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Corrosion Rates Are Dependent Upon 
Environmental Severityé A Complex Issue!

The combination of anthropogenic pollutants, natural atmospheric contaminants, temperature, 
humidity, precipitation, condensation, wind, sunshine, and who knows how many other factors 

leads to highly variableenvironmental severity and resultant corrosion rates

The challenge is to 
create a model that 
explicitly considers 

interactions between 
the predominant 

factors!

2

Factors not explicitly 
addressed by traditional 

corrosion models

Specific Geographical Locations



Traditional Atmospheric Corrosion 
Modeling Approaches

Most traditional corrosion models make linear or simple nonlinear 
predictions.  They are incapable of explicitly considering temporal 
interactions between variable acceleration factors

Power Law: Corrosion Rate (K) = Atn Regression: K = a1 + a2 TOW + a3 S + a4 Cl
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Cumulative Corrosion Damage 
Modeling (CCDM) Approach
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Å//5a wŜǎŜŀǊŎƘ IȅǇƻǘƘŜǎƛǎΧ  !ǘƳƻǎǇƘŜǊƛŎ ŎƻǊǊƻǎƛƻƴ ǊŀǘŜǎ ǾŀǊȅ ƻǾŜǊ ǎƘƻǊǘ ǇŜǊƛƻŘǎ 
of time in response to variable environmental conditions

ÅNew approach is analogous to fatigue models that predict variable increments of 
damage resulting from variable amplitude cyclic loading  

ÅCCDM explicitly considers the effects of diurnal and seasonal temperature/humidity 
cycles combined with stochastic changes to atmospheric contaminant levels

ÅIts ability to consider short-term effects enables corrosion damage prediction and 
assessments for deployable systems!

Illustration of CCDM Approach
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CCDM Development

ÅThe CCDM approach involves formulating and solving an 
inverse problem, whereby a set of observations is used 
to identify the causal factors that produced them
ÅIn other words, you start with the answer (i.e., measured 

corrosion rates) and work backwards to calculate the causes
ÅThis differs from a forward problem (used to develop conventional 

corrosion models), which starts with the assumed causes and uses 
them to calculate the answer

ÅInverse problems are used to identify/quantify 
parameters that cannot be directly observed via testing
ÅUnlike conventional models, using an inverse problem to 

develop CCDM formulations enables the explicit consideration
of interactions between acceleration factors
ÅTraditional corrosion models are incapable of such considerations
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CCDM Development

ÅThe CCDM inverse approach is implemented using simulations
ÅThe Monte Carlo method is traditionally used to simulate variability in 

model inputs and evaluate the resultant variability in predictions
ÅThis is how forward problems would typically use the method

ÅIn the case of an inverse problem (specifically CCDM), the Monte Carlo 
ƳŜǘƘƻŘ ƛǎ ǳǎŜŘ ǘƻ ǾŀǊȅ ǘƘŜ ƳƻŘŜƭΩǎ ǾŀǊƛƻǳǎ ŦǳƴŎǘƛƻƴǎ ŀƴŘ ŀǎǎƻŎƛŀǘŜŘ 
coefficients until predictions have high degree of correlation with test 
results
ÅModel inputs are environmental data used to calibrate (and later validate) 
ƳƻŘŜƭ ŦƻǊƳǳƭŀǘƛƻƴǎΧ ǎǳŎƘ ǘǊŀƛƴƛƴƎ Řŀǘŀ ǊŜƳŀƛƴǎ ǎǘŀǘƛŎ 

ÅBayesian optimization and machine learning (a branch of 
artificial intelligence) are used during the simulation process
ÅUsed to revise simulation parameters (i.e., probability distributions) 

until near-optimal functions/coefficients have been identified
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CCDM Development

ÅThe inverse approach to develop corrosion models is an 
iterative process that takes two separate paths
ÅMassively parallel computer clusters are                                                                

used to conduct simulations to calibrate and                                 
statistically test candidate models

ÅModel results provide clues as to how                            
formulations can be manually revised to                                   
account for physical observations

ÅThe basic CCDM formulation is based                               
upon a chemical kinetics model known                                       
as the Eyring equation
ÅThe inverse approach was used to revise the initial formulation to 

improve the correlation between predictions and test 
ƳŜŀǎǳǊŜƳŜƴǘǎΧ ŦǳǊǘƘŜǊ ǊŜǾƛǎƛƻƴǎ ŀǊŜ ōŜƛƴƎ ǘŜǎǘŜŘ7



Illustration of 
Cumulative Predictions 
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The illustration shown 
here is for Kennedy 
Space Center, FL (five 
miles inland).  The top 
left chart compares 
annual cumulative 
predictions with 
quarterly test 
measurements (square 
symbols).

Hourly and Cumulative Predictions for a Single Day

Midnight 12/13/05 to Midnight 12/14/05

The inverse approach 
is used to develop 
and calibrate the 
functions and other 
coefficients so they 
can account for the 
interactions between 
T, RH, and 
contaminant levels
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D. H. Rose, "A Cumulative Damage Approach to Modeling Atmospheric Corrosion of Steel, PhD Dissertation," 
University of Dayton, 2014



Comparison of CCDM to 
Published òDose-Responseó 

Functions

ÅThe overwhelming majority of regression and power-law corrosion models 
dating back 50 years do not account for temperature effects.  

