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Abstract 
The benefits of applying anodize coatings to aluminum alloys for corrosion protection 

have been widely recognized.  Despite their many advantages, anodize coatings are 

believed to be a detriment to the fatigue properties of the substrate aluminum.  

Additionally, there is relatively little scientific knowledge of how to optimize such 

coatings, and the impact of varying coating thickness is not understood.   

This project involves the study of four anodize thicknesses ranges deposited on a 

7050-T74 aluminum substrates.  Through the use of rotary bend fatigue experiments and 

tensile cracking experiments, the effect of increasing anodize thickness has been 

examined.  Scanning electron microscopy has also been used to relate the measured 

strengths to the cracking patterns observed at the failure surfaces.  Through the fatigue 

experiments, it was found that the thinnest anodize coatings yielded the highest fatigue 

lives.  The tensile cracking experiments with acoustic emission measurements indicate 

that when compared to the thinner coatings, the thickest coatings have a higher cohesive 

strength.   

This research project has provided much needed insight into the field of anodic 

coatings for structural applications.  More importantly, the results of this project quantify 

the extent to which the mechanical and coating properties of anodized 7050 aluminum 

alloy are affected by varying coating thickness.  The information gained through this 

research project is aimed at helping Goodrich make an educated decision on the optimum 

thickness for the anodize coating of the 7050 aluminum alloy. 
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1.Introduction/Motivation 
Aluminum alloys are widely used by the aerospace industry because of their superior 

strength to weight ratios.  However, a significant limitation for aluminum alloys is their 

susceptibility to corrosion.  To address this problem, aluminum alloys are often treated 

using a process called anodizing.  In this process, stable coatings are deposited on the 

surface of the aluminum through an electrolytic treatment.  The resulting coating consists 

of hollow hexagonal columns of alumina (Al2O3).  It is common to fill the pores with a 

sealant material.  An idealized schematic of the alumina structure is given in Figure 1. 

 

Figure 1: An idealization of the microstructure of an alumina coating formed by 
anodizing.  [1] 

 

The benefits of applying sulfuric anodize coatings to aluminum alloys for corrosion 

protection are widely recognized.  Despite their many advantages, anodize coatings are 

also believed to reduce the fatigue properties of the substrate material.  Additionally, 

there is relatively little scientific knowledge of how to optimize such coatings.  Goodrich 

Corporation, a global supplier of systems and services to the aerospace and defense 

industry, applies anodize coatings to many components of their aircraft wheel assemblies 

for corrosion protection.  A schematic of a typical Goodrich wheel assembly on an 

aircraft is given in Figure 2.   
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Figure 2:  A typical Goodrich aircraft wheel assembly [2] 
 

From Figure 2, it is evident that each Goodrich wheel assembly is composed of two 

wheel halves, a brake side and an outboard side.  Figure 3 further illustrates this point 

with a digital photo of a Goodrich wheel cutout.  The two halves of the wheel assembly 

have different stress and heat requirements and are therefore made from different alloys.  

The brake side is composed of anodized 2014-T6 aluminum to account for the increased 

heat from braking friction, while the outboard side is made from anodize coated 7050-

T74 aluminum alloy.  Goodrich’s thickness specifications for the anodize coating have 

varied greatly over the last ten years and it is unclear how anodize thickness affects the 

fatigue properties of 7050-T74 aluminum.  To address these concerns, Goodrich 

Corporation has sponsored this project to examine the effects of anodize coating 

thickness on mechanical properties. 
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Figure 3: A photo illustrating two halves of a Goodrich wheel 
 

2. Background 
2.1  Fatigue Theory 

The vast majority of practical engineering design applications involve fluctuating or 

cyclic loads well below the yield stress of the material of interest.  Despite the low 

magnitude of these stresses, damage can accumulate and “fatigue failure” can occur.  It is 

estimated that over 80 percent of all brittle fractures involve some period of fatigue crack 

growth [3].  The rotation of a loaded aircraft wheel during landing is just one area of 

application in which the study of fatigue failure is relevant. 

Depending on the stress amplitude applied to the material, two distinct classes of 

fatigue are recognized.  Low-cycle fatigue is characterized by high stress levels and total 

life spans on the order of 1000 cycles.  In contrast, high cycle fatigue occurs with loads 

far below the yield stress and results in a longer lifetime before failure.  Because high-

cycle fatigue is more typical in applications, it is usually more germane to engineers.  

High cycle fatigue consists of three distinct stages: crack initiation, crack propagation, 

and a period of unstable, rapid crack growth leading to failure [4].  The three stages of 

fatigue cracking are illustrated in Figure 4, a log plot of da/dN (change in crack length 

over change in cycles) versus the change in the stress intensity factor, ∆K. 

