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FOREWORD

This report summarizes the work performed in Task III of a program to
develop a Predictive Corrosion Model for Air Force aircraft. The project
is authorized under Contract No. F33615-85-5058. The object of Task III
was to convert the equations and models developed in Task II into a VAX-i1

* , FORTRAN program which can be used to establish optimum inspection and
maintenance schedules for both existing new aircraft.

The Task III portion of the program was accomplished by a research team
composed of the following Lockheed-Georgia personnel:

D. M. O'Rourke of the Propulsion and Acoustics Department

D. J. Cannington and B. M. Payne of the Structures Development Department

W. T. Rowell of the Reliability Engineering Department

I Dr. R. N. Miller and D. M. Saliga of the Materials Sciences and Testing
* Laboratory Department

Special acknowledgment is made to Fred H. Meyer, Jr., the USAF Project
Engineer, and to Dr. Fred Chuang, Air Logistics Command, for their
guidance in accomplishing the desired objectives.

I Volume I describes the program effort only. Volume II contains a printout of
computer software.

I -iii-
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1.0 INTRODUCTION

This is a summary report for an Air Force program to reduce corrosion
repair costs by optimizing inspection and maintenance scheduling of C-5

aircraft.

At the present time, inspection and maintenance operations are based on
calendar time or flying hour intervals dictated by potential fatigue3 damage to structure or wear of engine parts. Any corrosion damage

detected during these inspections is repaired. This maintenance
scheduling procedure does not take into consideration the wide variation
of environmental conditions at Air Force bases. An aircraft which
operates in a dry environment requires less frequent inspections and fewer
maintenance manhours than one which flies from island to island in the
South Pacific.

Fatigue cracking, general corrosion and degradation of protective coating
systems are strongly influenced by moisture, salt water, ultraviolet
radiation and atmospheric contaminants such as sulfur dioxide, ozone and
oxides of nitrogen. The aluminum, steel and magnesium alloys used in
aircraft construction are affected in varying degrees. The key to this
predictive corrosion modeling program is relating the kinetics of
corrosion of aircraft alloys and the degradation of aircraft coating
systems to the environments in which aircraft operate.

Dr. Summitt of Michigan State University(l) has developed a system for
rating the corrosivity of Air Force bases. Another development of the
past few years is an improved understanding of the mechanisms of corrosion
of aircraft alloys. There is also a greater knowledge of the factors
which cause the deterioration of paint systems. Much of this knowledge
has been integrated into a predictive corrosion computer model which will
enable accurate forecasts of corrosion problems on aircraft operating in
any specific type of environment.
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The initial computer program is designed for the C-5A aircraft. However,
with only slight modification, it may be used for any aircraft that has a
crack monitoring program. The C-141, C-130 and B-52 aircraft fleets have

Isuch programs.
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2.0 OBJECTIVE AND SCOPE

2.1 Objective

The objective is to develop a corrosion prediction model which can be used

to optimize:

1. Field and depot level inspection programs for existing aircraft

weapons systems.

2. Analytical Condition Inspection (ACI) selection and scheduling.

3. Inspection programs for new aircraft systems entering the Air Force
inventory.

2.2 Scope

This program to incorporate corrosion rate data and prediction technology

into inspection and maintenance scheduling consists of the following
tasks:

Task I - Review and evaluate current Air Force maintenance programs
and recent work on aircraft corrosion mechanisms and fracture

mechanics.

Task II - Develop corrosion rate equations for aircraft corrosion
processes and degradation rate equations for aircraft coating systems

and incorporate them into a corrosion prediction model.

Task III - Convert the equations and models developed in Task II into
a VAX-li FORTRAN program to establish (1) Analytical Condition
Inspection selection and scheduling, (2) inspection programs for new
aircraft, and (3) field and depot level inspection programs for
aircraft already in operation.
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Task IV - Validate the computerized corrosion forecasting models and
maintenance scheduling decision logic by comparing the predictions of

the model with actual corrosion histories of the C-5A and/or C-141

fleets.

Task V - Evaluate the efficiency of a new maintenance scheduling
decision logic which integrates the corrosion forecasting models with
Reliability Centered Maintenance's (RCM) Failure Mode Effects and
Criticality Analysis (FMECA) and analytical models developed for the
Aircraft Structural Integrity Program (ASIP).

--4--



3.0 PROGRAM SCHEDULE

Figure 1 is a master schedule chart which shows the plan for the entire

program.

Im.
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4.0 TECHNICAL PROGRESS

In Task III the corrosion rate equations and Air Force maintenance
scheduling information obtained in Tasks I and II were integrated into a
FORTRAN computer program which is compatible with existing Air Force
structural analysis programs.

The logic involved and the procedures which were used are described in the
following sections:

4.1 Corrosion Rate Equations

The computer program is based on the following types of corrosion and
coating failure:

1. Corrosion Fatigue

2. Stress Corrosion Cracking

3. General Corrosion (including exfoliation and pitting)
4. Coating Degradation

After completing the comprehensive literature survey and reviewing scores
of papers relating to fracture mechanics and corrosion rates of aircraft
alloys in various environments, the equations in the following sections
were selected for use in the predictive corrosion modeling program.

4.1.1. Corrosion Fatigue

The C-5 crack tracking program is based on the Forman(2) equation which
takes into consideration the load ratio, R (minimum stress/maximum
stress). The relationship is expressed as:

da/dN C(delta K)

(I-R)Kc - delta K

--7-



where

delta K = difference between the maximum and minimum values of K
Kc = the critical stress intensity factor for fracture

C = material constant

This equation by itself is not adequate for the full range of da/dN data.
The C-5 Crack Monitoring Program utilizes the Forman equation and
parametric data to correct for variations in load ratios. As used in the
C-5 Crack Monitoring Program, the constants in the Forman equation are
based on experimental da/dN vs. delta K data obtained under conditions of

100 percent relative humidity.

