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Abstract 
 

As an effective way to reduce greenhouse gas emissions, goals on weight reduction has been focused by 

automotive manufacturers to meet the environmental regulations. Magnesium (Mg) alloys, with its high 

specific strength and low density, are particularly attractive to applications where light-weight is a part 

of its objective. However, Magnesium alloys with its unique crystallographic structure (Hexagonal Close 

Packing) provide different deformation mechanisms in contrast to steel or Aluminum alloys are currently 

been used for load-bearing components which have to be studied. As fatigue failure is a major concern, 

this thesis aims to characterize the stress-strain response as well as fatigue properties of ZEK100-O 

rolled sheet and to model the stress-strain responses and fatigue properties at the notch root where the 

crack is most likely to initiate due to the stress concentration when a notch is present. 

Initially, the cyclic behavior of rolled ZEK100-O Magnesium alloy sheet has been investigated by 

performing fully-reversed and strain-controlled tension-compression tests with the strain amplitude 

span from 0.3% to 2.3% on the smooth specimen and load-controlled cyclic tests on notched specimens. 

In addition, the fatigue properties of the material are also investigated by fitting the fatigue test results 

to the Smith-Watson-Topper (SWT) and Jahed-Varvani energy models. 

Next, the phenomenological stress-strain model for asymmetric materials proposed by Dallmeier et al. 

has been implemented using the fully-reversed and strain-controlled tension-compression test results 

on ZEK100-O and results available on AZ31B-H24 which have shown good agreement. A MATLAB code 

has been written to obtain all the necessary material parameters from one single hysteresis which has 

visible twin exhaustion and further investigation shown that a stress-strain hysteresis with a strain 

amplitude of 2% is sufficient. With an additional cyclic stress-strain curve (CSSC) input, the MATLAB code 

is capable of predicting the stress-strain responses for a given strain history. 

Furthermore, the cyclic behavior and fatigue properties of rolled ZEK100-O and AZ31B-H24 Magnesium 

alloy notched sample has been investigated by performing fully-reversed load-controlled tension and 

compression tests. To induce sufficient amount of plasticity yet to prevent general yielding at the notch 

root, the applied nominal load has been chosen based on its compressive yield stress, which is lower in 

contrast to its tensile yield stress. Given an elastic stress concentration factor of 2.5 at the notch root 

based on the test sample geometry, four different nominal stress levels (50%, 60%, 70% and 80% of 

compressive yield stress equivalent load) were chosen. The strain field around the notch root during the 

cyclic loading has been captured using the digital image correlation (DIC) technique. In addition, the 
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crack initiation and propagation have also been captured simultaneously using DIC for its fatigue 

properties. 

TƘŜ ǎǘǊŀƛƴ ǇǊŜŘƛŎǘƛƻƴǎ ŀǘ ǘƘŜ ƴƻǘŎƘ Ǌƻƻǘ ŀǘ ǘƘŜ ŜƴŘ ƻŦ ŜŀŎƘ ƭƻŀŘƛƴƎ ǎŜƎƳŜƴǘ ǳǎƛƴƎ ōƻǘƘ bŜǳōŜǊΩǎ ŀƴŘ 

DƭƛƴƪŀΩǎ ǊǳƭŜ ƘŀǾŜ ōŜŜƴ ŜȄŀƳƛƴŜŘ ƻƴ ōƻǘƘ ½9Yмлл-O and AZ31B-H24 based on the strain measurements 

at the notch root. It has been found that the strain predictions are reasonably close to the 

ŜȄǇŜǊƛƳŜƴǘŀƭƭȅ ƻōǘŀƛƴŜŘ ǾŀƭǳŜ ŦƻǊ ōƻǘƘ bŜǳōŜǊΩǎ ŀƴŘ DƭƛƴƪŀΩǎ ǊǳƭŜΦ IƻǿŜǾŜǊΣ ǘƘŜ ǎǘǊŀƛƴ ǇǊŜŘƛŎǘƛƻƴ ǳǎƛƴƎ 

bŜǳōŜǊΩǎ ǊǳƭŜ ǘŜƴŘ ǘƻ ƎƛǾŜ ŀ ƭŀǊƎŜǊ ǾŀƭǳŜ ƛƴ ŎƻƴǘǊŀǎǘ ǘƻ DƭƛƴƪŀΩǎ ǊǳƭŜΣ ǿƘƛŎƘ ƛǎ ƳƻǊŜ ŎƻƴǎŜǊǾŀǘƛǾŜ ŀǎ ƭƻƴƎ 

as life prediction is concerned. At the same time, the effects of the stress state at the notch root (plane 

stress or plane strain) to the axial strain measurements have also been studied by performing additional 

fully-reversed load-controlled tension and compression tests on notched samples with different 

thicknesses.  