Å¢ƘŜǊŜ ǿŜǊŜ ǘǿƻ ΨǘǊŀŘƛǘƛƻƴŀƭΩ ƳƻŘŜƭƛƴƎ ǇŀǇŜǊǎ ŦƻǳƴŘ ƛƴ ǘƘŜ ƭƛǘŜǊŀǘǳǊŜ ǘƘŀǘ ŎƻƴǎƛŘŜǊŜŘ 
temperature but only as an annual average

ÅTwo relatively recent efforts have attempted to address this omission
ÅάUN ECE ICP MaterialsΧ ό2001ύέ ǘƘƛǎ ǇŀǇŜǊ ŘŜǾŜƭƻǇŜŘ ƳƻŘŜƭǎ ŦƻǊ ƴǳƳŜǊƻǳǎ ƳŜǘŀƭƭƛŎ 

(and two nonmetallic) materials used to construct historical and cultural monuments  

Å Each material has two modelsΧ Ƴƻǎǘ ƘŀǾŜ ƻƴŜ ŦƻǊ ҖмлoC and the other for >10oC (a couple 
ǿŜǊŜ ŦƻǊ ҖммoC and >11oC)

Å ISO 9223:2012άCorrosion of metals and alloys τCorrosivity of atmospheres τ
Classification, determination and estimationέΧ ŎǳǊǊŜƴǘ L{h ǎǘŀƴŘŀǊŘ ƻƴ ŎƻǊǊƻǎƛƻƴ

Å Presented models for structural materials including carbon steel, zinc, copper, and aluminum.  
Two models are presented for each materialΣ ƻƴŜ ŦƻǊ ҖмлoC and the other for >10oC

ÅBoth efforts had to use two separate models to consider temperature effects

ÅThe CCDM approach uses a single modelto calculate corrosion rates over a 
wide range of temperatures with a maximum rate predicted at the same 
ǘŜƳǇŜǊŀǘǳǊŜ ǊŀƴƎŜ ŀǎ ǘƘŜ ά¦b 9/9 L/t aŀǘŜǊƛŀƭǎέ ŀƴŘ άL{h фнноέ ŜŦŦƻǊǘǎΗ
ÅThis was a natural outcome of CCDM, not something that was targeted
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Comparison of CCDM to 
Observations
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*J. Tidblad, V. Kucera, A. Mikhailov, J. Henricksen, 
K. Kreislova, T. Yates, B. Stockle and M. Schreiner, 
"UN ECE ICP Materials: Dose-Response Functions 
on Dry and Wet Acid Deposition Effects after Eight 
Years of Exposure," Water, Air, and Soil Pollution, 
vol. 130, pp. 1457-1462, 2001. 

Why?

ά¢ƘŜ ƛƴŎǊŜŀǎƛƴƎ ǇŀǊǘ όŀύ Ŏŀƴ ōŜ 
related to increased time of wetness.  
The decreasing part (b) is attributed 
to faster evaporation of moisture 
ƭŀȅŜǊǎϝΧέ

Å The CCDM was not constructed to fit Figure 1, 
rather an inverse approach was used to optimize 
ǘƘŜ ƳƻŘŜƭΩǎ Ŧƛǘ ǘƻ ƛǘǎ ŎŀƭƛōǊŀǘƛƻƴ Řŀǘŀ

Å The fact that the model results match Figure 1 so 
well (shape and temperature at the maximum 
corrosion rate) provides evidence of the efficacy 
of the CCDM methodology!
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Illustration of the chloride reaction (not scaled)
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T
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The combination 
of functions leads 

to a maximum 
predicted 

corrosion rate at 
9-11oCΦέ

Kinetics

Shape Functions

Temperature Adjustment

CCDM employs multiple (calibrated) functions multiplied against each other 

What effects are observed under actual atmospheric exposure conditions?



Modeling Data Collection

11

New data will facilitate the development of model formulations capable of making predictions in more diverse environments  

Initial 

Calibration and Validation Site Locations

New sites

Sites used for POC effort

Å Most calibration and validation 
sites were locations where 
Battelle conducted corrosion 
tests 
Å Some sites were where a 

SERDP-sponsored program 
conducted tests using same 
materials and protocols

Proof of Concept: 3 calibration, 7 validation sites
Follow-on efforts: 6 calibration, 18 validation sites

Additional calibration and 
validation sites were 
desired to increase diversity 
of environmental conditions 
considered by the models



Modeling Data Collection
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Fort Drum, NY: 
Corrosion Test and 

Weather Sites

Ozone Site

SO2 Site
Chloride Site

Illustration of CMAQ Data Illustration of Proxy Data Sites



Modeling Data Collection
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Corrosion test rack

SmartRack

ÅThe most accurate models possible can only be 
obtained using environmental data measured 
directly at the calibration/validation sites 

Å¢ǿƻ ǇǊƻǘƻǘȅǇŜ ά{ƳŀǊǘwŀŎƪǎέ ŀǊŜ ōŜƛƴƎ ŎƻƴǎǘǊǳŎǘŜŘ 
to measure environmental parameters 

ÅWill measure weather parameters, SO2 and O3 (both 
at ppB resolution), and chloride deposition
ÅAutomated data collection system with 4G LTE cell 

communications directly to backend database

ÅOne will be located at Wright Patterson and the 
other in Rome, NY (adjacent to AFRL/RI)
ÅDeployed in Summer 2017

ÅThe SmartRack design (or similar) could later be 
deployed so that calibrated models can be used to 
make predictions at any base



Model Construction 
and Employment

Å6 shape functions per model
Å3 temperature - relative humidity 

Å3 temperature - contaminant

ÅParabolic functions are used to 
construct the shape functions
ÅSideways opening for temperature - relative 

humidity 

ÅUpwards opening for temperature -
contaminant

ÅInteractions between acceleration 
factors are represented by the 
combination of factors

ÅSimulations are used to calibrate the 
various functions and coefficients

ÅModels are later employed using 
spreadsheets containing environmental 
data at the location where predictions 
are desired 14
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