For use in the predictive corrosion modeling computer program, the Forman
equation was modified to include a Corrosivity Factor (CF).

da/dN C (delta K) x CF
(1-R)K - delta K

where

CF= da/dN (in actual environment)

da/dN (obtained at 100% humidity)

The Corrosivity Factors were determined by plotting da/dN data vs delta K
for specific aircraft alloys in dry air, distilled water, and in 3.5
percent NaCl solution on the same plot as illustrated in Figure 2. Then,
assuming an average delta K value of 10 ksi in. (the average stress

intensity encountered in a normal aircraft mission), the values of da/dN
for each environment were read off and converted to Corrosivity Factors
using the above formula. Since 3.5 percent NaCl is a more corrosive
environment than 100 percent moisture, the factor for a salt/air
environment would be greater than 1. Conversely, for a dry environment,
the factor is less than one.

Based on the PACER LIME( 1 ) data for Air Force Bases, each base was
assigned a set of Corrosivity Factors corresponding to its environmental

conditions.
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*&
Corrosivity Factors were calculated for 7075-T651, 7075-T73 and 7175-R73
aluminum, and for 4340 and 300M steel. The fatigue cracking data used to

develop the Corrosivity Factors were obtained from the USAF Damage
Tolerant Design Handbook(3).

4.1.2 Stress Corrosion Crackin&

No single equation was found which defines the diverse assortment of da/dt
vs. delta K curves for aluminum and steel alloys in various environments.
The plots vary for each alloy and for the same alloy in various
environments. Fortunately, the design handbook contains data for the more
common aircraft alloys in dry, moist and salt water environments. In the
predictive corrosion modeling computer program the theoretical stress

intensity at each crack tip will be calculated. Whenever KIscc is
exceeded, the ground time and the crack growth data from Reference 3 will
be used to calculate the amount of stress corrosion cracking occurring
during any given period of operation.

4.1.3 General Corrosion

Damage functions for metals in contaminated environments follow the
general model

M = ATB

where M is metal loss by corrosion (either penetration depth or weight

loss), T is exposure time, and A and B are empirical constants determined
by the environmental conditions, the metal involved and the type of
corrosion product on the metal. The exponent B theoretically takes on the
value of approximately 1/2 when corrosion is limited by the diffusion rate
of the reactive species through a semi-permeable film of reaction
products. This would be the case for most aluminum alloys. When the
corrosion products are flocculant or soluble and offer no protection, as

is generally true for steel, linear corrosion kinetics are observed and B

1-0-



The Task I literature search revealed only scattered data for the
corrosion of aircraft alloys in the range of environments encountered by
aircraft - mild, industrial, humid, and marine. It was, therefore,
necessary to conduct corrosion tests with some of the more widely used
alloys in solutions with compositions simulating those of condensate and
rainfall encountered by aircraft under service conditions.

In Task II, potentiostatic polarization tests were conducted with 7075-T5
and 7075-T73 aluminum and with 4340 and 300M steel in nitric and sulfurous
acid solutions in the pH range of 4.0 to 6.0 and also in acid solutions
containing 3 1/2% NaCI. Using linear regression mathematical techniques,
these test results and the data obtained from the literature search were
used to determine the constants A and B for the equations which represent
the corrosion rates of specific alloys in various environments. The
constants which were developed for the major aircraft alloys in mild,
moderate, severe and very severe environments are summarized in Figures 3a
and 3b.

The corrosion rate equations, with the appropriate constants, are being
used in the predictive corrosion computer program. When a specific Air
Force Base is called out, the program automatically uses the equation
which corresponds to the environmental conditions at that base.

4.2 Coating Degradation

The external surfaces of most Air Force planes are completely painted.
Except in the case of mechanical damage, the time required for fuselage
and wing structure to corrode is the coating degradation time plus the

corrosion time.

Again, the literature search did uot disclose data for the deterioration
of Air Force coating systems in all the types of environments which are
being considered in this program. The best analysis of the complex
factors involved is in Dr. Sumiitt's report.(l) His basic coating
degradation algorithm is shown in Figure 4. The environmental factors

Iii



Environmental Constants
for Corrosion Equations

Alloy Corrosion Index
Mild Moderate Severe Very Severe

A B A B A B A B
7075-T6 Al 3.OE-5.0.46 2.95E-5 0.59 2.9E-5 0.72 1.78E-3 0.12

2024-T3 3.6E-60.70 4.9E-6 0.77 6.3E-6 0.85 1.48E-5 0.70
7079-T6 1.9E-6 0.89 2.05E-6 0.94 2.2E-6 1.00 5.4E-9 2.00

7075-T73 3.OE-5 0.46 3.6E-5 0.50 9.OE-4 0.50 9.3E-4 0.50

Figure 3a.

Environmental Constants
for Corrosion Equations (Cont'd)

Alloy _Corrosion Index
Mild Moderate Severe Very SevereA B A B A B A B

AZ31B-H24 4.OE-4 0.77 2.8E-4 0.87 1.6E-4 0.97 1.2E-4 1.30

2024-T3 5.OE-4 0.30 5.3E-3 0.11 1.43E-2 0.05 1.1E-3 0.30

4340 Steel 3.5E-11 2.52 2.6E-8 1.40 4.11E-5 1.00 6.9E-5 1.00

300M Steel 3.5E-11 2.52 6.3E-9 2.00 7.3E-5 1.00 5.7E-4 1.00

Figure 3b.
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which cause the breakdown of coating systems are ultraviolet radiation,
ozone, and sulfur dioxide. By establishing threshold values for the
intensity of ultraviolet, and concentrations of ozone and sulfur dioxide,
this algorithm enables bases to be rated for their effect on paint
systems. An "A" rating represents high values of UV and atmospheric
contaminants, a "B" rating intermediate values, and a "C" rating low
Cvalues.

This algorithm provides a good basis for determining coating degradation
rates and was modified to reflect Lockheed experience with the service
life of various coating systems. In the predictive corrosion modeling
project, the time to initial breakdown of the coating system is more
important than time to repaint because, by the time a paint system has
degraded to the point where repainting is desirable, an extensive amount
of corrosion damage may have occurred.

