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Support structures

for Interior Strength,
stiffness, local corrosion
resistance, local durability in

Roof Header, roof
rail, door sill,
rockers

Need high strength
after Paint Bake but
ductility locally for

A-B-C Pillars
Need strength in
the center, ductility

Shock Towers
Need durability and on the top and
strength especially bottom for energy
where interfaced with : absorbtion

other components or "
in high stress
and features

High Strength
Aluminum Sheet
Aluminum
Extrusions
Aluminum
Casting
Magnesium
Casting Front Crash

Structures

Floor/Rear Subframe or
CMS Closures
Need strength and Need strength for dent Battery Enclosure Gigacasting
ductility for energy resistance but local high Need durability and strength
absorption ductility for deep draw energy absorption in crash
features and stiffness

for flutter

» Vehicle lightweighting, reduced part counts and lowered assembly costs.

« Corrosion in dissimilar materials joints is a key technical barrier to the successful integration of lightweight
materials.

Understanding of corrosion initiation and predictive modeling of corrosion progress in multimaterial joints
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Predict Prevent Protect
(At the Joint) (At the Substrate)
Measure locally—Model physics—Predict risk Reduce driving force — Improve longevity Simulate & Optimize coating — Extend lifetime
Drivers: Electrochemistry and - - - ) e - ) —
microstructure - ) - - -
Method: SECCM / syringe cell — [ - ¥ S - - -
COMSOL -— - — N—— > v
Target: Corrosion hot-spots & corrosion PR e - e - - - -
current map (where attack starts, how it -—— - - : -

evolves)




\%/ Prediction of Corrosion: Multimodal and Multiscale
Factic <« MoOdeling and Experiments
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Failure Analysis Corrosion Pitting As-fabricated joint samples
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Beura et.él., Corrosion Science, 2022
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Axial load

5$2§§§i Etched Microstructure of FSP AZ91

shoulder

« Solid phase processing- No deleterious IMC formation.

Processed zone
Benefit to Strength B i i
enefit to corrosion . :
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Investigating the interface between stir zone and base metal is critical to corrosion performance



\%/ Mapping Region/Phase-Specific Corrosion Properties

Paciﬁc Scanning Electrochemical Cell Microscopy (SECCM) Enables Localized Mapping of
Northwest Corrosion Behavior

Scanning Electrochemical Cell
Impedance Microscopy (SECCIM)
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Site specific corrosion properties from SECCM can be input into COMSOL ’




Modeling Assisted Prediction and Experimental

.o Validation of Corrosion
Northwest CONSOL Simulations accurately predict precise locations of corrosion attack
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COMSOL Modeling of Corrosion in FSP AZ91 ig Al- EDS
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Experimental Valldatlon of Corrosion using multimodal Corrosfé/n
and Imaging ss section of FSP AZ91
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Schematic- Microstructure

Net Redox Reaction: 3Mg + O, + 4H,0 - 3Mg (OH), + H,1

Stir Zone and Base Metal form a Galvanic Couple
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W/Expanding Predictive Approach to FSW Joints

Northwest (Jsing localized corrosion measurements as input to COMSOL simulation
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Each Region/Phase in the microstructure shows unique corrosion properties
Which of them is MOST SUSCEPTIBLE to corrosion?



~~ Modeling Assisted Prediction and Experimental
racific _ Validation of Corrosion

Northwest L : : . :
wmowswsosor Validating Simulations with Experiments

Optical Micrograph before Corrosion

COMSOL
Simulation of
Corrosion Current
Distribution

Experimental
Validation- After
48 h of Exposure
to 3.5 wt.% NaCl
solution

Overlay of
COMSOL
simulation and
Topography map

Depth of Localized Corrosion (pm)

o

Depth (um)

o 500 1000 1500 2000 2500
Distance (pm)

Accurate prediction of corrosion site(s) is possible using a combination of modeling and experiments
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Predict Prevent

(At the Joint)

Measure locally—Model physics—Predict risk Reduce driving force — Improve longevity
Drivers: Electrochemistry and Drivers: Joint architecture + dissimilar-
microstructure metal contacts + crevice paths
Method: SECCM / syringe cell — Method: High-velocity riveting to
COMSOL mitigate galvanic coupling / electrolyte

access

Target: Corrosion hot-spots & corrosion || Target: Reduced galvanic current +
current map (where attack starts, how it delayed initiation at joints
evolves)

Protect
(At the Substrate)

Drivers Reactive Mg substrate + defect
senstive coating stachs

Method 7n cold spray coating 10 enable
barner sacrfoal behavor

Target improved coating durabeity ¢
ONOEY HMme-10-COMossOn
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High Velocity Joining (HiVe) Methods Developed With and Without Adhesives
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Model Setup

Modeling of Individual HiVe Joints to Full

Components

Galvanic Effect

Angle between green
and blue is ©, used
this for regression
goes from 90 to 180

degrees ~
Axis of
rotation
ho.
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Trivet
Component

Level Modeling
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Rriver Tsheet

COMSOL Simulations
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COMSOL simulated corrosion currents
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-0.001

-0.002

-0.003

Pareto Plot of Sensitivity Score from Multivariate
Adaptive Regression Splines method (MARS)

—

Extending joint-scale modeling of corrosion to full components

AAB061 - galvanized
steel rivet

Irivet max

ratio

5 wt.% NaCl solution

AABOG1 plate

L

Cathode to Anode
area ratio has largest
influence on
corrosion progress.
Ysheer @nd @ have
less influence

) P

mA/cm?