In most cases fatigue cracks initiate at the surface of a material where microscale 

stress raisers are likely to exist.  Macroscale surface defects such as scratches, sharp 

fillets, keyways, threads, dents, or other similar phenomenon are common and represent 

Outboard 
Side 

Brake Side 
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additional stress concentrations at the surface.  Although surface nucleation sites are the 

most common, it is possible for cracks to form subsurface if inclusions or voids are 

present in the interior of the material.  Regardless of the location of nucleation, it is 

important to note that fatigue cracking always initiates from a material or structural 

defect.  If no stress raisers exist initially, the “back and forth” motion caused by cyclic 

 

Figure 4:  Fatigue crack growth curve over full range of applied ∆K   [3] 
 

loading can produce microscopic surface discontinuities.  This mechanism, known as fine 

slip, occurs when submicron displacements are formed by the activation of dislocation 

motion in grains [3].  The resulting peaks and notches seen in Figure 5 are called 

dislocation slip steps.  Because of their shapes, such steps may also act as stress raisers, 

causing cracks to initiate at the surface. 
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Figure 5: Notch and peak slip steps formed from fine slip [3] 
 

After the initial micro-cracks initiate, they continue to propagate through the material 

as cycling continues.  This phenomenon is often referred to as stage II cracking.  The 

stage II crack propagation stage is characterized by two types of markings, termed 

beachmarks and striations.  Beachmarks are visible on the fracture surface with the naked 

eye and represent a single period of time over which crack growth occurs.  Fatigue 

striations are microscopic in size and represent the progression of the crack front during 

one load cycle [5].  When present, either of these markings are a good indication that part 

failed in fatigue loading.  Also, because they extend outward from and point back to the 

initiation site, the markings are very useful in locating the exact point of nucleation.  

Figure 6 demonstrates how striations can be used to locate the nucleation point.  Once the 

initiation site is located, it can be closely analyzed using scanning electron microscopy 

(SEM) to determine the cause of crack initiation.   

Stage III of fatigue failure occurs when the fatigue crack reaches a critical length.  In 

this stage, the cracks approach the critical crack length and advance rapidly during one 

monotonic loading cycle.  Despite having loaded the body at relatively low loads, 

eventually rapid brittle failure occurs suddenly and often without any obvious external 

warning signs.  The catastrophic and unpredictable nature of fatigue failure has led to a 

continued commitment by engineers to fully understand the process of fatigue. 



 - 6 - 
 

 

Figure 6: Beachmarks indicating the nucleation site for 7050 T-6 aluminum 

fatigue specimen 

 
The most common method for analysis and subsequent prediction of fatigue failure 

focuses on the amplitude of the cyclic stress versus the overall life of the material.  This 

approach is called “S-N curve” analysis.  Typically the number of cycles to failure is 

plotted on the x-axis on a log scale, while the stress amplitude is plotted on the y-axis.  

Stress amplitude is defined according to equation 1. 

Equation 1    
max min

2a
σ σσ −

=
 

In this equation, aσ  is the stress amplitude, maxσ  is the maximum normal stress during 

cycling, and minσ  is the minimum normal stress during cycling. 

Due to the statistical nature of fatigue, it is necessary to use the results of many 

fatigue experiments at a given load to find a single representative value for the number of 

cycles to failure.  Therefore, each point on a standard S-N curve represents a series of 
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fatigue experiments.  If a large number of samples are run, confidence intervals can give 

accurate predictions of the fatigue life at a given load.  If smaller numbers of samples are 

run, simply taking the average is a less precise, but acceptable alternative.  Although S-N 

curves are effective at predicting the number of cycles to failure, it is worthwhile to note 

that fatigue behavior can be extremely sensitive to many variables in addition to the stress 

amplitude. 

The most obvious of these other variables is the effect of mean cyclic stress on the 

life of the specimen.  Mean cyclic stress is defined according to equation 2.  In general, 

increasing the mean stress tends to lead to a reduction in fatigue life.    

Equation 2   
min max

2m
σ σσ +

=
 

where mσ is the mean cyclic stress.  Another variable for fatigue loading is known as the 

stress ratio, R.  R is defined according to equation 3. 

Equation 3   

min

max

R σ
σ

=
 

A common loading situation seen in many engineering applications is known as 

completely reversed loading.  Completely reversed cycling occurs when a specimen is 

loaded equally in tension and compression during each cycle.  For this situation, 

according to equation 2 and 3, mσ =0 and R=-1.  The rotation of an aircraft wheel is just 

one example of an application experiencing completely reversed loading.  Rotating 

cantilever bend machines used for fatigue experimentation must operate under 

completely reversed loading.  Axial fatigue machines are not limited to completely 

reversed loading, and the mean cyclic stress can be set to any desired value.  Other 

factors affecting the fatigue life of a material are its surface finish and its susceptibility to 

corrosion. 

As previously mentioned, the surface profile of the part undergoing fatigue loading is 

extremely important.  Any defects on the surface of a material can act as stress raisers, 

thereby limiting the fatigue life of the specimen.  For this reason, parts experiencing 
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fatigue are often polished to improve their surface characteristics.  Corrosive 

environments can cause small pits to form on the surface of certain materials.  These pits 

act as stress raisers and crack nucleation points.  Additionally, the hydrogen present in 

corrosive environments tends to increase the crack propagation rate.  As demonstrated in 

Figure 7, aluminum alloys are particularly susceptible to corrosion due to their high 

electrical potential value.  This fact together with the widespread use of aluminum alloys 

drives the need for methods to protect aluminum alloys from corrosive degradation. 

 

Figure 7: Standard emf series for various metals [6] 

 

2.2 Anodizing Theory 
Aluminum and its alloys naturally form a protective aluminum oxide (alumina or 

Al2O3) layer when exposed to air.  However, this layer is extremely thin and not very 

adherent [7].  Thus, for practical applications, the naturally formed alumina coating does 
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not provide adequate corrosion protection.  Aircraft wheels for example face a wide range 

of severe weather, temperatures, chemical environments, and wear conditions.  In order 

to form a more durable coating that provides the necessary protection, aluminum aircraft 

wheels undergo a treatment known as anodizing. 

