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Contract Details
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
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Discussion Topics

• Project Goal & Objective (Year 2)
• Key Activities & Accomplishments 
• Corrosion SLM Software Framework

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

• Developing an Environmental Exposure Spectrum (data sources 
and methods)

• Historical Records
• Sensor Measurement Data

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

• Challenges Encountered 
• Future Work 
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Overall Goals
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. 
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AA7075-1     [240.4]   (237.3)

SS316-1   [-42.2]   (-78.2)

SS316-2     [-37.4] (-26.5)

SS316-3    [-36. 9] (-20.5)

Electrochemical Properties
Film thickness = 80 microns 
Electrolyte Conductivity = 17.2 S/m
2.6M NaCl (atmospheric electrolyte PDS)

AA7075-2    [109. 2]  (84. 4)

AA7075-3    [21.4]    (21.9)

AA7075-4    [4.6]   (-3.7)

AA7075-5    [0.03]  (electrode removed from ZRA circuit)

(net current, µA) Luna electrode measurement (at equilibrium conditions)
[net current, µA] BEASY model using thin film PDS data

Project Goal & Objective - Year 1 (Review )

Validate computational 
results using sensor 
measurement data
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Project Goal & Objective - Year 2

Operational Environment History

Model Input Requirement

Cumulative Corrosion 
Damage Tracking

Relate prediction to defined aircraft 
usage periods that reflect actual in-
service environmental exposure.

Develop a Corrosion Service Life Model to 
predict the cumulative galvanic damage 
(Faraday metal loss calculation ) and other
corrosion related attack (crevice and pitting).
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Key Activities & Accomplishments
• A number of critical software modules have been completed.  The 

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.
• Reviewed available data sources based on historical records that could be used to 

inform computational corrosion models. 
• 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.
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Electrochemical Database Management Tool  

1. Improved Electrochemical 
Database and PDS curve 
management

2. Incorporates methodology 
and data from the Boeing 
Galvanic Corrosion 
Prediction Tool (GCPT)

3. Now possible to create 
analytical representations 
of polarization curves and 
perform curve crossing
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SLM Software Framework
Electrochemical Database Management Tool 

Analytical polarization curves 
reactions modeled using               

Butler-Volmer type model 

Curve 
Crossing 

Tool
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Stress 
(MPa)

IR thermography image

high stresses associated with the rivets in the first row

Justification for Selected Damage Scenario

Ref. 2: 27th International Congress of the Aeronautical  
Sciences, 2010, Critical Strain Performance of Coating 
Systems at Aircraft Joints

SLM Software Framework
Corrosion Susceptible Part Library

Component Geometry 
(from Corrosion Susceptible  Part Library)

Ref. 1: Engineering Fracture Mechanics 87 (2012) 1–15 “A study 
of the effect of CPCs on fatigue crack propagation in a 
representative fuselage lap joint specimen”.

Damage 
Scenario #2

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

50 mm

115 mm



SOFTWARE & SERVICES       
© BEASY 2018

11SLM Software Framework
Progressive Damage Scenarios

topcoat & primer

Cd

steel

Film thickness = 200 microns
Electrolyte conductivity = 5 S/m
Coating resistance  (Rcoat =  1 x108 ohm/cm2 ,  Bf = 0.0001 )

Damage Scenario 
#1a

Local Coating Condition on Rivet (A,B only)
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Damage Case Scenario 1a,1b

Damage Scenario 1a

Damage Scenario 1b

Assuming a Cd plating 
thickness of 0.0254 mm it is 
possible that the Cd plating 
on two fasteners could be 
lost in less than one year 
under Damage Scenario 1b.

cathodic

MAX Corrosion Rate = 0.004675 mm/yr

MAX Corrosion Rate = 0.0325 mm/yr

Corrosion rate on fasteners increases with localized loss of 
topcoat & primer – discrete damage areas on AA2024 panel 
remain protected (Cd more noble compared to AA2024)
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Damage Case Scenario 2

Initially the discretely damaged 
coating areas in Al-2024 panel 
behave anodic

bare steel As the coating continues to age the Cd from 
the other fasteners (orange shading) behaves 
increasingly  anodic and starts to protect the 
discrete damage areas in the Al-2024 panel

bare steel



SOFTWARE & SERVICES       
© BEASY 2018

14SLM Software Framework
Corrosion Pitting Simulator
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 Cl- concentration, current density, and time.

