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ABSTRACT 

7XXX Aluminum alloys have high strength to weight ratio and low cost. They are 

used in many critical structural applications including automotive and aerospace 

components. These applications frequently subject the alloys to static and cyclic loading 

in service. Additionally, the alloys are often subjected to aggressive corrosive 

environments such as saltwater spray. These chemical and mechanical exposures have 

been known to cause premature failure in critical applications. Hence, the microstructural 

behavior of the alloys under combined chemical attack and mechanical loading must be 

characterized further. Most studies to date have analyzed the microstructure of the 7XXX 

alloys using two dimensional (2D) techniques. While 2D studies yield valuable insights 

about the properties of the alloys, they do not provide sufficiently accurate results 

because the microstructure is three dimensional and hence its response to external stimuli 

is also three dimensional (3D). Relevant features of the alloys include the grains, 

subgrains, intermetallic inclusion particles, and intermetallic precipitate particles. The 

effects of microstructural features on corrosion pitting and corrosion fatigue of aluminum 

alloys has primarily been studied using 2D techniques such as scanning electron 

microscopy (SEM) surface analysis along with post-mortem SEM fracture surface 

analysis to estimate the corrosion pit size and fatigue crack initiation site. These studies 

often limited the corrosion-fatigue testing to samples in air or specialized solutions, 

because samples tested in NaCl solution typically have fracture surfaces covered in 

corrosion product. Recent technological advancements allow observation of the 

microstructure, corrosion and crack behavior of aluminum alloys in solution in three 



 

ii 

dimensions over time (4D). In situ synchrotron X-Ray microtomography was used to 

analyze the corrosion and cracking behavior of the alloy in four dimensions to elucidate 

crack initiation at corrosion pits for samples of multiple aging conditions and impurity 

concentrations. Additionally, chemical reactions between the 3.5 wt% NaCl solution and 

the crack surfaces were quantified by observing the evolution of hydrogen bubbles from 

the crack. The effects of the impurity particles and age-hardening particles on the 

corrosion and fatigue properties were examined in 4D. 



 

iii 

DEDICATION 

I dedicate this dissertation to everyone who has shown tremendous faith in me by 

funding my educational endeavors for the last 8 years. Without all of you this would not 

have been possible. 

This includes my parents Christopher Stannard and Heather Spencer, my 

grandparents Robert and Angela Stannard, and my aunt Elizabeth Mercado. I dedicate 

this to William and Mary Dyrkacz and ASM International for creating the William and 

Mary Dyrkacz materials engineering scholarship. I dedicate this to the Engineers Club of 

the West Valley for their scholarship provided through Glendale Community College. I 

dedicate this to Dr. Mary Anderson-Rowland for creation of the Motivated Engineering 

Transfer Students’ center at Arizona State University which provided scholarships and 

valuable career resources. I dedicate this to the Science Foundation Arizona for their 

fellowship which paid me taught me in detail about scientific community outreach. I also 

dedicate this to the Taxpayers of the United States via the Federal Government, the 

National Science Foundation and the Department of Defense Office of Naval Research 

for funding basic research. 

 

 

 

  



 

iv 

ACKNOWLEDGMENTS 

I thank Professor Nikhilesh Chawla for continued guidance and support. It has 

been a pleasure working under his tutelage. In addition to his mentorship, Dr. Chawla has 

given me access to valuable research facilities and helped me to win three different 

prestigious fellowships. Dr. Chawla also supports me by encouraging me when I am 

facing difficulties in my research. I wish to thank the members of my dissertation 

committee, Dr. Ramasis Goswami, Dr. Yongming Liu, and Dr. Kiran Solanki, for 

examining my research and providing useful feedback. I thank Dr. Jason Williams for the 

numerous technical insights and assistance he has provided, which were invaluable in 

carrying out this research work. I thank Dr. Sudhanshu S. Singh for his advice in research 

and Dr. James Mertens for his instruction regarding X-ray tomography. I thank Dr. 

Hrishikesh Bale with his assistance in diffraction contrast tomography imaging. I thank 

Dr. X. Xiao and Dr. F. De Carlo for their guidance and assistance in X-Ray tomography 

research at the 2BM X-Ray Synchrotron Tomography facility at Argonne National 

Laboratory.  

I am grateful for financial support for this work granted by the Office of Naval 

Research under grant N000141010350. I thank the National Science Foundation for their 

generous grant from the Graduate Research Fellowship program for financial support of 

my Ph.D. work. I gratefully acknowledge the use of facilities within the Center for Solid 

State Science at Arizona State University and the Center for 4D Materials Science. I 

thank the Chawla research group members for their assistance and friendship in this 



 

v 

research. I thank my family, friends and fiancée for their emotional and financial support 

in this research.  

This research used resources of the Advanced Photon Source, a U.S. Department 

of Energy (DOE) Office of Science User Facility operated for the DOE Office of Science 

by Argonne National Laboratory under Contract No. DE-AC02-06CH11357. This 

material is based upon work supported by the National Science Foundation under Grant 

No. DGE 1311230. Any opinions, findings, and conclusions or recommendations 

expressed in this material are those of the author and do not necessarily reflect the views 

of the National Science Foundation. 

 

 

  



 

vi 

TABLE OF CONTENTS 

 Page 

LIST OF TABLES ................................................................................................................. IX 

LIST OF FIGURES ................................................................................................................. X 

CHAPTER 

1 INTRODUCTION .............................................................................................................. 1 

2 LITERATURE REVIEW ................................................................................................... 2 

2.1 Aluminum Alloys .................................................................................... 2 

2.1.1 Second Phase Particles in 7XXX-Series Aluminum Alloys ..... 3 

2.2 Corrosion Behavior of 7XXX Series Aluminum Alloys ....................... 5 

2.3 Mechanisms of Corrosion Fatigue .......................................................... 9 

2.3.1 Hydrogen Environment Embrittlement Mechanisms .............. 11 

2.3.2 Anodic Dissolution .................................................................. 13 

2.3.3 Effects of Pits on Fatigue in Aluminum .................................. 14 

2.4 Motivation: 3D In Situ Studies of Environmentally Damage ............. 15 

3 3D TIME-RESOLVED OBSERVATIONS OF CORROSION DURING FATIGUE 

CRACK INITIATION AND GROWTH FROM A CORROSION PIT IN PEAK-

AGED AL7075 USING SYNCHROTRON X-RAY TOMOGRAPHY ....................... 19 

3.1 Introduction ........................................................................................... 19 

3.2 Materials and Methods .......................................................................... 19 

3.3 Results ................................................................................................... 23 

3.4 Discussion ............................................................................................. 40 



 

vii 

CHAPTER Page 

3.5 Summary ............................................................................................... 43 

4 3D TIME-RESOLVED OBSERVATIONS OF FATIGUE CRACK INITIATION 

AND GROWTH FROM CORROSION PITS IN AL7XXX ALLOYS USING 

SYNCHROTRON X-RAY TOMOGRAPHY ................................................................ 45 

4.1 Introduction ........................................................................................... 45 

4.2 Materials and Methods .......................................................................... 45 

4.3 Results ................................................................................................... 47 

4.3.1 Effect of Aging on Corrosion Pit Depth.................................. 47 

4.3.2 Effect of Aging on Corrosion Fatigue Crack Growth ............. 50 

4.3.3 Overaged Pit Model ................................................................ 57 

4.4 Discussion ............................................................................................. 63 

4.5 Summary ............................................................................................... 66 

5 3D OBSERVATIONS OF CORROSION FATIGUE CRACK GROWTH OF 7475-T6 

WITHIN A FATIGUE CYCLES ..................................................................................... 69 

5.1 Introduction ........................................................................................... 69 

5.2 Materials and Methods .......................................................................... 69 

5.3 Results ................................................................................................... 70 

5.4 Summary ............................................................................................... 79 

6 HIGH RESOLUTION MULTIMODAL OBSERVATIONS OF CORROSION 

INITIATION IN AL7075-T651 ....................................................................................... 81 

6.1 Introduction ........................................................................................... 81 



 

viii 

CHAPTER Page 

6.2 Materials and Methods .......................................................................... 82 

6.3 Results ................................................................................................... 84 

6.4 Discussion ............................................................................................. 97 

6.5 Summary ............................................................................................. 100 

7 THREE DIMENSIONAL TIME-RESOLVED QUANTIFICATION OF INCLUSION 

AND GRAIN BOUNDARY EFFECTS ON CORROSION PIT EVOLUTION IN AN 

AEROSPACE ALUMINUM ALLOY .......................................................................... 101 

7.1 Introduction ......................................................................................... 101 

7.2 Materials and Methods ........................................................................ 102 

7.2.1 Sample Preparation ............................................................... 102 

7.2.2 Tomography Scanning ........................................................... 103 

7.3 Results ................................................................................................. 104 

7.3.1 Corrosion Pit Growth Relationships ..................................... 104 

7.4 Summary ............................................................................................. 112 

8 CONCLUSIONS ............................................................................................................ 114 

8.1 Summary of Research Findings .......................................................... 114 

8.2 Future Work ........................................................................................ 116 

9 REFERENCES ............................................................................................................... 119 

 

  



 

ix 

LIST OF TABLES 

Table Page 

1. EDS Spot Analysis Of The Matrix And Inclusion From Figure 13 Showing the 

Inclusion is Completely Depleted of Mg Even Within the Depth of the Matrix. ....... 38 

2. EDS Composition Table of Selected Regions from the EDS Dot Map in Figure 14. 39 

3. Heat Treatments Applied to the As-Received Materials for Each Aging Condition 

Tested. ......................................................................................................................... 46 

4. Comparison of Maximum Stress Intensity Factor of Each Pit in the Corroded Sample 

When Loaded to 120 Mpa Stress in the Gauge Section.............................................. 59 

5. Composition of 7075-T651 Sample Measured by Energy Dispersive X-Ray 

Spectroscopy. .............................................................................................................. 86 

6. Chemical Compositions of The Discrete Phases Within the Fe-Bearing Composite 

Inclusion Particles. ...................................................................................................... 91 

7. Proportions of Inclusions and Grain Boundaries Touching the Corroded Surfaces 

After 14, 60, and 90 Days Corrosion Compared to the Number Of Pits Touching 

Grain Boundaries or Triple Points and Inclusions. ................................................... 111 

  



 

x 

LIST OF FIGURES 

Figure Page 

1. (A) Schematic Of 7.6 Cm 7075-T6 Plate Demonstrating Short, Transverse, And 

Longitudinal Directions with Respect to the Rolling of The Plate. (B) Schematic of 

Sample Indicating Machining Orientation and Dimensions in Millimeters.  (C) Finite 

Element Model Displaying the Von Mises Stress Contours in the Sample, Showing 

Uniform Stress Distribution in the X-Ray Tomography Region of Interest. .............. 21 

2. Schematic of the Loading Jig Used for in Situ Fatigue Testing of the 7075 Samples.

..................................................................................................................................... 23 

3. Virtual Slices of Corrosion Pits in 7075 Aluminum Alloy. (A) the Pit on the Left Is a 

Typical Hemispherical-shaped Pit Formed by Preferential Dissolution of the Matrix 

Around the Noble Fe-rich Inclusion, While the Pit on the Right Has a Less Common 

Morphology with a Sharper Corrosion Feature Extending into the Matrix past the 

Initial Pit. (B) the Mg-rich Inclusion on the Left Side Is Not Corroded, Which May 

Have Been Due to a Lack of Large Oxide-breaking Precipitates at the 

Inclusion/Matrix/Surface Interface. (C) Example of a Sharp Pit Feature Which May 

Have Occurred Due to an Mg-bearing Inclusion on the Sample Surface with Some 

Critical Defects Promoting Corrosion. ....................................................................... 25 

4. 3D Segmented View of Corrosion Pits in Peak-aged 7075 from Figure 3. The Pit on 

the Left Is a Typical Pit Formed Around Fe-rich Inclusion. The Pit on the Right Has 

an Exceptionally Deep and Sharp Feature Which May Have Been Due to Dissolution 

of an Mg-rich Particle Very Close to an Fe-rich Particle on the Surface. .................. 27 



 

xi 

Figure Page 

5. L-T View of the Crack-initiating Crevice Corrosion Pit. The Pit Has a Sharp 

Geometry Which Serves as a Stress Concentration for Fatigue Crack Initiation and 

Growth. ....................................................................................................................... 27 

6. Center YZ Plane Showing the Progression of Corrosion-fatigue Crack Growth from a 

Corrosion Pit in Peak-aged 7075 Tested in 3.5 Wt% Nacl Solution Using σmax=120 

MPa, R = 0.1, f = 1 Hz. ............................................................................................... 29 

7. XY Section of the Crack at 14,300 Cycles Depicting a Clear Instance of Bubbles 

Within the 3.5 Wt.% Nacl Solution-Filled Crack. ...................................................... 30 

8. Top-down Renderings of the Fatigue Crack in the Peak-aged Sample Showing the 

Crack Progressing Approximately along the L-t Plane in Light Blue, Gas Bubbles in 

Dark Blue, Fe-bearing in Red, and Mg-bearing Inclusions in Black. The Inclusions 

Which Touched the Crack Before Failure Were Traced Back to the Corroded Sample 

and Overlaid on the Crack in the Rendering to Visualize Their Interaction with the 

Crack and Bubbles. ..................................................................................................... 32 

9. Crack crack Volume and Bubble Volume as a Function of Crack Surface Area for the 

Peak-aged Sample. 10% Error Bars Are Included to Account for Errors in 

Measurement Incurred During the Segmentation Process. ......................................... 33 

 

 

 

 



 

xii 

Figure Page 

10. Highly Magnified Tomography Slices of a Section of the Peak-aged 7075 Sample 

Near the Corrosion Pit (Left Side of Images) Showing the Crack Growing Through an 

Mg-bearing Inclusion and Pores. After Continued Growth, the Crack Becomes Darker 

in Some Regions Due to H2 Bubble Evolution Near the Mg2Si, Suggesting That a 

Primary Cause of the Bubble Formation Is the Dissolution of Mg From the Mg-

bearing Inclusion Particles. (A) 10,000 Cycles (2,160 s Exposure Time) (B) 12,000 

Cycles (~4,320 s Exposure Time), (C) 13,000 Cycles (~5,700 s Exposure Time), (D) 

13,100 Cycles (~6,420 s Exposure Time). .................................................................. 34 

11. 3D Rendering of a Section of the Peak-aged 7075 Sample near the Corrosion Pit 

Showing the Hydrogen Bubble Formation at the Mg-bearing Inclusions Exposed 

During Cracking, Suggesting That a Primary Cause of the Bubble Formation Is the 

Dissolution of Mg from the Mg-bearing Inclusion Particles. Pit: Purple, Voids: Green, 

Fe-bearing Inclusions: Maroon, Mg-bearing Inclusions: Black, Exposed/Corroding 

Mg-bearing Inclusions: Pink, Hydrogen Bubbles: Blue. ............................................ 35 

12. SEM Secondary Electron Image of the Top Fracture Surface of the Peak-aged 7075 

Alloy with Notable Regions Annotated. FIB1 Represents the First FIB Sectioning of 

an Mg2Si Inclusion Exposed after 10,000 Cycles. FIB2 Represents the Second FIB 

Sectioning of an Mg2Si Inclusion Exposed after 14,100 Cycles. ............................... 37 

13. Cross-section View of a Portion of the FIB1 Mg2si Inclusion Shown in Figure 12 

with EDS Spot Analyses on the Matrix (Green “x”) and the Inclusion (Red “x”). Also 

Note the Secondary Crack Touching the Side of the Inclusion. ................................. 38 



 

xiii 

Figure Page 

14. (a) Cross-section Secondary Electron SEM Image of an Mg2Si Exposed after 14,100 

Cycles of Corrosion-fatigue. (B) EDS Dot Map of the Cross-section Showing the 

Inclusion Was Also Depleted of Mg During the Corrosion-fatigue. .......................... 39 

15. Minimum Z Projections of the 7075 (a) Peak-aged, (B) Over-aged, and (C) Highly 

Over-aged Samples Scanned at 2-bm Suggest That There Is a Relationship Between 

Pit Depth and Precipitate Size. The Peak-aged Samples Have Very Small Pits 

Compared to the Highly Overaged Samples. .............................................................. 48 

16. Minimum Z Projections of the 7475 (a) Peak-aged, (B) Over-aged, and (C) Highly 

Over-aged Samples Scanned at 2-bm Samples Scanned at 2-bm Show a Similar Trend 

Between Pit Depth and Aging Duration. The Peak-aged Samples Have Smaller Pits 

than the Overaged Samples. ........................................................................................ 49 

17. Virtual Minimum Z Projection of the Overaged 7075 Showing the Pit Structure 

Before, and Crack Growth During Fatigue. The Overaged Sample Cracked at the 

Largest Pit First, Then the Deepest Pit. ...................................................................... 51 

18. Crack Growth Rate Plots of in Situ Tested Samples of the Peak-aged Condition. 

Crack Initiation Was Observed from a Single Pit in the Peak-aged Samples. The 

Reference Data Was Found In [76]. ........................................................................... 53 

19. Crack Growth Rate Plots of In Situ Tested Samples of the Peak-aged Condition. 

Crack Initiation Was Observed from a Single Pit in the Peak-aged Samples. The 

Reference Data Was Found In [76]. ........................................................................... 54 

 

 



 

xiv 

Figure Page 

20. Crack Growth Rate Plots of In Situ Tested Samples of the Highly Over-aged 

Condition. The Crack Growth Rates for the Highly Over-aged Samples Had More 

Variance than the Peak-aged or Over-aged Samples, Which Could Be Explained by 

Competition Between Multiple Large Pits Within Each Sample During Cracking. The 

Reference Data Was Found In [76]. ........................................................................... 55 

21. Center XZ Plane Showing the Crack At .5σmax During the Last Tomography Scan 

Before Failure. (A) Peak-aged Sample Showing Significant Crack Branching and a 

Sharp Crack Tip (ΔK=10.7 Mpa•m0.5, 46 Cycles Before Failure.) (B) Overaged 

Sample Without Crack Branching and a Slightly Less Sharp Crack Tip. (For Largest 

Crack, ΔK=7.2 Mpa•m0.5, for Smaller Crack ΔK=3.8 Mpa•m0.5, 82 Cycles Before 

Failure), (C) Highly Overaged Sample with Void Formation Ahead of the Crack Tip 

(for Largest Crack, ΔK = 8.2 Mpa•m0.5, for Smaller Crack, ΔK=2.8 Mpa•m0.5, 5 

Cycles Before Failure). ............................................................................................... 56 

22. 3D Rendering of Von-Mises Stress Results for the 3d Model of the Overaged Sample 

Pits. The 3d Pit Shapes of Overaged 7075 Alloy Can Achieve Complex Geometries 

Due to the Influence of Microstructural Features Such as Grain Boundaries and 

Inclusions on Corrosion. Note the Annotations Corresponding to Different Pit Types.

