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A Established 201& corrosion simulation

A Georgia, USA, 30 mins from Atlanta airport
AStaffZ, 8- IANR gAYy I X

A 1/3 ¢ 1/2 building devoted to lab/testing

A CAE design optimizatianCFD, cluster

A We invest heavily in development & transition of electrochemical
technologies and software

A Federal & commercial consultancy as coatings, materials, corrosio
& REACH experts
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A Corrosion assessment needs in aerospace and defense (A&D)
I Where are we going and why?

A Changes in how A&D industry approaches corrosion assessment & risk

A In view of these changes
I Practical corrosion system design approach
I Database
I Corrosion Djinn for systenwide analysis
I Star CCM+ for detailed analysis

A Wrap-up summary

Corips/d




V One electrochemical
databasec two tools
V Use Corrosion Djinn tool
for aircraftwide interface
analysis, simple
geometries and scoping
during/after design
A Takes seconds/
Interface
V Use 3D CAE for the
difficult and critical areas
A Takes hours or days/
Interface

ConnnE/a

Star CCM+

Analyze/fix higkrisk areas

\’ CORROSION
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~In'sustainment we see corrosion everywhere, especially wing
Water penetrates, cadmium is lost from fasteners, and CFC w
panels galvanlcally corrode alummum aIon alrframe R

—

e

Photo MC3 Matthew Riaas g : R /


http://www.navair.navy.mil/index.cfm?fuseaction=home.PhotoGalleryDetail&key=66EDCD7E-19B0-4B4E-AA4B-1F9B89548FA6

https://lunainc.com/wp-
content/uploads/2017/03/Luna
SensotSuitefor-Aircraft
CorrosionMonitoring-
LS2A_4Page.pdf
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USS Kitty Hawk in Sea
of Japan during a stor

s:/lyoutu.be/Z0Jzb8dfcC4

8 . corROSION
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https://youtu.be/Z0Jzb8dfcC4

wing ana airframe corrosion

Repair Remove corrosion and bush hole with PH
NAVAIR Public Release SPR012982  gtainless; now corrodes even faster around bushing,

@/?/?DU just as we predict computationally N/

Djinn

Take the skin of an-#£8 and this is what you see



A Some interfaces are
quite simple but
numerous

U e.g. bushings and
fasteners throughout
the aircraft

U Bushing installation
with Forcemate

https://youtu.be/TbmwKflIbMHo A

10\ CORROSION
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https://youtu.be/TbmwKfIbMHo

DoDAssesses Corrosion Potential of86 and F22

a¢KS NR2G OF dza s
within the galvanic couple between
the conductive gap filler and

I £ dzY A y dzyY éDlnie?\DM;mire LJI
Director, DoD Corrosion Policy and Oversight Office, reported
CorrdeDefenseSpring 2011, Vol7, Number 1

@QQD[ g i - distribution i imi 1IN corrosion
/ , https://www.35.com/media/photos Statement A Approved for public release; distribution is unlimited. \
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A FedEx: Landing gear collapsed durin
landing

A Wing dragged along ground and fuel

| g n Ited https://www.youtube.com/watch?v=qlW_oqggapEc
A Cause was stress corrosion crackinm in
landing gear

ConmpE/a 12 mnmoson
/ Djinn


https://www.youtube.com/watch?v=qlW_oqqapEc

Annually To make matters worse

we are now
w$20.9bn i Lightweightingwith

/ Incompatible materials

‘ (CFCs, Al, Mg)

U And we can no longer

A recer_lt.stu_dy shoyv_s that the _US economy has s_pent over use the old but
$250 billion in repairing corrosion damage as a direct cost ¢ach _
year since 2002; an estimated $1 trillion of direct and indirect  €ffective standbys (Cd,

cost each year. Chromates, etc.)
| U So, we can no longer
use the same
outdated rule-of-
thumb design
methods >

13 . CORROSION
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A Coatings/materials ALWAYS degrade and become damaged
ALUO Aa OAOF A TR atosa/| NRiR aWg K al
part of the coating stackip and see what ensues

A We can no longer use wonderful cadmium and chromates, so
6S KIS (2 AYLIX SYSYUO ySég O2 I

A New acquisitions demand a Corrosion Prevention Control Plar
¢ with substantiating analysis