It is recommended that a new category of paint maintenance called "Paint
Renewal" be introduced. This would be a touchup and repainting of only
worn or damaged areas. For the paint renewal maintenance, A, B, and C in
the algorithm will represent 12, 24 and 36 months. At every fourth paint
renewal interval, the aircraft should be completely stripped and
repainted.

4.3 Predictive Corrosion Modeling Computer Program

4.3.1 Summary of Logic

The objective of the computer program is to provide a fully integrated
method of predicting crack growth, corrosion damage, or coating
degradation rates for C-5 aircraft in a variety of environments. The
program is designed so it may be integrated with the current structural
integrity and tracking programs with a minimum of manhours and expense.

The flow diagrams for the VAX-i1 FORTRAN computer program are illustrated
in Figures 5 and 6. The program is designed to (a) calculate the amount

or degree of corrosion or coating degradation which occurs on C-5 aircraft

-14-
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Figure 5. Flow Diagram for FORTRAN Computer Program.
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operating in a variety of environments, (b) convert the data obtained into
optimum time to next inspection, and (c) select specific scheduled
maintenance times for doing the corrosion repair or paint renewal.

In its present form, the program is to be used in conjunction with the C-5
and C-141 crack monitoring programs and the C-5 and C-141 usage tapes
which, for each aircraft, give a historical record of the bases of
operation, the flight dates, flight durations, and the total mission

hours.

Common inputs to the program are in the type of aircraft (C-5 or C-141),
the tail number, the point on the aircraft which is being analyzed for
corrosion or coating degradation, and the fleet maintenance schedule.

Other inputs required are the aircraft usage history from the usage tapes
and information relating to protective coating system, the alloy involved,
and the crack lengths predicted by the C-5 or C-141 crack programs.

The computer program contains modules for predicting fatigue and stress
corrosion crack growth, for calculating the depth of corrosion of exposed
metal, and for determining the degree of degradation of paint systems.

4.3.2 Crack Growth Prediction Module

Crack growth due to fatigue corrosion in flight and stress corrosion
during ground standing are estimated in separate submodules. The module
is not "stand alone" in that it relies on input from the C-5 or C-141
crack growth prediction programs, which calculate crack growth of an
assumed inherent flaw due to fatigue corrosion for several specific
analysis locations on a flight-by-flight basis. The crack growth
prediction module adjusts that crack growth according to the environments
at the Air Force bases from which the aircraft departs.

-17-



Inputs to the crack growth prediction module include the initial crack
length, the bases transiented by the aircraft, and the number of flights,
duration of each flight, 100 percent humidity crack growth prediction for
each flight, and ground time between each flight for each base.
Additional inputs include the crack location and the type of material.

Continental United States Air Force bases, including those in Alaska and
Hawaii, have been classified into four corrosivity groups depending
primarily on average humidity and salt water concentration. The C-5 and
C-141 Crack Growth Prediction Programs estimate crack lengths based on 90
to 100 percent relative humidity conditions. The fatigue corrosion
prediction submodule of the corrosion prediction program applies a
correction factor to that crack growth prediction and adds the adjusted
crack growth to the original crack length. In addition, the stress
corrosion prediction submodule calculates any stress corrosion cracking
that may occur during ground standing between flights and adds that value
to the post-flight crack length before the next flight.

4.3.3 Corrosion Prediction Module

The corrosion module contains data on the corrosion rates of aircraft
alloys in the environments which exist at Air Force bases. These rates
were determined from the equations disclosed by literature search and from
corrosion tests with aircraft alloys in simulated and actual
environments. Once the specific alloy and the bases of operation of the
aircraft are specified, the module automatically selects the proper

equations. The corrosion module predicts the time required for aircraft
alloys to corrode to a depth of 3 mils (0.0762 mm) in various Air Force
base environments.

The corrosion rate equations which are being used in the program are those
discussed in Section 4.1. These have been selected from the literature
search or developed from experimental data.
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From the Corrosivity Index ratings of the Air Force bases, actual
corrosion data obtained by exposing aircraft alloys at selected bases, and
the results of the potentiostatic polarization tests, the corrosion rate
for specific alloys at any of the Air Force bases can be calculated. In
the computer program, each base is assigned a corrosion rate for each
alloy. When a point on an aircraft is being analyzed, the proper amount
of corrosion damage is automatically allocated for the time at each base.

4.3.4 Coating Degradation Module

Primary inputs to the coating degradation prediction module include the
specific coating system and the approximate coating life remaining in a
moderately severe environment at the start of the simulation, the Air
Force bases at which the aircraft has been stationed, and the time spent
at each base. The program estimates the coating life "used" at each base.
This estimate is calculated at each base, and is subtracted from the
coating life remaining to result in the recommended time to the next
Intensive Paint Renewal (through cleaning and touchup of degraded areas).
The approximate time remaining before the next complete repaint is also
calculated by assuming that a complete repaint shall be required every
four Intensive Paint Renewals.

4.3.5 Crack Monitoring Points

The C-5 crack monitoring program now in use at Oklahoma City AFB tracks 46
theoretical cracks. Figure 7 shows the location of points on the wing,fuselage and tail assembly which have high stresses. A structural
analysis for each of these points has been made and is available for use
in this program. Seven of these points have been selected for use in the
initial predictive corrosion modeling computer program. The baseline
crack growth curve data for the points are tabulated in Appendix A.

The selected points are:

1. 6290SS1 Spanwise Splice - Lower Wing Surface
2. 4250SS1 Spanwise Splice - Lower Wing Surface

-19-
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Figure 7.* Location of Crack Monitoring
Points on C-5A Aircraft.
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3. 5250SSI SpanwIse Splice - Upper Wing Surface
4. 3250SS1 Spanwise Splice - Upper Wing Surface

5. 7610SK2 Skin - Upper Fuselage

6. 8180PS1 Panel Splice - Vertical Stabilizer
7. 8520SSI Spanwise Splice - Horizontal Stabilizer, Upper Surface

After the program has been validated by comparing predicted crack lengths
with actual cracks, it will be used to track any of the 46 theoretical
cracks now being monitored.

The computer program was designed so, with only minor modification, it can
be used for any aircraft which already has a crack monitoring program.
The C-141, C-130, and B-52 fleets have such programs.