..................................................................................................................................... 59 

 

 

 



 

xv 

Figure Page 

23. (a) FEM Result of First Pit with Limited Stress Range Displayed Showing the Pits of 

Maximum Stress in the Sample Used to Calculate the Maximum Stress Intensity 

Factor K = 2.5 Mpa·m0.5. (B) Top-down View Tomography Slice of the Pit in 

Approximately the Same Position of the Maximum Stress. (C) Tomography Slice of 

the Same Region after Crack Initiation Was Observed at 2600 Cycles of Fatigue. ... 60 

24.  (a) FEM Result of the Second Pit with Limited Stress Range Displayed Showing the 

Region of Maximum Stress in the Sample Used to Calculate K = 1.4 Mpa·m0.5. (B) 

Top-down View Tomography Slice of the Pit in Approximately the Same Position of 

the Highest Stress. (C) Tomography Slice of the Same Region after Crack Initiation 

Was Observed at 2600 Cycles of Fatigue. .................................................................. 61 

25. 3D Rendering of the Aluminum Matrix after (a) 2,600 Cycles, and (B) 4,000 Cycles. 

Note How the Crack from the Second Pit Merges with the Third Pit after 4000 

Cycles. ......................................................................................................................... 62 

26. 3D X-Ray Synchrotron Scan Data of Al7475-t6 Sample Taken Shortly Before Failure 

after 5,398 Fatigue Cycles at 70 MPa Stress. (A) Virtual Slice Through the Thickness 

of the Sample Clearly Shows Microstructural Features Including the Crack, Bubbles 

Pores Inclusions, and Pits. Note That the Crack Appears Discontinuous in 2D 

Because of Its Tortuous Path Through the Sample, but Is Connected in 3D. (B) 

Projection of the Data Minimum Values along the Height of the Dataset Shows the 

Bubble Shape Much More Clearly, and the Crack Front Is Relatively Straight in 3D 

Near Failure. ............................................................................................................... 71 



 

xvi 

Figure Page 

27. Virtual Slice Parallel to the Height of the Sample Closest to Failure after 5,398 

Cycles of Fatigue at a Stress of 70 MPa. Note the Relevant Microstructural Features 

in the Sample Including Inclusions, Pores, Cracks, Pits, and Bubbles. ...................... 72 

28. 28. (a) Grey Scale 3D Volume Rendering of One Face of the Sample Before Fatigue 

Testing. (B) the Same 3D Rending with the Pits and a Rendering of the Crack 

Overlaid after 5,5150 Cycles of Fatigue. The Crack Appears to Follow the Pits....... 73 

29. High Magnification 3D Renderings of the Sample Face Where the Crack Initiated. 

(A) the Corroded Sample Had a “mud-crack” Within the Corrosion Pit Before Fatigue 

Testing. The Blue Is a Rendering of the First Resolved Fatigue Crack at 4,000 Cycles, 

Clearly Showing That the Crack Initiated at This Pre-existing Crack Within the 

Corrosion Pit. (B) a Clear Overlay of the Corrosion Pits on the Sample Face Provides 

a View Through to the Crack, Which Clearly Shows That the Crack Initiated and 

Branched from One Combined Pit, Then Grew into Another Pit Nearby. ................. 74 

30. (a) Low-magnification 25 kV Secondary Electron Image of the Fracture Top Surface 

with Initiation Region Outlined in Red. Note Features Which Suggest Highly 

Crystallographically Dependent Fracture Such as River Markings and Possible Grain 

Pullout Sites. (B) Higher Magnification Image of the Initiation Site Showing the Pit 

Initiated from a Micro Pit Within the Corrosion Pit. .................................................. 75 

 

 

 



 

xvii 

Figure Page 

31. Top-View 3D Renderings of the 4,600th Cycle of the Crack (Light Blue) and Bubbles 

(Dark Blue) During Loading at (a) 11 MPa, (B) 70 MPa, (C) 120 MPa, and During 

Unloading at (D) 70 MPa, (E) 11 MPa. Note the Bubbles Move Slightly During 

Loading, Going from Very Small Localized Shapes at Low Load to Larger, More 

Spherical Shapes at Higher Load. ............................................................................... 77 

32. Top-down View 3D Renderings of the 4,600th Cycle of the Crack (Light Blue) and 

Bubbles (Dark Blue) During Loading at (a) 11 MPa, (B) 70 MPa, (C) 120 MPa, and 

During Unloading at (D) 70 MPa, (E) 11 MPa. Note the Bubbles Move Slightly 

During Loading, Going from Very Small Localized Shapes at Low Load to Larger, 

More Spherical Shapes at Higher Load. ..................................................................... 78 

33. Bubble Volume Within the Fatigue Crack as a Function of Stress after (a) 4,600 

Cycles and (B) 5,150 Cycles. Note That the Change in Bubble Volume Is Much More 

Significant for the Higher Load. This May Be Due to the Higher CTOD at the Higher 

Load in Addition to Greater Surface Tension Effects on the Bubbles at Lower CTOD 

Limiting Their Movement........................................................................................... 79 

34. Sample and Corrosion Setup for the VSLI Experiment. ............................................. 83 

35. The Material Region of Interest Shown Using (a) 5 kV Inlens (Material Contrast) 

SEM (B) 25 kV EDS Dot Map Dot Map of Region Composition and (C), 25 kV 

EBSD Pattern of the Same Region Before Corrosion. ............................................... 85 

36. VSLI Corrosion Rates After 10 min., 20 min, 40 min, and 60 min of Drop-wise 

Exposure to 3.5 wt. % NaCl Solution. ........................................................................ 88 



 

xviii 

 

 

 

 

 

Figure Page 

37. (a) High Contrast View of Elevation Change from 0-60 Minutes with Grain 

Boundaries from EBSD Map Overlaid in Black Shows That Some of the Grain 

Boundaries Have Clearly Different Corrosion Properties from the Bulk. (B) Profile 

Plots of Grain Boundaries Show They Had Less Elevation Change than the Bulk 

Grain Boundaries after 60 Min Solution Exposure. .................................................... 89 

38. Fe-rich Inclusion Selected for Analysis by FIB-SEM Cross-section. Secondary 

Electron SEM Images (a) Before Corrosion and (B) after Corrosion. ....................... 90 

39. Detailed 3D Surface Height Profile Showing the Localized Height Differences of a 

Cross-sectioned Fe-rich Inclusion (a) Before Corrosion, after (B) 10 min, (C) 20 min, 

(D) 30 min, (E) 40 min, and (F) 60 min Dropwise Exposure to 3.5 Wt.% NaCl 

Solution. ...................................................................................................................... 92 

40. High-resolution BSE SEM Images of Cross-section from Fe-bearing Inclusion after 

Corrosion Showing the Localized Region Surrounding the Inclusion with Minimal 

Corrosion Damage, Followed by a Region with Trenching, and Then Uniform 

Corrosion..................................................................................................................... 93 

41. InLens SEM Images of Mg-bearing Inclusion (a) Before and (B) after Corrosion. ... 95 

 



 

xix 

Figure Page 

42. Detailed 3D Surface Height Profile Cross-sections of Mg-rich Inclusion from (a) 

Before Corrosion, after (B) 10 min, (C) 20 min, (D) 30 min, (E) 40 min, and (F) 60 

min Dropwise Exposure to 3.5 Wt.% NaCl Solution. ................................................ 96 

43. FIB Cross-section of Mg-bearing Inclusion Shows Relatively Uniform Corrosion 

Depth Away from the Sample, with Some Localized Jagged Features Which May 

Have Been Created by Precipitate Fallout During Corrosion. .................................... 97 

44.  (a) 3D Rendering of the Grains Within the Sample with the Colors Displayed in 

Inverse Pole Figure Format, along with the Corresponding Inverse Pole Figure 

Triangle. (B) 3D Rendering of the Sample after 14 Days of Corrosion (C) 14 Days 

Corrosion with Pits Overlaid in Red. (C) 3D Rendering of the Sample after 60 Days 

of Corrosion and (C) 60 Days Corrosion with Pits Overlaid in Red. (B) 3D Rendering 

of the Sample after 90 Days of Corrosion (C) 90 Days Corrosion with Pits Overlaid in 

Red. Note That Deep “mud-cracking,” Led to Preferential Corrosion of the Matrix. 

The Scale Bar Width Is 200 µm. ............................................................................... 107 

45. (a) 2D Slice of Absorption Contrast Data Before Corrosion Showing Inclusion near 

Surface. (B) after 14 Days of Corrosion, a Pit Could Be Seen Surrounding the 

Inclusion. (C) after 60 Days, the Pit Depth and Width Increased. (D) after 90 Days, 

the Pit Depth Continued to Increase. (D) Dct Slice Showing This Pit Occurred at a 

Grain Boundary Triple Point. The Scale Bar Width Is 50 µm. ................................ 108 

 

 



 

xx 

Figure Page 

46. (a) 2D Slice of Absorption Contrast Data Before Corrosion. (B) after 14 Days of 

Corrosion, a Portion of the Corrosion Product Cracked Away. (C) after 60 Days, the 

Corrosion Product Surrounding the Cracked Area Grew to Form a Crevice. (D) after 

90 Days, a Pit Formed in the Crevice Left Behind at the Cracked Region. (D) DCT 

Slice Showing This Pit Occurred Within the Bulk of a Grain. The Scale Bar Width Is 

50 µm. ....................................................................................................................... 109 

47. Inside-out View of Near-surface Grain Boundaries, Inclusions, Corrosion Products, 

and Corrosion Pits. (A) 14 Days Corrosion Damage, (B) 60 Days Corrosion Damage, 

(C) 90 Days Corrosion Damage. The Scale Bar Width Is 200 µm. .......................... 110 

48. Distribution of Corrosion Pit Depths after 14, 60, and 90 Days of Corrosion. ........ 112 



 

1 

1 INTRODUCTION 

Corrosion-related failures of metal components costs about $2.2 trillion dollars or 

3% of the worldwide gross domestic product annually [1]. Considering the majority of 

aircraft component failures are due to corrosion and fatigue-related failures, there is a 

tremendous need for research to prevent these failures [2–5]. Many corrosion and fatigue 

failure-prone aircraft components such as fuselage, wings, and supporting structures are 

made of aluminum alloys. The aluminum alloys were chosen for numerous reasons 

including their high strength-to-weight ratio, low raw material costs, and low machining 

costs [6]. Specifically, the 7XXX-series aluminum alloys may be the most ubiquitous of 

the high strength alloys due to its relatively low cost. One common application of 7XXX-

series aluminum alloys is for components in aircraft which are deployed from aircraft 

carriers in the ocean. Such environments have caused numerous component failures due 

to the high stress loading during exposure to aggressively corrosive saltwater ocean 

spray. 

Many studies have been performed to improve failure modelling and alloy design 

capabilities. In fact, fatigue studies of 7075-T6 alloy have been found from as early as 

1944 [7]. Most of the studies to date have used two dimensional (2D) techniques to 

observe the failure mechanisms. While these studies have elucidated many aspects of the 

material microstructure and its effects on failure phenomena, there are still many aspects 

of the failure mechanisms which would need to be characterized in situ in three 

dimensions or more for truly comprehensive confirmation. As recently as 1999, 

nondestructive 3D techniques have enabled the study of material microstructure and 
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failure phenomena [8]. Within the last ten years, X-ray tomography studies of fatigue in 

noncorrosive environments have quantified the effects of inclusion particles on the 

fatigue crack growth rate [9–14]. Stress corrosion cracking and corrosion fatigue tests 

have shown hydrogen bubbles within the cracks [15–18]. Examinations of corrosion pits 

in 3D have shown the progress of corrosion in 2024 and 7050 aluminum alloys [19–21].  

Therefore, in situ 3D X-ray tomography was chosen as the primary method to 

investigate the effects of microstructural features on corrosion-pitting and corrosion 

fatigue with a focus on the inclusion particles and precipitates. Furthermore, post-mortem 

focused ion beam analysis was used to verify the inclusion corrosion. Follow-up studies 

using a novel technique called laboratory-based X-ray diffraction contrast tomography 

was used to determine the effects of grain boundary positions and orientations in 3D. An 

additional technique called vertical-scanning light interferometry was used to view the 

corrosion initiation effects in 2D at nanometer resolution. Together, these combined 

studies have created a more complete understanding of the effects of each major 

microstructural feature in 7XXX aluminum alloys including inclusions, precipitates, 

dispersoids, grain orientations, and grain boundaries. 

 

2 LITERATURE REVIEW 

2.1 Aluminum Alloys 

7XXX Aluminum alloys have high strength to weight ratio and low cost. They are 

used in many critical structural applications including automotive and aerospace 

components, including aircraft wings and fuselage. Many varieties of aluminum alloys 
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are in use, including 2XXX, 5XXX, 6XXX and 7XXX series. Each alloy uses different 

alloying elements for strengthening the generally weak, but low-density aluminum metal. 

The 7XXX series has the highest strength, generally on the order of 400 – 500 MPa. 

7XXX alloys are wrought product which are extruded into shape during solidification, 

then precipitation heat treated for strength. 

 

2.1.1 Second Phase Particles in 7XXX-Series Aluminum Alloys 

In 7XXX alloys the solidification step allows formation of constituent particles of 

varying compositions including inclusions, dispersoids and precipitates. Each type of 

particle has significant effects on the metallurgical performance. 7XXX-TXXX is the 

typical nomenclature for an individual alloy type. The numbers in the 7XXX designation 

represent slight variations in chemical composition of different, but similar alloy types 

strengthened with Mg, Zn, and Cu as the primary elements for precipitation strengthening 

intermetallic particles, while the numbers in the -TXXX designation represent the heat 

treatment procedures used to strengthen the alloys [22].  

Inclusions in 7XXX alloys are nuisance impurity particles which solidify from the 

melt before the metal matrix. The inclusion particles are present due to the presence of Si 

and Fe impurities which are not easily soluble in the alloy and are expensive to remove 

[23]. These particles are on the order of 10s of microns and have significant effects on the 

alloy damage properties [12]. Two of the most common inclusion types in 7XXX alloys 

are Mg2Si, Al7Cu2Fe [24–26].  
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Additionally, particles on the order of 0.2 – 0.5 um called dispersoids solidify 

before the grains and serve to maintain a small grain size in the alloy by preventing 

recrystallization after hot rolling. These particles form by prompt reaction between the 

aluminum and transition metals such as chromium, manganese, or zirconium to form 

relatively insoluble phases [27].  Dispersoids in 7075 are typically Al12Mg2Cr or Al7Cr. 

[26]. The grain refinement caused by the dispersoids serves to strengthen the alloy by the 

Hall-Petch relationship [28]. 

Precipitation hardening is the primary mechanism used for strengthening of 

aluminum alloys. Only alloy systems with significant maximum solubility limits on the 

order of several percent, in addition to a rapid decrease in solubility with decreasing 

temperature can be strengthened by precipitation hardening. The precipitation hardening 

procedure involves heating the alloy to a temperature at which the alloying elements are 

uniformly distributed as a single phase, followed by a rapid quenching to secure a 

metastable single-phase state. Next, the alloy is heated to a lower temperature at which 

the second phase alloying elements precipitate out as uniformly distributed second phase 

particles. These intermetallic particles serve to strengthen the alloy by limiting the slip of 

dislocations during plastic deformation. When the particles initiate, they are too small to 

prevent the dislocation motion. As the particles grow, they reach a point of maximum 

strength improvement at which they are semicoherent with the surrounding crystal lattice, 

resulting in stress surrounding the particle. At this point, some of the particles pin the 

dislocations while others are sheared. As the aging continues, the particles become 

incoherent with the surrounding lattice and at that point, the dislocations can only be 
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pinned or form loops upon deformation and thus their strengthening capabilities are 

reduced. The precipitates in 7XXX alloys consist of Mg(CuxZn1-x)2 with exact 

composition and structure in the face-centered cubic matrix changing dependent upon 

aging condition. The general structure of the precipitates changes during heat treatment 

from coherent GP zones for the under-aged condition to semi-coherent η’ for peak-aged, 

to incoherent hexagonal closed-packed η for the over-aged condition [29–31]. -T6XX 

tempers represent peak-aged alloys while -T7XX tempers represent over-aged alloys. -

TX51 tempers of the 7XXX alloys are stretched by 1 to 5% to reduce residual stress 

gradients within the plate and create more sites for earlier precipitate nucleation, 

especially at grain boundaries [32]. 

 

2.2 Corrosion Behavior of 7XXX Series Aluminum Alloys 

Aluminum rapidly passivates at room temperature within a millisecond of 

exposure to oxidizing environments such as water or air to form a protective oxide film 2 

– 4 nm thick, with the thickness dependent upon temperature [33]. These alloys are 

particularly susceptible to corrosion in chloride-containing solutions such as seawater, 

because the chloride ions in solution can rapidly break down thinner regions of the 

passive layer, leading to corrosion pitting in localized regions [34–37].  

The film-breaking mechanism is the primary mechanism of corrosion pit initiation 

in nearly neutral pH chloride-containing solution. The film breaking mechanism suggest 

that chloride ions adsorb on and weaken the passive film, followed by the Cl- and H+ ions 

reacting with the underlying substrate, ultimately leading to preferential corrosion pitting 
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and subsequent reduction of pH within the pit due to high concentrations of aluminum 

corrosion byproducts [35–39]. The chemical reactions which can occur to cause 

dissolution of the aluminum metal are described below. Generally, the bare metal at the 

tip of a pit or crack in a neutral or slightly alkaline solution oxidizes [39]. For low local 

chloride ion concentrations, the aluminum reacts with the water in solution to form H+ 

and Al2O3: 

𝐀𝐥 + 𝟑𝐇𝟐𝐎 → 𝐀𝐥𝟐𝐎𝟑 + 𝟔𝐇+ + 𝟔𝐞−    (1) 

For chloride concentration at or above 1 M, the chlorine has been proposed to 

interact with the Al3+ from (1) to undergo hydrolysis [37,40]: 

𝐀𝐥𝟑+ + 𝐇𝟐𝐎 ←→ 𝐀𝐥(𝐎𝐇)𝟐+      (2) 

In which case, aluminum hydroxide would then react with chloride: 

Al(OH)2+ + Cl−  → Al(OH)Cl+     (3) 

Next, the chloride compound would react with water to produce local acidity: 

Al(OH)Cl+ + H2O ←→ Al(OH2)Cl + H+     (4) 

Al(OH)Cl and Al(OH)2Cl2 compounds have been observed at the tips of pits in 

pure Al in 1 M NaCl solution of pH 11 using nuclear magnetic resonance spectroscopy. 