Finally, upon the existing MATLAB code which is capable of predicting the stress-strain responses for a 

given strain history, notch ŀƴŀƭȅǎƛǎ ōŀǎŜŘ ƻƴ bŜǳōŜǊΩǎ ŀƴŘ DƭƛƴƪŀΩǎ ƳŜǘƘƻŘǎ ƘŀǾŜ ōŜŜƴ ƛƴǘŜƎǊŀǘŜŘ ōȅ 

ŀǇǇƭȅƛƴƎ ŜƛǘƘŜǊ bŜǳōŜǊΩǎ ƻǊ DƭƛƴƪŀΩǎ ǊǳƭŜ ǳǇƻƴ ǘƘŜ ǎǘǊŜǎǎ-strain curve generated using the 

phenomenological model for each reversal. Additionally, the plane strain correction has been used to 

obtain the stress-strain responses at the notch root under plane strain condition from the plane stress 

solution. Having the stress-strain responses at the notch root, a modified SWT and Jahed-Varvani (J-V) 

energy model based on the uniaxial fully-reversed and strain-controlled tension-compression fatigue 

test ǊŜǎǳƭǘǎ ƻƴ ǎƳƻƻǘƘ ǎŀƳǇƭŜǎ ƛƴŎƻǊǇƻǊŀǘŜ ǿƛǘƘ aƛƴŜǊΩǎ ǊǳƭŜ ƘŀǾŜ ōŜŜƴ ǳǎŜŘ ǘƻ ǳƭǘƛƳŀǘŜƭȅ ǇǊŜŘƛŎǘ ǘƘŜ 

life of a notch member providing its elastic stress concentration factor and nominal load history. The life 

predictions on the notch members under both constant and variable amplitude loads have been 

examined on ZEK100-O and AZ31B-H24 which yield good results. 

 

 

 

 

 

 

 



v 
 

Acknowledgments 
 

I would like to express my sincerest gratitude to my supervisors, Professor Hamid Jahed and Professor 

Grzegorz Glinka for this amazing journey, for all the invaluable support, advice and guidance. 

Special thanks to Dr. Yung-Li Lee, Dr. Yibing Shi, Umesh Dighrasker, Marie Mills and Mohammed Malik at 

Fiat Chrysler Automobiles (FCA) for all the great discussions and advice. 

Additionally, I would also like to thank Ali A. Roostaei for all the support and suggestions. 

Lastly, I would like to express my deepest love to my parents, this journey would not have been possible 

without their supports and encouragements. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



vi 
 

Table of Contents 

 

!ǳǘƘƻǊΩǎ 5ŜŎƭŀǊŀǘƛƻƴ .................................................................................................................................... ii 

Abstract ....................................................................................................................................................... iii 

Acknowledgments ........................................................................................................................................ v 

List of Figures ............................................................................................................................................. viii 

List of tables................................................................................................................................................ xv 

Chapter 1: Introduction ................................................................................................................................ 1 

Chapter 2: Literature review ........................................................................................................................ 4 

Chapter 3: Experimental Work .................................................................................................................. 23 

3.1. Material identification .................................................................................................................... 23 

3.1.1 Initial microstructure ................................................................................................................. 23 

3.1.2 Initial texture ............................................................................................................................. 24 

3.2. Quasi-static tensile properties ........................................................................................................ 25 

3.2.1 Specimen geometry ................................................................................................................... 25 

3.2.2 Quasi-static tension tests setup ................................................................................................ 26 

3.2.3 Quasi-static tension test results ............................................................................................... 27 

3.3. Quasi-static compression properties .............................................................................................. 30 

2.3.1 Specimen geometry ................................................................................................................... 30 

3.3.2 Quasi-static compression tests setup ....................................................................................... 30 

3.3.3 Quasi-static compression test results ....................................................................................... 32 

3.4. Cyclic properties .............................................................................................................................. 34 

3.4.1 Specimen geometry and test setup .......................................................................................... 34 

3.4.2 Constant amplitude fully-reversed (Ὑ‐=-1) and strain-controlled cyclic results ..................... 35 

3.4.3 Mean strain effects ................................................................................................................... 41 



vii 
 

3.4.4 Mean stress effects ................................................................................................................... 46 

3.4.5 Variable amplitude strain-controlled cyclic results .................................................................. 49 

3.5. Cyclic properties of the notched specimens .................................................................................. 52 

3.5.1 Specimen geometry and test setup .......................................................................................... 52 

3.5.2 Constant nominal stress amplitude results .............................................................................. 53 

3.5.3 Variable nominal stress amplitude results ............................................................................... 65 