Ref. 3: Mark Jaworowski. Electrochemical Measurement and Modeling of Localized Corrosion. 
Final report. Grant/Contract Number: N00014-15-C-009. United Technologies Research Center

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.

Maximum Pit Depth (microns)

Pit Density (log10 of the number of pits/in2)
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Predicted Pit Depth for Damage Scenario #2

Max Pit Depth 
(microns) after 24 hrs

Max Pit Depth 
(microns) after 24 hrs

Ref. 3: Mark Jaworowski. Electrochemical Measurement and Modeling of Localized Corrosion. 
Final report. Grant/Contract Number: N00014-15-C-009. United Technologies Research Center

Predicted pit depth shown on the bare 
metal (area of discrete coating damage) 
next to the steel fastener

Max Pit Depth 
(microns) after 31 days

Max Pit Depth 
(microns) after 31 days

AA2024 Population 
Model Parameters

i = 15.5 µA/cm2

i = 14.0 µA/cm2
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Predicted Pit Density for Damage Scenario #2

Pit Density (log 10 N / 
in2) after 24 hrs

Pit Density (N / in2) 
after 31 days

Pit Density (N / in2) 
after 31 days

Pit Density (N / in2) 
after 24 hrs

Pit Density (N / in2) 
after 24 hrs

Predicted pit density shown on the bare 
metal (area of discrete coating damage) 
next to the steel fastener

Nmax 4.475094
a 1.525271
b 0.269238
c 0.078167
d 0.683627
e 10.81825

AA2024 Density Model 
Parameters

Ref. 3: Mark Jaworowski. Electrochemical Measurement and Modeling of Localized Corrosion. 
Final report. Grant/Contract Number: N00014-15-C-009. United Technologies Research Center

A = 0.02945 in2

A = 0.03208 in2
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Service Life Model
Prediction Of Accumulated Corrosion Damage
• Knowing the environmental exposure 

of an aircraft over the course of its 
lifetime is critical to making 
meaningful predictions of 
accumulated corrosion damage

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

Cumulative Corrosion 
Damage Tracking

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

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

• 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.  
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Historical Records – Data Sources
Source 1: Abbot 2008 Report

Ref. 4: W. H. Abbott, "A Decade of Corrosion Monitoring in the World's Military Operating
Environments: A Summary of Results," Battelle Memorial Institute, Columbus, OH, 2008

Ref. 5:   NADP  (http://nadp.slh.wisc.edu)
NOAA (https://www.ncdc.noaa.gov)

Source 2: NADP/NOAA

NADP - Spatial and 
temporal trends in 
atmospheric deposition 
(precipitation chemistry)

NOAA – Precipitation 
amount, temperature, 
relative humidity

Abbot - Comprehensive monitoring program where 
mass loss measurements are made on standard 
coupons in different field environments
1. TOW not measured
2. Provides an AVG current density using mass loss 

measurement with Faraday’s Law

Key challenges - configuring this type of 
data for input in a computational corrosion 
model. TOW estimates would be very 
approximate. Remote measurement sites 
(i.e. not on aircraft)

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).

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.