The local pH at the pit tip was ~3, which was in agreement with the pH of bulk aluminum 

hydroxide salt solutions [38]. AlCl3 has also been theorized to form, but this may be more 

probable in highly acidic solutions or solutions near the ~5 M saturation point of NaCl in 

H2O since the AlCl3 is highly acidic, with a pH around -0.3 [37,41,42]. Additional solid 

byproducts caused by the corrosion of the aluminum are created by ionization of the bare 

surface and rapid hydrolysis of aluminum to form Al2O3, Al(OH)3 and Al(OH)2Cl 
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byproducts, which have a larger volume than the original Al matrix and lead to a thick, 

cracked oxide on heavily corroded surfaces [37,40]. The film breaking mechanism serves 

as a good explanation for corrosion pit initiation and growth, but further research is 

needed to find why corrosion pits only occur in selected locations, such as certain 

inclusions on the alloy surface but not others.  

Defects in the passive layer as well as differences in chemical composition of 

inclusions, precipitates, pores and grain boundaries relative to the matrix are known to 

affect the corrosion properties in aluminum alloys because they serve as inhomogeneous 

sites with a weakened passive layer [15,31,35,37,43–51]. For instance, corrosion pitting is 

believed to occur semi-randomly on the surface of the alloy at Fe-rich and Mg-rich 

impurity particles called inclusions [35,37,43,47,48,52–57]. The Mg- and Fe-rich 

intermetallic impurity particles in 7075 Al alloys cause the formation of corrosion pits 

because they have different chemistry leading to differences in electrochemical potential 

from the surrounding matrix an can occasionally cause defects in the passive layer which 

promote faster corrosion [12,54,55,58]. Mg-bearing inclusions such as Mg2Si are initially 

anodic with respect to the matrix, with Mg preferentially dissolving from the matrix 

followed by the remaining Si becoming cathodic with respect to the matrix and forming a 

pit [56]. In Mg2Si, the corrosion reaction occurs first by dissolution of the Mg from the 

Mg2Si particle, followed by enhanced dissolution of the matrix surrounding the cathodic 

Si-rich remnant which remains in the matrix [53]. The overall corrosion reaction expected 

for dissolution of Mg is expected to be [59],  

Mg + 2H2O → Mg(OH)2 + 4H+ + 4𝑒−    (2) 
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The Fe-bearing inclusions such as Al7Cu2Fe are noble and have a higher corrosion 

potential compared to the matrix, leading to preferential corrosion of the matrix 

surrounding the inclusions [49,54,55,60]. 

Additionally, the structure and chemistry of the precipitates affects the corrosion 

behavior in 7xxx alloys [49,55]. Focused-ion-beam tomography observations of 

precipitates in 7075 alloy have suggested that larger precipitates form at grain boundaries 

and inclusions than within the bulk alloy because they are heterogeneous sites with 

decreased activation energy for precipitate nucleation during hardening heat treatments 

[35,61,62]. These larger precipitates can have different chemistry and structure than the 

smaller precipitates within the grains [31,44]. For instance, in alloys in the over-aged 

condition, larger η precipitates with increased copper content have been observed versus 

standard peak-aged alloy at both the bulk and grain boundaries of the alloy [31,63]. 

Therefore, the confluence of grain boundaries and inclusions may serve to form 

precipitates which are much larger than the surrounding bulk, leading to areas of 

significantly different electrochemical potential, a wider precipitate-free zone, and a 

weakened passive layer where corrosion can occur at a much higher rate than the 

surrounding grains [48,64,65].  

Some studies have also investigated grain size and orientation effects on corrosion 

properties. For instance, recent studies of corrosion in high purity aluminum and natural-

aged aluminum alloy of varying grain sizes has suggested that corrosion rate decreases 

with decreasing grain size [57,66], which may be due to larger, more heterogeneous 

particles form at the grain boundaries. Nonetheless, when the alloys are heat-treated, the 
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precipitates can grow and subsequently alter the pit growth-precipitate relationships. 

Therefore, the over-aged alloys can exhibit exacerbated corrosion near grain boundaries 

versus the peak-aged alloys [35,48,64,65,67]. Additionally, studies of single crystal Al-

Cu alloys have suggested that increasing alloying element concentration leads to 

decreased crystallographic effects on corrosion rates and morphology within the grains 

[68,69].  

 

2.3  Mechanisms of Corrosion Fatigue 

7075 Al alloys are susceptible to damage by corrosion pitting which can reduce the 

fatigue resistance of the material [70–72]. Additionally, in the peak-aged condition 7075 

alloys suffer a significant reduction in resistance to environmentally assisted cracking, 

which has been attributed to hydrogen embrittlement [73,74]. Local interactions of the 

matrix with the anodic Mg2Si inclusion particles or the cathodic Al7Fe2Cu inclusion 

particles at the areas of weakened passive film also serve to accelerate the corrosion 

locally, causing pit formation and subsequent fatigue life reduction [75].   

Most studies of corrosion-fatigue have examined used bulk measurement techniques 

such as extensometers to measure crack growth, followed by post-mortem fractography 

[76,77]. The mechanism for corrosion fatigue is believed to be dominated by adsorption 

of hydrogen at the crack tip during cyclic loading assisting leading to emission of 

dislocations and promoting localized cleavage fracture [78–81]. Changes in crack tip pH 

and local electrochemistry have also been measured in situ using bulk techniques to 

improve understanding of corrosion cracking mechanisms [82–84]. These studies have 
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confirmed that the solution pH of the crack tips stabilizes at a value of approximately 3.5 

for monotonic loading, but in corrosion fatigue the cyclic loading may prevent 

equilibrium conditions from occurring due to “pumping” of the solution from the crack 

tip at the bottom of the load [83,84]. The pH=3.5 is assumed to come from dissolution of 

the aluminum matrix to increase the concentration of Al3+ ions and possibly Al(OH)3 

solubility products within the crack tip leading to increased [H+] in solution. While 

measuring the pH in the tip of a small corrosion fatigue crack is currently difficult, 

observation of the bubbles may also provide insights regarding localized corrosion in the 

crack tip. For instance, one indicator of hydrogen evolution is gas bubbles which evolve 

during the corrosion reactions. 

The inclusions in aluminum alloys have a significant effect on fatigue behavior. 

Typically, fatigue cracks in air initiate at the Fe-bearing inclusions [85–87]. Thus, the 

purity of the aluminum alloy can have a significant effect on the fatigue strength and 

fracture toughness. For instance, Alcoa 7475 has a lower concentration of inclusion 

elements than 7075 by a factor of 4, with the rest of the alloying elements having very 

similar concentrations, yielding an approximately 40% greater fracture toughness [88,89].    

Most studies of corrosion pitting in Al7075 have used two dimensional methods, 

such as area measurement of the pit on the corroded surface [70] or depth measurement 

via examination of the fracture surface  [58,90–92]. Efforts to measure pit structure effect 

on fatigue, such as post-mortem SEM studies of the fracture surface [58,90–92] and 

confocal microscope analysis of the corrosion pits [93], have demonstrated that the shape 

of the corrosion pit affects the fatigue crack initiation life.  
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For 7075 samples corroded in 3.5 wt% NaCl, the tendency for fatigue crack initiation 

in air from pits, inclusions, or other matrix flaws has been observed to change with aging 

condition: peak-aged samples have mixed crack initiation sites and overaged samples 

have a greater tendency for fatigue crack initiation at the pits [70,71]. For samples 

corroded and tested in NaCl solution, the cracking mechanism may occur by a 

combination of anodic slip dissolution and hydrogen embrittlement [64,94]. 

 Since the solubility of hydrogen in aluminum is low, with concentrations of 3000 

ppm or less resulting after various high fugacity hydrogen charging methods in pure Al 

foils, relatively few of the H+ ions must enter the metal for embrittlement to occur 

[95,96]. However, high entropy sites such as grain boundaries, precipitates, and inclusion 

may alloy alloyed aluminum to absorb more hydrogen. The change in preferred crack 

initiation site with respect to aging condition may be due to an increased effect of 

hydrogen embrittlement for peak-aged alloy versus over-aged alloy [65,70].  

 

2.3.1 Hydrogen Environment Embrittlement Mechanisms 

The three most relevant mechanistic theories of environmental hydrogen 

embrittlement are hydrogen-enhanced decohesion (HEDE), hydrogen-enhanced localized 

plasticity (HELP), and adsorption-induced dislocation emission (AIDE) [79,97]. HEDE 

was the first hydrogen embrittlement theory to emerge, proposing that the hydrogen 

atoms move into the lattice and weaken the interatomic bonds. HEDE was developed to 

explain the change from ductile fracture to brittle cleavage fracture in iron upon addition 

of hydrogen environment [98–101]. HELP theory suggests that solute hydrogen promotes 
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deformation by assisting dislocation motion when a sample is loaded in a hydrogen-

containing environment [102]. Hydrogen’s facilitation of dislocation motion was proven 

in aluminum and other metals using in situ environmental TEM loading in H2 

atmosphere, with one caveat that the high energy electron beam drastically increased the 

fugacity of the hydrogen at the specimen beyond by several orders of magnitude, far 

beyond tests in high pressure hydrogen without an electron beam [103–106]. AIDE 

suggests that adsorption of embrittling atomic species on fresh metal crack surfaces 

causes emission of dislocations; [107,108]. The differences in cracking between different 

precipitate sizes of aluminum may be explained by the HELP mechanism of hydrogen 

embrittlement.  

The increase in crack initiation sites for peak-aged alloy may be due to a more 

pronounced effect of the hydrogen-enhanced localized plasticity (HELP) mechanism. 

Experimental observations and modelling of the HELP mechanism suggest that hydrogen 

atoms in aluminum bind to edge dislocation cores in the lattice, forming dilatational 

fields around the cores which improve dislocation mobility and reduce partial separation 

distances, causing slip planarity and shear localization [109–112]. The HELP mechanism 

reduces the repulsive forces between dislocations and precipitates due to the shielding of 

the dislocation core by solute hydrogen, allowing for pileups to form at precipitates under 

lower stress [113]. This phenomenon may be evident in the change in SCC slip mode of 

aluminum alloys from sharp crack tip planar slip in under-aged and peak-aged alloys to 

blunt crack tip wavy slip in overaged alloys [114]. In  the peak-aged condition 7XXX 

alloys suffer a significant reduction in resistance to environmentally assisted cracking, 
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which has been attributed to hydrogen embrittlement [115,116]. Edge dislocation pileups 

can possibly shear coherent precipitates or be pinned for peak-aged alloys, while in the 

overaged alloys where dislocations would have to travel around incoherent precipitates.  

 

2.3.2 Anodic Dissolution 

Anodic Dissolution is a corrosion mechanism of alloys in solution which occurs 

by ionic transport between conductive elements of different corrosion potentials in the 

submersed alloy [117,118]. Anodic dissolution occurs between conductive materials in a 

conductive solution. Hence, anodic dissolution can occur between the matrix and the 

second-phase particles if they are exposed to the solution [117,119]. Anodic dissolution is 

especially prominent in NaCl solution because the Cl- ions are believed to weaken or 

disrupt the native oxide layer of the aluminum and allow for reaction of the matrix with 

the aggressive ions in solution via the anodic dissolution mechanism [36,37,119–122]. 

When stress is applied, anodic slip dissolution can occur. In the case of anodic slip 

dissolution, the stress causes slip, which ruptures the passive film at the crack tip and 

further facilitates access of corrosive ions to the bare metal surfaces [123,124]. 

For corrosion-fatigue in 7XXX aluminum alloys, the change in mechanism has 

been suggested to go from hydrogen embrittlement dominance, to a mixed mode for 

overaged, to anodic dissolution for highly overaged [65]. The change in precipitate size 

and chemistry, as well as the reduced crack tip sharpness in overaged alloys can cause the 

anodic dissolution mechanism to dominate the corrosion and cracking properties of the 

alloys when highly overaged [65].  
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2.3.3 Effects of Pits on Fatigue in Aluminum 

7XXX alloys are susceptible to damage by corrosion pitting which can reduce the 

fatigue life of the materials [58,70,72]. Most studies of corrosion pits’ effect on crack 

growth in Al 7075 have used two dimensional methods, such as optical measurement 

[70], confocal microscopy, and scanning electron microscopy to study damage post-

mortem [71,90,92]. Efforts to measure pit structure effects on fatigue, such as post-

mortem scanning electron microscopy (SEM) of the fracture surface [71,90–92] and 

confocal microscopy analysis of the corrosion damage [93,125], have suggested that the 

shape of the corrosion damage affects the fatigue crack initiation life more than the depth 

of the corrosion damage alone. Specifically, cross-sectional pit analysis and fractography 

of the corrosion-fatigue initiation of corroded aluminum alloys have suggested that sharp 

protrusions in localized regions of the pit can lead to regions with sufficient stress to 

create localized plasticity at the pit tip and thereby initiate cracks within fewer cycles 

[75,92,125]. These local protrusions can be associated with the corrosion product shape. 

Additionally, multiple fatigue crack initiation sites have been observed from fractography 

of corrosion pitted aluminum alloys, meaning the existence of multiple pits may lead to 

synergistic activity between pits in crack initiation and growth since  [70,77,126,127].   

Corrosion damage is a frequent initiation site for fatigue crack initiation 

[2,4,75,128]. This is due to the stress concentration caused by the morphology of the 

corrosion damage.  
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2.4 Motivation: 3D In Situ Studies of Environmentally Damage 

Recently, X-ray tomography has emerged as an excellent technique to understand 

microstructural damage mechanisms in three dimensions (3D). In situ synchrotron X-ray 

tomography has been used to view many damage phenomena in aluminum alloys. In situ 

fatigue tests have shown that 3D tomography provides reliable measurements of local crack 

growth rates and quantified the effects of second phase particles on local crack growth rates 

[8,129,130]. In situ corrosion-fatigue testing has demonstrated the value of tomography by 

showing relationships between hydrogen bubbles and corrosion on the fracture surfaces 

[17,131–134]. In Situ observations of stress corrosion cracks of sensitized 7075 in moist 

air have shown that the embrittling environments can lead to jagged cracks which would 

not be measured accurately using traditional 2D techniques such as optical microscopy 

[18]. Both In situ and ex situ studies of crack growth from pitting corrosion in steels using 

X-ray tomography have directly shown that pits had distinctly different geometries such as 

bullet-shaped and hemispherical shapes which determined whether the stress corrosion 

crack initiated at the tip of the deepest intrusion of the pit or the opening of the pit [135–

137].  

Based on the wealth of evidence suggesting the utility of in situ tomography for the 

observation of corrosion and cracking analysis, useful information can be gained by 

examining the corrosion-fatigue cracking of pitted aluminum alloys using tomography. 

Most observations of aluminum alloys have examined corrosion pitting and cracking 

using 2D techniques. One limitation of 2D techniques is the  pits are filled with the 

corrosion products [37,40] which can serve to obscure the optical measurements. Hence, 
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important mechanistic insights could be missed, such as the difference in 3D shape 

between pits which reach the fracture surface and those which do not fracture. An 

aggressive acidic wash has been suggested [138] to clean the corrosion product before 

corrosion damage analysis, but this may undesirably change the corrosion morphology in 

a way that effects subsequent fatigue properties, or cause increased embrittlement of the 

remaining matrix material. Using post-mortem fractography, only the pits which reach 

the fracture surface are observable, but the pits which do not reach the fracture surface 

may also be of interest for failure modelling purposes.  

Moreover, when aluminum alloys are fatigue tested in corrosive fluid, information 

obtained via fractography can be limited due to corrosion of the crack faces during crack 

growth [56,139]. This is an especially significant problem for samples tested in 3.5 wt% 

NaCl solution, where the corrosion damage can proceed to cover most of the fracture 

surface and reduce the accuracy post-mortem analyses such as striation spacing 

measurements. Furthermore, the corrosion pit shape may be more important than the 

number of pits, and therefore highly accurate three dimensional assessments of pit shape 

are required to understand fatigue crack initiation life in these corroded 7075 alloys 

[90,92] since existing studies can only gain 3D assessments of pit shape for pits which 

reach the fracture surface. Confirmation of insights regarding corrosion cracking in 

aluminum via 3D nondestructive techniques such as X-ray tomography serves to improve 

the accuracy of future 2D nondestructive testing analysis for modelling the effects of 

corrosion damage on fatigue life.  
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Pit initiation and growth has been observed using X-ray tomography [19,20,140], 

but fatigue crack initiation from corrosion pits has not yet been analyzed using in situ X-

ray tomography. A 3D technique such as X-ray tomography is required to analyze the pit 

depth and shape comprehensively in a sample region nondestructively to determine the 

fatigue crack growth initiation properties [19,20]. In fact, recent 3D examinations and 

modelling of 3D pit morphology in steels has shown that pits have different shapes 

yielding different stress concentrations [135,137,141]. 

For fatigue tests of aluminum alloys in corrosive fluid, information obtained via 

fractography can be limited due to corrosion of the crack faces during crack growth. This 

is an especially significant problem for samples tested in 3.5 wt% NaCl solution, where 

the corrosion damage, or “mud-cracking” can proceed to cover the fracture surface and 

prevent post-mortem analysis. Moreover, for pre-corroded samples, sample 

characterization before testing is even more difficult since the thick corrosion product 

layer is significantly rougher than the polished surface, and its insulating properties lead 

to poor quality images in the SEM due to sample charging. Furthermore, the corrosion 

pits are filled with the corrosion products [37,40], which can serve to complicate pit 

depth analysis.  

To complicate matters even more, round test specimens, which are very 

convenient to machine, can pose significant difficulties for crack growth rate 

measurements, since the crack depth must be inferred from the half-arc length using 

finite-element calculations, direct current potential drop measurements, or post-mortem 
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fracture surface striation measurements. The work herein demonstrates a fast method for 

a more complete understanding of the crack geometry of relatively small cylindrical 

samples using 3D X-ray tomography. 