Anodizing is defined as the electrolytic treatment of metals, where stable films are 

deposited on the surface of the metal.  Although many types of anodizing processes exist, 

cast aluminum parts such as aircraft wheels usually undergo a treatment known as batch 

anodizing [8].  In this process, a barrier oxide layer is formed on the aluminum substrate 

by passing an electrical current through an acid electrolyte bath in which the aluminum is 

immersed. Goodrich Corporation uses a sulfuric acid solution to anodize all of the 

structural components of their aircraft wheels.  The name anodizing exists because the 

metal being coated acts as the anode in a voltaic cell.  A general schematic of a voltaic 

cell is given in Figure 8.   

 

Figure 8:  Schematic of a general voltaic cell [6] 
 

The thickness of the deposited anodize coating can be varied by controlling the 

applied current density (amps/in2) and by the time of anodizing.  Upon closing the circuit, 

electrons flow from the anode to the cathode leaving aluminum cations at the surface of 
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the alloy.  These cations react with water in the electrolytic solution to form an alumina 

layer on the surface of the alloy.  The overall reaction is summarized in Figure 9. 

The resulting alumina structure is a hexagonal cellular matrix.  Each cell in this 

matrix is anywhere from 50 to 300 nanometers wide, is columnar, and contains with a 

single central pore on the order of 25 to 150 nanometers in diameter [8].  A very thin 

non-porous barrier layer also exists at the base of the columnar structure.  An idealized 

schematic of the alumina microstructure was provided in Figure 1.  It should be noted 

that the actual microstructure of the alumina coating will be affected by a variety of 

parameters used in the coating process.  A sealant is often used to fill in the naturally 

occurring pores and to further enhance the corrosion resistance of the coating.  The 

standard sealant used by Goodrich is a dichromate seal. 

2Al  2Al3+ + 6e- 

2Al3+ + 3H2O  Al2O3 + 6H+ 

6H+ + 6e-  3H2 
 

2Al + 3H2O  Al2O3 + 3H2 
 

Figure 9:  Anodizing reaction to form alumina coating 

 

2.3 Tensile Cracking 
For any coating system, the adhesion strength of the coating-substrate interface is a 

key determinant of the overall lifetime of the part.  Cracking of such coatings begins 

when the tensile stress on the system exceeds a critical value [9].  In the vicinity of the 

crack, stresses on the coating are relieved.  However, shear stresses are transmitted across 

the interface and as one moves away from the crack, the normal stress in the coating 

begins to build up.  As shown in Figure 10, this eventually leads to the development of an 

array of transverse that are perpendicular to the loading direction. 
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Figure 10: Formation of transverse cracks in brittle coating under uniaxial tension 
[9] 

 

Four distinct stages of transverse crack growth have been identified in the literature 

and can be seen graphically in Figure 11.  They include multiplication, stabilization, 

cross-linking, and spallation [10].  At the end of the stabilization stage on the graph, the 

curve begins to flatten out, representing the point at which the coating is saturated with 

cracks.  A method described in the literature to evaluate the adhesion strength of thin 

films calls for a measurement of the inter-crack spacing when crack saturation occurs 

[11]. 

 
Figure 11: Four stages of crack propagation in brittle films [10] 
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The shear-lag theory can be implemented to determine the maximum shear stress 

across the interface [12,13]  This requires measuring the tensile strength of the coating 

and the crack spacing.  These experimentally determined values are related to the 

interfacial shear stress of the coating-substrate interface using equation 4, 

Equation 4   

ˆˆ ˆ
πδστ
λ

=
 

where,τ̂  is the ultimate interfacial shear strength of coating, δ  is the coating thickness, 

σ̂  is the tensile strength of the coating, and λ̂ is the maximum inter-crack spacing 

present during crack saturation.  It should be noted when using this equation, that 

σ̂ =Ec fε , where E is the Young’s Modulus of the coating and fε is the strain at which 

cracking begins.  Although others have used in situ microscopy to determine fε , it is 

expected that acoustic emission analysis could be employed to determine the point at 

which cracking begins.  

 

2.4 Acoustic Emission (AE) 
Acoustic emission is a widely recognized technique used to monitor and predict 

material failure in structures.  It operates by sensing low-level seismic signals caused by 

sudden release of mechanical energy in the material of interest [14].  Nearly all causes of 

AE are damage related.  Therefore, the measurement of acoustic emission counts, events, 

and energies can be related to defect formation and failure.  AE is normally measured by 

placing a small piezoelectric-based transducer on the specimen of interest.  Despite the 

name, AE generally does not occur at a frequency that can be detected by the human ear.  

Most AE events produce waves which range from 100-400 kHz.  Since the output of the 

piezoelectric element inside the transducer is so small, the signal must be amplified and 

filtered before being collected by a special data acquisition system.  A schematic of a 

typical AE setup is shown in Figure 12. 
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Figure 12: Standard hardware setup for acoustic emissions experimentation [14] 
 

AE events or "hits" are recorded when the transducer detects a signal with a 

magnitude above a preset threshold energy value.  A single AE event is composed of any 

number of counts or threshold crossings.  A schematic illustrating several AE parameters 

associated with an event is given in Figure 13.   