Computational modeling helps to

. address all of these Issues
ORRVE)E 14\ comoson



e e
A Corrosion executives
I Congressionally mandated DoD Corrosion Office
I Each service has a Corrosion Executive
I Cost of corrosion analyzed annually

A Corrosion Prevention Advisory Boards for all new systems

A New corrosion test methods under development for better corrosion
prediction

A Office of Naval Research SBasedAviation program developing
computational methods for corrosion analysis and prediction to develop
a5dzN> 6fS ! ANONI T0E

ConnpE/a 15’(0;?1.; OOOOOO



A European REACH and RoHS
environmental regulations

I Can no longer use cadmium an
chromates for corrosion control

I Affects the entire worldwide
iIndustry
A Use of new materials

I Carbon fiber composite skins on
aluminum and titanium airframes

OOOOOOOOO
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an A (2018) Galvanic

bgy and Standardization

pels (SS) are a
an titanium
But, SS result

— almost an order of magnitude higher

Al Alloys galvanic current.



Galvanic Compatibility Assessment:
New Methodology and Standardization

21 AUG 2018
Presented to: ASETSDefense Workshop 2018

Presented by: Victor Rodriguez-Santiago, Anna Safigan

N AVAI R NAVAIR Public Release 2018-631. Distribution Statement A — “Approved for public release; distribution is unlimited"

e X MIL-STD-889: Dissimilar Metals

Purpose: This standard defines and classifies dissimilar metals
and establishes requirements for protecting coupled dissimilar
metals against corrosion with attention directed to the anodic
member of the couple.

Modernized Revision: Current version was modernized in 2016 to
replace obsolete references to other standards (MIL-STD-889C).

Last Technical Revision: The last technical revision was done in
1967, based on an AMCOM report (TR-67-11). Was not done in
sea water.

Proposed Approach: The proposed approach is to move to
galvanic current, rather than potential, in order to determine
galvanic compatibility.

NAVAI R NAVAIR Public Release 2018-631. Distribution Statement A - “Approved for public release; distribution is unlimited”

ConnE/a

Aim to issue next version end of 2019

-
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MIL-STDBB89 is the standard required of all military aircraft acquisition programs and the old galvanic table appry
used throughout the industry. This will change all aircraft design and we need to be ready to offer design solutig

MIL-STDB889C (August 2016): MIL-STD889C (~late 2019):

AXXXD GKS OO2NNRAAZ2Y B NBI Oldwikintlude SomgkKind of gakahic diRehtftabl®k & 2
difference of potential. The reaction is controlled by between a presumably limited number of materials
polarization of the anode, the cathode or both, and by the

NBadzt GFyd 3IFf@GFEyAO OdzZNNBY I MitEoBeesD (~202@217):

NAVAIR intends that this version will refer people to
methods of calculating corrosion currents between
materials, including the mixed potential method

Corrdesa is involved in this update as we are part of the (used in Corrosion Djinn)

SBA Team, concentrating on galvanic corrosion modeling

-



A The use of Product Life Management software is growing

I Navy and Air Force organizations are beginning to implement
Teamcenter
A If aircraft designers and maintainers are to successfully
iIntroduce and use new materials, new coatings, and new
methods of making material choices, they must have access
to the necessary data and corrosion analysis methods in their
design and PLM software

Corips/d
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e
A The aim of the SBA program is to implement corrosion modeling and
prediction firmly as an essential part of design, like stress analysis,
thermal analysis, etc.
A Corrdesa has assembled the elements necessary for accurate analysis

I Databaseg an accepted electrochemical database equivalent to MMPDS
A Including a standardized methodology for data acquisition and reduction
I A quick and easy way of analyzing corrosion threats throughout the aircraft

A Suitable for use by the designer

I An accurate and consistent methodology for detailed analysis that includes
electrochemical modeling of corrosion with CFD modeling of the electrolyte

A Used for complex components and exposure scenarios

ConnnE/a \ on




Corrdesa is beginning a USAF program
apply corrosion analysis to new tankers

u

cC: . C: C:

~70,000 interfaces in airframe
How many in all the systems?
How many are problematic?
How do you even find them all?
PLM can identify the locations and
materials of all the interfaces,
bushings, fasteners etc.
It would take far too long to analyze
all those interfaces with CAE
U . dzi e2dz R2y Qi
U The same interface repeats
thousands of times
80-90% are common/simple items
handled by Corrosion Djinn
The complex ones need Star CCM+