High resolution synchrotron X-Ray tomography can be used in situ to perform 3D 

nondestructive studies of corrosion fatigue crack growth in aluminum alloys. High 

resolution synchrotron X-Ray tomography can be used in situ to perform 3D non-

destructive studies of corrosion fatigue crack growth in aluminum alloys. In situ 

synchrotron tomography has been used to view the damage evolution of tensile loading 

[8,129,142–144], corrosion [19,20], fatigue [10,130,145,146], corrosion fatigue 

[16,17,131,134], and stress corrosion cracks [15,17,18,147] in aluminum alloys. These 

experiments have provided useful insights regarding aluminum alloy damage evolution 

[10,148], such as showing how cracks propagate through the matrix and impurity 

inclusion particles, how corrosion pits form, and how crack growth in solution leads to 

chemical reactions [8,18–20,129–131,134]. Therefore, the primary techniques used in 

this study relied on nondestructive 3D X-ray tomographic methods to study the corrosion 

and corrosion-fatigue properties of  
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3 3D TIME-RESOLVED OBSERVATIONS OF CORROSION DURING FATIGUE 

CRACK INITIATION AND GROWTH FROM A CORROSION PIT IN PEAK-

AGED AL7075 USING SYNCHROTRON X-RAY TOMOGRAPHY 

3.1 Introduction 

This work presents, for the first time, a thorough analysis of crack initiation at 

corrosion pits, followed by corrosion-fatigue crack propagation in 7075 aluminum (in 3.5 

wt. % NaCl solution) using in situ X-ray tomography.  The real-time experiments allowed 

us to understand the effects of corrosion pit formation, followed by the effect of 

surrounding inclusions and microstructure on dissolution, hydrogen bubble formation, and 

its effects on subsequent fatigue crack growth. These experiments were combined with 

scanning electron microscope focused ion beam (FIB-SEM) cross-sectioning and EDS 

analysis to obtain a complete picture of microstructural effects on corrosion-fatigue 

damage.  

3.2 Materials and Methods 

Blocks were cut from commercially available Al 7075-T651 (5.63 Zn, 2.45 Mg, 

1.55Cu, 0.045 Si, 0.18 Fe, 0.008 Mn, 0.19Cr, 0.004 Ni, 0.049 Ti, and rest Al) about 7.6 cm 

in thickness (Alcoa, New York, NY).   The blocks were solution treated at 510oC for 2 

hours, water quenched, and then rapidly placed into a furnace at 120 oC for 24 hours to 

obtain the peak-aged condition (Vickers hardness of ~170 HV). The sample geometry for 

in situ fatigue testing, shown in Figure 1, was cut from heat-treated blocks using 

electrodischarge machining (EDM), while the gauge section was milled using low stress 

grinding.  
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The sample gauge section was carefully polished to a 1 µm diamond finish, 

sonicated for 30 seconds in acetone, then rinsed in deionized water, and dried. Masking 

tape was applied to the center 1 mm of the gauge section, and the sample was coated with 

epoxy spray paint. After 24 hours of curing the masking tape was removed, and the gauge 

section of the sample was gently wiped with an ethanol coated cotton swab to remove any 

trace residue left by the tape. The sample was suspended in a 110 mL bath of 3.5 wt% NaCl 

solution mixed with deionized (DI) water and allowed to corrode for 15 days. Every 24 

hours, 5 – 15 mL deionized water was added to the uncovered bath to account for water 

lost due to evaporation. After corrosion, the sample was briefly rinsed in DI water, dried, 

and transported to the Argonne National Laboratory for in situ fatigue testing at the 

synchrotron facility. 
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Figure 1: (a) Schematic of 7.6 cm 7075-T6 plate demonstrating short, transverse, and 

longitudinal directions with respect to the rolling of the plate. (b) schematic of sample 

indicating machining orientation and dimensions in millimeters.  (c) Finite element model 

displaying the Von Mises Stress contours in the sample, showing uniform stress 

distribution in the x-ray tomography region of interest. 

 

The in situ corrosion-fatigue experiments were performed at the Advanced Photon 

Source (APS) at Argonne National Laboratory. X-ray synchrotron tomography was 

performed at the 2-BM beamline of the APS. Details of the APS 2-BM beamline have been 

described elsewhere [149]. A double-bounced single crystal Si monochromator was used 

to tune the x-ray energy to 27.4 keV. The 27.4 keV energy was chosen because it provided 

high contrast between the inclusion particles and the aluminum matrix, based on the 
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attenuation coefficients of the different phases.  The sample was scanned 60 mm away 

from a 10 µm thick LuAg:Ce scintillator screen at a rotation rate of 0.75o/s across a 180o 

angle while 1500 projections images were taken, each with a 0.1 millisecond exposure 

time. A 2560 x 2160 pixel PCO AG (Kelheim, Germany) Edge scientific complementary 

metal oxide semiconductor (sCMOS) camera recorded the projections with a 0.65 µm pixel 

size.  

A specially designed loading frame, detailed in [132], was used for fatigue testing 

the samples in situ at 2-BM. A specialized bath was mounted to the samples and filled with 

3.5 wt% NaCl solution during the experiment. Figure 2 shows a schematic of the sample 

in the bath. All the samples were fatigue tested under load controlled conditions using a 

maximum stress (σmax) of 120 MPa and a stress ratio (min/max) of R=0.1 with the load 

applied orthogonal to the rolling direction of the sample. The stress was calculated using 

the minimum cross-sectional area of the sample based on a measurement of virtual 

tomography slices of the L-T orientation of the sample. The samples were held at σ = 

0.5σmax during the tomography scans to allow sufficient crack opening to view bubbles 

within the crack while reducing the possibility of sample movement due to stress corrosion 

cracking during scanning near sample failure. The projections were reconstructed into 3D 

stacks using Fourier grid reconstruction algorithm in the Tomopy software framework, 

which is an open-source Python reconstruction program [150]. The data was analyzed 

using ImageJ [151] and segmentation was performed using the seeded region grow 

technique in Avizo Fire (Bethesda, MD) [152].  



 

23 

 

Figure 2: Schematic of the loading jig used for in situ fatigue testing of the 7075 samples. 

 

After failure, the fractured pieces were quickly removed, rinsed with deionized 

water, and dried. The tomography data from time points during and after the test were 

carefully matched with the SEM images of the fracture surface to select points for FIB-

SEM (Auriga, Carl Zeiss Microscopy, Jena, Germany) and EDS (AZtecEnergy, Oxford 

Instruments, Oxfordshire, United Kingdom) analyses at various points during fatigue crack 

growth.  

 

 

 

3.3 Results 
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The peak-aged 7075 alloy studied herein is strengthened by semicoherent η’ 

precipitates (Mg(Cu0.15Zn0.85)2) [31]. These precipitates are anodic compared to the matrix, 

which can increase the alloys susceptibility to corrosion and hydrogen embrittlement [31]. 

This aging condition is known to be susceptible to corrosion pitting in saline solutions due 

to electrochemical potential differences between the Fe- and Mg-bearing inclusions 

[54,55,70,153]. The Mg-bearing inclusions are anodic with respect to the matrix while the 

Mg dissolves, then cathodic after only the corroded Si-O byproduct remains [53,56]. The 

Fe-bearing inclusions are cathodic with respect to the matrix, leading to preferential 

dissolution of the matrix surrounding Fe-bearing inclusions [54,55]. The Fe-rich and Mg-

rich impurity particles can be seen clearly in the tomography data. The Fe-rich inclusions 

are brighter than the matrix, and the Mg-rich inclusions are darker than the matrix. The 

inclusion compositions have been verified via a previous study which compared inclusions 

viewed using tomography under similar conditions to SEM-EDS spot analysis of the same 

inclusions in a 7075 alloy [12].  Additionally, since this sample came from a rolled plate, 

the grains and inclusions were elongated along the rolling direction. The elongated 

inclusions can be seen in Figure 3, which shows an example of corrosion pits found in the 

specimen via a virtual slice of the material in the L-T orientation.  
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Figure 3: Virtual Slices of corrosion pits in 7075 aluminum alloy. (a) The pit on the left is 

a typical hemispherical-shaped pit formed by preferential dissolution of the matrix 

around the noble Fe-rich inclusion, while the pit on the right has a less common 

morphology with a sharper corrosion feature extending into the matrix past the initial pit. 

(b) The Mg-rich inclusion on the left side is not corroded, which may have been due to a 

lack of large oxide-breaking precipitates at the inclusion/matrix/surface interface. (c) 

Example of a sharp pit feature which may have occurred due to an Mg-bearing inclusion 

on the sample surface with some critical defects promoting corrosion. 

 

Figure 4 shows a 3D representation of the pits in Figure 3, while Figure 4 shows a 

3D rendering of the pits in Figure 3 for greater clarity. Note the cracks within the pits. 

These cracks may have formed along with the corrosion product during corrosion and 

volume increase during formation of the corrosion product. Besides the pits, the sample 

exhibited a thin, relatively uniform (0-10 µm) layer of corrosion product covering most of 

the surface. Cracks in the corrosion product and occasional corrosion pits located 

stochastically at Mg-rich and Fe-rich inclusion particles were observed on the surface.   
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Most of the corrosion pits were smooth and hemispherical.  The left pit in Figure 

3 represents a typical hemispherical pit geometry which formed due to preferential 

dissolution of the aluminum matrix surrounding a cathodic Fe-bearing particle. The deeper, 

sharper pit on the right may have formed due to an Mg-rich particle being present 

sufficiently near an Fe-rich particle to cause accelerated corrosion via galvanic coupling 

between the two particles of significantly different corrosion potential. Note that not all the 

inclusions interacting with the surface lead to corrosion, with an example in the far left of 

Figure 3 showing an Mg-bearing inclusion at the surface but not leading to a pit.  

Figure 5 shows a 3D representation of the crevice corrosion pit where a corrosion-

fatigue crack initiated. Analysis of the pits in the sample showed that this was the largest 

pit in the sample with dimensions of 100 µm deep × 305 µm wide × 127 µm high. Using 

the 3D pit depth and half arc length, we were able to calculate the stress intensity factor 

for the pit per the Raju-Newman equation [154]. The stress was obtained from the actual 

area in the plane of the pit. Using these inputs, a Kmax of about 1.1 MPa·m0.5 was 

obtained in the thinnest section of the sample, while a Kmax of 1.0 MPa·m0.5 was 

calculated for the deepest pit in the center section.  
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Figure 4: 3D segmented view of corrosion pits in peak-aged 7075 from Figure 3. The pit 

on the left is a typical pit formed around Fe-rich inclusion. The pit on the right has an 

exceptionally deep and sharp feature which may have been due to dissolution of an Mg-

rich particle very close to an Fe-rich particle on the surface.  

 

 

Figure 5: L-T view of the crack-initiating crevice corrosion pit.  The pit has a sharp 

geometry which serves as a stress concentration for fatigue crack initiation and growth. 
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Crack initiation from the corrosion pit was resolved after 8,500 cycles. The crack 

was jagged with significant branching and a sharp crack tip, as shown in Figure 6. The 

sharp crack tip serves as evidence of brittle failure [103,114,155]. Peak-aged 7075 alloys 

are known to be susceptible to hydrogen embrittlement when exposed to aqueous 

environments, which may be due to corrosion of the anodic precipitates leading to 

hydrogen evolution, in addition to the AIDE mechanism causing increased dislocation 

emission at the crack tip during cyclic loading and the HELP mechanism reducing the 

pileup spacing at the precipitates in the plastic zone, causing shear of the precipitates at 

lower stress [31,156–158]. Additionally, the crack appeared to interact preferentially with 

inclusions. This may be due to the brittle inclusions serving as sources of hydrostatic 

stress, which could promote further embrittlement near the crack tip [24,159]. After 

14,300 cycles, the maximum crack opening displacement was 6.6 µm and the minimum 

resolvable crack tip opening was 1 µm or less, indicating that this crack was very sharp. 

These bubbles, which are easily observed via in situ synchrotron tomography, are 

evidence of corrosion during the fatigue process. The bubbles are most likely H2 gas 

formed by recombination of evolved H+ produced by dissolution reactions, described 

earlier, between the metal surfaces and the solution. Figure 7 shows a highly magnified 

virtual tomography slice of the crack from the L-T plane of the sample at 14,300 cycles, 

which clearly depicts bubbles within the crack.  
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Figure 6: Center YZ plane showing the progression of corrosion-fatigue crack growth 

from a corrosion pit in peak-aged 7075 tested in 3.5 wt% NaCl solution using σmax=120 

MPa, R = 0.1, f = 1 Hz.  
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Figure 7:  XY Section of the crack at 14,300 cycles depicting a clear instance of bubbles 

within the 3.5 wt.% NaCl solution-filled crack. 
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Figure 8 shows a 3D segmented representation of the crack in light blue, the 

bubbles in dark blue, with inclusion particles touching the crack face before failure 

overlaid in red and black. Note that the crack is quite tortuous in nature, presumably from 

the inclusions in the path of the crack. It is interesting to note that the bubbles are always 

one step behind the crack tip. To examine this effect, the bubble volume and crack 

surface area were quantified with increasing crack growth. A linear relationship between 

the exposed crack face surface area and the bubble volume was found, as shown in Figure 

9. This relationship is suggestive of the direct link between exposure of the fresh surfaces 

to NaCl solution and hydrogen evolution observed during crack growth.  
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Figure 8: Top-down renderings of the fatigue crack in the peak-aged sample showing the 

crack progressing approximately along the L-T plane in light blue, gas bubbles in dark 

blue, Fe-bearing in red, and Mg-bearing inclusions in black. The inclusions which 

touched the crack before failure were traced back to the corroded sample and overlaid on 

the crack in the rendering to visualize their interaction with the crack and bubbles.
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Figure 9: Crack volume and bubble volume as a function of crack surface area for the 

peak-aged sample. 10% error bars are included to account for errors in measurement 

incurred during the segmentation process. 

 

To pinpoint the origin of the reactions causing hydrogen evolution, a closer study 

of the time-dependent evolution of individual phases during crack growth was conducted. 



 

34 

Figure 10 shows a selected region of the sample near the pit at high magnification, where 

H2 bubbles appear within the crack touching Mg-bearing inclusions. Figure 11 shows a 

magnified 3D rendering of the same region more clearly showing the corrosion reactions. 

Here one can observe that, during crack growth, the crack goes around the Fe-rich 

inclusions, but that the Mg-rich inclusions appear to dissolve during the corrosion-fatigue 

process. Since Mg is more anodic than the aluminum matrix, Mg-bearing inclusions 

corrode before the matrix by dissolution of the Mg from the Mg2Si inclusion [53–55]. 

However, the resolution of the x-ray microtomography was not high enough to determine 

whether there was complete dissolution or partial dissolution of the Mg2Si inclusions. 

 

Figure 10: Highly magnified tomography slices of a section of the peak-aged 7075 

sample near the corrosion pit (left side of images) showing the crack growing through an 

Mg-bearing inclusion and pores. After continued growth, the crack becomes darker in 
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some regions due to H2 bubble evolution near the Mg2Si, suggesting that a primary cause 

of the bubble formation is the dissolution of Mg from the Mg-bearing inclusion particles. 

(a) 10,000 cycles (2,160 s exposure time) (b) 12,000 cycles (~4,320 s exposure time), (c) 

13,000 cycles (~5,700 s exposure time), (d) 13,100 cycles (~6,420 s exposure time).  

 

Figure 11: 3D rendering of a section of the peak-aged 7075 sample near the corrosion pit 

showing the hydrogen bubble formation at the Mg-bearing inclusions exposed during 

cracking, suggesting that a primary cause of the bubble formation is the dissolution of 

Mg from the Mg-bearing inclusion particles. Pit: purple, voids: green, Fe-bearing 

inclusions: maroon, Mg-bearing inclusions: black, Exposed/corroding Mg-bearing 

inclusions: pink, Hydrogen bubbles: blue.

 

To determine the extent of dissolution of the Mg2Si inclusions, two Mg2Si inclusions on 

the crack face were selected for FIB-SEM cross-sectioning and EDS analysis by careful 

comparison of the SEM fracture surface images with the in situ tomography data before, 

during, and after fatigue testing. The selected FIB trench regions are outlined in red in 
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Figure 12. An inclusion exposed after approximately 10,000 cycles, and another inclusion 

exposed after approximately 14,100 cycles was selected. EDS spot analysis was 

performed at the center of the inclusion and Table 1 shows that the inclusion was 

predominately SiO2, and was mostly corroded by preferential dissolution of Mg and then 

passivation of the remaining Si. This indicates that there is preferential dissolution of the 

Mg2Si inclusion itself, with the Mg leaching out preferentially and leaving behind Si. The 

FIB cross-section analysis also showed, in  

 

Figure 13, a subsurface portion of the inclusion intersecting a secondary crack which 

was exposed by FIB milling. This secondary crack was likely a consequence of hydrogen 

evolution from dissolution of the Mg2Si inclusion during the initial crack growth.  
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Figure 12: SEM secondary electron image of the top fracture surface of the peak-aged 

7075 alloy with notable regions annotated. FIB1 represents the first FIB sectioning of an 

Mg2Si inclusion exposed after 10,000 cycles. FIB2 represents the second FIB sectioning 

of an Mg2Si inclusion exposed after 14,100 cycles. 
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Figure 13: Cross-section view of a portion of the FIB1 Mg2Si inclusion shown in Figure 

12 with EDS spot analyses on the matrix (green “x”) and the inclusion (red “x”). Also 

note the secondary crack touching the side of the inclusion.  

 

Table 1: EDS spot analysis of the matrix and inclusion from Figure 13 showing the 

inclusion is completely depleted of Mg even within the depth of the matrix. 

Element O Si Mg Al Zn 

Green  1 - 2.1 92.3 4.6 

Std. Dev. (wt%) 0.3 - 0.4 0.9 0.8 

Red 49.5 48.1 - 2.4 - 

Std. Dev. (wt%) 0.8 0.8 - 0.5 - 
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Figure 14: (a) Cross-section secondary electron SEM image of an Mg2Si exposed after 

14,100 cycles of corrosion-fatigue. (b) EDS dot map of the cross-section showing the 

inclusion was also depleted of Mg during the corrosion-fatigue. 

Table 2: EDS composition table of selected regions from the EDS dot map in Figure 14. 

Element O Si Al Mg Zn Cl Ga 

Point 1 (wt.%) 56 39 4.4 - - - - 

Std. Dev. (wt.%) 0.3 0.3 0.2 - - - - 

Point 2 (wt.%) 34 28 35 - - 1.6 1.3 

Std. Dev. (wt.%) 0.4 0.4 0.4 - - 0.4 0.3 

Boxed Region 

(wt.%)  
1 - 91 2.2 5.4 - - 

Std. Dev. (wt.%) 0.2 - 0.7 0.3 0.6 - - 

 

To estimate the corrosion rate of the Mg2Si within the crack, an inclusion which was 

not exposed until after approximately 14,100 fatigue cycles was also analyzed using FIB-

SEM and EDS. Pt was deposited before the milling to ensure a smoother FIB section. 