 

 

Figure 13: Schematic Defining Common AE terms [14] 
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For this project, it has been attempted to use cumulative acoustic emission counts and 

the first high-count AE event to detect the strain at which transverse cracks begin to form 

in the anodize coating ( fε ).  Although AE is an extremely valuable experimental 

method, it is not without some drawbacks.  For example, because data is recorded for any 

signal above the threshold value, AE systems are very susceptible to noise.  Noise is 

defined as any process or phenomenon that can mask or be mistaken for the desired 

signal [15].  Precautions against noise must be taken whenever working with AE.  Some 

strategies that may be taken to limit noise in a system are isolating the test area, using 

shielded cables, securing all loose parts, and separating surfaces in free contact.  For 

tensile testing, the type of grip can also determine the amount of noise in the system.  

Wedge grips, for example are very noisy and tend to produce AE throughout the duration 

of an experiment.  More favorably, constant force grips, such as pin grips tend to 

concentrate noise at the moment of gripping only.  This normally occurs early in the test.  

The type of tensile testing machine can also have an impact on the level of noise in the 

system.  For example, hydraulic driven testing machines produce far more noise than 

screw driven machines. 

3. Experimental Setup 
3.1 Fatigue Testing 

To experimentally investigate fatigue properties of 7050-T74 aluminum alloy, 

specimens were subjected to cyclic loading conditions to induce failure. Ideally the 

loading conditions induced by the experimental apparatus should simulate those seen in 

actual aircraft wheel applications, such as landing or taxiing.  With proper specimen 

design, the Krouse 200 in-lb rotating cantilever beam machine at Ohio State is capable of 

producing the alternating tensile and compressive stresses developed in these 

applications.  With the rotary cantilever machine, the specimens undergo a constant 

rotational speed where the maximum stresses are found on the surface.  A digital photo 

and a detailed schematic of the Krouse machine can be seen in Figures 14 and 15.  
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Figure 14: Photo showing Krouse 200 in-lb rotating cantilever beam machine 
 

 

 

 

Figure 15: A detailed schematic showing the operation of the Krouse fatigue 
machine [16] 

 

Cylindrical fatigue specimens are clamped into the Krouse using a set of two freely 
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rotating collets.  One of these collets is connected to a small DC motor, while the other is 

connected to a load arm.  Using a sliding weight, a moment can be applied to the 

specimen at the end of the load arm.  The moment is related to the applied stress through 

standard strength of materials.  In equation 5 the bending stress equation is manipulated 

to include the moment of inertia in terms of the diameter of the specimen D.  In this way, 

given the specimen diameter and the desired stress, σ , the required moment can be 

calculated. 

 

 

Equation 5 

 

To insure that the desired stress level was accurately obtained, each of the 

experimental setups needed to be calibrated. As shown in Figure 16, a strain gage was 

installed on a dummy 7075 Al alloy test specimen to determine the appropriate position 

in the collets. The dimensions of the dummy specimen used were identical to the  

Figure 16:  Strain gage/dummy specimen setup used to calibrate Krouse machines 
  

7050 T-74 specimens.  To find the maximum tensile strain, the specimen was loaded with 

an arbitrary moment and manually rotated until a maximum value was read on a P3500 

Measurements Group Incorporated strain indicator.  A digital photo of the strain indicator 

is given in Figure 17. 

 

 

3
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Figure 17:  P3500 strain indicator used to calibrate Krouse machines 
 

Once the maximum strain was found, the load was removed and the strain gage was 

zeroed using the knob on the indicator. Finally, without moving the specimen, a known 

bending stress was applied and strain was recorded.  Stresses from the strain gage were 

calculated using Hooke’s Law and an elastic modulus of 10.3x106 psi.  These values were 

then compared to the stress value that was set with the applied moment.  After a number 

of measurements were taken, it was found that specimens could be loaded very closely to 

the theoretical value for all three experimental setups. 

A drawing of the specimens used in the Krouse experiments is given in Figure 18.  

Goodrich worked with Hohman Plating to anodize the specimens to four different 

thickness ranges, (0.0-0.2 mil, 0.3-0.5 mil, 0.5-0.7 mil, and 0.7-0.9 mil).  The material for 

the specimens was excised from the flange and mating sides of the outboard side of the 

wheel assembly. Twenty specimens were anodized for each thickness range.  One of 

these twenty was used to check that the coating thickness was within the desired range. 
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Figure 18: Engineering drawing of the cylindrical fatigue specimens 
 

Once the specimens were machined and the calibration of the setup was complete, 

experimentation began.  Each coating thickness was loaded in the range of 30 ksi to 50 

ksi.  The loaded end of the specimen was held in place by a bearing assembly while the 

weight on the slider arm was set.  Once the load was set, the motor was turned on using a 

variable speed control.  In order to meet time constraints on the project, the speed of the 

motor was held constant for all experiments at 80% power.  This correlated to a rotational 

speed of approximately 232 Hz.  Once the motor was up to speed, the support bearing 

was disengaged and the specimen was loaded.  As the motor rotated at a constant rate, the 

specimens experienced completely reversed cyclic loading until failure.  At the point of 

failure, the machine was automatically switched off.  The number of cycles to failure was 

recorded from a counter, which was directly geared to the motor.  Because the counter 

was geared to the motor, the approximate number of rotations occurring after the failure 

of the specimen but before the motor came to a complete stop were subtracted from the 

total.  The average number of cycles subtracted for spin down was between 1400 and 

1500 depending on the machine used. The number of samples to run for each data set was 

determined by the observed fatigue life of the first sample in the set.  If there were 

relatively few cycles to failure (life less than 10000 cycles) then three total experiments 

were conducted.  If there were a large number of cycles to failure, then five experiments 
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were conducted.  This was done to conserve the number specimens by not repeating low 

cycle experiments, which are characterized by less scatter. 