4.3.6 Corrosion Maintenance Scheduling Module

The outputs of the corrosion, coating degradation, and crack growth
prediction modules will be input to a corrosion maintenance scheduling
module which will compare the upcoming maintenance schedule with the
aircraft corrosion condition. The module will determine the best time to
perform corrosion control maintenance items based on the aircraft
condition and the capabilities of scheduled maintenance actions.

4.3.7 FORTRAN Program Screen Displays

The data and logic developed to date have been integrated into a FORTRAN
computer program which contains essential portions of the final program.
The following section is a reproduction of the menu driven screens for
data entry and display.
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I
I
I
I

CRACK GROWTHt PREDICTION MODULE

SCREENS
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I

r -- CRACK GCACW-H PR£DICTICN M:DULE

ENTER THE TYPE OFr AIRCRAFT (C-5 On C-141)

C-5A

ENTER THE TAIL NUMBER
go....
123A56

ENTER THE TYPE OF CORROSION FOR THIS OUN:

01 - COATING DEGRADATION

02 - FATIGUE/STRESS CORROSION CRACKING
03 - GENERAL CORROSION

I2

(a)

ENTER THE CRACK LOCATION FROM THE FOLLOWING LIST:

01 UPPER WING, ANALYSIS AREA 31105SI
02- UPPER WING. ANALYSIS AREA 325OSS1

03- PPRW:GA ALI AREA 325OSS I

05 - LOVER WING, ANALYSIS AREA R52OSS1
06 - LOVER WING, ANALYSIS AREA 6490531

07 - UPPER FUSELAGE. ANALYSIS AREA 7510o12
08 - VERTICAL STABIL::ER, ANALYSIS AREA 818oP31

09 - HORIZONTAL STABILIZER, ANALYSIS AREA 5520S3-

I-I

I. (b)
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ENTERTETPE OrETAL FROM THE FOLLCWIXG LIST:

ý* - 7G79-T6 ALUMINUM

ENTER -HE INITIAL CRACK LENGTH IN INCHES

0.05 
INICE

0.ENTER THE NUMBER Of BASES THE AIRCRAFT HAS VISITED

(c

WOULD YO It -0 SEE A L Z .is or ' ;HE k l

ITHUNTED STATES? (I 0on N) 7 "t AI-FRC !:

ENTER THlE NUM2ER ASSIGNED TO THE I sT BASE

0*I1

IJ
Ij

Id

I-• -



Ek7ER THE GROUND STANDING TIJKE BEFORE THE I ST FLIGHT IN HOURSI INTER THE FLIGHT* TIME OF THE 1 ST FLIGHT IN HOURS

(e)

IGX
I0

EERTHE I RUN ST AN:GTM E ETE2N FLIGHT

* IN HOURS

I -25-



ENTER THE ROUD STAhDING TIZE BEFORE THE I S

HOUTRS 7H FLZCHT in4;O ~ T LGTZ OR

6.0
ENTER THE PREDICTED FATIGUE CRACK GPCW-TH -!N ZNCHF..S FOR THEI ST FLIGHT

1S THERE ANOTHER CRACK ON AIRCRAFT NO. 123456 TO BE
INVESTIGATED? (Y OR N)

ENTER THE FLIGHT T•IME Of THE 2N LGTI OR

2 ND FLIGHT

ENTER THE NUMBER ASSIGNED TO THE 2 ND BASE

,ENTER• THE NUMBER OF FLIGHTS FROM VANDENSURG F
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I

r C-.SA A Man 12.343 P TIX COSmeO

ANALYSIS Ain S3235I1
7075-TG ALUKI.•C
INITIAL CRACK LET - 0.030000 "

FLIGHTS FRM DOMn0,

m 05 cm "tH~T 90 n~tm AL3UTM AMMIUSACTIV M 1 TON CRACK Gow M LENS .CM aIwQls GA L€Ct U
GROU STANDIN 36.0 

0.000060 0.0300001LIG STA NO. i 4.0 8.00100 0.050100 0.000169 0.050169DST 2.0 
0.000000 0.010160

FLIGHT N0. 2 5.0 0.000200 0.050300 0.000336 0.050.307

mu~ nmi= muuua ssn ~ DJr U
ACrIVrTT DURATION cum~ mzur Q= LAWR CRAC ownm aVAI LDICIGOUD STANDIG 32.0 

0.000000 0.050507FIucT NO. 1 6.0 0.000200 0.030500 0.00334 0.0350545
-I-wL CRAC L6M O' 0.05013 III
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SCEN
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r I~~NTER THE[ TAIL NMUI&I

6:8303

ENTER THE TYPE OF CORROSION FOR THIS RUN:
01 - COATING DEGRADATION

02 - FATIGUI/STUSS CORROSION CRACII,;03 - GENERAL` COAoS ION

(a)

I

ENTER THE[ AJPPROIMIATEI NITIAkL COIROIONl DEPT IN MIL.S (F8.O)

0.0

ENTER THE TYPE OF MITAL FRON THE FOLLOWING LIST:
01 - 4340 STEEL
02 - 300K STEEL
03 - 7075'-T6 AL`UM'INfUM
04 - 7075-T73 ALUMINUM.•I 0O05 - 7079--T6i AL.UKL4IN1

(b)
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I

ENTER THE NUMBERgl Of BALSES THEg AIRICRAFT HAS VISITED (12)

2

WOULD YOU LIKE TO SEE A LIST OF THE AIR FORCE BASES
IN THE UNITED STATES? (T OR M)

N

ETRTEICAO CODE ASSIGNED TO THE I TBS

EMT IGGRTHZ TIKE IN HOURS SPENT AT DOBBN P

(d)
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I~IJP~c~heedLG87ER0083

May 1987

COATING DEGRADATION MODULE

SCREENS
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I

F • CORROSION PPCGAAM SAPPLE INFUT

-- COAT,'NG DEGRADA'A:C% MSDULE

ENTER THE TYPE Of AIRCRAFT (C-5 OR C-141)

E:KTER THE TA:L NUIPJERIII

IIII

(a)