Figure 14 (a) and (b) show the secondary electron image of the FIB trench and an EDS 

dot map of the inclusion. Selected portions of the inclusions and the aluminum matrix 

were chosen for compositional analysis and the results were displayed in Table 2. From 
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these results it is quite clear that the corrosion of the Mg2Si happens rapidly within the 

crack in 7075 as this inclusion was exposed to saline solution for less than 35 minutes. 

 

3.4 Discussion 

The 4D study of both pitting and subsequent corrosion-fatigue provided a rich 

amount of microstructural mechanistic information. For example, the pit shapes 

suggested that in peak-aged 7075 alloys, Fe-bearing inclusions lead to hemispherically-

shaped pits while Mg-bearing inclusions can lead to sharp pits. It is well-known that pits 

form by trenching surrounding Fe-bearing inclusions since the inclusions are noble and 

cathodic with respect to the matrix [43,160–164]. The Mg-bearing inclusions form pits by 

initial rapid dissolution of the Mg from the Mg2Si, followed by subsequent corrosion of 

both the cathodic Si-rich skeleton which is left behind, and the Al matrix surrounding it 

[53]. Thus, the Mg-pits were observed to have much sharper morphology than the Fe-rich 

pits. Some surface inclusions may cause pits while others do not. One possible 

explanation for this is that inclusions interacting with grain boundaries or triple points 

would be located at higher energy sites which could also lead to nucleation of larger 

precipitates with a higher copper concentration, leading to greater electrochemical 

potential differences at the inclusion/matrix interface and faster corrosion progression 

[165]. Recent work using focused ion beam tomography, in fact, has shown that the 

precipitate density at the inclusion/matrix interface and subgrain boundaries are larger 

than precipitates within the bulk grain due to heterogeneous nucleation at inclusion 

surfaces [61]. If an inclusion, and thus a subsequent pit resides at a grain boundary, it 
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may be more prone to grow a crack as it is a likely location for a crack initiation site for 

stress corrosion cracking and stage I fatigue crack growth in aluminum alloys. An 

examination of the pit’s sharpness in Figure 5 further suggest that the sharpness of the pit 

and chemical damage near the pit tip are playing significant roles in increasing effective 

stress concentration and reducing the resistance of the material to crack initiation. The 

microcracks from volume change may also be contributing to the incubation of a fatigue 

crack during subsequent corrosion-fatigue. 

Bubble evolution during cracking was observed, and expected because of exposure of 

bare, unpassivated aluminum and inclusion surfaces during corrosion cracking to NaCl 

solution, which is known to lead to hydrolysis reactions with the solution and subsequent 

hydrogen bubble evolution [37,59]. The linear relationship observed in Figure 9 provides 

significant evidence that these bubbles are a consequence of the exposure of the bare 

metal and inclusion surfaces to the solution.  Consequently, the pH at the crack tip has 

been shown to become more acidic during the corrosion cracking process [84]. A 

proportion of the evolved H+ may enter the matrix via adsorption and subsequent 

diffusion at the crack tip to embrittle the material, while the rest can dissolve into the 

solution to raise its acidity, or recombine to form H2 bubbles [82,84,95]. The exact 

proportions of hydrogen which diffuse into the sample, solution, or bubbles are difficult 

to measure because of the high mobility and small atomic number of hydrogen [95,166]. 

Therefore, the evolved bubbles can provide some quantitative understanding of the 

embrittling environment at the crack tip, especially as understanding of local corrosion 

cracking phenomena improves. With high resolution in situ synchrotron tomography, the 



 

42 

bubbles within the crack were clearly observed both here and elsewhere [15]. These 

bubbles serve as evidence of accelerated corrosion and enhanced localized embrittlement. 

In this work, we have shown hydrogen bubble evolution within a small corrosion-fatigue 

crack for the first time. Quantification of these bubbles as they initiate and grow within 

the crack can provide improved understanding of exactly how much hydrogen goes into 

the matrix for embrittlement, into solution for increased acidity, or recombines to form 

gas bubbles. Additionally, using the in situ nondestructive technique we can pinpoint the 

locations of each respective bubble to understand how each microstructural feature 

contributes to the hydrogen evolution, which may potentially lead to improved alloy 

design. 

To pinpoint the exact sources of corrosion bubble evolution, the tomography data was 

carefully observed as in Figure 10. Many of the bubbles were near Mg-bearing 

inclusions.  In acidic to nearly neutral conditions as in this case, the Mg in the Mg2Si 

inclusion particles is anodic with respect to the matrix and the iron-bearing inclusions and 

dissolves preferentially from the Mg2Si to leave passivated Si [15,49,53,56,84,167]. 

Based on the FIB-SEM-EDS analysis results, all the Mg-rich inclusions touching the 

crack had reduced concentrations of magnesium. Figure 11 shows a high magnification 

3D rendering of the sample near the pit during the fatigue cracking process. As the crack 

proceeded through the inclusions, their corrosion began and bubbles formed within the 

crack touching the Mg2Si inclusions due to the dissolution of Mg from Mg2Si. 

  This suggests that Mg dissolution contributed a significant proportion of the H2 

bubble formation in this sample. Additionally, the bubbles are also at a much higher 
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pressure than the ambient atmosphere due to their small size and higher surface tension 

leading to increased internal pressure, in addition to the tortuous nature of the crack 

preventing the bubbles’ escape. For instance, basic physical laws of surface tension show 

that the pressure difference between a bubble and ambient atmosphere is inversely 

proportional to the bubble radius. Based on this, the maximum pressure at the resolvable 

crack tip of 1 µm could be approximately 75% higher than atmospheric pressure, and if 

the true crack tip is below the resolution limit on the order of 1 nm, then the pressure 

could be ~10x higher than atmospheric pressure. There is a possibility that some of the 

bubbles escaped during fatigue cycling between scans. Hence, future work should use in 

situ synchrotron tomography to investigate corrosion-fatigue in real time during cycling 

such that every bubble which emanates from the crack is captured with perfect certainty 

and corrosion within the crack is accurately related to the expected corrosion rates for a 

free surface. With increases in throughput due to advances in synchrotron tomography 

and computational systems, real time capture and quantitative analysis of corrosion-

fatigue may soon be a possibility.  

 

3.5 Summary 

A peak-aged 7075 aluminum alloy sample was prepared by corrosion in 3.5 wt% 

NaCl solution for 15 days, then fatigue tested in solution in situ using synchrotron X-ray 

tomography. The pit geometry and fatigue crack growth progress were examined in 3D. 

This study yielded valuable insights regarding the depth and nature of corrosion pits 

within the Al7075 matrix. Using in situ testing, the effect of corrosion pits on the 
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corrosion-fatigue crack initiation process was investigated. Furthermore, the corrosion 

within the crack face during fatigue was investigated via interrupted tracking of the 

bubble evolution and FIB-SEM-EDS analysis of the corrosion on selected areas of the 

crack faces. In situ synchrotron tomography showed directly that pre-existing cracks 

within the corrosion product serve as preferential fatigue crack initiation sites due to their 

high stress concentration and attachment to the underlying aluminum metal matrix. These 

cracks may be due to preferential intergranular corrosion attack, but further work is 

required to determine the exact cause. Comparison between time-resolved 3D data and 

post mortem FIB-SEM-EDS fractography suggested that a significant portion of the 

evolved bubbles may come from preferential dissolution of Mg from the Mg2Si particles.  
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4 3D TIME-RESOLVED OBSERVATIONS OF FATIGUE CRACK INITIATION 

AND GROWTH FROM CORROSION PITS IN AL7XXX ALLOYS USING 

SYNCHROTRON X-RAY TOMOGRAPHY 

4.1 Introduction 

The corrosion and cracking mechanisms have been proven interrelated and dependent 

on precipitate structure, yet the effect of precipitate structure on pit morphology and 

subsequent fatigue crack initiation is not well known. Therefore, X-ray tomography was 

used to view the 3D shape of the corrosion pits in the 7075 and 7475 alloys of peak-aged, 

overaged, and highly overaged conditions after 15 days’ immersion in 3.5 wt.% NaCl 

solution. In situ corrosion fatigue testing was performed on the corroded samples in 3.5 

wt.% NaCl solution to observe the corrosion fatigue crack initiation properties as a 

function of aging condition and impurity concentration. By using the 3D in situ 

tomography, the mesoscale processes of the fatigue crack initiation and growth from 

corrosion pits can be demonstrated.  

 

4.2 Materials and Methods 

Pieces were cut from a 3” Al7075-T651 block and a 2” 7475-W51 block, then heat 

treated at 510 oC for 2 hours. The pieces were water quenched, then rapidly placed into a 

lower temperature furnace for heat treatment to peak-aged, over-aged, and highly 

overaged conditions. Table 3 shows the heat treatment procedures used for each aging 

condition. The peak-aged pieces were placed in a 120 oC furnace for 24 hours. The over-

aged pieces were placed in a 107 oC furnace for 6.25 hours, then moved to a 163 oC 
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furnace for 50 hours. The highly overaged samples were subject to the same heat 

treatment as the overaged pieces, followed by 200 oC precipitation aging for 50 hours.  

Table 3: Heat treatments applied to the as-received materials for each aging condition 

tested. 

Heat Treatment 

Peak-Aged Over-aged Highly Over-aged 

Time 

(h) 

Temperature 

(oC) 

Time 

(h) 

Temperature 

(oC) 

Time 

(h) 

Temperature 

(oC) 

2 510 2 510 2 510 

24 120 6.25 107 6.25 107 
  50 163 50 163 
    50 200 

 

 The sample geometry and sample preparation technique are described in [168]. The 

samples were separated by aging condition and alloy type, then suspended in 110 mL 

baths of 3.5 wt% NaCl solution mixed with deionized water and allowed to corrode for 

15 days. Every 24 hours, deionized water was added to the uncovered baths to account 

for water lost due to evaporation. After corrosion, the samples were briefly rinsed in DI 

water, dried, and transported to the Argonne National Laboratory for in situ testing. 

The fatigue experiments were performed at the Advanced Photon Source (APS) at 

Argonne National Laboratory. X-ray synchrotron tomography was performed at the 2-

BM beamline of the APS. Details of the APS 2-BM beamline have been described 

elsewhere [149]. A double-bounced single crystal Si monochromator was used to tune the 

X-ray energy to 27.4 keV.  The samples were scanned 60 mm away from a 10 µm thick 

LuAg:Ce scintillator screen at 0.75 o/s rotation rate across a 180o angle while 1500 

projections images were taken, each with a 0.1 millisecond exposure time. A 2560 x 2160 
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pixel PCO edge sCMOS camera recorded the projections with a 0.65 µm pixel edge 

length.  

A specially designed loading frame was used for fatigue testing the samples in 

situ at 2-BM. The details of the loading frame are described elsewhere [132]. A custom 

bath, described in [168], was used to submerge the sample gauge sections in 3.5 wt.% 

NaCl solution during testing. All the samples were fatigue tested under load controlled 

conditions using a max stress of σmax=120 MPa and stress ratio R = 0.1, with the stress 

calculated using the minimum cross-sectional area of each sample based on 

measurements from X-ray tomography. The samples were held at σ = 0.5σmax during the 

tomography scans to reduce the likelihood of stress corrosion cracking during scanning 

when the crack was large and the maximum stress intensity was sufficiently high. The 

projections were reconstructed into 3D stacks using the Tomopy open-source Python 

reconstruction software framework [150]. The data was analyzed using ImageJ [151] and 

segmentation was performed using Avizo Fire (Bethesda, MD).  

4.3 Results 

4.3.1  Effect of Aging on Corrosion Pit Depth 

An increase in maximum pit depth was found with increased aging for both the 7075 

and 7475 alloys. Figure 15 shows minimum Z projections of selected samples in the 7075 

alloy for the peak-aged, over-aged, and highly overaged samples. The maximum pit 

depth observed in the 7075 peak-aged samples was 50 µm. The 7075 overaged samples 

had a maximum pit depth of 192 µm. The 7075 highly over-aged sample showed a 

maximum pit depth of over 500 µm, with the sample gauge section corroding completely 
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through in one case. Figure 16 shows the minimum Z projections of the corrosion pits in 

the 7475 alloys of different aging conditions. In the 7475 alloy, the maximum pit depth in 

the peak-aged samples was 25 µm, 160 µm in the over-aged condition, and 342 µm in the 

highly over-aged condition.  

 

Figure 15: Minimum Z projections of the 7075 (a) peak-aged, (b) over-aged, and (c) 

highly over-aged samples scanned at 2-BM suggest that there is a relationship between 

pit depth and precipitate size. The peak-aged samples have very small pits compared to 

the highly overaged samples. 

 

 



 

49 

 

 

 

Figure 16: Minimum Z projections of the 7475 (a) peak-aged, (b) over-aged, and (c) 

highly over-aged samples scanned at 2-BM samples scanned at 2-BM show a similar 

trend between pit depth and aging duration. The peak-aged samples have smaller pits 

than the overaged samples.  
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4.3.2 Effect of Aging on Corrosion Fatigue Crack Growth 

Since the cracks and bubbles are much darker than the matrix, the crack growth was 

measured by taking the minimum of the 3D datasets along the height of the sample to 

obtain minimum projections along the sample height, which gave a clear representation 

of the crack’s reduction of cross-sectional area in the sample. Hence, crack depth and 

crack surface half-arc length were measured by tracing over the minimum Z projections 

in ImageJ as a simple method to quantify the damage. Figure 17 shows an example of 

the pit and crack geometry measurement method. Note the extra traces inside to show 

what is being considered a crack or a pit. When the crack is initiating, the opening 

displacement is low since it is closer to the resolution limit of the tomography which 

causes it to appear less dark than subsequent time points. While this method gives useful 

information about the reductions in cross-sectional area of the sample, certain features 

such as the flatness of the pit, or if one pit is above another, may also affect the stress 

intensity factor. Therefore, 3D modelling of the corrosion pits in the overaged sample 

shown in Figure 17(a-d) was also performed and is describe later.  
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Figure 17: Virtual minimum Z projection of the overaged 7075 showing the pit structure 

before, and crack growth during fatigue. The overaged sample cracked at the largest pit 

first, then the deepest pit. 

 

The measurements of the crack depth and arc length taken from the minimum Z 

projections of the 3D in situ fatigue data were also used along with the Raju-Newman 

relationship to compute the stress intensity factors during crack growth and measure the 

crack growth rates of the samples [154]. The results were compared to literature data 

[76,169] on crack growth rates of long fatigue cracks tested under similar conditions. 

Figure 18Error! Reference source not found. shows the fatigue crack growth rates for 
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each peak-aged sample. Figure 19 shows the fatigue crack growth rates for the over-aged 

samples. Note that crack initiation and growth was observed from multiple pits within 

some of the over-aged samples. Figure 20 shows the crack growth rate plots for the 

highly over-aged samples. All the highly over-aged samples showed crack initiation and 

growth from multiple pits. Additionally, a greater scatter was observed in the highly 

over-aged data compared to the peak-aged and over-aged samples. This scatter may be 

due to increased competition between the multiple large pits and cracks contained within 

each sample.  Figure 21 depicts a side view tomography slice near the center of 7075 

samples of each aging condition in the last image taken before fatigue failure. From this 

figure, crack branching and a sharp crack tip can be seen in the peak-aged sample, with 

the crack growing through many of the inclusions. The over-aged crack had a slightly 

less sharp crack tip than the peak-aged sample and still cracked through inclusions. The 

highly over-aged sample showed further ductility, with void formation surrounding the 

inclusions before failure.  
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Figure 18: Crack growth rate plots of in situ tested samples of the peak-aged condition. 

Crack initiation was observed from a single pit in the peak-aged samples. The reference 

data was found in [76]. 
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Figure 19: Crack growth rate plots of in situ tested samples of the over-aged condition. 

Some of the samples showed crack initiation from multiple pits, while others had crack 

initiation from a single pit. The reference data was found in [76]. 
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Figure 20: Crack growth rate plots of in situ tested samples of the highly over-aged 

condition. The crack growth rates for the highly over-aged samples had more variance 

than the peak-aged or over-aged samples, which could be explained by competition 

between multiple large pits within each sample during cracking. The reference data was 

found in [76]. 
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Figure 21: Center XZ plane showing the crack at 0.5σmax during the last tomography scan 

before failure. (a) Peak-aged sample showing significant crack branching and a sharp 

crack tip (ΔK=10.7 MPa•m0.5, 46 cycles before failure.) (b) Overaged sample without 

crack branching and a slightly less sharp crack tip. (for largest crack, ΔK=7.2 MPa•m0.5, 

for smaller crack ΔK=3.8 MPa•m0.5, 82 cycles before failure), (c) Highly overaged 

sample with void formation ahead of the crack tip (for largest crack, ΔK = 8.2 MPa•m0.5, 

for smaller crack, ΔK=2.8 MPa•m0.5, 5 cycles before failure). 
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4.3.3 Overaged Pit Model 

The overaged sample depicted in Figure 15(b) and Figure 17(a-d) was chosen for 3D 

finite element modelling due to its numerous pits with different shapes but similar depths. 

by segmenting the aluminum metal matrix and corrosion pits in Avizo Fire (Waltham, 

MA, USA), then meshing the segmented data in Altair Hypermesh (Troy, MI, USA) and 

simulating the sample under the same loading conditions as the experiment in Altair 

Hyperworks using a 2.6 µm voxel size using a model which took account of plastic 

deformation. The stress intensity factors of the pits were calculated from the model 

results using the displacement correlation method listed in [170].  

 Figure 22 shows the 3D Von Mises stress distribution of the sample surface 

calculated using 3D tomography data and Hyperworks FEM software. The first pit grew 

from the exposed region on the sample oriented approximately on the long-transverse 

face of the sample. This pit was the longest and had the largest reduction of cross-

sectional area in the sample, in addition to sharp features near its tip, referred to as micro 

pits by Burns et. al. [171]. These micro pits along with the large pit depth lead to the 

highest stress intensity factor in the sample of 2.4 MPa·m0.5
 and crack initiation was 

observed from them after 2100 fatigue cycles. Figure 23 shows the region of highest 

stress in the first pit, along with X-ray tomography slices showing the crack initiation 

site. 