After the specimens had been run, a scanning electron microscope (SEM) was used to 

observe cracking patterns on the fatigue failure surface.  The Hitachi Instruments S-

3500N SEM at Goodrich Wheel and Brakes in Troy, OH was used for these observations.  

A digital photo of the SEM is given in Figure 19. 

 

Figure 19:  Scanning electron microscope at Goodrich. 
 

To prepare the specimens for viewing, a Leco slow-speed, diamond tip saw was used 

to cut the specimens to an appropriate size.  Carbon paint was then used to electrically 

link the specimens to small aluminum viewing discs.  A group of specimens ready for 

viewing can be seen in Figure 20. 
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Figure 20: SEM specimens on aluminum viewing disc 
 

3.2 Tensile Cracking 
To obtain a measurement of the cohesive strength of the coating, tensile cracking 

experiments were conducted.  In these experiments, a dog-boned tensile specimen was 

gripped at either end and pulled in uniaxial tension.  The specimens designed for this set 

of experiments is shown in Figure 21. 

 

Figure 21: Tensile specimens used for tensile cracking experiments 
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The tensile specimens were also anodized by Hohman Plating to the same four 

thickness ranges used in the fatigue tests.  The experiments were first attempted on an 

MTS hydraulic machine at OSU.  It was determined, however, that the hydraulic load 

frame introduced too much extraneous noise into the AE measurements.  Therefore, an 

Instron screw machine, which was known to be much quieter, was used for the remainder 

of the tensile cracking experiments.  The specimens were originally designed to be used 

with wedge grips.  However, it was decided that the wedge grips were creating additional 

acoustic noise due to relative motion of parts in the grip.  A set of dual-pin grips was 

designed and the specimens were modified to fit these new grips.   

Prior to running an experiment, each specimen was instrumented to measure 

stress, strain, and acoustic emission data.  A 5000 lb load cell built into the upper cross-

head of the Instron measured the applied force.  Applied force could then be converted to 

tensile stress using the specimen's cross sectional area.  Stain measurements were 

collected using an MTS clip extensometer connected to a P3500 strain indicator.  The 

extensometer was attached to the specimen using rubber bands.  The extensometer’s 

locking pin was used to fix the initial length of the extensometer to one inch.  Since strain 

is change in length divided by original length and the original length is 1 inch, the strain 

calculation simply required knowing the change in length in inches.  To convert the 

voltage output of the extensometer to a displacement measurement, the extensometer was 

calibrated using the setup shown in Figure 22.   

 
Figure 22:  Device used to calibrate MTS extensometer 
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To set up the calibration, the extensometer was clipped to a fixed rod and to a rod that 

was attached to a moving block.  The movement of the block was controlled by gravity 

and a rotating barrel micrometer.  One rotation of the micrometer corresponded to a 

displacement of 0.0025 inches.  The change in output voltage was then recorded for a 

series of micrometer rotations.  After taking fourteen increasing and decreasing voltage 

readings for the .0025 inch displacement steps, an average calibration factor was 

determined (change in length/change in voltage).  A calibration plot used to obtain this 

factor is given in Figure 23. 

 

Figure 23: Calibration curve for clip extensometer 
 

Acoustic emission counts were measured using a small piezo-electric sensor on the 

surface of the specimen.  Although a variety of methods to attach the AE sensor to the 

specimen were examined, vacuum grease and a set of rubber bands offered the most 

effective yet simple solution.  The output signals of the load cell, extensometer, and AE 

sensor were acquired using the Vallen AMSY-5 AE system.  This system is capable of 

recording AE data concurrently with up to 4 external voltage signals.  As will be 

described in the next section, the acquired data was used to investigate the strain at the 

onset of crack formation in the coating.  A digital photo of the complete tensile cracking 

setup is given in Figure 24. 
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Preparation for SEM for the tensile cracking specimens was nearly identical to the 

procedure followed for the fatigue specimens.  The only difference was that tensile 

cracking specimens were oriented so that the cracks in the anodize coating could be 

imaged. 

 

(a) Grips, specimen and sensors (b) Instron and data acquisition system 

Figure 24: Tensile cracking experimental setup 
 

Prior to running the experiment, a list of various parameters was checked.  A constant 

displacement rate of 0.01 inches per minute was set by adjusting the gearing of the 

Instron screw machine.  A preload of approximately 20 pounds was also applied to each 

specimen.  This prevented any slip of the extensometer and reduced the number of AE 

events attributed to gripping.  Immediately prior to testing, the AE threshold was also set.  

A constant threshold of 37.3 dB was deemed appropriate for all coating thicknesses 

except 0.0-0.2 mil.  The 0.0-0.2 mil specimens were quieter in general and required a 

lower threshold of 31.3 dB.  Finally, the pin in the extensometer was removed and the 

test was begun.  During the test, the AE data and parametric data were monitored using 

Vallen’s Visual AE software.  The test was halted when it appeared that the cumulative 

AE counts had reached a saturation point. 
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4. Experimental Results and Discussion 
 

4.1  Fatigue Testing Results 

7050-T74 aluminum fatigue specimens for each of the four anodize thickness ranges 

(0.0-0.2, 0.3-0.5, 0.5-0.7, and 0.7-0.9 mils) were cyclically loaded using the Krouse 200 

in-lb rotating cantilever beam machine.  A more detailed description of the experimental 

setup and methodology were discussed in Section 3.1.  The results from the rotating 

cantilever beam fatigue experiments for the four anodize thickness ranges are shown on 

the S-N diagram in Figure 25.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 25: S-N curves for the four anodize coating thickness ranges studied 
 

In Figure 12, the alternating stress amplitude is plotted on the y-axis in units of ksi 

and cycles to failure are plotted on a log x-scale. Recall that each point on this diagram 
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represents the average of a series of three to five fatigue experiments at a given 

alternating stress amplitude.  Prior to plotting and averaging, outlying fatigue life values 

were identified and eliminated from the data set.  An outlier was classified as a specimen 

with a fatigue life above or below three standard deviations from the mean. 