Beura et.al., Corrosion Science, 2022




\%/ Modeling Assisted Prediction and Experimental

racic  Validation of Corrosion
Northwest Extending joint-scale modeling of corrosion to full components

Cathode: Galvanized steel rivet
0.45
Anode: AAB061 plates 800 hours 1400 hours
":ﬁ.\“ 0.4
0.35
0.3
1;! x 1!! 0125
] Exposure |
| 0.2
E 100 0.15
. o
§ £ -100 T R 0.1
E gb -200 ' ——
2 E -300 — Experimental - 1400h 0.05
‘é Q& .400 —Experimental- 800h
fa] 500 --Simulated- 800h ‘
| | - Simulated- 1400h 0.00
Salt fog ASTM B117 tests performed until -600 Current
1400h of continuous exposure. 0 2500 5000 7500 10000 12500 15000 Density
Distance From Center of Rivet (um) (A/m?)

COMSOL simulations show concordance with maximum pit depth from experiments and can be
extended to full components




%Prevent Corrosion at the Joint- Adhesives

ﬁ%ﬂ‘;‘,‘jvest The use of adhesives leads to lower corrosion induced weight
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Surface Preparation Conditions

w 800 hours
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Adhesives prevent ingress of corrosive fluid in between joints preventing crevice corrosion




%Prevent Corrosion at the Joint- HiVe Clinch!

Pacific

Northwest The absence of nail / rivet leads to substantially lower corrosion
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7 APPProach to Tackling Corrosion Challenges
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Predict Prevent

(At the Joint)
Measure locally—Model physics—Predict risk Reduce driving force — Improve longevity
Drivers: Electrochemistry and Drivers: Joint architecture + dissimilar-
microstructure metal contacts + crevice paths
Method: SECCM / syringe cell — Method: High-velocity riveting to
COMSOL mitigate galvanic coupling / electrolyte
access

Target: Corrosion hot-spots & corrosion  Target: Reduced galvanic current +
current map (where attack starts, how it delayed initiation at joints
evolves)

Protect
(At the Substrate)

Simulate & Optimize coating — Extend lifetime

Drivers: Reactive Mg substrate + defect-
sensitive coating stacks

Method: Zn cold spray coating to enable
barrier/sacrificial behavior

Target: Improved coating durability +
longer time-to-corrosion




\%/The Biggest Challenge with Implementing Magnesium

ﬁ%ﬂﬁﬁvest Cold sprayed coatings offer an attractive solution to localized corrosion challenges
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Steel Shock Tower

sssssssss

High Pressure cold spray system
Particle velocities > 600m/s

Powder Feeder Powder/Gas
High M
Pressure El' . - -
= e s
g Gas
:®:' Heater
Py
» Solid phase coating deposition. « Metallurgical bond
* High deposition rate. « Scalable into vehicle production lines.
CP Al (375°C)/6061 (425°C) AA6061- 450°C and 6.55MPa Zn- 3.5 MPa and 400°C
P ity< 0.5%
sl Porosity < 1%
Successfully
developed and
Optimized
Cold spray
coatings




\%/ Optimization of Cold Spray Zn Coatings on AZ91

R%ﬂﬁ(\fvest SPH can be used to predict the critical velocity for deposition
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Smooth Particle Hydrodynamics to Optimization of Cold spray Coating Parameters
optimize the critical velocity for bonding e O bhotoarann Optical Micrograph- Montage- 26X Optical Micrograph- 500X
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A combination of modeling and spray trials were used to optimize deposition
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%/ Microscopy of Pre-Treatments and Cold Sprayed Zn

Pacific Cold spray coatings of Zn offer a robust solution to the challenges associated with
Northwest i,y strial pre-treatments

Zinc Phosphate Chromate Conversion Non- Chromate Conversion
(Coating contains O, Zn, P, F) (Coating contains Al, O, Cr, F) (Coating contains O, Ti, F )

| SHm, o

& 5

Cold Sprayed and Optimized Zn on AZ91
Optimized Zn coating- 3.5 MPa and 400°C N, carrier gas -

U 4  Zn-coating ! \’ﬂ 01 like
PP 1 6, A Do ‘ - e < }’ AZ91 zn diftusion

"Poroeci

- . A

Mechanical
mixing

AZ91-substrate

Zn coating can be selectively deposited and offers better thickness control ahd coninuity
compared to pre-treatments