 Figure 24 shows the FEM result of the second pit. The second pit had a significantly 

different geometry, which was more of a “bullet” as described by Turnbull et. al. [137], 

which may have been partially caused by its position approximately on the short-
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transverse face of the sample. This pit had a maximum stress intensity factor of 1.4 

MPa·m0.5 at the maximum load. Crack initiation was observed in this pit after 2600 

cycles. This sample may have shown earlier crack initiation due to its proximity to the 

first pit, or due to the nearby iron-bearing inclusion, shown in (b), increasing the local 

stress intensity. The third pit had a stress intensity of 1.5MPa·m0.5, but crack initiation 

was not observed until 4000 cycles, at which point the cracks merged from the second pit 

into the third pit. Figure 25 shows the aluminum matrix after 2,600 cycles and 4,000 

cycles of cracking, at which point the crack from the second pit merged into the third pit.  

Additionally, the stress intensity factors from the Raju-Newman method before 

cracking were compared with the simulation. Table 4 provides a comparison of the stress 

intensity factor in each pit measured from the minimum Z projections and the simulation. 

A reasonably good agreement was found, with the Raju-Newman method slightly 

overestimating the stress concentrations. The Raju-Newman estimate may have been 

higher since it assumes an elliptical geometry that completely encompasses the true pit 

geometry. To test for an interactive effect from multiple pits within the sample, the 

sample geometry was modified such that there was only one pit and modeled once for 

each pit to find the stress intensity factor caused by each pit individually. A slight 

interactive effect of multiple pits was noted since the FEM results for individual pit 

models were slightly lower. 
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Table 4: Comparison of Maximum stress intensity factor of each pit in the corroded 

sample when loaded to 120 MPa stress in the gauge section. 

Pit # 

Raju-

Newman K 

FEM K 

(MPa·m0.5) 

FEM K 

(One pit at 

a time) 

(MPa·m0.5) 

1 2.7 2.4 2.2 

2 N/A 1.4 1.3 

3 1.9 1.5 1.4 

 

 

Figure 22: 3D Rendering of Von-Mises stress results for the 3D model of the overaged 

sample pits. The 3D pit shapes of overaged 7075 alloy can achieve complex geometries 

due to the influence of microstructural features such as grain boundaries and inclusions 

on corrosion. Note the annotations corresponding to different pit types. 
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Figure 23: (a) FEM result of first pit with limited stress range displayed showing the pits 

of maximum stress in the sample used to calculate the maximum stress intensity factor K 

= 2.5 MPa·m0.5. (b) Top-down view tomography slice of the pit in approximately the 

same position of the maximum stress. (c) Tomography slice of the same region after 

crack initiation was observed at 2600 cycles of fatigue. 
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Figure 24: (a) FEM result of the second pit with limited stress range displayed showing 

the region of maximum stress in the sample used to calculate K = 1.4 MPa·m0.5. (b) Top-

down view tomography slice of the pit in approximately the same position of the highest 

stress. (c) Tomography slice of the same region after crack initiation was observed at 

2600 cycles of fatigue. 
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Figure 25: 3D rendering of the aluminum matrix after (a) 2,600 cycles, and (b) 4,000 

cycles. Note how the crack from the second pit merges with the third pit after 4000 

cycles. 
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4.4 Discussion 

It is well known that aluminum and its alloys are susceptible to corrosion pitting 

which leads to undesired premature failures [2,3,37]. Changes in aging condition have 

been known to change pitting and stress corrosion cracking mechanisms [70,76]. For 

instance, surface studies of pitting have suggested a difference in the maximum pit area 

for peak-aged versus overaged conditions [70]. Furthermore, recent research has found 

differences in the frequency of electrochemical pitting events between different aging 

conditions of aluminum alloys [35]. For some aluminum alloys, the film breaking 

mechanism has been proposed as the mechanism for corrosion [35,37,48] which involves 

corrosion via localized breakdown of the passive layer on the aluminum surface caused 

by adsorption of Cl- anions from the electrolyte solution on the passive film surface. A 

change in the dominant corrosion mechanism from film breaking mechanism to an 

exposed micro-galvanic corrosion mechanism has been suggested with increased aging of 

aluminum alloys beyond the peak-aged condition as cause for significant differences in 

corrosion behavior [48]. 

From the corrosion pit growth results, a significant impact of the aging condition on 

corrosion pit depths in the 7XXX aluminum alloys was observed, while the inclusion 

concentration had a less significant effect on the maximum corrosion pit depth. The 

precipitates may become sufficiently large to form continuous networks along grain 

boundaries which would allow corrosion pit depths to extend until a discontinuity is 

reached where precipitates along a line are too far away from each other for corrosion to 

proceed.   
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The precipitation sequence in Al-Zn-Mg-Cu alloys is known to proceed from 

coherent GP zones with ~1.6:1 Mg:Zn ratio to semi-coherent (peak-aged condition) η’ 

with diameter ~1 – 5 nm, to incoherent η (over-aged condition) with diameter ~4 – 11 nm 

and Zn:Mg ratio closer to 2:1, depending on the exact temperature and alloy composition 

[30,63,172–176]. When the Al-Zn-Mg alloys are aged above ~190 oC an incoherent T-

phase precipitate of a different crystal structure is formed, while for overaging below 190 

oC larger η plates are formed [173,177]. Based on high resolution TEM research of 

similar alloys the average radius of the η’ precipitates typically observed in peak-aged 

(T6 condition) Al-Zn-Mg-Cu alloys has been reported to range from ~1 – 5 nm  

[175,176,178].  

Highly over-aged grain boundary precipitates have been shown to form nearly 

continuous networks along grain boundaries in Al-Zn-Mg alloys [65]. Additionally, the 

copper concentration in the Al-Zn-Mg-Cu alloy precipitates has been found to increase 

with increased aging [63]. The increased corrosion susceptibility with increased aging 

may also be due to depletion of copper from the matrix combined with the enrichment of 

the precipitates on Zn and Cu leading to increased difference in corrosion potential [55]. 

Additionally, the incoherent phase change may weaken the passive film which forms at 

the interface between the precipitates, leading to faster corrosion [173,177]. Hence, 

corrosion via proceed via a multitude of micro-galvanic cells between precipitates and the 

precipitate free zone combined with the enrichment of the precipitates and Cu leading to 

increased differences in corrosion potential for the highly overaged alloy relative to the 

peak-aged and overaged alloys [55]. Therefore, corrosion most likely proceeds via a 
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multitude of micro-galvanic cells between networks of precipitates and the matrix in the 

highly overaged alloys, whereas the peak-aged alloy would have coherent precipitates 

which allow the passive layer to remain relatively strong and resistant to corrosion, and 

dissolve preferentially and discretely at the grain boundaries. In the overaged condition, 

there may also be a chance for continuous precipitates at grain boundaries, but the 

probability is much lower due to the smaller precipitate size on average.  

These changes in precipitate morphology also affected the fatigue properties of the 

aluminum alloy. The fatigue crack growth rates showed that near crack initiation, the 

crack growth in the miniaturized samples was much faster than the long crack data. Since 

the samples had 1 mm diameter with grain dimensions on the order of 300 µm – 770 µm 

depending on direction and ~ 5 µm subgrains, as measured by etching, the cracks studied 

herein could be considered both microstructurally small (as long as only the primary 

grains and not the sub-grains are considered), as well as physically small [179,180]. 

Therefore, this faster crack growth may have been caused by the short crack length on the 

order of hundreds of micrometers [13,137,179,181,182]. As the crack growth proceeded, 

the cracks grew longer and their growth rates grew closer to that of the data reported in 

literature. It can also be noted that the scatter of the data increased with increased aging 

time, which may be ascribed to the fact that the pit depth was considerably more 

stochastic in the overaged samples compared to the peak-aged samples, which showed a 

relatively uniform pit depth, or possibly due to interaction effects caused by cracks from 

different pits interacting with each other during the crack growth.  Higher observed stress 

intensity factors in the finite element simulation than the Raju-Newman estimates from 
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measurements of the Z-projections suggests that the complex pit shapes and interactions 

between the pits do play roles in reducing the crack initiation life.  Significant differences 

in crack shape were also observed, as shown in Figure 21. The crack tips of the peak-

aged samples were much sharper than those of the over-aged and highly overaged 

samples. Vasudevan and Suresh have observed this difference in crack tip sharpness in 

stress corrosion cracking data, and attributed it to a change in slip mode from planar slip 

for peak-aged alloys to wavy slip for over-aged alloys [183]. Additionally, the peak-aged 

alloy is more susceptible to hydrogen embrittlement [184] which may lead to a decreased 

dependence upon microstructural features such as grain boundaries and inclusions, and 

increased dependence on dislocation-precipitate interactions during fatigue crack growth 

[185,186]. The highly over-aged sample had a very blunt crack tip with high CTOD and 

void formation ahead of the crack tip near failure. This tendency toward void formation 

was a clear sign of a change in fracture mechanism from brittle to ductile, with 

decohesion of the matrix from the inclusions near failure. The transition from brittle 

cracking mechanisms to ductile behavior depicted in Figure 21 was due to a change in 

dominant dislocation-precipitate interaction mechanisms, since in the bulk of the highly 

overaged alloy fewer particles with larger radius exist, leading to decreased strengthening 

from Orowan looping as the aging continues beyond peak-aged.  

 

4.5 Summary 

7075 samples of different aging conditions were prepared by corrosion in 3.5 wt% 

NaCl solution for 15 days, then fatigue tested in situ using X-ray synchrotron 
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tomography. The pit geometry and fatigue crack growth progress were examined in 3D. 

This study yielded valuable insights regarding the shape of corrosion pits within the 

rolled Al7XXX plates, and their effect on fatigue crack initiation. Since samples of 

different aging condition were also examined, the effect of precipitates on the corrosion 

pitting was also analyzed. Moreover, using the in situ testing, the effect of corrosion pits 

on the corrosion fatigue crack growth process was also investigated. 

1. Highly overaged 7075 has much larger pits than peak-aged and overaged 7075 

when corroded in uncovered 3.5 wt% NaCl solution. This is most likely due to 

changes in precipitate chemistry with respect to the matrix causing increased 

nobility of the precipitates compared to the matrix, leading to rapid anodic 

dissolution of the precipitate free zones to greater depths within the sample via an 

intergranular corrosion mechanism. 

2. A correspondence between rolling orientation and pit shape was observed. This 

lead to different stress concentrations at the center for pits on the longitudinal 

face, and stress concentrations at the side of the pits for the transverse face. 

3. A change in fatigue crack failure mechanism from brittle failure with a sharp 

crack tip to microvoid formation ahead of a blunt crack tip was observed with 

increased aging of the samples. 

4. The fatigue crack growth rates showed increasing scatter with increased aging, 

which may have been due to a reduction in hydrogen embrittlement effects 

coupled with an increased dependence of the fatigue crack growth rate on 

microstructural features such as the larger pits. 3D finite element models of the 
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sample with all the pits compared to models with one pit each provided further 

evidence for the interactive effects of multiple pits within the sample. 
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5 3D OBSERVATIONS OF CORROSION FATIGUE CRACK GROWTH OF 7475-

T6 WITHIN A FATIGUE CYCLES 

5.1 Introduction 

Corrosion pits are known to affect fatigue crack initiation and growth properties in 

aluminum alloys [90–92,125,171,187,188], leading to premature failure in aircraft [2–5]. 

Additionally, in corrosion-fatigue the local chemistry can be affected by the cracks path. 

For instance, inclusions, aluminum crack faces and grain boundary precipitates can 

interact with the solution within the crack to reduce the local pH and produce hydrogen 

gas bubbles [16,17,82,134]. Furthermore, the crack opening and the tortuous nature of the 

crack morphology may also affect the local fluid flow within the crack tip and serve to 

change local crack tip chemistry and crack growth rates. Therefore, the corrosion-fatigue 

crack initiation and growth were examined in a 7475-T6 sample using in situ three 

dimensional (3D) X-ray tomography. Scans were taken within the fatigue cycles to 

examine the corrosion bubble movement during fatigue and gain understanding of the 

corrosion within the fatigue crack. 

 

5.2 Materials and Methods 

This sample was tested and heat treated in the same fashion as described in 

Chapters 1 and 2. For this test, the sample was tested at σmax=120 MPa, R=0.1, and the 

testing was paused at ~0.1 σmax, then scanned, then at 0.55 σmax, then scanned at σmax, and 

again at 0.55 σmax and 0.1 σmax on the unloading portion of the fatigue cycle. This allowed 

for observation of bubble movement and crack growth within a fatigue cycle. 
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5.3 Results 

The high-quality data obtained within the fatigue cycle and before fatigue testing 

allowed clear observation of the interactions between cracks, pits, and inclusions.  

Figure 26 (a) shows a virtual slice through the cross-sectional area of the sample in 

which inclusions, bubbles, cracks, and pits can be clearly seen. Note that the crack 

appears discontinuous from this perspective in 3D but is continuous in 3D, indicating the 

need for this type of 3D study to observe crack growth. 

Figure 26(b) shows a minimum projection along the height of the sample. From this, 

the bubbles can be seen much more clearly and the crack front appears relatively straight 

since the sample was near failure.   

Figure 27 shows a slice parallel to the height of the sample in which the cracks, 

bubbles, inclusions, pores, and pits can be clearly seen. Note that secondary cracking was 

observed in this sample. Since this sample was pre-corroded, there were many stress 

concentrators present in the sample due to the formation of corrosion pits. Figure 28(a) 

shows a 3D greyscale volume rendering of the corroded sample surface before corrosion-

fatigue. Figure 28(b) shows the same volume rendering with regions which were clearly 

identified as corrosion pits highlighted in green, and the crack after 5,150 cycles in blue. 

From this, it appears that the crack may have preferentially grown along the corrosion 

pits.  



 

71 

 

Figure 26: 3D X-ray synchrotron scan data of Al7475-T6 sample taken shortly before 

failure after 5,398 fatigue cycles at 70 MPa stress. (a) Virtual slice through the thickness 

of the sample clearly shows microstructural features including the crack, bubbles pores 

inclusions, and pits. Note that the crack appears discontinuous in 2D because of its 

tortuous path through the sample, but is connected in 3D. (b) Projection of the data 

minimum values along the height of the dataset shows the bubble shape much more 

clearly, and the crack front is relatively straight in 3D near failure. 
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Figure 27: Virtual slice parallel to the height of the sample closest to failure after 5,398 

cycles of fatigue at a stress of 70 MPa. Note the relevant microstructural features in the 

sample including inclusions, pores, cracks, pits, and bubbles. 

 

Figure 29(a) shows a higher magnification view of the sample volume rendering 

overlaid with segmented data of the crack after 4,000 cycles (the first 3D scan taken after 

crack initiation). From Figure 29 the corrosion-fatigue crack initiated at a pre-existing 

crack within the corrosion pit. Overlaying the segmented pit data in Figure 29(b), it 

appears that the crack grew and branched near initiation because two pits were close to 

each other and at different heights along the sample. Figure 30(a) shows a secondary 

electron image of the top crack face. Comparison of the crack surface with the peak-aged 

sample in Chapter 2 suggests this sample’s crack path was much more dependent on 

crystallographic features than the peak-aged sample due to the significantly reduced 

concentration and size of the inclusions in the peak-aged 7475 alloy. Figure 30(b) shows 

a high magnification image of the crack’s point of initiation. In Figure 30(b) the initiation 

can be clearly seen to occur at a sharp “jut-in” at the tip of the corrosion pit. The fact that 

the jut-in and the crack in the corrosion product overlap may mean that the cracks within 

the corrosion product lead to local crevices which create faster corrosion and sharper pits 

due to decreases in pH caused by accumulation of dissolved metal ions within the 

crevice. 
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Figure 28: (a) Grey scale 3D volume rendering of one face of the sample before fatigue 

testing. (b) the same 3D rending with the pits and a rendering of the crack overlaid after 

5,5150 cycles of fatigue. The crack appears to follow the pits. 
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Figure 29: High magnification 3D renderings of the sample face where the crack 

initiated. (a) the corroded sample had a “mud-crack” within the corrosion pit before 

fatigue testing. The blue is a rendering of the first resolved fatigue crack at 4,000 cycles, 

clearly showing that the crack initiated at this pre-existing crack within the corrosion pit. 

(b) A clear overlay of the corrosion pits on the sample face provides a view through to 

the crack, which clearly shows that the crack initiated and branched from one combined 

pit, then grew into another pit nearby. 
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Figure 30: (a) Low-magnification 25 kV secondary electron image of the fracture top 

surface with initiation region outlined in red. Note features which suggest highly 

crystallographically dependent fracture such as river markings and possible grain pullout 

sites. (b) higher magnification image of the initiation site showing the pit initiated from a 

micro pit within the corrosion pit. 
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Since scans were taken within fatigue cycles and bubbles could be clearly 

observed within the crack, a preliminary 3D analysis was performed on the cracks and 

bubbles via segmentation and 3D renderings. Figure 31 shows 3D renderings of the 

sample at 5 points within the 4,600th fatigue cycle, just 600 cycles after crack initiation 

was first observed within this sample. Bubbles were visible within the crack. Some 

bubble movement and shape changes were detected, with the bubbles going from small 

localized regions at low load to more rounded shapes at higher loads. Figure 32 shows 3D 

renderings of the sample during the 5,150th cycle. In Figure 32, the changes in bubble 

position can be seen more clearly. The elongated bubble shapes suggest that they 

conform to the rough surfaces of the crack. At lower loads, the bubbles remained closer 

to the crack initiation site. At the maximum load, the bubbles expanded into the branches 

of the crack. This suggests that the localized corrosion and fluid flow within the crack 

may be dependent on many factors such as crack face roughness caused by 

microstructural features. Figure 33 compares the bubble volumes as a function of stress 

within the load for the 4,600th and 5,150th cycle. In Figure 33(a) a loose correlation 

between bubble volume and load can be seen. Figure 33(b) shows a much closer 

relationship between load and bubble volume, with the bubble volume increasing slightly 

between the loading and unloading of the cycles.  
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Figure 31: Top-down view 3D renderings of the 4,600th cycle of the crack (light blue) 

and bubbles (dark blue) during loading at (a) 11 MPa, (b) 70 MPa, (c) 120 MPa, and 

during unloading at (d) 70 MPa, (e) 11 MPa. Note the bubbles move slightly during 

loading, going from very small localized shapes at low load to larger, more spherical 

shapes at higher load. 
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Figure 32: Top-down view 3D renderings of the 5,150th cycle of the crack (light blue) 

and bubbles (dark blue) during loading at (a) 11 MPa, (b) 70 MPa, (c) 120 MPa, and 

during unloading at (d) 70 MPa, (e) 11 MPa. Not the significant bubble movement within 

the crack, with the bubbles moving to the periphery of the crack at max load, and 

agglomerating at the center of the crack closer to the initiation feature at the minimum 

load. 
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Figure 33: Bubble volume within the fatigue crack as a function of stress after (a) 4,600 

cycles and (b) 5,150 cycles. Note that the change in bubble volume is much more 

significant for the higher load. This may be due to the higher CTOD at the higher load in 

addition to greater surface tension effects on the bubbles at lower CTOD limiting their 

movement. 

