -400.00
& -600.00
& -800.00
& 120000
Coastal & 140000 User Defined with sea water
B 500
. -1800.00

-2000.00
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Computer Aided Analysis approach

Logical evaluation of the corrosion risks

User Defined with Sea Water -
T . Film thickness [mm] 0.182

Film Electrical Conductivity [S/m] 5

Jn[mA/m2]
. 2000.00

 1800.00
& 1600.00
& 1400.00
1200.00
1000.00
800.00
! 600.00
: & 400.00
a & f5088
m 0.00

It -200.00
& -400.00
& -600.00
& -800.00
» -1000.00
= -1200.00
= 140000
m -1600.00
e

-2000.00

. Dry Zones
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Computer Aided Analysis:

Audi A6 example




Computer Aided Analysis approach
Multi-material body — Audi A6 door structure

Al-based

Al-based

Al-based
-_-_‘_-_-! "
Al-based = Al-based
Al-based o W
B | e g Al-based
Al-based

Al-based r

All rivets:
Steel with Zn-based coating

Al-based All screws:
Steel with Zn-based coating

Al-based

25



Computer Aided Analysis approach
Multi-material body — Audi A6 door structure

Simulation parameters:
* materials involved: Al, hot-dip galvanized steel, Zn coating (d = 100 mm)
* industrial environment — electrolyte conductivity 0.1 S/m, thin film thickness 80 mm
* average temperature —25°C
e average humidity — moderate

26



Computer Aided Analysis approach
Multi-material body — Audi A6 door structure

CR[um/year]

* Hot-dip galvanizing protects Steel cathodically: Zn is anodic to the
Steel base metal and is placed in the circuit to corrode in place of
the base metal.

* Zn will initially sacrifice itself until a protective layer of rust will
develop on Steel.

* Under atmospheric conditions of moderate humidity, contact
between a galvanized surface and Al is unlikely to cause
substantial incremental corrosion .

e ElEI_{l:I:I— 27



Computer Aided Analysis approach
Multi-material body — Audi A6 door structure

Atmospheric corrosion simulation — 30 days Atmospheric corrosion simulation — 365 days

CR[umsyear]
S0.00

4567
4333

| |40m0

. 3667
i 3333

3000
2667
2333
2000
1657
1333
1000
667

333

.00
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Computer Aided Analysis in corrosion risk assessment at a design stage

Takeaway n°1

Takeaway n°2

Takeaway n°3

Corrosion simulation

Challenging

Environmental conditions.

Water film thickness and electrolyte chemistry based on
surrounding environment characteristics

Component geometry Materials
CAD models created in whatever User-tailored library with electrochemical

= data on material performance depended on
[T ]
% .
. @

Electrical connections

corrosion environment.
Fast and robust solver for corrosion rates

calculation

Mesh

Automatic detection of intersections
between relevant body structures

Automatic 3D FE mesh generation based on
geometry, intersections and environmental
conditions.

Smart design

Intelligent corrosion tool

concepts

Right material in right place

Mild Steel HSLA and Bake Hardenable AHSS UHSS

Aluminum PHS
Automated Predictive Significant Cost Enhanced
Data Maintenance Reductions Productivity

Source: Frank E. Goodwin, International Zinc Association

Game Changers

Digital-(corrosion jtwin

Consiruction Coating material Funclmnalitg1e Performance in field / Property in field
and design and construction Property of + Corrasion initiation descriptors
process, surface material system substrate + Corrosion propagation descriptors
g . ! and surface + Economical and ecological descriptors
finishing finigh {In lab} « Safety, malntainabliity & reusability descriplors
- E-coat process ~ Chemical « Impedance + Delamination width / edge retention
« Curing tine + Electrochemical = Polarisation + Time to failure
= Washer radius + Mechanical = Diffusion + Mass loss / diameter loss
Corrosion . ‘ .
da":;‘:zﬂ: ' = "5'3;:&": .y - system- and Corrosion simulation
models - madels <mm simma(llab) data- andior physics based

&

3§ 13 1}

Design and engineering (manufacturing) phase

Phase

In-service phase

Source: Berg HuettenmaennMonatsh (2023), 168. Jg., Heft 1
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Thank you!

I
— EEH_4
The electrochemical reference I in software & engineering.

Agnieszka Franczak, PhD: agnieszka.franczak@elsyca.com

() Elsyca, Belgium J +32 16 474960 B info@elsyca.com @ www.elsyca.com



