ASETSDefense Workshop

Joint Session with ONR Sea Based Aviation
August 22, 2018

Robert Adey, Thomas Curtin
Computational Mechanics International Inc.

Helping Engineers Control Corrosion & Cracks
BEASY SOFTWARE & SERVICES
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Contract Detalls

USAFA Cooperative Agreement

Agreement No. : FA7000-16-2-0017

Contractor Name: Computational Mechanics International Inc.
Period of Performance — Sept. 30, 2016 to Sept. 29, 2019

e Working Team

¢ Principal Investigator: Dr. Robert Adey ( )
¢ Co-Principal Investigator: Thomas Curtin ( )

¢ ONR Technical Point of Contact

¢ William Nickerson
e Sea-Based Aviation Structures and Materials, Code 35 Air Warfare & Weapons Department
¢ Office of Naval Research - 875 N Randolph Street, Rm1132, Arlington, VA 22203

» Phone: 703-696-8485

e Email:

e USAFA Program Manager b o _
* Dr. Gregory Shoales '
¢« USAFA/DFEM
e 2354 Fairchild Dr., STE A1-2, US Air Force Academy, CO, 80840
e Phone: 719-333-6213
e Email:

© BEASY 2018
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Project Goal & Objective (Year 2)
Key Activities & Accomplishments
Corrosion SLM Software Framework

e Electrochemical Database (PDS curve management and improved analytics)
e Corrosion Susceptible Part Library (riveted panel model with coating damage scenarios)
e Corrosion Pitting Model

Developing an Environmental Exposure Spectrum (gdata sources
and methods)

e Historical Records
e Sensor Measurement Data

Demonstration Model
e Selection Criteria
e Sequential Environmental Loading & Cumulative Corrosion Damage Prediction
e SLM Modeling Results (current status)

Challenges Encountered
Future Work

‘ﬁ’F!‘ . -.*ﬁ
BT <

SOFTWARE & SERVICES 0y)
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1. Use a validated computational approach to develop
an integrated suite of galvanic corrosion modeling
tools to support galvanic risk assessment.

2. Extend this methodology to include the dynamic
changes in environmental exposure for a typical
aircraft usage spectra - Service Life Model (SLM).

The validation and development of computational corrosion modeling tools
has the potential to dramatically improve the durability of an aircraft through
better material selection, improved corrosion resistant design, and better
predictive maintenance schemes.

SOFTWARE & SERVICES
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Project Goal & Objective - Year 1 (Review)

Validate computational BEASY | LUNA | % Difference
results using sensor Sl | A0e REEE
t d t AA7075 1 [240 4] (237.3) £l EoE =
measurement data 422 | 782 | 59.8%
R, - Wi AA7075 2 [109 2] (84. 4) 2404 | 237.3 1.3%
T 109.2 | 84.4 25.6%
3
i 214 | 219 2.3%
46 | -367 | 17785%
0.0 ] N/A
§ AA7075-3 [21 4] (21.9)

AAT7075-4

[4.6] (-3.7)

SS316-1 [-42.2] (-78.2)
AA7075-5 [0.03] (electrode removed from ZRA circuit)

SS316-2 [-37.4] (-26.5)
Normal Current Density (A/m?)

3.4289
SS316-3 [-36.9] (-20.5) l2‘9995
2.5702
Electrochemical Properties g 21408
Film thickness = 80 microns anode

Electrolyte Conductivity = 17.2 S/m | 0.85269

2.6M NaCl (atmospheric electrolyte PDS) 0.42332

g [l 0-0060569
. " cathodic |l _
[net current, uA] BEASY model using thin film PDS data 043343

(net current, pA) Luna electrode measurement (at equilibrium conditions)
SOFTWARE & SERVICES
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Project Goal & Objective - Year 2

. . . Model Input Requirement
Develop a Corrosion Service Life Model to

predict the cumulative galvanic damage | e L

(Faraday metal loss calculation ) and other

corrosion related attack (crevice and pitting). FE s

K=1.55m P —
t= film thickness = 75 microns

Operational Environment History _ s e of ponure
sea based flight land based flight ToW, DRY TOW, oRY Tow,
—~ Cumulative Corrosion - —

Damage Tracking

& 5

Time

Environmental Exposure (Cl* , RH%)

_ protected storage on land
Relate prediction to defined aircraft

usage periods that reflect actual in-
service environmental exposure.

Corrosion Damage

SOFTWARE & SERVICES
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e A number of critical software modules have been completed. The

Key Activities & Accomplishments

= — ——
—

modules represent the computational modeling framework needed to
perform accumulated corrosion damage studies.