ENTER THE TYPE OF CORROSION FOR THIS RUN:
01 - COATING DEGRADATION
02 - FATIGUE/STRE.SS CORACSION CRACKzING

03 - GENERAL CORROSION

I~01

(b-
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ENTR HE APPOXNAE TIME IN MONT'HS BEFORETEACAF

SHOULD UNDERGO INTENSIVE PAINT RENEWAL (BASED ON TIME IN A

MODERATELY SEVERE ENVIRONM4ENT)

(MAXI'MUM OF 24.0)

(c)

I- IN

I ;ENTER THE NUMBER OF BASES THE AIRCRAFT HAS VISITED

I WOULD YOU LIKE TO SEE A LIST Or THE AIR FORCE BASES
1N THE UNITED STATES? (1 OR N)

U

ENTER THE NUMBER ASSIGNED TO THE I ST BASE
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ENTER THE NUMBER ASSIGNED TO THE 2 RD BASE
of

ENTER THE TIME IN HOURS SPENT AT VANDENBURG AFS
steel##@

3000.0

(e)

IAS (W5 TW INE ZN MTLYSU DW
AZI3RAJ STATI1 CK SWfIM PWIRATILY tm

(mv) (aqus)

DOMU An 13.10 9.13 3.07
VANDOWNu AFN 4:1 L.1a.j

AP?3OUXAT1 TDCE UiMr. V= nI NTSV9 ?AIMNT RDEAL - . 76 NiMU
AP11A11 ITE WTlL NTU 10=T COMWAIWI - 12.76 MMIU

I (f)
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4.3.8 Extraction of Flight Mission Data

A FORTRAN computer program has been developed which creates a flight
mission profile for the C-5 aircraft. The program reads the historical
useage tapes and automatically builds a flight mission profile for the
selected aircraft. The program gives the user the option of selecting a
single aircraft serial number or a series of aircraft serial numbers.
Additionally, the user can specify a time interval for the selected
aircraft.

The output product, reproduced in Figure 8, exhibits the aircraft serial
number, mission date, take-off base code/name, enroute full stop base
code/name, mission flight time, and the ground time spent at each
location.

4.3.9 Analytical Condition Inspection (ACI) Scheduling

Analytical Condition Inspections are a systematic disassembly andinspection of selected representative aircraft to locate hidden defects,
deteriorating conditions, corrosion, fatigue, overstress and otherdeficiencies in the aircraft structure or systems. The C-5 and C-141
ACI's are accomplished concurrent with the Programmed Depot Maintenance
(PDM) Modification programs at the San Antonio ALC and Warner-Robins ALC
facilities respectively. The PDM cycles for the two aircraft are
currently accomplished at intervals of 54 months and 48 months
respectively. The number of aircraft selected for ACI are determined by
using the ACI sample size table in T.O. 00-25-4.

The specific aircraft scheduled for ACI are selected according to the
following considerations pertinent to their utilization:

1. Highest cumulative flying hours.

2. Highest total cumulative landings.
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3. Unusual percent of utilization in a given mission profile, i.e.,

training, long range logistics.

4. Relation of total cumulative flight hours to cumulative full stop

landings.

5. Base to which aircraft are assigned.

6. Aircraft age in calendar years.

In general, the criteria for ACI selection are related to severity of

service. The Predictive Corrosion Modeling program will give an
additional important parameter, the severity of the environments in which

an aircraft has operated. The aircraft with the longest theoretical

cracks, whose lengths have been corrected for severity of environment,

should be the ones which are disassembled and inspected for corrosion,

fatigue, and other deficiencies in areas which are not inspected in
routine maintenance operations.
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5.0 DEMONSTRATION EXAMPLE

The effectiveness of the VAX-il Predictive Corrosion Modeling computer
program was demonstrated by predicting fatigue cracking, general corrosion
and coating degradation for C-5A aircraft number 668304 from 10/4/68 to
10/4/69, a 1-year time period which included 61 missions.

5.1 Fatigue Crack Prediction

An initial flaw 0.005 inches in length was assumed at crack monitoring
point 3250SS1, a spanwise splice in the upper surface of the wing. Themetal involved is 7175-T73 aluminum. Utilizing flight history data from
the RIM data base and crack growth data from the C-5A crack monitoring
programs, the predictive corrosion modeling program adjusted the crack
lengths for the environmental conditions at Dobbins and Edwards Air ForceBases and calculated the recommended time until the next inspection. The
recommended time is the number of flight hours required for the
theoretical crack to grow to half its critical length assuming 100 percenthumidity conditions. Figures 9a and 9b are printouts from the computer
tape. The crack length, adjusted for environmental conditions, is 0.00870
inches compared to the 0.00950-inch growth predicted by the C-5A crack
monitoring program(5).

5.2 General Corrosion

In checking for general corrosion the assumption was made that, atcorrosion prone areas on the aircraft, the protective coatings have been
mechanically abraded or worn away and some metal is exposed. The trialrun was made for 2024-T3 clad aluminum. Figures 10a and 10b show the
depth of corrosion which would occur in the relatively mild environments
of Dobbins and Edwards Air Force Bases. The corrosion at the end of 1-year would be 0.12 mils which is in line with test data for clad aluminum
alloys in moderate environments.
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5.3 Coating Degradation

The coating degradation module gives the time required for the standard
Air Force coating system, composed of the MIL-P-23377 epoxy polyamide
primer and MIL-C-83286 polyurethane top coat, to begin to crack around
fasteners and be eroded on engine cowlings and leading edges of wings. In
a moderately severe environment, initial breakdown of the coating system

occurs after 24 months. The computer program adjusts the coating
degradation rate for severity of environment and gives a continuous
readout of the time until the next recommended Intensive Paint Renewal.
This consists of a thorough cleaning and touchup of all degraded areas.
The recommended time for complete repainting is every fourth paint renewal
interval. The predicted coating life computer printout for C-5A aircraft
668304, for its first 61 missions, is reproduced in Figure 11.
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C-SA AIkCHAFT NUMBER 668304 PREDICTED GENERAL CORROSION