-
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A Stress analysis

A Thermal analysis

A Fluid flow analysis (CFD)
A Combustion analysis

Why do we not use corrosion simulation?
1. Modeling and simulation is not yet firmly established

2. Most importantly, there Is no recognized electrochemical
database of electrochemical data

Connpz/a 2425 o



A Corrdesa has assembled an
accurate, consistent, curated
database of polarization curves
and other electrochemical data
using accepted Best Practices

developed with the SBA Team

I Will include all NAVAIR aerospact
data

| Data for materials used by other
iIndustries

R

Metallic Materials Properties
Development and Standardization
(MMPDS)

CORROSION
MMPDS-12

COMPLETE

July 2017

Scientific Source:
Metallic Materials design data acceptable to Government
procuring or certification agencies.

A joint effort of government, industrial, educational, and
infernational aerospace organizations.

Copyright 2017 Battelle Memorial Institute. All rights reserved. Unauthorized
duplication or distribution may violate the Copyright Laws of the United States
and of other jurisdictions.

OOOOOOOOO
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[Best Practices for Polarization Data Acquisition: Data
Collection Guide for MIL-STD-889C Technical Revision

Prepared by:

Naval Air Systems Command

For:

Collection of Electrechemical Data for MIL-STD-889C Technical Revision
Version 4: FINAL

POC:

Victor Rodriguez-Santiago, Ph.D,

Naval Air Systems Command - NAVAIR
Corrosion and Wear Branch - Code 4.3.4.6
Ph: 301-342-8040

Fax: 301-995-0742
victor.rodriguezsant@navy.mil

Anna Safigan

Naval Air Systems Command - NAVAIR
Corrosion and Wear Branch — Code 4.3.4.6
Ph: 301-995-6549

anna.safigan@navy.mil

March 2018

unlimited”

A For this to work the underlying data
MUST be acquired in a consistent way

A Corrdesa has worked with ONR and
NAVAIR to develop the Best Practices
for polarization data acquisition

A Modified to create the Best Practices
used for an international Round Robin
to validate the methodology

A Database built only on data meeting
Best Practices requirements

OOOOOOOOOO



Currently ~70 materials,
coatings, finishes. More
being added all the time

i« « 1 2 346 7 » <

Materials
Add
Edit Remove
Edit Remove
Edit Remove
Edit Remove
Edit Remove
Edit Remove
Edit Remove
Edit Remove
Edit Remove
Edit Remove

Substrate

Carbon Fiber Composite

Any - COATING ONLY

Any - COATING ONLY

Any - COATING ONLY

Aluminum

Titanium

Carbon Fiber Composite

Aluminum

Titanium

Titanium

R

Designation

Woven_Cross_Section
None

None

None

2024-T3

Ti3Al2.5V

Prepreg

2024-T3

Ti6AI4V

Ti3AI2.5V Hi-Lok Collar

-

(e

41 - 50 of 63 items 27\ A—
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EsssseeaaeaseesssEE
(3alvanic Corrosion Risk — Greater than the sum of the parts

Example: Notional geometric model of commercial aircraft. Random assignment of materials.

1. Read in aircraft geometry

2. Assign materials to geometry

3. Build material contact list

4. Build corrosion lookup table
5. Calculate corrosion rates on
material contacts

6. Aggregate surface risks

7. Create visualization plots
Note: Aircraft model is notional

W e e e Y e e e R R R R R R R R R R R e R R R R R R R R
RACE B787-900 EXAMPLE CORROSION DEMONSTRATION CODE: CONCEPT #1

Joel Thompson

Bpplied Mathematician

richard.j.thompson3@boeing.com

256-464-7681
e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e R e e e e e e e e e e

Reading RACE B787-900 aircraft geometry... 3076 parts
...found 3076 aircraft parts

Randomizing material assignments to the 787 aircraft manifest...

Building 787 connectivity mapping...
...building bounding box information around aircraft parts...
...built 3076 bounding boxes

Building 787 material contact list...

...built 73380 material contacts. 73380 material
Building corrosion property lookup table...
...built 2209 table elements contacts!

Calculating corrosion properties...
...pinging 73380 requests to the corrosion tool...
(took 319.00ms to calculate corrosion properties...)
Calculating aggregate corrosion risks on aircraft parts...
(took 2.50m to aggregate corrosion risks...)
Rendering aggregate risk color plot...
total program execution time: 6.15m

and does not correspond to a ASETSDefense Workshop, August 21-23, 2018 Thompson, R.J., et al. U.S. Patent

formal engineering drawing.