5.4 Summary 
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In this experiment the corrosion-fatigue of corrosion pitted 7475-T6 was analyzed 

within the fatigue cycles. The fatigue crack was determined to initiate from a pre-existing 

crack within the corrosion product, which also contained a pit underneath. The pit had a 

sharp tip, or “jut-in,” which may have been due to preferential corrosion surrounding the 

inclusion or due to a local crevice forming at the crack within the corrosion product 

leading to faster corrosion. Additionally, the crack appeared to follow along the corrosion 

pits on the sample surface. The crack face also showed significant presence of river 

markings, indicating that this sample’s fracture may have been more dependent upon 

crystallographic features such as grain shapes and orientations than the 7075 alloy, which 

had a much flatter crack face with many inclusions and secondary cracks clearly visible 

on the fracture surface. Analysis of the bubble volume changes within the crack during a 

fatigue cycle near crack initiation and near failure suggested that the bubble positions and 

volumes change significantly during a fatigue cycle. This change is most likely a function 

of the local crack tip opening displacement. Further analysis should quantify the bubble’s 

relationships dependence on crack tip opening displacement, and also use focused-ion 

beam to measure the corrosion product depth at selected locations along the crack face to 

examine the relationships between localized crack face corrosion product volumes and 

bubble volumes. Such an analysis could lead to improved understandings of crack tip 

chemistry and its effect on local crack growth rates. 
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6 HIGH RESOLUTION MULTIMODAL OBSERVATIONS OF CORROSION 

INITIATION IN AL7075-T651 

6.1 Introduction 

Most of the studies to date have focused on corrosion growth over relatively long 

periods of time from hours to days, or used electrochemical techniques to observe 

corrosion initiation. Corrosion initiation has been examined in AA2024-T3 and found 

valuable results regarding the effects of  intermetallic particles using a variety of 

techniques [160,161,163,189–192]. The shape of corrosion damage after brief durations 

(less than one hour) can provide valuable insights regarding corrosion initiation which 

may aid in future alloy designs for reduced corrosion. With the advent of higher 

resolution techniques for measuring changes in sample height becoming easily 

accessible, opportunities have been presented for gaining an even greater depth of 

information regarding the initiation of corrosion pits in aluminum alloys. Therefore, 

focused ion beam scanning electron microscopy (FIB-SEM), energy dispersive X-ray 

spectroscopy (EDS), and electron backscatter diffraction (EBSD) data were coupled with 

vertical scanning light interferometry (VSLI) to study the corrosion initiation progression 

at the surface of an aluminum alloy. For the first time, the elevation changes due to 

corrosion have been measured with respect to grain orientation during corrosion initiation 

in 7075 alloys. This combined technique provided microscopic chemical composition, 

grain boundary information, and nanoscale corrosion rate information to determine their 

effects on morphological evolution of corrosion initiation of 7075-T651 exposed to 3.5 

wt.% NaCl solution. 
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6.2 Materials and Methods  

A sample was cut from the center of a 3” 7075-T651 plate such that the short and 

transverse directions were exposed. The aluminum sample was mounted in epoxy beside 

a sample of chemically-inert polytetrafluoroethylene (PTFE) plastic. The sample was 

gently wet-sanded using 600 grit sandpaper, then 1200p4000 sandpaper, then 1 µm 

diamond paste with methanol lubricant, and finally 0.05 µm colloidal silica. Several 

attempts were made to polish the sample using 0.05 µm diamond paste using various 

pressures and polishing times, and then perform EBSD scanning, but it was determined 

that the chemical-mechanical effect of the basic (pH ~8.8) colloidal silica solution was 

required to obtain a high quality EBSD pattern in the 7075 alloy. 

The sample was briefly washed and dried, then all nonconductive surfaces of the 

sample were covered with copper tape to ensure a conductive circuit for SEM analysis. 

The sample was analyzed using a Zeiss Auriga FIB-SEM equipped with an Oxford 

Instruments (Abingdon, Oxfordshire, UK) AzTec EDS system for compositional analysis 

and an EDAX (Mahwah, NJ, USA) electron backscatter diffraction (EBSD) system for 

orientation analysis. After SEM analysis, the sample was briefly polished for 30 s using 

0.05 µm diamond paste with methanol lubricant, then rinsed and dried, to reduce surface 

carbon contamination from the electron beam in the SEM as well as any remaining 

chemical contamination from the colloidal silica solution.  

The initial sample heights were imaged using the VSLI to gain baseline elevation 

measurements, then 3.5 wt.% NaCl was deposited onto the sample at a flow rate of 14.5 
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mL/min for ten minute increments. The sample was rinsed, dried, and imaged using VSLI 

with a vertical resolution of 0.2 nm and lateral resolution of 80 nm after each interval.  

Figure 34 shows the corrosion and sample setup. Note that the sample was loaded into a 

kinematic mount to preserve the imaging position when moving the sample between 

corrosion and VSLI time steps. The corrosion at each time point was subtracted from the 

initial reference to gain average corrosion rate measurements for each point in the region 

of interest, as shown in Figure 36. 

 

Figure 34: Sample and corrosion setup for the VSLI experiment. 
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After corrosion, SEM imaging and EDS spot analysis of the inclusions were 

performed. An Fe-bearing and an Mg-bearing inclusion were each selected for FIB-SEM 

cross-section analysis. Pt was deposited using low FIB current to protect the fragile 

corrosion initiation layer during later FIB cross-section milling. FIB cross-section 

analysis of the inclusion/matrix interface was performed.  

 

6.3 Results 

Table 5 shows the composition of the 7075-T651 sample surface tested in this 

study. Figure 35 (a) shows an InLens material contrast SEM image, in which inclusions 

and dispersoids can be resolved. Figure 35 (b) shows the pre-corrosion EDS analysis 

result, indicating the presence of Mg-rich, Fe-rich, and Cu-rich inclusions which all play 

unique roles during corrosion of aluminum alloys. The Fe and Cu rich inclusions can 

cause trenching in the surrounding matrix, while the Mg rich inclusions dissolve 

preferentially. A variety of grain orientations were also examined in the study, as 

indicated by the EBSD pattern in Figure 35 (c).  
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Figure 35: The material region of interest shown using (a) 5 kV InLens (material 

contrast) SEM (b)  25 kV EDS dot map dot map of region composition and (c), 25 kV 

EBSD pattern of the same region before corrosion. 
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Table 5: Composition of 7075-T651 sample measured by energy dispersive X-ray 

spectroscopy. 

Element Al Zn Mg Cu Fe O Si Cr 

Concentration 

(wt. %) 88.4 5.66 2.46 2.03 0.53 0.53 0.21 0.21 
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Considering that most of the noble inclusions were of similar composition (Fe and 

Cu rich), the inclusion corrosion rates could depend partially upon the grain orientation in 

which they reside. Careful examination of the 10 minute rate image in Figure 36 shows 

that the boundaries between the noble inclusions and the matrix corrode first, which may 

be a difference in corrosion potential from precipitates accelerating the corrosion rate. 

Moreover, it is interesting to note that the Mg2Si inclusions show miniscule height 

changes with the VSLI technique, but it is known from tomography and EDS that the 

Mg2Si inclusions corrode and lose density rapidly. Note from comparison of Figure 35 

(c) and Figure 36 that comparison of the EBSD grain orientation map and the corrosion 

rate show what appears to be a very loose correlation between increased corrosion rates 

and grain boundaries. Figure 37 shows an increased contrast view of the matrix with the 

grain boundaries calculated from the EBSD map overlaid. Two grain boundaries were 

selected for the profile plot in Figure 37 (b), which shows that the grain boundaries 

clearly had less elevation change than the matrix after 60 minutes of corrosion. 

Additionally, comparison of Figure 35 (a) with Figure 37 (a) shows that the small 

particles which are most likely dispersoids also had reduced corrosion-induced elevation 

changes compared to the matrix. 
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Figure 36: VSLI corrosion rates after 10 min., 20 min, 40 min, and 60 min of drop-wise 

exposure to 3.5 wt. % NaCl solution. 
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Figure 37: (a) High contrast view of elevation change from 0-60 minutes with grain 

boundaries from EBSD map overlaid in black shows that some of the grain boundaries 

have clearly different corrosion properties from the bulk. (b) profile plots of grain 

boundaries show they had less elevation change than the bulk grain boundaries after 60 

min solution exposure. 
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To understand the corrosion phenomena in greater detail, one noble inclusion and 

one anodic inclusion each were selected for detailed analysis using the VSLI data and 

FIB-SEM cross-sectioning. Figure 38 shows SEM images the noble inclusion chosen 

before and after 60 minutes of corrosion. Note that this inclusion had two discrete 

compositions, with different levels of nobility in the galvanic series. Additionally, after 

corrosion an edge region closely surrounding the inclusion had a different appearance 

than the surrounding matrix. Table 6 shows the compositions of the two phases of 

interest, indicating that the slightly darker region, labeled “2”, had higher concentrations 

of Cu and Fe than the bright white region.  

 

Figure 38: Fe-rich inclusion selected for analysis by FIB-SEM cross-section. Secondary 

electron SEM images (a) before corrosion and (b) after corrosion. 
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Table 6: Chemical compositions of the discrete phases within the Fe-bearing composite 

inclusion particles. 

Element Al Cu Fe Mg Zn 

Region 1 

(Atom %) 75% 16% 7% 1% 1% 

Region 2 

(Atom %) 

69% 19% 11% 

-- 

1% 

      

 

Figure 39 shows 3D cross-sectional views of the relative height changes near the 

center of the inclusion (point 2 in Figure 38 (a)). Careful analysis of the views in Figure 

39 shows that initially the inclusion is higher than the matrix due to preferential material 

of the softer matrix material during mechanical polishing, but as the corrosion proceeds 

past approximately 20 minutes of exposure, two regions within the noble inclusion 

increase in elevation with respect to their surroundings. These two regions are the matrix 

surrounding the inclusion at a short distance from the inclusion, and some small regions 

within the inclusion. 
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Figure 39: Detailed 3D surface height profile showing the localized height differences of 

a cross-sectioned Fe-rich inclusion (a) before corrosion, after (b) 10 min, (c) 20 min, (d) 

30 min, (e) 40 min, and (f) 60 min dropwise exposure to 3.5 wt.% NaCl solution. 

To further probe into the exact corrosion damage mechanisms causing the local 

changes in surface profile, FIB-SEM cross-sectional imaging was performed near the 

same region shown in Figure 36. From the cross-section of the noble inclusion in Figure 

40, one can see that the areas which showed the greatest increase in elevation had the 

most corrosion. Furthermore, two regions of relatively low corrosion were observed: the 

~250 nm region directly adjacent to the inclusion, and the darker, more noble phase 

within the Fe-rich inclusion.  
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Figure 40: High-resolution BSE SEM images of cross-section from Fe-bearing inclusion 

after corrosion showing the localized region surrounding the inclusion with minimal 

corrosion damage, followed by a region with trenching, and then uniform corrosion. 

 

A similar procedure was used to view an anodic Mg-rich inclusion. The inclusion 

selected is shown in Figure 41. Note this inclusion had cracks and pores in addition to the 

dark Mg-rich regions. Figure 42 shows the 3D rendering of the anodic inclusion’s cross-

sectional height during the progression of corrosion. Note that this inclusion was already 
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at a lower elevation than the surrounding matrix due to preferential material removal of 

the Mg inclusion during polishing, since the Mg2Si inclusion is anodic compared to the 

surrounding matrix. Observation of height changes in the Mg2Si and surrounding matrix 

as corrosion proceeded suggested that corrosion surrounding the inclusion was delayed 

for approximately the first 20 minutes, which may indicate the amount of time required 

for the Mg within the Mg2Si inclusion to act as a sacrificial anode to reduce corrosion in 

the surrounding matrix. Comparison between the corrosion rate images in Figure 36 and 

the relative corrosion heights in Figure 42 suggests that from 20-60 minutes, the 

corrosion rates and relative height changes of the matrix immediately surrounding the 

inclusion became more pronounced than the surrounding matrix at a distance. This 

indicates that once the 

This change in corrosion rate is due to a mechanism change in the corrosion once 

the Mg2Si inclusion is sufficiently depleted of Mg. For the first 20 minutes, the Mg in the 

Mg2Si was depleted by dissolution, after which point only Si was remaining. The Si was 

more noble than the surrounding aluminum matrix, therefore the area immediately 

surrounding the Si inclusion began to corrode at an accelerated rate with respect to the 

rest of the matrix. Examination of the FIB cross section in Figure 43 suggests that the 

shape of the Mg2Si inclusion remained relatively unchanged, but that does not rule out 

the possibility that the Mg was preferentially dissolved, as recent studies have indicated. 

More interesting to note is the jagged shape of the corrosion damage in the matrix 

immediately surrounding the inclusion. Since the VSLI and SEM images before 

corrosion did not show such jagged features, the possibility of scratches from polishing 
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can be ruled out. These jagged features could be representative of corrosion damage 

initiating at defects in the passive layer or precipitates near the surface. 

 

 

Figure 41: InLens SEM images of Mg-bearing inclusion (a) before and (b) after 

corrosion.  
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Figure 42:  Detailed 3D surface height profile cross-sections of Mg-rich inclusion from 

(a) before corrosion, after (b) 10 min, (c) 20 min, (d) 30 min, (e) 40 min, and (f) 60 min 

dropwise exposure to 3.5 wt.% NaCl solution. 
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Figure 43: FIB cross-section of Mg-bearing inclusion shows relatively uniform corrosion 

depth away from the sample, with some localized jagged features which may have been 

created by precipitate fallout during corrosion.  

6.4 Discussion 

This study has shown that inclusions, dispersoids, and grain boundaries all play 

unique roles in the corrosion properties of 7075-T651 alloy. The inclusions are the largest 

particles in the alloy with significantly different compositions from the matrix. Hence, the 

inclusions had the largest effect on the corrosion height changes. The Fe-bearing 

inclusions had discreet phases with varying concentrations of noble elements such as Fe 

and Cu. These differences in concentration altered the corrosion properties and led the 

sections of the inclusions with higher Al concentration to corrode rapidly. Additionally, 

for all the Fe-bearing inclusions, there was a region extending about 200 nm from the 

inclusion into the matrix which demonstrated slower corrosion than the surrounding 
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matrix. This region may be more resistant to corrosion due to diffusion of copper from 

the inclusion during solidification, and causing the high copper region to be noble 

compared to the matrix.  Further studies using EDS in a transmission electron microscopy 

or electron energy loss spectroscopy would clarify the composition of this near-inclusion 

region and its effects on the corrosion behavior. From the 200 nm region, the trench 

surrounding the inclusion grew. Since prolonged corrosion is known to cause Fe-rich 

inclusions to fall out [37,43,119], the corrosion may propagate by a time-dependent 

periodic model in which sections of the inclusion corrode, then the matrix corrodes, until 

correct chemical balance is reached, upon which the Cu-rich region surrounding the 

inclusion corrodes and the inclusion falls out. 

Mg2Si corrosions are known to corrode by a dissolution mechanism [60,167,193]. 

Investigations of corrosion in Al-Mg-Si alloys has suggested that initial stages of 

corrosion for the first 20 minutes are controlled by dissolution of Mg, after which point 

the Si remnant becomes cathodic with respect to the matrix [53]. Similarly, inspection of 

Figure 42 suggests that the Mg dissolution was a factor in the corrosion for 

approximately the first 20 minutes of corrosion when the surrounding matrix began to 

elevate at an accelerated rate with increasing time due to the change in inclusion 

electrochemistry from anodic Mg-rich to cathodic Si-rich. Additionally, comparison of 

the corrosion damage from Figure 40 and Figure 43 suggests that the corrosion 

surrounding the Mg particle was more discreet and may have relied on dissolution of the 

precipitate particles judging by its jagged shape, while corrosion surrounding the Fe-
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bearing particles appeared to involve dissolution of the matrix due to its smooth trench 

shape.  

An effect of grain boundaries on the corrosion elevation change was also observed for 

this sample. Comparison of an EBSD grain boundary map and the VSLI map clearly 

exhibited a reduced change in elevation for the grain boundaries compared to surrounding 

grain bulk. Considering the grain boundary precipitates in 7075-T651 alloy have been 

reported to have chemistry Mg(CuxZn1-x)2 with average contents of Mg, Cu, and Zn of 

45.2, 15.1, and 39.7 at.%  [31]. Additionally, the grain boundary precipitates in 7075-

T651 have been reported as large as 3 µm [194] because the stretching of the alloy before 

precipitate growth heat treatments leads to larger grain boundary precipitates [26,195]. 

The reduced height dependence on corrosion of the grain boundaries was not clearly 

observable until after 60 minutes of exposure. Therefore, the corrosion mechanism of the 

grain boundaries may also involve initial dissolution of the Mg from the precipitates, 

followed by protection of the grain boundaries via the remaining Zn and Cu.  

In this small sample volume, a dependence of grain orientation on the corrosion rate 

was not explicitly quantifiable. While there may be some influence of grain orientation 

on corrosion rates, it is subtle and not easily quantifiable for this small region of interest. 

Additionally, some authors have attempted to find the dependence of corrosion on 

orientation Al-Cu alloy single crystals and found that with increasing alloy concentration, 

a decreasing dependence of grain orientations on pit formation [68]. 
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6.5 Summary 

In this study, pre-corrosion SEM imaging, EBSD, and EDS were coupled with 

interrupted corrosion and VSLI scanning, as well as post-mortem FIB-SEM cross-

sectioning to view the height changes due to corrosion of multiple microstructural 

features. Several useful observations were found: 

1. Corrosion initiation was observed to occur at a ~200 nm distance from Fe-

bearing inclusions. 

2. Corrosion was observed within Fe-bearing inclusions, which may have 

been due to the presence of discreet phases with different electrochemical 

potentials.  

3. The local corrosion rates surrounding Mg-bearing inclusions were 

minitially effected, but an increased corrosion rate surrounding the Mg2Si 

inclusion was observed after ~20 minutes of corrosion corresponding to 

Mg depletion from the inclusion. 