Investigated and sourced environmental data that can be used to build
environmental exposure spectra.

e Reviewed available data sources based on historical records that could be used to
inform computational corrosion models.

e Investigated and demonstrated the use of corrosion sensor data to inform
computational models - currently working to further connect this measurement data
with our computational modeling approach

Evaluated and selected a corrosion pitting model for integration within

the SLM framework

Review the F/A 18 Outer Wing Teardown Inspection Report and selected
a representative aircraft component to use for SLM method
demonstration

Continue to identify gaps in the computational model input data and

explore appropriate validation metrics for the corrosion SLM approach.,
SOFTWARE & SERVICES X




SLM Software Framework

. —

Electrochemical Data

Tree structure exposing the database

\
[ —

base Management Tool

Meta-data
area: contains

Database | Search _ | Pofarisation Curve: 2024 ESAA sesled 1d &xp May 20 P7FP Locate (== pa rameters
4 BEASY Polarization DataBase o || Pothiodsts le:  C:jUsersfoperstta/BEASY ProjPolarisationCurves dota/BEASY DataBlose Bocing 2024 BSAA sealed 1d exp May 29 P7 PP, polcurve s ’
Descrption | Parameters | Detads | Ansiyncal | ™ comments,
Dore 2024554 ke per BACSS32, seied, A va desred References,
osction, T dey exponre X
properties and
y .
theoretical
¥ Log (D Transpose ] sampie ¥ Bxpermentsl  [7] Analybesl () [7] Analyticsl (Anod) Ansiytcsl (Cathode) | mecescsies | [ mefesh | [ . rent Derwsity \ data
2024 8548 s 1d exp Moy 295760 - s associated
& Sampie ponts O Experimental ponts 8 Analybcal o 50008 With the
0.00 = R
/ A G ot selected
om - polarisation
Cd LHE chromated -~ & -05 Ze-08
- Carbon Composite (CFRF) iy - 0.53 curve
CFRPa .40
CFRPD i B MRS _—
CFRPC L
- Copper alioys o0 —_— —_— .
Ca
Ci o~
Materials Shortist é o0 N
Y
2024 B5AA seaied 10 e M 120 \ 15 -144 0
Cd 1d exp Sep 23 P4 PP \ - -
p
304 passivated 1d exp Mar 2. 140 | 7 166 0.0125
AAT100_v02 . A\ /
60 \

h
-1.80
10612 10e-1l  LO0ED 10609 10608  10e07  1.0e06 10645  10e04  L0e03  L0e02  LOe01
Current density [Afoma)
[ epota [ 1]  curentpensity: 135518 Potental: -0.669685 /\

Mini spreadsheet for

Shortlist are for working with a Chart area editing/visualising
selected group curves modelling data points
1. Improved Electrochemical 2. Incorporates methodology 3. Now possible to create
Database and PDS curve and data from the Boeing analytical representations
management Galvanic Corrosion of polarization curves and
Prediction Tool (GCPT) perform curve crossing

\ J




SLM Software Framework
Electrochemical Database Management Tool

= as 5 = I
You can click and adjust any ] Adjust selected Oxygen Reduction reaction R
parameter from any of the available 7
reactions Original Vakse

0.7162

TuogGnd  Cvwwpos  [famyie  [Fbopermentd [ sty ut] [ deatyscatfhrns) [ ety fesmo] [ e | [

The graph of the selected theoretical 0545 e 1 g 71977
polarisation curve changes B btz @ bratvtcs
dynamically while adjusting the
selected reaction parameter s oa
Py ey Py <

o L Pabvated
Ty o

Lell  del Liem Lietd  L0edl  Loed?  Liedd Ledl L0k L) L0l
Currest demity [AJcrz]

P It amrn

Analytical polarization curves

reactions modeled using
Butler-Volmer type model

© BEASY 2018

If you select a pair of curves from the shortlist, 2 context menu will let you run a curve

crossing analysis
- Paivivated =
Material Shoriat
pr—— Plot Type 1500.0
Curve crossing
Cd1d exp Sep 23 PA PR Exaenmentsl Export selcted
o Ao e o e
[asnanre from Shonfisl the following information
about the curve crossing
Export Al | et Al | et Dermty: o.000
(53 Foem LR
HName Area [m2] OCP [mV] Behaviour
- 1 1304 passivated 1d exp Mar 20 P3 PP 1 136304 Cathodic
‘ : ro S S I n g 2 2024 BSAA sealed 1d exp Mey 20 PT PP 1 -633818 Anodic
Putential at Crassing Point HLATS E
I O O I Corrosion Current £5.8023 mAjm2
Uniform Corerosion rate 00725451 o fyyeas
Uniform Mass Loss Rate 0.552802 oiday
i
T
1 =
i ~
’ s
\
]
o

The crossing can also be observed in the chart
area if you plot the analytical curves of the two
materials together
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SLM Software Framework
Corrosion Susceptible Part Library

Component Geometry Justification for Selected Damage Scenario
(from Corrosion Susceptible Part Library) R IR thermography image

Stress

115 mm = (MPa)
A : -
N ) § | -
g . - =
@3 .y | ,; i -
© J 50 mm E W |
— Sy N sl
@ @ high stresses associated with the rivets in the first row
"z
Ref. 1: Engineering Fracture Mechanics 87 (2012) 1-15 “A study
A 4 of the effect of CPCs on fatigue crack propagation in a

representative fuselage lap joint specimen”.