EAR99 - No License Required Application No. 15,213,116 (2016)

Kristen Williams, Boeing
ASETSDefen¥gorkshop
2018

-
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e e e
V One electrochemical

databasec two tools
V Use Corrosion Djinn tool
for aircraftwide interface
analysis, simple
geometries and scoping
during/after design
A Takes seconds/
Interface
V Reserve 3D CAE for the
difficult and critical areas
A Takes hours or days/
Interface

Star CCM+

Analyze/fix higkrisk areas

ConnnE/g - VA

Djinn



Based on the welkstablished mixed potential

principle

By charge conservation:

to avoid the accumulation of charge on a freely
immersed electrode, the sum of all of the E™ e
oxidation currents must equal the sum of all of

the reduction currents

So at our metal interface, we will reach a mixed
potential between the material OCPs and this
crossing point will define the corrosion current

- - - E'“MM’, ]
Djinn comprises a database of material :

polarization curves, each measured against a ;
single reference (SCE) and when the user “wann Fomronn
chooses the materials the respect anodic and
cathodic components are intersected to
calculate thecorrosion current

Evans Diagram

ConrnE/a

Computerized as
Corrosion Djinn with
our database it takes a
few seconds to analyze

a galvanic couple, and
few minutes to identify
optimal materials or
coatings

(GS Frankel Corrosion Kinetics)

-
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corrosiondjinn.com

Username EFOSE‘@'COFFUESB.CCm
Password _
Submit

For more information, please

Version 3.1


http://www.corrosiondjinn.com/

Group 1 +*

Material Group

Environment 3.5% Nadl

Material 1 (Anode)

Substrate Al

Designation T075-Tk

Coating None
Treatment MNone
OCP -T18e-1 Vo

1.84e+1 microns/year
Self Corrosion Rate
7.35e-1 mils/year

Galvanic Acceleration Factor 6.72e+0

Potential Difference

Mixed Potential

Galvanic Corrosion Current Density

Galvanic Corrosion Rate

Material 2 (Cathode)

Substrate Stainless steel

Designation 15-5PH

Coating MNone
Treatment MNone
oCcp

Self Corrosion Rate

Galvanic Acceleration Factor

T.56e-1V

-7.00e-1 Vi

1.10e-1 Am 2

1.23e+2 microns/year

3.79e-2 Vore

3.57e-2 microns/year

1.43e-3 mils/year

-
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Group 1 +*

Material Group

Material 1 (Anode)

Substrate

Material 2 (Cathode)

Substrate Stainless stee!

Al

ocp -7.18e-1 Ve QCP 3.79e-2 Ve
1.84e+1 microns/year 3.57e-2 microns/year
Self Corrosion Rate Self Corrosion Rate
7.35e-1 mils/year 1.43e-3 mils/year
Galvanic Acceleration Factor 6.72e+0 Galvanic Acceleration Factor
Potential Difference T.56e-1V
Mixed Potential -700e-1 Vo
Galvanic Corrosion Current Density 1.10e-1 Am 2
- |
1.23e+2 microns/year e —
Galvanic Corrosion Rate 33\ CORROSION
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Group 1 +*

Material Group

Environment 3.5% Nall
Material 2 (Cat™ "
Substrate Stai
Designation 15-f
Coating Non
Treatment Meone Treatment Mon
ocp ocp

Self Corrosion Rate

Galvanic Acceleration Factor

Potential Difference

Mixed Potential

Galvanic Corrosion Current Density

Galvanic Corrosion Rate

1.84e+1 microns/year
Self Corrosion Rate
7.35e-1 mils/year

6.72e+0 Galvanic Acceleration Factor

T.56e-1V

-7.00e-1 Vi

1.10e-1 Am 2

1.23e+2 microns/year

3.57e-2 microns/year

1.43e-3 mils/year

-

(e
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Group 1 +*

Material Group

Self Corrosion Rate

Galvanic Acceleration Factor

l.@ge+1 mICronssyear

7.35e-1 mils/year

6.72e+0

1.36e-1V

F.areszmicrénisyear
Self Corrosion Rate
1.43e-3 mils/year

Galvanic Acceleration Factor

i

Potential Difference T.56e-1V
Mixed Potential -700e-1 Vo
Galvanic Corrosion Current Density 1.10e-1 Am 2
- |
1.23e+2 microns/year e —
Galvanic Corrosion Rate 35\ CORROSION
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Selfcorrosion Is what