General comment 
on use of historical 

records

Backward looking 
approach with limited 

value in informing 
computational models, 

but could be used to 
make relative 
comparisons

Account for changing environments if 
monitoring station data is available nearby
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Sensor Measurements - Overview

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

• More attractive option, 
compared to using 
historical records, because 
the sensor is located 
directly on the structure 
and provides an accurate, 
time-based, measure of the 
environmental exposure 
(e.g. T, RH, Rs, Rp).  

polarization 
resistance (Rp)

solution 
resistance (Rs)
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Sensor Measurements –
Wet, Semi Wet, Dry Classification Scheme

• 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

• 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 
Allied Nations Corrosion Conference, Aug 2017
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Sensor Measurements –
Wet, Semi Wet, Dry Classification Scheme
What does the WET, SEMI-WET, DRY classification really mean ?

For cases where uniform corrosion 
loss is assumed

sensorsensor lablab

where:

TOW  = time of wet
TOS   = time of semi-wet
CRw = corrosion rate for wet condition
CRsw = corrosion rate for semi-wet condition

Rs = 819 ohms

DRY

SEMI-WET

WET

Rs = f (Abs. Hum.)
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Demonstration Model Selection

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

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

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

near bushing holes
2. Galvanic assembly (AI-7075, SS 17-4PH, SAE 1020, Al-Bronze) 
3. Service bulletin item (AYB 1249)
4. CAD details manageable for modeling
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Demonstration Model Selection –

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

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

• Fastener and pin-
bushing material 
properties received 
from NAVAIR.  Aileron 
hinge material 
identified in the 
teardown report.
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Demonstration Model Selection –
Operational Environment Scenarios

Total Time  =  2421.29  hrs

Exposure Scenario 1

Total Time  = 455.68 hrs

Exposure Scenario 2
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wet storage on carrier

sea based flight

dry storage on carrier
wet storage on carrier

sea based flight

dry storage on carrier

Load list of predefined 
operational scenarios 
by pushing this button

drag & drop operational scenarios 
to create the exposure history 

Assign a duration to each 
operational scenario

Define the number of times 
the exposure history is to be 
repeated

Total  Exposure Time = sum of 
operational scenario durations  * 
number of cycles through defined 
exposure history

LOAD Operational Scenario Exposure History

hour

day

SLM Software Framework
Environmental Exposure Scenario Builder
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Service Life Model
WET Classification (3.5% NaCl) Prediction

Electrolyte Properties
K = 13.41 S/m
t = 500 microns

Metal Surface Condition
Aileron hinge - coated (coating 
resistance = 2x104 ohm/cm2 , Bf = 0.001)
All fasteners - bare metal 
Bushings - bare metal
Pin - bare metal 
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Service Life Model 
SEMI-WET Classification (36% NaCl) Prediction

Electrolyte Properties
K = 66.14 S/m
t = 50 microns

WET

WET
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SLM Software Framework
Corrosion Damage Accumulator

Results for selected environment 
(WET) are shown on the left

Total time = 10 yrs

Accumulated damage from 
operational history is  shown 
on the right

# Cycles = 5

Exp. Scen. #1 Duration = 1.5 yrs

Exp. Scen. #2 Duration = 0.5 yrs
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Service Life Model 
Predicted Accumulated Damage After 10 Years

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

Operational Environment

Exposure Scenario #1 (1.5 yr period)

Exposure Scenario #2 (0.5 yr period)

Repeated for a total 
duration of 10 years

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

DRY  88.6 %
SEMI-WET  8.88 %
WET  2.52 %

DRY  88.94 %
SEMI-WET  11.06 %
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Service Life Model 
Qualitative Comparison

Model predicts  higher corrosion rates 
for the Al-7075 aileron hinge near the 
bushing and more remote fasteners.

Although qualitative, the model reflects 
the general location of the corrosion 
damage observed, following teardown 
inspection, in the actual part.
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Challenges Encountered
• Limited access to long term environmental exposure 

measurement data (i.e. building relevant exposure spectra)
• Relating  film thickness variation to sensor measurement 

parameters (improve connection for SEMI-WET condition)
• Validating real aircraft galvanic assembly computational 

models in a service life type environment – What metrics to 
use?  Is data available ?

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

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