Plates: Al-2024-T3 (2.43 mm thick)
Rivets: cadmium plated steel

I il
S

<]

)
% %

/ \

i
A
P’ R kL XS i 2 ,. .I.-d
Ref. 2: 27" International Congress of the Aeronautical
T Sciences, 2010, Critical Strain Performance of Coating

Systems at Aircraft Joints

SOFTWARE & SERVICES
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SLM Software Framework

Local Coating Condition on Rivet (A,B only)
topcoat & primer

™)
L

® ©

*All fasteners with good quality primer/topcoat

A - Simulate damage in panel coating by modeling bare AA2024 in

an elliptically area around rivet. Cd plating on fastener fully
exhausted exposing steel rivet head.

\\.ﬁ ﬁ )

© BEASY 2018

Progressive Damage Scenarios

Coating is assumed to be lost on the
AA2024 plate near the rivet heads

Film thickness = 200 microns

B - Simulate damage in panel coating by modeling bare AA2024
in an semi-elliptically area around rivet. Cd plating on fastener
fully exhausted exposing steel rivet head.

Electrolyte conductivity =5 S/m

Coating resistance (R.,, = 1x108 ohm/cm?, B;=0.0001)

SOFTWARE & SERVICES

11
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Damage Case Scenario la,1b

et i Corrosion rate on fasteners increases with localized loss of
(maA/cm?) topcoat & primer — discrete damage areas on AA2024 panel
*"@i'lz%"ﬁﬁ' remain protected (Cd more noble compared to AA2024)

<>cathodic Assuming a Cd plating
thickness of 0.0254 mm it is

Corrosion Rate

possible that the Cd plating (mm/year)
/ 0.032200
on two fasteners could be lg;gg;gff
P 0.031467

lost in less than one year
under Damage Scenario 1b. /

: : 0.031222
Corrosion Rate 0.030978
(mm/year) 3’8%33
o 0.030244
0.030000

Corrosion Rate

{mm/year)
0.032500
0.028389
0.025278
0.021667

0.018056
0.014444
0.010833

Damage Scenario la
MAX Corrosion Rate = 0.004675 mm/yr

0.007222
0.003811
0.000000

Damage Scenario 1b

MAX Corrosion Rate ={0.0225 mm/v)

SOFTWARE & SERVICES @
© BEASY 2018




Damage Case Scenario 2

g

Riveted Panel Corrosion Modeling - Damage Scenario 2

© BEASY 2018

10 B
3 Anodic
E - 1
% o - - - - - = . P ————
¥ 1
* | Current leaving Cd surfaces S Current leaving Al surfaces Current delivered to 55 surfac !'\| C a th O d i C
R 1 Repaning ™ R,.a'.....—,—.:..--.( ! | oating Resistance (R_, ohms/cmzﬂ i
A Corrosion Rate
7 " il
y - "1 0.001528
cathodic :E %é?? e
anodicl §§§§§ G
cathodic VEE%g?? . .
Sorzss As the coating continues to age the Cd from
the other fasteners (orange shading) behaves
increasingly anodic and starts to protect the
A Initially the discretely damaged discrete damage areas in the Al-2024 panel
coating areas in Al-2024 panel
4 N behave anodic SOFTWARE & SERVICES Qr
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SLM Software Framework
Corrosion Pitting Simulator

—

— 5 = =

— —

The Need: Develop a method to quantify the severity of the pitting using a
computational tool.

Our Current Approach: Adopt forecasting methodology based on statistical
analysis of a series of experimental data sets (Ref. 3). Probabilistic galvanic models
that are functions of CI- concentration, current density, and time.

a(t, iy = [+ KClxLog(CD + K;  Log ()] Maximum Pit Depth (microns)
| [1+%
N(t, i) = Nonax Pit Density (log10 of the number of pits/in?)

1+exexp(—1x(a+bxt+cx*i?))

Limitations: Assumes constant environmental condition (uniform current density over
specimen), short term experimental tests for specific alloys, pit clustering characteristics
not predictable.

Future Need: Extension to dynamic environments (i.e. SLM operating scenarios) needs
further investigation.

; A\
Ref. 3: Mark Jaworowski. Electrochemical Measurement and Modeling of Localized Corrosion. AP B

Final report. Grant/Contract Number: NO0014-15-C-009. United Technologies Research Center SOFTWARE & SERVICES Qit‘ﬂ /

© BEASY 2018
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Predicted Pit Depth for Damage Scenario #2

Predicted pit depth shown on the bare

metal (area of discrete coating damage)
next to the steel fastener
i=14.0 uA/cm?

el
i=15.5 puA/cm?