INITIAL CORROSION DFPTH 0,000 MILS IN 2024-T3 CLAD ALUMINUM
ACTUAL TIME

MISSION AIRCRAFT STATION ON STATION PREDICTED CORROSION DEPTH(MONTHS) (MILS)
I OUBBINS AFB 0100 0,000
2 DOBBINS AFB 0,14 0,0012 DOBBINS AFP 0.00 0.0012 DOBBINS AFB 0,00 0,0013 DOBBINS AFS 0,41 0,0034 DOBBINS AFB 0101 0,0035 DOBBINS AFB 1,82 0,029.5 DOBBINS AFB 0,00 0,029S 6DOBBINS AFB 0,21 0,030

DOBBINS AFB 0000 0,030
7 DOBBINS AFP 0,33 0,0327 DOBBINS AFB 0,00 0,0327 DOBBINS AFB 0100 0,0328 DOBBINS AFB 0,31 09034
9 DOBBINS AFB 0:07 0903410 DOBBINS AFB 0,18 0,03510 DOBBINS AFB 0,01 0,0351 11 DOBBINS AFB 0,04 0e035

12 DOBBINS AFB 0.01 0,03513 DOBBINS AFB 0,63 0,040I 14 DOBBINS AFS 0,04 0,04015 DOBBINS AFB 0,07 0,04116 DOBBINS AFB 0.08 0,04117 DOBBINS AFB 0,17 0,04218 DOBBINS AFS 0.21 0,04319 DOBBIN;S AFS 0118 0,04319 DOBBINS AFB 0900 0,043I 20 DOBBINS AFB 0.04 0,04420 DOBBINS AFB 0,01 0,04421 DOBBINS AFP 2,86 0,09522 D.GBbINS AFB 0,21 0,09622 DOBBINS AFB 0,00 0,09623 DOBBINS AF5 0.10 0,09624 DOBBINS AFB 0,08 0,096
25 EDWARDS AFB 0.06 0,09726 EDWARDS AFB 0,08 0,09727 DOBBINS AFB 0,07 0,097I 27 DOBBINS AFB 0,00 0,09728 DOBBINS AFB 0.01 0,097
29 EDWARDS AFB 0,22 0.09830 EDWARDS AFB 0.05 0,09831 EDWARDS AFB 0,08 0,09832 EDWARDS AFB 0912 0,09933 EDWARDS AFB 0,20 0110034 EDWARDS AFB 0,12 0,10035 EDWARDS AFB 0,09 0,100

- 36 EDWARDS AFB 0.37 0,103
37 EDWARDS AFB 0,09 0,10338 EDWARDS AFB 0,08 0,10339 EDWARDS AFB 0,01 0,103S 40 EDWARDS AFB 0,05 0,104
41 EDWARDS AFB 0,04 0,104

Figure lOa. Predicted General Corrosion Computer Printout
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I 41 EDWARDS AFB 0,01 0,104
42 EDWARDS AFS 0,19 0,105
42 EDWARDS AFB 0.01 0,105

I 43 EDWARDS AFB 0.04 0,105
44 EDWARDS AFB 0.37 0.107
45 EDWARDS AFB 0,08 0.107
45 EDWARDS AFB 0.01 0,107
46 EDWARDS AFB 0.08 0,107

46 E0.ARDS AFB 0100 0,107
46 EDWARDS AFB 0,00 0,107
46 EDWARDS AFB 0,00 0,107
46 EDWARDS AFB 0,00 0,107
47 EDWARDS AFB 0,13 09109
47 EDWARDS AFS 0,00 0.108
47 EDWARDS AFB 0,00 0,108
47 EDWARDS AFB 0.00 0,108
47 EDWARDS AFB 0,00 0,109
47 EDWARDS AFB 0,00 0,108
47 EDWARDS AFB 0,00 0,10b
47 EDWARDS AFB 0,00 0,108
48 EDWARDS AFB 0.09 01108
48 EDWARDS AFB 0,00 0.108
49 EDWARDS AFS 0,47 0,112
50 EDWARDS AFB 0.01 0.112
51 EDWARDS AFB 0,05 0,112
52 EDWARDS AFB 0.05 0,112
53 EDWARDS AFB 0,04 0,112
54 EDWARDS AFB 0,17 0,113
55 EDWARDS AFB 0,13 0,113
55 EDWARDS AFB 0.00 0,113
55 EDWARDS AFB 0101 0,113
57 EDWARDS AFB 0,04 0,113
57 EDWARDS AFB 0,00 0,113
57 EDWARDS AFB 0,00 0,113

58 EDWARDS AFS 0,20 0,114

60 EDWARDS AFB 0.05 0,114
61 EDWARDS AFB 0.050 0,118

ESTIMATED FINAL CORROSION DEPTH 0,118 MILS

Figure lOb. Predicted General Corrosion Computer Printout.
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C-SA AIU-Ct,,FhT "W'Fi"J - kH.OICIED CUArING LIFE

INITIAL TI'v r0 I.F.XT TNTh'NSIVE PAINT RENEWAL = 24.0 F;CNTHS
(OASE:) ONh TIM-E U- .•VDF'•A''LY SEVi.,E ENVIRGN,;MAT)

ACTUAL TI'E APPROXIMATE CUATI"•G LIFE I;
441354 A;CN AF r SrATI(',-. -"e SEA'rtON MOCESAIFLY SEVf.Ro I Ua'E•;JI

(MC*NTHS) 0,104THS)
USED R EMAI, IJ 1, G1 0.00 0.00 24.00

2 ')rJ3 S AF 0,14 0,09 23.91
Mb~r~.s AFR 0.00 0.00 23.912 At. S AF; 0.00 0.00 23.91

3 tA.,F:jI;,S AF 0.,11 0.27 23.634 (L;dS AF 0.01 0,01 23.635L'-r3'iS AF• 1.82 1,21 22.42
"5 DCE•1 [iS AFn 0.00 0.00 22.42
6 05d T.'.3 IFq 0.21 0.14 22.28