happens in the
absence of galvanic
Interactions

En\ri_ronrpent

Group 1 +*

Material Group

3.5% Mall

1.84e+1 microns/year

7.35e-1 mils/year

1.84e+1 microns/year

Self Corrosion Rate
7.35e-1 mils/year

6./2e+0

Galvanic Acceleration Factor

Potential Difference

Mixed Potential

Galvanic Corrosion Current Density

Galvanic Corrosion Rate

Modify Copy

Material 2 (Catho

Substrate

Stainles

3.57e-2 microns/year

Designation 15-5PH
Coating MNone a
1.43e-3 mils/year
Treatment Mone k
ocCp \

3.57e-2 microns/year

Self Corrosion Rate
1.43e-3 mils/year

Galvanic Acceleration Factor

T.56e-1V
-700e-1 Vo
1.10e-1 Am 2
- |
1.23e+2 microns/year e —
36\ CORROSION
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Group 1 -

Material Group

Despite low seltorrosion, Er gy
galvanic couplaccelerates
the corrosion

N

Galvanic C

Galvanic Corro

W
< Galvanic Corrosion Rate

Copy

microns/year

-
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Leading Edge
FlapActutation

/ System

\’ CORROSION
- Djinn



A On average, over 2,400,000 :
fasteners are used to assemble & 5
a single Boeing 787 aircraft.

A 1500 fasteners in forward
fuselage, 3000 in each wing
for 35

A Rotary Gear Actuators (RGAS)
for leadingedge flaps

A Even bushings and fasteneys
thousands in every aircraft

7 \ /
ConrE/a . e omoson
http://www.compositesworld.com/articles/skinninghe-f-35-fighter Djinn



http://www.compositesworld.com/articles/skinning-the-f-35-fighter

Statement A Approved for public release; distribution is unlimited.

Define the problem ‘

Acquire the assembly

S geometry
040
020 27~
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Define environment &W > \\'{;
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1(Am-2) 140
Al 2024 Bare — Al 2024 12005
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= = 316 Stainless 12005
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Evaluate design optior}%
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Current density (A/rh)

1E-09 1E-08 0.0000001 0.000001 O. 1 10 100

. 024-T13
05 Al2 2013,

-2

——55316 Thin ——>55316 Stagnant ——AI2024-T3

1000

Figure 5: Polarization curves for 2024-T3 Al (gray), versus 316 stainless steel
under stagnant (bulk) conditions (orange) and 50 um thin-film conditions

(blue).

Potential (V SCE)

-
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Statement A Approved for public release; distribution is unlimited.

CR micron/yr 1 : : Ny 1 CR micron/yr

.0.081998 .114-2 7

0.065599 91.417

Corrosion Current 68.562
(LA)

Bulk polarization data 45.708

50 um film polarization data

B

0.016400

Corrosion Corrosion

0.00000

Rate 0.00000 3imaim2) Rate
Bulk 50um

-

Connpe/@
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Lug - Al2024 Bare
Bushings - 88316 Bare

Lug - Al2024 12008
Bushings - SS316 Bare

Lug - Al2024 Anodized
Bushings - 88316 Bare

Lug - Al2024 Bare
Bushings - S8316 12008

Lug - Al2024 Bare
Bushings - Ti6AL4V Bare

Lug - Al2024 Bare
Bushings - Ti6Al4V 12008

Statement A Approved for public release; distribution is unlimited.

Results shown in order of
reduced corrosion
current.

Note: The total corrosion
current, and therefore
relative order of the
coating and treatment
options is the same for
curve crossing analysis
and 3D CAE.

3D CAE also gives the
corrosion pattern and
therefore the corrosion
current density at the
interface

-
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Data logger

Case Peak Corrosion Current
Current per fastener (HA)
I Density
(A/m2)
53316 stagnant data 0.07 0.47
55316 50 um pol data, bulk fluid model 8.8 43.7
53316 50 um pol data — fluid shell model 16.4 37.5
Experimental-B117 (Feng et al.) - 50

Table 1. Comparison of current density and corrosion current per fastener
under thick, stagnant electrolyte and thin-film electrolyte.

Sty 2l © ! > |/ ol P
f

o020l
T Do REB016)\6.FB42C A St R 450,50

Djinn