Max Pit Depth

-13
-1z

|
13

-13

1z
1z
1z
1z

13.

1z,

1z.
-543
_543
527
.531
_525
.513
-513
.507
501

572
5l
555

AA2024 Population
Model Parameters
afl 3.034211
KCI 4182072
Ki 3.1891
az 0.884111

5% NaCl is equivalent to 50,000 ppm of NaCl (30,330.3 ppm CI)

[a; + KCl * Log(Cl) + K; = Log(i)]

a(t, i) =
1%

Ref. 3: Mark Jaworowski. Electrochemical Measurement and Modeling of Localized Corrosion.
Final report. Grant/Contract Number: NO0014-15-C-009. United Technologies Research Center

© BEASY 2018

Max Pit Depth

(microns)(aiicr 2415

&.8249
&.813
&.8011

—&_T78592
-€. 7773

E.TE54
E.T7535

\p—

(microns)(aiicr 2415 )

Max Pit Depth
(microns)(aiter 31 days |

24 _Be3
24 _BBG2Z
4 _B4
-Z4.

-Z4.

Max Pit Depth

d (microns)(

after 31 days |
12 .502

1Z.483
1Z.4¢l
-12.4339
-1z2.417
12.355%5
.:12_3'?3
-12.351
12.329
12.307
12.285
12.263

SOFTWARE & SERVICES
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Predicted Pit Density for Damage Scenario #2

Pit Density (N /in?)

Predicted pit density shown on the bare Pit Density (N /in2) (after 31 days ]
metal (area of discrete coating damage) i] 29757

next to the steel fastener 120 3 lzs?sss
” £5754

I:135.EE .

-138_22 - 23754

-137.18 29754

[ 13e.14 29754
135.1 - 23754

—-134_0¢& 25754
133_02 29754

A=0.03208 in?
A =0.02945 in?

131._948 29754
130_94 23754
1z25.5

Pit Density (N /in?)

(after 31 days |
Pit DenSIty (N /in?) / 29639
[25685

29683

35.8

22 24 - 29883

25 233 - 29683

AA2024 Density Model -33.3383 l 23853

Parameters -33.237 29689

35.836 - 29589

Nmax 4.475094 P caens

a 1.525271 | 2o 83a oeas
b 0.269238 39.833 -

c 0.078167 39 832 25883

d 0.683627 3s_a31 23883

e 10.81825 3283

5% NaCl is equivalent to 50,000 ppm of NaCl (30,330.3 ppm ClI)

Nmax
N(t,i) = -
(&0 1+exexp(—1x(a+bxt+cxiv)

Ref. 3: Mark Jaworowski. Electrochemical Measurement and Modeling of Localized Corrosion. SOFTWARE & SERVICES
© BEASY 2018 Final report. Grant/Contract Number: N0O0014-15-C-009. United Technologies Research Center
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Service Life Model
Prediction Of Accumulated Corrosmn Damage

|
d\

Knowing the environmental exposure ; B
of an aircraft over the course of its Cumulative Corrosion | [ ()
lifetime is critical to making o
meaningful predictions of
accumulated corrosion damage

e Data may be available from either
historical records or dynamic
environmental monitoring using
sensor technology

e Computational models require information on electrolyte conductivity,
film thickness, and polarization properties to make predictions of galvanic
stress and metal loss.

e Estimates of TOW are required to extend this technology to making
predictions of accumulated corrosion damage

e |If data can be successfully manipulated to characterize typical aircraft
exposure environments it may be possible to create a library of standard
operational environment's. -9

© BEASY 2018

i3
__EH
o3 422§

Damage Tracking - T

Corrosion Damage

Time

SOFTWARE & SERVICES
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Historical Records — Data Sources

Source 1: Abbot 2008 Report Abbot - Comprehensive monitoring program where
mass loss measurements are made on standard
o coupons in different field environments
*1 1. TOW not measured
1= 2. Provides an AVG current density using mass loss
; t measurement with Faraday’s Law
§

2

Key challenges - configuring this type of
data for input in a computational corrosion
Ref. 4: W. H. Abbott, "A Decade of Corrosion Monitoring in the World's Military Operating model. TOW estimates would be ve ry
Environments: A Summary of Results," Battelle Memorial Institute, Columbus, OH, 2008 . i
apprOXImate. Remote measurement sites

Source 2: NADP/NOAA (i.e. not on aircraft)

National Atmospheric Deposition Program

onthly Data Summar e [ merth | v M imerd u ATIONA TERS FOR
R & NOA AR ERNAERHirarion
El Verde, Puerte Rico EE o MW,_:M.,,'?:"'E‘:E
=it E 3 NADP - Spatial and
: == = - temporal trends in
aor 2017 w017 rane 2017 i = |4 = atmospheric deposition
i==E : = = o G (precipitation chemistry)
MNAS Jacksonville L Ej gé g 3;7;3 3‘?‘; E E E :

R e = e B s NOAA — Precipitation
e - | anc amount, temperature,

MNAS Fallon EE E 5 ol " b relative hum'd'ty

Ref. 5: NADP ( )

© BEASY 2018 NOAA ( )


http://nadp.slh.wisc.edu/
https://www.ncdc.noaa.gov/
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Historical Records - Implementation ?