I OL'iIŽYS AFP 0.00 0.00 22.277 0u s U b ý3 I 0.33 0,22 22.05
7 i2 f•;.•5I; AFp 0.00 0.00 22.05
7 )Cb bIV'S AF9 0.00 0.00 22.05
8 t)CA•. k'B B 0.31 0,21 21.85
9 0.J41r.US AFR 0.07 0.05 21,80

10 rW• 1I' .!S AF! 0,18 0.12 21.68
10 "'CT. 5 A F• 0,O1 0.00 21.57
11 C V bI '. Fr 0.04 0.03 21.6512 0V , F.li 'S ' P 0.01 0,00 21.64
13 M ') 1 *IS A '- 0.63 0.42 21.22
14 OCblinS AF3 0.04 0,C3 21.20
15 DlC EI:I;S AFp 0.07 0.05 21.1516 rtU r,• H T:S AFt: 0.08 0.05 21.09
17 ?A ;,:z 0.17 0.11 20.98
18 nOF-nn:S , 0.21 0.14 20.i519 O)C 0 n T,S AFq 0118 0,12 20.73

1-9 O IcSiS AFF 0.00 0,00 20.73
20 uG SI.S A 004 0,03 20.70
20 DEUBI;,S I A" _• 0.01 0001 20,69

S A2.86 191 1879
22 uO-6SI~i AF? 0.21 0.14 18.6422 nn .rC31vS AF 0.00 0.00 18.6423 ntC 4 s I,! S AF' 0,10 0.07 18.57
24 t) U 6b I r.NS AF'F 0.08 0,05 18.5225 E'I,", ARCS AFL 0.06 0,06 18,46
26 Kr",qARDS AFS 0.08 0,08 18.36
27 O9 3B U;S AFB 0,07 0,05 18.34
27 rPC~bI:S AFr 0.00 0,00 18.34
2b nr.136IAS AFR 0.01 0.01 18,33
29 ED.ARDS AFB 0.22 0,22 18.11
30 E2C', ,RAS AF9 0.05 0.05 18,0731 EC;.%AR DS AF. 0.08 0.08 17.99
32 F'.ARDS AP. 0.12 0.12 17.873D,,ARCS AFP 0.20 0.20 17.6734 EiL'- ARCS AFP 0.12 0.12 17.55
35 ED'!ARULS AFB 0.09 0.09 17.46
370.37 0,37 17,09

3Er.'A RS AFP 0,09 0.09 16,9938 ED.:ARUS Apn 0.08 0,08 16.9139 EO'AROS AFB 0.01 0.01 16,90

Figure 11a. Predicted Coating Life Computer Printout
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40 iLkA ; s AFF 0.05 0.05 16,86
41 A ,%L:; A 0•04 C.04 16.8241 F:A:•.S AF? 0.01 0.01 16.8142 L'A;;, . 5 AF; 0.19 0.19 16.61
42 ED' AcUS AF P 0.01 0.01 16.6143 E D;. A PS A.L-n 0.04 0.04 16,57
44 Er, * ;'S AF 0.37 0,37 16.2145 FA;'; Ar,, 0.O 0.08 16.12
45 FW' R.•jS A["9 0.01 0.01 16.12
46 ET"'-A:SL'5 AF B 0,08 0.08 16.04
46 E * '., A' CS A .'; 0.00 0.00 16.04
46 KL'"API 5 AVA O.ou 0.00 16,0446 [".'.,'S A "• 0.00 0.00 16.044 6 A: r"S AL" 0.00 0.00 16.04I 47 E "' R S AF9 0.13 0.13 15.9147 :r,';A :PS AFP 0.00 0.00 15,91
47 F"A I:R AF-1 0.00 0100 15.90i 47 Ef'*A•`S Ai'L_ 0.00 0.00 15.90
47 E LAC-4$S A ,'. 0,00 0,00 15,90
47 E- ZC A.4 IS AFC 0.00 0,00 15,90
47 F:..'*?q' AFB 0,00 0900 15,90
47 E"'-;A4[,.S AFR 0,00 0,00 15,9048 ED;' Aw QL';S A-P. 0.09 0,09 15,8148 %r.:ARS A.- 0,.0 0,00 15,81I 49 Er'IA RS Ai*' 0,47 0,47 15,3450 :L;;:'A 0cs AF.k 0.01 0.01 15,3451 F.::';A! kS AF• 0,05 0.05 15.2952 ED;A4CS AFB 0905 0,05 15,24I 53 E-0•'S AF13 0,04 0.04 15.20
54 ED-.AQU5 AF5 0.17 0.17 15,02
55 ED',APOS AF.Q" 0,13 0.13 14.89S 55 EDD.13,CS AFP 0,00 0.00 14.89
55 E. .ýAq'S AFL , 0.00 0,00 14.8956 ED,'Ad•,L AF7n 0,01 0,01 14,8857 EF ,;;AR " S AF• 0,04 0,04 14,84I 57 Et.',S AFB 0.00 0,00 14.84
58 FO-.A;3 A''P 0.00 0.00 14,8458 ED'iARD3 AFP 0.20 0.20 14.63I 60 ED ARJS AFS 0.05 0.05 14,58
61 F C WA' U _, A F'R 0.50 0,50 14,08

APPH0XIVATE TIE UNTIL NIEXT IT TENSIVF. PAINT RENEWAL = 14.08 MONTHS
APdROXtYATE TI,',E U"TIL aEXT COMPLETE REPAINT = 86.08 MONTHS

Figure llb. Predicted Coating Life Computer Printout.
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6.0 DISCUSSION

I The Predictive Corrosion Modeling Program is designed to give optimum
inspection and maintenance scheduling for the major types of crack growth,I corrosion damage, and coating degradation problems which may occur on C-5-aircraft. Specific aircraft can be quickly checked for potential crack
grwhi critical areas, for probable corrosion damage to exposedstructural alloys, or for the condition of the aircraft coating system.

Even new aircraft will have areas where the protective system has beenmechanically abraded and bare metal is exposed. It is, therefore,
necessary to assume the existence of some bare metal and to examine thecorrosion prone areas at each recommended inspection interval.