From the S-N curve, it is evident that there is a relationship between the fatigue life 

and the thickness of the anodize coating.  First of all, when comparing the 0.0-0.2 mil 

coating thickness, to the 0.3-0.5 mil coating thickness, it is clear that 0.0-0.2 mil 

specimens have a significantly longer fatigue life.  Although not as significant, this trend 

extends to the 0.5-0.7 mil coating thickness as well, which has an even further reduced 

fatigue life.  The 0.7-0.9 mil specimens do not follow the trend of reducing fatigue life.  

Thus, the data suggests that increasing coating thickness beyond 0.7 mil does not have a 

further degrading effect on the fatigue life of the specimen. 

After completing the fatigue experiments, scanning electron microscopy (SEM) was 

used to examine the failure surfaces of the fatigue specimens.  The failure surfaces were 

inspected to see if any microstructural features could be correlated to the results shown in 

the S-N curve and the reduction in fatigue life with increasing coating thickness.  

Approximately four specimens per coating thickness were observed, as well as all outlier 

specimens.  Although no significant differences could be correlated to coating thickness, 

distinct types of cracking patterns were related to the stress amplitude at which the 

specimens were run.  The failure surfaces of specimens run at loads below 30 ksi, were 

characterized by single crack initiation points at the surface of the specimen.  These 

initiation points are located by following beachmarks on the specimen.  Those specimens 

run above 45 ksi exhibited multiple nucleation points at the surface.  Figure 26 illustrates 

the two observed types of failure surfaces. 
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   (a)      (b) 

Figure 26:  Observed failure surfaces for (a) low and (b) high stress amplitudes 
 

This behavior can be explained by the existence of different initial defect sizes.  At 

low loads only the largest defects are “activated.”  At high loads a larger range of defects 

are activated and therefore there are higher chances of multiple initiation sites.  In 

addition, since the Krouse 200 in-lb rotating cantilever beam machine subjects the entire 

circumference of the specimen to the maximum and minimum bending stress, further 

opportunities exist for critical defects to form at the surface.  Failure initiation at the 

surface also can be linked to defects in the anodize coating.  All observed specimens with 

surface nucleation sites exhibited some type of crack or defect in the anodize coating.  

Figure 27 illustrates some typical types of microscopic defects seen in the anodize 

coating.  

 

Figure 27:  Defects at nucleation sites in two different anodize coatings  
 

SSiinnggllee  
NNuucclleeaattiioonn  SSiittee  

Multiple Initiation 
Sites 

(a) 0.0-0.2 mil coating run at 30 ksi (b) 0.7-0.9 mil coating run at 30 ksi 
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4.2  Tensile Cracking Results 

Tensile cracking experiments were conducted using the 7050-T74 aluminum tensile 

specimens described in Section 3.2.  For each range of coating thickness, two to three 

experiments were conducted.  Although some experiments were run to higher strain 

levels, all curves presented below are truncated at ε=0.045.  Cumulative acoustic 

emission counts were obtained from the Vallen AE software and were normalized in the 

manner described below.  The voltage output of the extensometer was converted to strain 

via the calibration process described in Section 3.2.  Stress in units of MPa was 

calculated using load cell readings and the specimen’s cross-sectional area.  The results 

from all of the specimens for each of the four thickness levels can be seen in Figures 28-

31. 

 

Figure 28: Cumulative normalized AE counts versus strain for all specimens with a 
coating thickness of 0.0-0.2 mil 

 

 

 

.004<εcrack< .008 
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Figure 29: Cumulative normalized AE counts versus strain for all specimens with a 
coating thickness of 0.3-0.5 mil 

 

Figure 30: Cumulative normalized AE counts versus strain for all specimens with a 
coating thickness of 0.5-0.7 mil 

 

 .003<εcrack<.006 

.002<εcrack<.008 
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Figure 31: Cumulative normalized AE counts versus strain for all specimens with a 
coating thickness of 0.7-0.9 mil 

 
For each of the plots in Figures 28-31, the stress versus strain response is typical for 

the deformation of aluminum.  There is initially a linear elastic region followed by 

yielding and plastic flow.  The slope of the linear portion of the stress-strain curve is 

given in each plot and is consistent with the modulus of 7050-T74 aluminum [17].  It 

should be noted that each of the experiments was halted before failure or necking of the 

specimen occurred.   

In the plots, normalized cumulative counts are given on the right-axis.  The 

cumulative counts were normalized by dividing each value by the total number of counts 

at 4.5% strain.  Since the total number of counts will vary for each experiment regardless 

of coating thickness, the normalization procedure allowed for better comparison of the 

shape of the cumulative count curves.  Figures 28-31 indicate that after normalization, the 

AE results are relatively self-similar for each coating thickness or, in other words, are 

generally repeatable.  A comparison of a normalized cumulative count curve for each 

thickness is given in Figure 32.  It is noted that the curve for 0.0-0.2 mil coating thickness 

is quite different from the curves for the other three thicknesses.  This difference is 

related to the lower AE threshold used for the thinnest coating.  However, more 

.003<εcrack<.007 
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fundamentally, the thinner coatings were much quieter and there might be differences in 

how the transverse cracks propagate.   