TOW from precipitation
records - if it rains, assume

WET for 24 hr period. Assume

bulk electrolyte conditions

(1000 micron film thickness).

. Pue:
\ Ir‘ll.’k i||

)
a
|| ..._|II. |
:

rount [inghes|

© BEASY 2018

A

50, 1 319 mgnl

El Verde, Puerto Rico

Mar 2017

Wi ¢
Y aug 2017
]

Account for changing environments if
monltorlng station data is available nearby

b 5
) -
9 v '? ’ gors 9 g :

'Unmd States , ’,‘ iegs Coy

) %

......

SLM Demonstration Using Historical Records
of Environmental Exposure

[ =027 il |

| o=1rmmel
= L4 mgll Na=0681 mgL W= 0138 mg/L
tea = 0L8CS gt Mg = 0.085 mg/L Mg w0012 gL
Mge010dmgfl | SThe0&Simgll | 00768 gl 50,00 359 mel 0= 0200 mgL
50, =053 mglL Na = 0,408 g/t 4 Na = 0.071 Mgt
pH =529 hg = 0.053 mp/l pH =493 Mg = 8,036 mgl
pH=524 | saeasimell | 50, 0675 gL
1 ' = | k= 667mS/cm
- L =513 | pH = 08
. ‘_“nﬁ!ﬂm
NAS Patuxent River NAS Jacksonville NAS Fallon

Apr2017  May 2017 June 2017

July 2017 August 2017

SOFTWARE & SERVICES

/General commerh

on use of historical
records

Backward looking
approach with limited
value in informing
computational models,
but could be used to
make relative

\ comparisons /

Precipitation chemistry
Useful in estimating electrolyte
concentrations in order to select
appropriate polarization curves.
Electrolyte conductivity and pH
directly measured. Data could
also be used to guide
laboratory testing.
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Sensor Measurements - Overview

— p——

polarization
resistance (R,)

e Sensor measurements can
be used to provide the data
for computational models.

e More attractive option,
compared to using g
historical records, because EMA e
the sensor is located e o
directly on the structure i
and provides an accurate, Mmfx\fgm Sr=——
time-based, measure of the
environmental exposure N
(e.g. T, RH, Rs, Rp). e T

solution

Surface
Temp

© BEASY 2018
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Sensor Measurements —
Wet, Semi Wet, Dry Classification Scheme

CMI Data Processing Using Luna Corrosion Sensor Measurements

Dynamic Monitoring Onboard Naval Ship CMI Data Processing Using Luna Corrosion Sensor Measurements
(May 15, 2015 to Aug 24, 2015 Data Record) Dynamic Monitoring Onboard Naval Ship
100,000 (May 15, 2015 - Aug 24, 2015 Data Record)
Environmental Exposure
Elapsad Tme | Absolute Humidity | Salution Resistance Classification 2.52%
90,000 [hrs) (g/m") {Rs, ohms) Wi MI-WET__DRY 8.88%
000 5001810523
100 8602360595
2100 a6y | 15357
80,000 ) wamasen | nr
19 B.19H5701I2 1545,
650 | T4 T8 | 1574
70000 e
w50 Sk )
S0 S OUIIESSEE 16257
60,000 550 584555402 16504
1000 5654537056 16795
1050 5 507245180 1650
1w 3 sTao8akIn T
50,000 ] FTeT FIE piy

DRY

\
40,000 %

Solution Resistance (ohms)

30,000
\

Lina of best fit: o, B
SR{H) = 24 460 + 75,014 6 & 10N §‘.° '”f.-”{‘.‘: @
- c r.'_.T
| f

20,000 95% Canf. Interv.
e fuower Bound)
10,000
SEMI-WET ) ! - )
B19 Othen WET limit from 95% 1 b el s 88.60%
i data captire using cor I .| TR T :
0.00 5.00 WET + 1000 15,00

W DRY ®SEMI-WET m WET
Absolute Humidity (g/m?)