4. After ~60 minutes of corrosion, reduced elevation changes were observed 

at the grain boundaries. This may have corresponded to Mg depletion from 

the Mg(CuxZn1-x)2 precipitates at the grain boundaries. 
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7 THREE DIMENSIONAL TIME-RESOLVED QUANTIFICATION OF INCLUSION 

AND GRAIN BOUNDARY EFFECTS ON CORROSION PIT EVOLUTION IN AN 

AEROSPACE ALUMINUM ALLOY 

 

7.1 Introduction 

The cause of stochastic pit growth may be inhomogeneity of the passive layer 

caused by defects such as precipitates at grain boundaries and inclusions. For instance, 

recent studies of corrosion in high purity aluminum and natural-aged aluminum alloy of 

varying grain sizes has suggested that corrosion rate decreases with decreasing grain 

size[57,66], which may be due to larger, more heterogeneous particles form at the grain 

boundaries. Nonetheless, when the alloys are heat-treated, the precipitates can grow and 

subsequently alter the pit growth-precipitate relationships. Therefore, the peak-aged and 

over-aged alloys can exhibit different exacerbated corrosion near grain 

boundaries[35,48,64,65,67]. Until now experimental limitations have prevented 

thorough, quantitative studies of the grain boundary relationships with corrosion pitting 

progression in aluminum alloys. 

 The advent of high resolution laboratory scale X-ray tomography and diffraction 

contrast tomography techniques have enabled new insights into corrosion pitting 

mechanisms by combining nondestructive 3D crystallographic and phase information at 

the microscale. GrainMapper v1, which computes grain centroids and approximate 3D 

volume nondestructively using laboratory-scale X-ray diffraction patterns, have already 

enabled significant advancements in multimodal time-lapse three-dimensional materials 
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research [196–199]. Moreover, synchrotron diffraction-contrast tomography studies with 

grain boundary reconstruction have shown tremendous advancements in understanding of 

stress corrosion cracking and fatigue experiments which were designed to fit within the 

short time constraints of synchrotron X-ray beam time allocations [147,200–203]. Thanks 

to the advent of grain boundary reconstruction in laboratory X-ray machines, materials 

damage phenomena of slower, more relevant time scales can now be observed in 3D over 

time. These advancements in laboratory scale diffraction contrast tomography enabled 

our 3D study of the effects of phases and grain boundaries on corrosion pitting in 

aluminum alloys for the first time. This work represents the first commercial application 

of grain shape reconstruction created using Xnovo GrainMapper v2.0α[204]. 

7.2 Materials and Methods 

7.2.1 Sample Preparation 

The sample was EDM machined along the short orientation of a 7475-T6 Plate 

(Alcoa, USA), then the gauge section was ground to a 1 mm diameter with a 2 mm fillet 

radius. The sample was then heat treated at 510 oC for 24 h to grow the grains so that they 

could be clearly resolved using the labDCT technique, since the minimum grain size is 

approximately 20 – 40 µm, depending on the probability for diffraction of a given crystal 

type and the size of the sample causing too many diffraction spots and overlap, which 

would inhibit the reconstruction algorithm from working accurately. The sample was 

gently polished using 1200 grit sandpaper and 1 µm diamond paste with methanol 

lubricant, then briefly rinsed and dried.  
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7.2.2 Tomography Scanning 

The sample was scanned in a Zeiss Xradia Versa 520 using a maximum X-ray 

energy of 160 kV and a 750 µm X-ray aperture, with 20 mm distance between the sample 

and source, and 20 mm distance between the sample and the detector. This Laue focusing 

X-ray geometry maximizes the focusing of the diffraction spots on the detector. The 

diffraction patterns were reconstructed in 3D using Xnovo Grainmapper v2.0 to achieve a 

grain boundary positional resolution of approximately 10 µm. Absorption contrast 

tomography scans were performed using the same geometry to ensure accurate 

registration with the DCT data. A maximum energy of 50 kV was used for the absorption 

scans to ensure high contrast between inclusions and the aluminum matrix. The pixel 

edge length of the absorption tomography data was 1.68 µm. After initial scanning, the 

sample was placed in a 110 mL bath of 3.5 wt.% (0.6 M) NaCl solution mixed with DI 

water. The sample was removed, absorption tomography scanned, and replaced to the 

bath after 14, 60 and 90 days of corrosion. The post-corrosion data sets were registered 

with the pre-corrosion DCT data using an automated point-matching algorithm in 

MATLAB to insure accurate comparison during the data analysis. Inclusions were 

segmented via thresholding using Avizo Fire. The matrix at each time point was 

segmented by thresholding. Pits were automatically segmented in MATLAB by 

automatically fitting an ellipse to each slice of the matrix using a convex hull technique, 

then fitting polygons to the region between the matrix and the ellipse. A MATLAB code 

was written to identify the boundaries between the grains using the reconstructed DCT 

data, and perform quantitative analysis. 
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7.3 Results 

7.3.1 Corrosion Pit Growth Relationships 

Grain boundaries have been found to play a role in corrosion, but the extent of the 

significance of grain boundaries in corrosion pit growth versus inclusions is not well 

known. Therefore, knowledge of both grain boundary and inclusion positions within the 

alloys is critical to understanding the corrosion mechanisms during the time-lapse study. 

Figure 44(a) shows a 3D of the inverse pole figure (IPF) color format display of the 

grains within the sample. Many of the grains still have an oblong shape due to the rolling 

of the aluminum plate during initial hot rolling from the melt, even though the alloy was 

heat-treated for grain growth for 24 h at 510 oC after rolling. Figure 44(b) shows a 

greyscale 3D rendering of the sample surface after 14 days of corrosion, displayed in the 

same orientation as Figure 44(a). The bright white regions are inclusions, the dark gray 

regions are corrosion products, and the light gray regions are relatively uncorroded 

matrix. Figure 1(c) highlights the corrosion pits from the 14 days of corrosion in red 

which were identified using an automated algorithm. Figures 1(d-g) show the progression 

of the corrosion and pit growth for 60 and 90 days. From these images, two distinct pit 

morphologies can clearly be observed, one is a rounded pit shape, and the other is a line 

shaped pit which may be due to intergranular corrosion. Additionally, note that not all of 

the inclusions on the sample surface led to corrosion pits, even though it is well known 

that inclusions are a significant motivator for corrosion pits [35,37,43,47,48,52–57]. This 

may be due to the need for other factors to motivate pit growth, such as grain boundaries 
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and triple points. Indeed, careful examination of Figure 44 suggests that regions of the 

sample with a higher density of grain boundaries have a higher density of pits. Studies of  

pitting and intergranular stress corrosion cracking have shown that the short and 

transverse directions are more susceptible to corrosion and cracking than the rolling 

direction due to the smaller grain size and higher density of grain boundaries relative to 

the rolling direction[205,206].  

Figure 45 compares the grain orientations of a 2D section through the height of 

the sample with the phase information before and after corrosion. From these images, one 

can clearly see the corrosion pit forms at the intersection of three grains and an inclusion. 

This is due to a combination of the multiple phases within the area including enlarged 

precipitates, Fe-bearing inclusions, and the aluminum alloy. Since the grain boundary 

represents a high entropy region full of defects in the crystal lattice, and there are also 

particles of different corrosion potentials, these areas have the highest probability for 

corrosion in peak-aged and over-aged alloys[35,48,64,65]. An additional mechanism of 

corrosion pitting was found in Figure 46. In this case, the corrosion pit formed within a 

grain without an inclusion due to the formation of a crack in the corrosion product layer 

early on, which may have led to the formation of a local crevice followed by subsequent 

reduction of pH and preferential corrosion in the region.  

Using this nondestructive time-lapse 3D LabDCT technique, a large sample of 

microstructure can be surveyed and features from different imaging techniques can be 

overlayed to elucidate corrosion mechanisms more clearly. Figure 47 shows an inside-out 

perspective 3D rendering of the near-surface inclusions and grain boundaries overlaid 
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with the corrosion product and corrosion pits across all three timepoints of corrosion. 

Note that in Figure 47, many of the corrosion pits interact with grain boundaries, triple 

points and inclusions. Additionally, the number of corrosion pits and size of pits 

increased with increasing immersion time. Furthermore, comparison of selected pits and 

the grain boundaries suggests that the corrosion occurred as a mixture of pit formation 

and intergranular corrosion as the corrosion time proceeded from 60 to 90 days.  

Using this data, excellent statistical representations can be found to provide more 

certainty of the alloy damage mechanisms. Table 7 shows the fraction of inclusions 

which covered the corroded surface areas after 14, 60, and 90 days corrosion. 

Comparison with the fractions of pits touching inclusions and grain boundaries or triple 

points shows that even though inclusions and grain boundaries represent relatively small 

fractions of the sample surface, they have a disproportionally large effect on motivating 

the growth of corrosion pits. 
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Figure 44: (a) 3D rendering of the grains within the sample with the colors displayed in 

inverse pole figure format, along with the corresponding inverse pole figure triangle. (b) 

3D rendering of the sample after 14 days of corrosion (c) 14 days corrosion with pits 

overlaid in red. (c) 3D rendering of the sample after 60 days of corrosion and (c) 60 days 

corrosion with pits overlaid in red. (b) 3D rendering of the sample after 90 days of 

corrosion (c) 90 days corrosion with pits overlaid in red. Note that deep “mud-cracking,” 

led to preferential corrosion of the matrix. The scale bar width is 200 µm.
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Figure 45: (a) 2D slice of absorption contrast data before corrosion showing inclusion 

near surface. (b) After 14 days of corrosion, a pit could be seen surrounding the inclusion. 

(c) After 60 days, the pit depth and width increased. (d) After 90 days, the pit depth 

continued to increase. (d) DCT slice showing this pit occurred at a grain boundary triple 

point. The scale bar width is 50 µm.  
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Figure 46: (a) 2D slice of absorption contrast data before corrosion. (b) After 14 days of 

corrosion, a portion of the corrosion product cracked away. (c) After 60 days, the 

corrosion product surrounding the cracked area grew to form a crevice. (d) After 90 days, 

a pit formed in the crevice left behind at the cracked region. (d) DCT slice showing this 

pit occurred within the bulk of a grain. The scale bar width is 50 µm.  
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Figure 47: Inside-out view of near-surface grain boundaries, inclusions, corrosion 

products, and corrosion pits. (a) 14 days corrosion damage, (b) 60 days corrosion 

damage, (c) 90 days corrosion damage. The scale bar width is 200 µm. 
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Table 7: Proportions of inclusions and grain boundaries touching the corroded surfaces 

after 14, 60, and 90 days corrosion compared to the number of pits touching grain 

boundaries or triple points and inclusions. 

Exposure Time (Days) 14 60 90 

Inclusions Touching Corroded 

Surface (%) 
1.20% 0.70% 0.60% 

Boundaries Touching Corroded 

Surface (%) 
13.00% 12.00% 11.70% 

Inclusions Intersecting Grain 

Boundaries and Surface (%) 
0.17% 0.08% 0.08% 

Pits Touching Inclusions (%) 14.90% 33.70% 35.50% 

Pits Touching Grain Boundaries (%) 54.10% 59.40% 69.90% 

Pits Touching Grain Boundaries and 

Inclusions (%) 
4.10% 13.10% 10.80% 

 

 

The pit depth histogram in Figure 48 shows that the pits depth increased over 

time. The skewness values were computed for the three time points to understand the 

change in the distribution of pit depths. Values of 0.61, 1.35, and 1.82 were calculated for 

14, 60, and 90 days immersion, respectively. Therefore, the corrosion pit depths became 

increasingly skewed towards deeper depths with increasing time. distribution across 

increasing corrosion time with a slight skew toward higher corrosion values. 

Additionally, kurtosis values of 2.75, 4.99, and 6.97 for 14, 60, and 90 days, meaning that 

the potential for large, deep outlier pits increased with increasing exposure time for the 
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peak-aged alloy. With other heat-treating conditions such as over-aged 7XXX series 

alloy, the pit depth distributions may have even higher kurtosis of the pit depth, with 

larger and less frequent pits[70]. 

 

 

Figure 48: Distribution of corrosion pit depths after 14, 60, and 90 days of corrosion.  

7.4 Summary 

Based on the information gathered from this large quantity of 3D data, the sites 

with the lowest activation energy for corrosion in 7XXX alloy are grain boundaries 

intersecting with inclusions, followed by inclusions, and then grain boundaries. This is 

evident when examining the proportion of grain boundaries, inclusions, and inclusions 

intersecting with grain boundaries on the sample surface at any given point during the 
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corrosion process. The pits showed increasing dependence on inclusions, with the pits 

being 12x more likely to initiate at inclusions than the rest of the sample surface after 14 

days, and 61x more likely after 90 days. The pits were ~4-6x more likely to initiate at 

grain boundaries than the rest of the surface over the course of corrosion. The confluence 

of grain boundaries and inclusions showed the greatest propensity for corrosion, with 24x 

likelihood for corrosion pit formation after 14 days of exposure, and ~150x likelihood for 

60 and 90 days corrosion. Clearly, grain boundaries points and inclusions together have a 

significant impact on the rate of corrosion in the aluminum alloys.  

This trend can be explained based on the alloy solidification and formation 

mechanisms. During alloy solidification, the inclusions solidify first and serve as 

heterogeneous nucleation sites for precipitate nucleation and growth. Additionally, grain 

boundaries serve as high entropy sites, leading to lower activation energy for precipitate 

nucleation and growth during age-hardening treatments. The combination of inclusions 

and triple points would provide the greatest chances for precipitate nucleation and 

growth, as well as higher propensity for lattice defects at the surface such as edge and 

screw dislocations, which may also cause defects in the passive layer. Additionally, the 

chemistry and structure of the precipitates can change as the aging increases[176,207]. 

The chemical composition of the precipitates which nucleate early may also be different, 

causing larger differences in electrochemical potentials and a faster rate of corrosion. 

Nonetheless, this study solidifies our understanding of the relevant microstructural 

features for corrosion pit growth in aluminum alloys.   
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These experimental findings provide useful insights about how corrosion pitting 

occurs in aluminum alloys. Corrosion pitting occurred primarily at triple points and 

inclusions. These findings can be used to engineer more corrosion and cracking-resistant 

aerospace aluminum alloys by engineering the grain size and impurity particles. As 

corrosion progress proceeds, a decrease in the dependence of low activation energy sites 

for pitting is found. 

8 CONCLUSIONS 

8.1 Summary of Research Findings 

1. The pit geometry and fatigue crack growth progress were examined in 3D 

for a pitted peak-aged 7075 aluminum sample. In situ synchrotron 

tomography showed directly that pre-existing cracks within the corrosion 

product serve as preferential fatigue crack initiation sites due to their high 

stress concentration and attachment to the underlying aluminum metal 

matrix. Comparison between time-resolved 3D data and post mortem FIB-

SEM-EDS fractography suggested that a significant portion of the evolved 

bubbles may come from preferential dissolution of Mg from the Mg2Si 

particles.  

2. 7075 samples of different aging conditions were prepared by corrosion in 

3.5 wt% NaCl solution for 15 days, then fatigue tested in situ using X-ray 

synchrotron tomography. The pit geometry and fatigue crack growth 

progress were examined and compared in 3D.  
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a. Highly overaged 7075 has much larger pits than peak-aged and 

overaged 7075 when corroded in uncovered 3.5 wt% NaCl 

solution. 

b. A correspondence between rolling orientation and pit shape was 

observed. This lead to different stress concentrations at the center 

for pits on the longitudinal face, and stress concentrations at the 

side of the pits for the transverse face. 

c. A change in fatigue crack failure mechanism from brittle failure 

with a sharp crack tip to microvoid formation ahead of a blunt 

crack tip was observed with increased aging of the samples. 

d. The fatigue crack growth rates showed increasing scatter with 

increased aging. 

3. Corrosion-fatigue of corrosion pitted 7475-T6 was analyzed within the 

fatigue cycles. The fatigue crack initiated from a pre-existing crack within 

the corrosion product, which also contained a pit underneath. The pit had a 

sharp tip, or “jut-in,” which the crack initiated from. Additionally, the 

crack appeared to follow along the corrosion pits on the sample surface. 

The crack face also showed significant presence of river markings, 

indicating that this sample’s fracture may have been more dependent upon 

crystallographic features such as grain shapes and orientations than the 

7075 alloy, which had a much flatter crack face with many inclusions and 

secondary cracks clearly visible on the fracture surface. Analysis of the 
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bubble volume changes within the crack during a fatigue cycle near crack 

initiation and near failure suggested that the bubble positions and volumes 

change significantly during a fatigue cycle.  

4. Pre-corrosion SEM imaging, EBSD, and EDS were coupled with 

interrupted corrosion and VSLI scanning, as well as post-mortem FIB-

SEM cross-sectioning to view the height changes due to corrosion of 

multiple microstructural features. Several useful observations were found: 

a. Corrosion initiation was observed to occur at a ~200 nm distance 

from Fe-bearing inclusions. 

b. Corrosion was observed within Fe-bearing inclusions, which may 

have been due to the presence of discreet phases with different 

electrochemical potentials.  

c. The local elevation changes surrounding Mg-bearing inclusions 

were minimally effected, but an increased corrosion rate 

surrounding the Mg2Si inclusion was observed after ~20 minutes 

of corrosion corresponding to Mg depletion from the inclusion. 

d. After ~60 minutes of corrosion, reduced elevation changes were 

observed at the grain boundaries. This may have corresponded to 

Mg depletion from the Mg(CuxZn1-x)2 precipitates at the grain 

boundaries. 

5.  

8.2 Future Work 
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The extensive literature review performed for this work, combined with the work 

involved in gaining the experimental data discussed above, have led to a few ideas for 

future work: 

1. Further analysis should quantify the bubble’s relationships dependence on crack tip 

opening displacement, and also use focused-ion beam to measure the corrosion 

product depth at selected locations along the crack face to examine the relationships 

between localized crack face corrosion product volumes and bubble volumes. Such 

an analysis could lead to improved understandings of crack tip chemistry and its 

effect on local crack growth rates. 

2. A focus on using advances in computer science and synchrotron X-ray tomography 

could allow real time 3D imaging of every aspect of corrosion fatigue damage, 

removing any uncertainty regarding bubble mechanisms. A future study, 

technology permitting, should examine the corrosion-fatigue crack growth 

properties in real time to view every detail of the damage evolution mechanisms. 

3. The 7XXX alloy’s microstructural features are extremely sensitive to processing 

conditions and minor alloy composition changes. Therefore, extreme care should 

be taken in sample preparation of the latest alloys to accurately view the damage 

evolution mechanisms. In this manner, one can determine exactly how the fine 

changes used to evolve the newer generations of 7XXX alloys, e.g., from 7075 to 

7475 and 7085, lead to improved performance. Such information, combined with 

proper thermodynamic and damage modelling, could lead to significant 

performance improvements for future generations of aerospace alloys. 
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