%/ Wear and Corrosion Testing of Pre-Treatments and Cold
o Sprayed Zn
ITl
Northwest Zn cold spray coating outperforms industrial pre-treatments in terms of wear and
corrosion performance

Wear Testing Potentiodynamic Polarization Testing Evolved Hydrogen Collection
-0.400 :
= - = Zinc Phosphate Pre-Treatment
»n g |l B = = = Chromate Conversion Pre-Treatment In3.5% NaCl, H2 vol. converted
"E 0600 K .. Non-Chromate Conversion Pre-Treatment 1 [:immersiontime corrosion rates
) — Uncoated AZ91 __10°- 2~3 orders
..E : 8 -0.800 Zn Cold Sprayed on AZ91- As Deposited . E, ] lower
S ? : E corrosion rates:
= > -1.000 t ri P Practically
2 a -1060 mV ’:}, ‘é 107" no Mg
9_‘, © -1.200 Greater than 400 i 5 corrosion!
R T mV (vs SCE) s & '
E 9 increase in Ecorr P g :
] DC3 -1.400 F taeomv Y= < 8 1073 i
= AS10MY o s e L BT TR SIS _ 1 |eosh ;
D _’1?600”6\‘ Ipp—— ~ ~ - 3.5 wt.% NaCl Solution ] LA [523h] [171h] &
. SCE Reference 1 [336H]
E Graphite Counter 102 : ! ! . .
I - - . -1.800 . : L L 1 L 1 ) Uncoated Zinc Non-chromate Chromate Zncold
1E-6 1E-5 1E-4 0.001 0.01 1E-08 1E-07 1E06 1E-05 1.E-04 1.E03 1.E-02 1.E-01 1.E+00 AZ91D Phosphate  Conversion  Conversion spray
Wear Rate (mm3le) ’ Current (Alcm2) Surface conditions
Zn cold spray coating demonstrates 50% Zn cold spray coating demonstrates greater than 400 Hydrogen collection shows negligible
lower wear rate as compared to state-of-the- mV noble Ecorr as compared to state-of-the-art pre- corrosion rate in Zn cold spray
art pre-treatments treatments coating

Zn cold spray coating shows lower wear rate, more positive Ecorr and negligible
corrosion rate as compared to industrial pre-treatments
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Scribe creep width indicates corrosion susceptibility and enables comparison of coatings

Substrate — AZ91 3.5 wt.% NaCl solution
Coating- Zinc Phosphate Pre-Treatment SCE Reference Electrode
Ecoat + TopCoat Graphite Counter Electrodes

Scratch Length—1 cm
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thereby exacerbating substrate corrosion -
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\?%/Multimodal Analysis of Accelerated Scribe Creep Corrosion
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Scribe creep width indicates corrosion susceptibility and enables comparison of coatings

Substrate — AZ91

Coating- Zn cold sprayed 1 pass@45, 2 pass@90- As Deposited
Ecoat + TopCoat

Scratch Length — 1 cm

3.5 wt.% NaCl solution
SCE Reference Electrode
Graphite Counter Electrodes

Zn cold spray coating forms a passivating oxide-
hydroxide layer that stops localized corrosion
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Predict

Measure locally—Model physics—Predict risk

Drivers: Electrochemlstry and
microstructure

Method: SECCM / syringe cell —
COMSOL

o

o

30 [y ?

20

10

o

10

o S
30 7
2

Cross section of FSP AZ91

2mm

Target: Corrosion hot-spots & corrosion
current map (where attack starts, how it
evolves)

Overlay of
COMSOL
simulation and
Topography map

Prevent
(At the Joint)

Reduce driving force — Improve longevity

Drivers: Joint architecture + dissimilar-
metal contacts + crevice naths

Method: High-velocity riveting to
mitigate galvanic coupling / electrolyte
access -

Target:

Reduced galvanic
Current and
delayed initiation s
at joints ot e R ¥

Exposed Plate  Exposed Plate- 1"x1"
with Adhesive

Surface Preparation Conditions
= 800 hours
= 1400 hours

-
o
=3

Absolute % weight change

Protect
(At the Substrate)

Simulate & Optimize coating — Extend lifetime

Drivers: Reactive Mg substrate + defect-
sensmve coating stacks  vetson both particle

and substrate

Method: Zn cold spray coatmgf to enable
barrier/sacrificial behavior

gD, <n-

Mechanical
mixing

AZ91-substrate

Target: Improved coatlng du‘rab|I|ty +
longer time-to-corrosion

Wear Testing Potentiodynamic Polarization Testing Evolved Hydrogen Collection

Different Pretreatments

M“ﬁ

1~50%
1 lower

-1.800
1E-6 1E-5 1E-4 0.001 0.01 1608 1EO7 1E06 1EQ5 1E04 1EQ3 1E02
Wear Rate (mm/N m)
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Li-salt thermal CO, treatment ORNL Invention Disclosure
Alkali metal salts facilitated CO2 absorption.induced.corrosion protection layer formation on
magnesium alloys”
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