— Line of Best Fit ====-95% Confidence Interval - Lower Bound (red dotted fine}

e Corrosion sensor is calibrated using a controlled set of exposures (T, RH) in
a Thermotron. A “Line of best fit” is created and the lower bound of the
95% C.I. is used to separate the DRY and SEMI-WET data points

e The SEMI-WET data is further divided into a SEMI-WET and WET
classification using 95% of the data under the PDF curve (non-dry data)

Reference: Cosima Boswell-Koller, Victor Rodriguez-Santiago, Corrosion Risk

Assessment Through Dynamic Environmental Monitoring Onboard a Naval Ship, DoD SOFTWARE & SERVICES
© BEASY 2018 Allied Nations Corrosion Conference, Aug 2017
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Sensor Measurements —

WetI Semi WetI Drx Classification Scheme

What does the WET, SEMI-WET, DRY classification really mean ?

o e I 25,000
2,000 DYTRIME Moo inpOntex eVl suip e o) T
= ’:Ef,“ 20,000 .{I’ D:;" D RY . o ol
g W || T -S | R J*\ ﬁm* DR llrk‘jfi‘ II
12 ;—_—‘_’ —_:—_— ______________________ n‘é !r*[ i ? ”'lwuﬁ“!w "s.",‘": N * DAY ! g oRv
3 Bom 3 : I e e e e oy Rs =f(Abs. Hum.)
‘E = : i -\. b é ! e l‘ fj SEMI-WET
g w0 &) ! . L ! B f Xt Qo
E b H ':"".. ..;‘t;,x_;ll'“--' : $ 2 Lo g 4 semwer H
- v Mgl 5 i i € 10,000 || R o !
o h : .:‘ - : g | 6 Hsrwwn (o)) !
e by 1 'g ! © \‘ S f SEMI-WET
o i 3 ! 2 e 5 |
5,000 o i ) i =000 !I ® \b%ﬂi rlr SEMI-WET ﬂ
3,0 b .";'E‘ﬁ.f-_.- | - LY .‘.Ii\.EI'I /
..w-ii -,I;—-ﬂ _i- ;,’L SEMI-WE “.iﬁiﬂ::\t:r -i__swl'.w” lﬂrwwrt
o 10.00 zli.un 3000 4000 50.00 600 § 7000 8000 —— Rs = 819 ohms------ _'"“_""fém"'_"'_ """"""""""""
aosed Time (hrs) 1
L.._.,_____________E'____________.' 20.00 30.00 40.00 50.00 l 60.00
""""""""""" S Elapsed Time (hrs)
ET
For cases where uniform corrosion where:
loss is assumed .
TOW = time of wet
m ¥ =(TOS ™ -CR _ + TOW ™ .CR _)-A _ TOS = time of semi-wet
4 / '\ CR,, = corrosion rate for wet condition
sensor lab  sensor lab CR,, = corrosion rate for semi-wet condition

SOFTWARE & SERVICES
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Demonstration Model Selection

Justification for Selection
1. Corrosion and cracking observed near fastener holes and
near bushing holes

Galvanic assembly (Al-7075, SS 17-4PH, SAE 1020, Al-Bronze)
. Service bulletin item (AYB 1249)

. CAD details manageable for modeling

X .

N

e

Outboard Aileron Hinge Showing Locations of Corrosion Damage and Cracking

e Representative aircraft component selected following review of the F/A-
18 Outer Wing Inspection Teardown report (7319 flight hours)

e The SLM methodology is demonstrated using a multi-material
component, subject to measured environmental conditions aboard a
Naval ship, to predict accumulated corrosion damage.

SOFTWARE & SERVICES
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Demonstration Model Selection —

e The aileron hinge
mounts to the rear
and aft spars and a
connecting rib in the
outer wing section.

Components/Materials
Aileron Hinge - Aluminium Al-7075
Large Fasteners x10 (dia. = 0.4 in) - Stainless Steel 17-4PH
Small Fasteners x7 (dia. = 0.3 in) - Stainless Steel 17-4PH
Washers - Stainless Steel 17-4PH
Pin (dia. = 0.675 in) - Carbon Steel $1020
Bushings (x2) - Al-Bronze AMS 4640

e CAD geometry of the
aileron hinge created
using data available
in the F/A-18 Outer
Wing Inspection
Teardown report.

e Fastener and pin-
bushing material
properties received
from NAVAIR. Aileron
hinge material
identified in the
teardown report.

SOFTWARE & SERVICES
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Demonstration Model Selection —
Operational Environment Scenarios

CMI Data Processing Using Luna Corrosion Sensor Measurements
Dynamic Monitoring Onboard Naval Ship
(May 15, 2015 to Aug 24, 2015 Data Record)
2.52%

B.BEX

<L S S O R Total Time = 2421.29 hrs

100,000

90,000

Exposure Scenario 1

Solution Resistance (ohms)

Line of

30,000 o s 2
Sa(H) R

. 4

best it
= 24,459 % T6.014 6 ¢ FRIH

20,000 P 95 Conl. Intery,

.= iLower Bownd)
_______ ! 88.60%
10,000 -4 = =
SEMI-WET ® DRY ® SEMI-WET ® WET

819 O WET limit from 95%
daza capturs uaing COF

- 4 A 7
.00 5,00 WET l 10.00 25.00
Absolute Humidity (g/m?)