 

Figure 32:  Normalized cumulative AE counts for four coating thicknesses 

It is expected that when significant cracking is occurring there is also significant AE 

activity.  In addition to near continuous hits, one would also expect hits with large 

numbers of counts.  Therefore there should be vertical jumps in the normalized 

cumulative counts curves when cracking is occurring.  Further arguments that support 

this hypothesis can be made by comparing the normalized cumulative count curves with 

the crack density plot shown in Figure 11.  There are similarities between these curves 

and thus it might be reasonable to assume that cumulative AE results are related to crack 

density evolution.   

From Figures 28-31, it was not possible to consistently determine the strain at which 

sharp vertical jumps in the cumulative AE data occurred.  To overcome this, Figures 28-

31 were used to determine possible regions within which cracking events are most 

significant.  These regions are indicated in the figures, and it is also noted that there is 

overlap between the regions. 
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From looking at the raw AE data, it was possible to record the lowest strain, εf, for 

any hit that had a given number of counts.  This was done for 50, 100, 150 counts and the 

results are shown in Figure 33.   

 

Figure 33:  Strain at first AE event with high numbers of counts versus coating 

thickness 

This plot shows that the strain at which cracking first occurs is relatively constant for 

the 0.0-0.2 and 0.3-0.5 mil coating thicknesses.  However, the strain at which first 

cracking occurs increases sharply for the 0.5-0.7 and 0.7-0.9 mil coatings.  These results 

for εf are also given in Table 1. 

Using SEM, measurements of the maximum inter-crack spacing, λ, can be made by 

utilizing a simple transverse crack counting method.  This method is illustrated in Figure 

34.  First, a 5 mil line was superimposed on the SEM images.  Then the number of 

transverse cracks crossing each measurement line was recorded.  The magnification for 

each photo was fixed at 500 times.  In addition, for each of the four photos, five 5 mil line 

counts were taken to account for any variability in crack spacing.  Thus a total of 20 

counts per specimen were recorded and averaged.  All of the counts for each coating 
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thickness range were then averaged and tabulated in Table 1.  The ranges given in the 

table are for 95% confidence intervals.  The average number of cracks per 5 mils was 

then converted to intercrack spacing (length/crack).  From the data in Table 1, it is 

evident that the thicker coatings exhibited lower crack frequencies and therefore a higher 

inter-crack spacing.  This point is further illustrated by comparing the number of 

transverse cracks in Figure 34 (0.0-0.2 mil coating thickness) and Figure 35 (0.7-0.9 mil 

coating thickness). 

 

Coating 
Thickness, δ 

(mil) εc 

Average 
cracks/5 mil 
with 95 % 
confidence 

Average 
Crack Spacing 
λ (mil/crack) δεc/λ 

0.1 0.00049 15.3 ± .016 0.33 0.00015 

0.4 0.00027 10.5 ± 0.010 0.48 0.00023 

0.6 0.0010 8.7 ± 0.013 0.58 0.0011 

0.8 0.0015 7.9 ± 0.012 0.63 0.0019 

Table 1: Table showing εc and calculation of average inter-crack spacing 
 

 



 - 33 - 
 

 

Figure 34:  Transverse crack counting for 0.0-0.2 mil anodize coating 
 

 

Figure 35: Transverse crack counting for 0.7-0.9 mil anodize coating 
 

In Figure 34, it is noted that, in addition to the transverse cracks, there are also non-

contiguous cracks in random orientations.  These non-contiguous cracks are known as 

“mud cracks.”  Mud cracks appeared in non-uniformly stressed regions of specimens that 

were pulled very close to failure.  In addition, as shown in Figure 36, mud cracks were 

present in the 0.0-0.2 mil coating specimens that were untested.  Figure 37 shows the 

0.0-0.2 mil anodize thickness

5 mil 

0.7-0.9 mil anodize thickness 

5 mil
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surface of an untested 0.7-0.9 mil thick coating and it is seen that there are no mud crack 

patterns.  Because the mud cracks in the 0.0-0.2 mil specimen (Figure 34) do not interact 

with the transverse cracks in the figure, it appears that they do not extend through the 

thickness of the anodize coating.  Although a more complete examination of this 

phenomenon is warranted, it appears that this phenomenon is related to coating thickness 

and takes place during the anodizing process.  

 

Figure 36:  “Mud-Cracking in untested specimen with 0.0-0.2 mil anodize coating 
 

 

Figure 37:  Untested anodize surface for 0.7-0.9 mil coating thickness 
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Recall from Equation 4 that ultimate interfacial shear stress of the coating is given 

by
λ
δπε

τ fcE
= .  From the results of the AE experiments fε has been determined.  From 

the SEM measurements λ is known and δ is known for each specimen.  If π and cE  are 

assumed constant, then the 
λ
δε f term is proportional to the maximum interfacial shear 

strength.  This term is given in Table 1 and is also plotted versus coating thickness in 

Figure 38.  The increasing maximum interfacial shear stress with increasing coating 

thickness was not expected based on the crack spacing measurements.  Since the spacing 

for the thinner coatings was substantially less, one would have expected that the thinner 

coatings had the higher interfacial shear stresses.  However, the crack spacing effect is 

offset by the strain to cracking and the coating thickness, and it is the thicker coatings 

that have higher interfacial shear stresses.  It is not known at this time how the results are 

affected by the assumption of constant coating modulus.   