6.1 Corrosion Prone Areas

Following is a summary of the C-5A corrosion prone areas described in T.O.
IC-5A-23 (4):

1. Wing - Trailing edges of control surfaces and attachment areas for theactuating mechanisms of these control surfaces most likely willcorrode. Honeycomb sandwich components which are used widely
throughout the wing, should be checked for damage which could causecorrosion. Engine exhaust contains fuel residue which may collect assoot and hard carbon on surfaces in exhaust paths and when moisture isadded staining and pitting may be found on unprotected surfaces.
These exhaust exposure areas require frequent cleaning and close
watching for corrosion.

S2. Fuselage -The types of corrosion which occur in the fuselage varies
according to the area involved. Problems such as water accumulation,I condensation, leaking latrine fluids, collection of dirt, chemical
attack, damaged finishes, dissimilar metals and exposure all
contribute to corrosion problems associated with the fuselage.
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3. Empennage - The areas most prone to corrosion are generally the
attachment areas for the actuating mechanism of the control surfaces.
Other corrosion prone areas include the rudder hinge support fittings,
all of the fittings in the horizontal stabilizer system and rudder and

elevator wells.

4. Pylons and Nacelles - Corrosion in the pylon/nacelle area is largely
due to the fact that there are many areas in which soil can
accumulate. Attach fittings for pylon-to-wing and engine-to-pylon are
subject to this soil and moisture and are therefore susceptible to

corrosion. Many areas such as hinge points, latch points, actuators,

and cowl doors are made of corrosion prone materials.

S. Landing Gear - when surface finishes on main and nose landing gear are
not properly maintained corrosion may occur due to environmental
exposure and dissimilar metals. The main landing gear components
subject to corrosion include shock struts and bogie beams, drag brace,
retract arm, yoke, axles and many others. The nose landing gear
axles, wheels, actuator assembly, and axle bearing lands are all prone

to corrosion.

6. Internal Areas - In its present form, the program will not predict
corrosion damage in latrine or galley areas, or which may be caused by

spilled fluids in the battery storage areas. These are "hot spots"
which should be inspected at each home station inspection. If battery
fluid comes into contact with bare aluminum, extensive corrosion
damage can occur in just a few hours. In such critical areas it is
essential that the protective coating systems be inspected at frequent

intervals and that the necessary repair and maintenance be
accomplished without delay.
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6.2 Future Work

Task IV, the next task in completing the project is to validate the
computer model by comparing the predictions with actual corrosion
histories of C-5A aircraft. The general corrosion and coating degradation
predictions will be checked by selecting specific aircraft and determining
the environmental conditions in which they operated during the first fewyears of service. With this information as input, the predictive
corrosion computer program will disclose the times at which significant
amounts of corrosion damage and coating degradation should have occurred.
These predictions will then be compared with a plot of corrosion control
manhours for the corrosion prone areas of the aircraft.

The validation of the crack growth module of the computer program will beaccomplished by comparing analytical crack growth lengths, which have been
adjusted for environmental conditions during the test period, with actual
cracks in the test article used in the C-5A Modified Wing Structural Test
Evaluation(6). During the C-5A Modified wing test approximately I00
cracks initiated from intentional sawcuts made in the wing. A comparison
of actual and predicted crack growth was performed for 19 of these cracks
representing various configurations and spanwise locations.

The final task, Task V, will be to evaluate the efficiency of a newmaintenance scheduling decision logic which integrates the predictive
corrosion model with the Air Force Reliability Centered Maintenance (RCM)
programs. RCM currently determines inspection intervals and scheduled
maintenance intervals based upon the probability of an item failing within
that interval, and upon the criticality of that failure. Corrosion is a
"malfunction" or "failure mode" which is experienced constantly, and atool which can accurately predict the frequency and effect of corrosionoccurrence will make an important contribution toward the objectives of
Reliability Centered Maintenance programs.

As a part of the final task, the feasibility of modifying the current
maintenance activity control systems to include the results of the

-49-



predictive corrosion model will be investigated. If feasible, the

necessary changes to the current system will be identified. The impact of

making these changes will be estimated from the standpoint of cost of

incorporation and cost increases/decreases of maintenance activity, as

well as improvement in operational readiness of the aircraft. The

operational readiness improvement aspect would come from being able to

better predict corrosion problems so that preventive measures could be

taken in advance or, at least, the logistical support needed (maintenance

personnel, equipment, spares, etc.) would be ready and available when

needed.

6.3 VAX-11 Computer Tape

The VAX-11 computer program tape is complete except for the module which

will match the recommended inspection times with the scheduled maintenance

operations for specific C-5 aircraft and will select the closest scheduled

time for performing a corrosion-related work task. For the time being

this matching operation will be performed manually.

A complete reproduction of the VAX-11 computer program in included in Volume H
Appendix A. This Volume II is available only from AFWAL/MLSA, WPAFB OH, 45433-
6533 to requesters with valid need to know requirements. Copies of the VAX-111
computer tape or copies of the program are available only from AFWAL/MLSA, WPAFB
OH, 45433-6533.
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7.0 CONCLUSIONS

1. A VAX-il computer program which will predict the degree of corrosion

sustained by aircraft alloys, the degradation of aircraft coating
systems, and the fatigue cracking of aircraft alloys in a variety of
environments has been developed.

2. The predictive corrosion modeling program will enable optimum
inspection and maintenance scheduling for the major types of crack
growth, corrosion damage, and coating degradation problems which mayoccur on C-5A aircraft.

3. The predictive corrosion modeling program can be readily modified foruse on the C-141, C-130, and B-52 and other aircraft fleets which have
crack monitoring programs.

4. The implementation and use of the predictive corrosion modeling
program will minimize unnecessary inspections and will enable
corrosion damage to be prevented or repaired at minimum cost.
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8.0 RECOMMENDATIONS

The completion of this program and its use to schedule inspection and
maintenance operations for the C-5 and other aircraft fleets should save
the Air Force millions of dollars annually by enabling emphasis on
corrosion prevention instead of repair and replacement of corroded parts.
It is recommended that Task IV, the validation of the program, and Task V,* the study on the best way of integrating it with current Air Force
structural integrity programs, be initiated as soon as possible.
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