——lineof@est Fit  ==---85% Confidence Interval - Lower Bound ired dotted line) a DAY n  SEMIWET ° WET

CMI Data Processing Using Luna Corrosion Sensor Measurements

Dynamic Monitoring Onboard Naval Ship it
100,000 (Feb 8, 2017 to Feb 27, 2018 Data Record) 11.06%

50,000
i
E  =o000
£ 5
8 e Exposure Scenario 2
o
@ 60,000
g .
8 e Total Time = 455.68 hrs
‘E 40,000 DRY
e
§ me s v
E 20,000 3 95% Conf. ltery, BE94%
Q g -4 22 3 (s Botnsy |
Vo e000 By @IV ATE T T b poges BB s = DRY m SEMI-WET & WET

819 Onm WET limit from 5% SEMI-WET
n cata capture using COF i
0.00 5.00 10.00 15.00 WET 20,00 i

Absolute Humidity (g/m?) SOFTWARE & SERVICES

—i oIS e O4% Confidencs nesrval - Lower Bousd oar A sEvwer
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SLM Software Framework
_Environmental Exposure Scenario Builder

CEE ot Load list of predefined Assign a duration to each
e operational scenarios operational scenario

by pushing this button

* Percentage 50% = Percent of time.
* Model ": |data | Wing | case8 | BNO1B.

[ LOAD Operational Scenario ] I_-prosure Al R7]
. ] Operational Durati
wet storage on carrier %" Scenario b
sea based flight 1 wet storage on carrier 6
dry storage on carrier > seabased flight 3
3 dry storage on carrier 18

drag & drop operational scenarios
to create the exposure history

| Number of ydes: 50 | TotalTime: [200  |[day ~]
Total Exposure Time = sum of
Define the number of times operational scenario durations *
the exposure history is to be number of cycles through defined
repeated exposure history

© BEASY 2018
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Service Life Model

WET Classification 53.5% NaCIz Prediction

Uniform Eui;l:-:soizrsl Rate (mm/year) EIGCt]’Othe PrODeI’tIeS
[3:3:;27 K =13.41 S/m

0.073184 t = 500 microns

-0.065911
0.058638

0.051365 Potential [V)
0.044082 -0.55
0.036819 -0.5682
0.023546 -0.58638
0.022273 -0.60456
--0.62274

0.01s

-0.64032
-0.6591
-0.67728
-0.69546
-0.71364
= -0.73182
™y -0.75
9

anodic

Metal Surface Condition

Aileron hinge - coated (coating
resistance = 2x104 ohm/cm?, B;= 0.001)
All fasteners - bare metal

Bushings - bare metal

Pin - bare metal

Patential (V vs SCE)

© BEASY 2018 s )
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Service Life Model

Classification 536% NaCIg Prediction

Uniform Cortosion Rate (mm/year) E | eCtrOthe P rOpe rtl €S
l°-°95 K =66.14 S/m

0.08773

0.080457 t = 50 microns
"-0.073184
0065312 Potential (V)
io.osasaa e
B-0.051365 -0.5682
-0.044092 -0.58638
-=0.60456
--0.62274

i:-a.sqosz
--0.6591

~-0.67728

e 0.036819
-, 0.029546 ,
o, 0.022273 B,
s, 0.01s R
B i, [—0.69545
™, -0.71364
e -0.73182
s, -0.75

Potential (V vs SCE)

© BEASY 2018 - ol



SLM Software Framework
Corrosion Damage Accumulator
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#3) CM_CaseManager - F/users/jmwhb/Castle_Alleron_example/B/OperationHistoryTypel.cm_scn . a8
Exp. Scen. #1 Duration = 1.5 yrs
. . .
i P
Model Scenarios Operational History \
== ool
4 Exposure Scenario 1: Onbeard Naval Ship (May 15,2015 to Aug 24,2015 Data Record)
ET Duration: 8.8% 1 Exposure Scenario 1: Onboard Naval Ship (May 15,2015 to Aug 24,2015 Data Record] 1.5 year
[« Duration: 2.52% . -

: Onboard Naval Ship (Feb 8,2017 to Feb 27,2018 Data Record) 2 Exposure Scenario 2: Onboard Naval Ship (Feb 8,2017 to Feb 27,2018 Data Record)
Duration: 11.06%

ERrE Scens
SEMI-WET

Exp. Scen. #2 Duration = 0.5 yrs

Results for selected environment Accumulated damage from
(WET) are shown on the left operational history is shown

on the right Total time = 10 yrs
I

# Cycles=5

L
Number of cycles: 5 = Total Time: [10 | [year

Left: Resultsof selected Bioht: Damace acoumiated by history \
— X =
/ Group Polarisation Surface Net Mas Most Positive ~ Most Negative ~ Max Current Min Current  Max Corrosion  Min Corn Accumulated Net Severi ol
Name Curve Area Current Rats Potential Potential Density Density Penetration Rate  Penetration AccumiNged Damage  Mass Loss Charge Index