 

Figure 38: 
λ
δε f  versus anodize coating thickness 
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4.3  Correlating Fatigue and Tensile Cracking/Overall Project 
Results 

It is noted that the fatigue experiment showed that specimens with thicker anodize 

coatings had reduced fatigue lives (See Section 4.1).  The tensile cracking results indicate 

that the thickest coatings have the highest interfacial shear stresses.  These results assume 

that the coating is ideal and without defects.  It is likely that the two sets of results are 

related.  In particular, as shown in Figure 39a, when a crack develops in the thinner 

coating, since the interface does not support very high shear stresses, the crack can 

deflect along the interface.  On the other hand, as shown in Figure 39b, for stronger 

interfaces, cracks in the coating will more readily propagate into the base material.  This 

relationship between fatigue strengths and tensile cracking has not been confirmed with 

microscopy.  In addition, it is likely that there are many other factors affecting whether 

cracks are more likely propagate into the base material.  For example, since anodizing 

causes part of the substrate to be sacrificed, the microstructure at the coating interface is 

likely to be different for different coating thicknesses.  It is also likely that coatings with 

different thicknesses have different amounts of residual stresses.  The data also has 

shortcomings for the two thinnest coatings.  Although the two thinnest coating were 

determined to have similar interfacial shear stresses, the 0.3-0.5 mil coating has 

significantly reduced fatigue life.  It is likely that the effect of coating modulus and the 

effect of near-interface microstructural modification will have the most significance for 

the thinnest coatings.  In addition, the “mud cracking” discussed in the previous section 

may also be affecting the results of the interfacial shear stress calculation.   

 

Figure 39:  Schematic illustrating an explanation of the fatigue and tensile cracking 
results 

 

(a) Thin Coating (b) Thick coating 
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5. Summary and Future Work 
Specimens with the four anodize coating thicknesses ranges were tested in rotating 

cantilever beam fatigue loading.  The specimens with the thinnest coatings were in the 

0.0-0.2 mil thickness range and clearly had the longest fatigue lives.  Specimens in the 

next two thickness ranges of 0.3-0.5 and 0.5-0.7 mil showed a significant reduction in 

fatigue life.  The thickest coating with a thickness in the 0.7-0.9 mil range had a similar 

fatigue life as compared to the 0.5-0.7 mil coating, indicating that increasing the coating 

thickness beyond 0.5-0.7 mil does not have as drastic a reducing effect on the fatigue life.  

The failure surfaces of all coating thicknesses were characterized by with scanning 

electron microscopy (SEM) and surface initiation sites and defects in the coating were 

examined.  The number of initiation sites depended on the stress amplitude of the 

experiment.  For all specimens with single initiation sites, failure initiated from a defect 

in the coating.  Although the results for the first three coating thicknesses ranges are very 

clear, increasing the sample size would increase the statistical power of the results.  In 

addition, more samples would help to prove whether the fatigue life is really no longer 

reduced by anodize coating thicknesses greater than 0.5-0.7 mil.   

Acoustic emission data taken during the tensile cracking experiments suggests that 

the strain at the onset of transverse crack formation is constant for the first two coating 

thickness ranges and increases for the next two coating thickness ranges.  These results 

were based on locating hits with large counts.  These large-count hits were assumed to 

indicate that large-scale cracking was underway.  Measurements of the crack spacing of 

the transverse cracks, λ, were taken for each thickness range using SEM techniques.  

Since the coating thicknesses are known, with the assumption of constant coating 

modulus, it was possible to apply shear lag theory to determine values that are 

proportional to the maximum interfacial shear stress for each coating.  These 

measurements indicated that the coatings in the two lowest thickness ranges had nearly 

constant interfacial shear stress and the next two thicker coatings showed increasing 

interfacial shear stress.   

It may be possible to correlate the results of the tensile cracking and fatigue 

experiments.  One possible conclusion is that as fatigue cracks form in the coating, they 

are more likely to propagate into substrate material if there is a strong bond between the 
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coating and the substrate.  Otherwise, the fatigue cracks may propagate along the 

interface.  Specimens with cracks that propagate along the interface would have longer 

fatigue lives.  There are many variables that are not accounted for in this simple 

conclusion.  For example, specimens in the thinnest coatings range showed “mud 

cracking,” and it is known that anodizing for different periods of time effect the 

microstructure near the interface.  In addition, the role of coating defects is not examined 

in the context of relating tensile cracking and fatigue results.   

There are a number of investigations that could be undertaken to more fully 

understand the effects of anodize thickness on mechanical properties.  In addition to 

detailed microscopy of coating defects, coating interfaces, and “mud cracking, residual 

stresses should be characterized.  The residual stresses could be determined by measuring 

the curvature of aluminum wafers and using Stoney’s Equation.  To improve the tensile 

cracking results, it is anticipated that a semiconductor strain gage would give more 

accurate measurements of the strain to cracking.  Not only is a semiconductor strain gage 

more sensitive to small strains, but it might also show jumps due to propagation of 

individual cracks beneath the gage.  Finally, in order to truly optimize the anodize coating 

thickness for 7050-T74 aluminum alloy, a study of corrosion protection for each 

thickness level should be conducted.  
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