/ ] ] [m2] [4] [g/day] v v [A/m2] [A/m2] [mm/year] [mm/year] [g] [Ah] [l
1 AileronHinge_... Al-70751 00695237 000391243 00328563 -0.581694 -0.646223 00819665 00402856 00904914 00444755 0.0254869 809661 231389 0
2 Bushingl Sidel Al Bronze AMS... 0.000254008 -7.04465e-05 0 34311 -0.638115 -0.276917 -0.277932 0 0 0 0 0 -0.512995 0
3 BushingZ Sidel Al Bronze AMS... 0.00025177 -6.98305e-05 0 -0.637989 -0.276941 -0.277954 0 0 0 0 i -0.508549 i
4 Fastenerl Sidel 17-4.4 0000243892 -0.000206016 0 -0.5780. -0.58363 -0.835993 -0.865645 0 0 0 0 0 -1.08968 0 1
5 Fastenerl_Sidel 17-4 4 0.000242891 -0.000205374 0 -0.578003 -0.583516 -0.833876 -0.863046 0 0 0 0 0 -1.08964 0
6 Fastenerll Sidel 17-4.4 0000243892 -0.000207813 0 -0.579389 0,585022 -0.843211 -0.873011 0 0 0 0 0 -1.09286 0
7 Fastenerl? Sidel 17-4.4 0000243893 -0.000211969 0 -0.582552 -0.588769 -0.859945 -0.892838 0 0 0 0 0 -110062 0
& Fastenerl3 Sidel 17-4.4 0000243894 -0.000216981 0 -0.586389 -0.592864 -0.880242 -0.9145 0 0 0 0 0 -110989 0 m
9 Fastenerld Sidel 17-4.4 0000243892 -0.000222343 0 -0.590528 -0.597224 -0.902143 -0.93582 0 0 0 0 0 -111971 0
10 Fastenerl5 Sidel 17-4 4 0.000242892 -0.000227933 0 -0.595091 -0.601526 -0.925406 -0956821 0 0 0 0 0 -112999 0
11 Fastenerl6 Sidel 17-4 4 0000243893 -0.000234771 0 -0.600767 -0.60722 -0.953115 -0.984621 0 0 0 0 0 -114285 0
12 Fastenerl7 Sidel 17-4.4 0000243893 -0.00024491 0 -0.609172 -0.616775 -0.994147 -1.02126 0 0 0 0 0 -116289 0

\ 13 Fastener2 Sidel 17-4.4 0000164202 -0.000142563 0 -0.582782 -0.587455 -0.861162 -0.885886 0 0 0 0 -0.741524 0
1NEastener3 Sidel  17-4 4 0000164202 -0.000145797 0 -0.586473 -0.591319 -0.88069 -0.906326 0 0 0 0 0 -0.747779 0 -

N —

Display file successfully created in "F:/users/jmwhb/Castle_Aileron_example/B/casel post.res”
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Service Life Model
Predicted Accumulated Damage After 10 Years

Operational Environment

Please note that the
accumulated corrosion
damage plot reflects
the exposure
environment used in
the simulation. In this
case the DRY condition
/s dominant (i.e. no
active corrosion
assumed)

Exposure Scenario #1 (1.5 yr period)

‘ DRY 88.6 %
SEMI-WET 8.88 %
WET 2.52 %

(e

Expogﬂ};écenario #2 (0.5 yr period)

1.08% barscnd

Accumulated Corrosion Damage (mm)

0.0820865
0.07589
DRY 88.94 % I 0085716
SEMI-WET 11.06 % . 0.063539
- 0.057364
0.051189
0.045014
Repeated for a total I gggig‘j
duration of 10 years 0.026489

Note: Pitting damage is not included for this case
(data currently not available to support selected
pitting model for non-uniform environments)

SOFTWARE & SERVICES
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Service Life Model

gualitative Comearison

Accumulated Corrosion Damage (mm)

. . . 0.082065

Model predicts higher corrosion rates lgggs
for the Al-7075 aileron hinge near the  0.08355
bushing and more remote fasteners. | B
foum

0.026489

Although qualitative, the model reflects
the general location of the corrosion
damage observed, following teardown
inspection, in the actual part.

© BEASY 2018
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Challenges Encountered

—_— — ——

—_—
—

e Limited access to long term environmental exposure
measurement data (i.e. building relevant exposure spectra)

e Relating film thickness variation to sensor measurement
parameters (improve connection for SEMI-WET condition)

e Validating real aircraft galvanic assembly computational
models in a service life type environment — What metrics to
use? Is data available ?

e Lack of experimental data (or pitting models) to support
corrosion pitting predictions for actual service life conditions
(i.e. non-uniform and dynamic environments)

SOFTWARE & SERVICES &% -
© BEASY 2018 BEASY',
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Future Work

e Corrosion pitting and pit-to-crack transition models
e Coating degradation models
e Corrosion SLM design case study

SOFTWARE & SERVICES §

© BEASY 2018
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