Chapter 4: Stress-strain response modelling ............................................................................................ 68 

4.1 Phenomenological model calibration .............................................................................................. 68 

4.2 Hysteresis loop modeling of smooth specimens under uniaxial loading ....................................... 74 

4.3 Notch root stress-strain response modeling under uniaxial loading ............................................. 85 

пΦоΦм !ǇǇǊƻȄƛƳŀǘƛƻƴ ƳŜǘƘƻŘ ǳǎƛƴƎ bŜǳōŜǊΩǎ rule ............................................................................ 85 

пΦоΦн !ǇǇǊƻȄƛƳŀǘƛƻƴ ƳŜǘƘƻŘ ǳǎƛƴƎ DƭƛƴƪŀΩǎ ǊǳƭŜ ............................................................................. 92 

пΦоΦо tƭŀƴŜ ǎǘǊŀƛƴ ǘǊŀƴǎŦƻǊƳŀǘƛƻƴ ŦƻǊ bŜǳōŜǊΩǎ ŀƴŘ DƭƛƴƪŀΩǎ ǊǳƭŜ.................................................... 96 

4.3.4 Experimental Verification (notched) ...................................................................................... 106 

Chapter 5: Fatigue Modelling................................................................................................................... 111 

5.1 Smith-Watson-Topper (SWT) model ............................................................................................. 111 

5.2 Jahed-Varvani (J-V energy) model ................................................................................................. 117 

5.3 Damage accumulation for variable amplitude loading ................................................................. 120 

5.4 Fatigue life prediction for notched specimens .............................................................................. 124 

Chapter 6: MATLAB implementation....................................................................................................... 128 

Chapter 7: Conclusion and Future Work ................................................................................................. 132 

7.1 Conclusions: .................................................................................................................................... 132 

7.2 Future Work: .................................................................................................................................. 133 

Reference .................................................................................................................................................. 134 

 

 



viii 
 

List of Figures 
 

Figure 1. Total U.S. Greenhouse gas emissions by economic sector in 2016. (Total Emissions in 2016 = 

6,511 Million Metric Tons of CO2 equivalent) [2] ......................................................................................... 1 

Figure 2. Schematic of the HCP unit cell showing all possible: (a) slip and (b) twinning systems [12] ........ 4 

Figure 3. EBSD Initial texture and pole figures of (a) AZ31B and (b) ZEK100 [62] ........................................ 6 

Figure 4. (a) AZ31B and (b) ZEK100 stress vs. plastic strain curve under monotonic tension and 

compression (Note that DD is the 45% direction in between RD and TD) [22] ............................................ 7 

Figure 5. comparison of the Ramberg-Osgood-Masing model with experimentally determined variable 

amplitude hysteresis loops of AM50 by Dallmeier, J et al. [5] ..................................................................... 9 

Figure 6. Visualization of material constants using an experimentally determined envelope hysteresis 

loop with the corresponding calculated strain components (AM50) by Dallmeier, J et al. [5] .................. 11 

Figure 7. Determination of άὴὰ and άὴίὩὰ values when the current reversal deviating from the 

envelope hysteresis loop (The stress-strain curve shown in red)  [5] ........................................................ 14 

Figure 8. Validations of the model on AM50 for constant and variable amplitudes by Dallmeier, J et al. 15 

Figure 9. Circular notch under uniaxial tensile load with Ramberg-Osgood stress-strain curve example [6]

 .................................................................................................................................................................... 17 

CƛƎǳǊŜ млΦ DǊŀǇƘƛŎŀƭ ƛƭƭǳǎǘǊŀǘƛƻƴ ƻŦ bŜǳōŜǊΩǎ ǊǳƭŜ ώтсϐ ............................................................................... 18 

CƛƎǳǊŜ ммΦ DǊŀǇƘƛŎŀƭ ƛƭƭǳǎǘǊŀǘƛƻƴ ƻŦ DƭƛƴƪŀΩǎ ǊǳƭŜ ό9{95ύ ώсϐ ........................................................................ 19 

Figure 12. Plastic yielding and the elastic stress redistribution ahead of a notch tip [82] . ....................... 20 

CƛƎǳǊŜ моΦ /ƻƳǇŀǊƛǎƻƴ ōŜǘǿŜŜƴ ǘƘŜ ǇǊŜŘƛŎǘƛƻƴ ǳǎƛƴƎ όŀύ bŜǳōŜǊΩǎ ŀƴŘ όōύ DƭƛƴƪŀΩǎ ό9{95ύ ώуоϐ .............. 21 

Figure 14. Optical micrographs of the ZEK100-O magnesium alloy in (a). ND-RD plane (b). ND-TD plane 

(c). RD-TD plane .......................................................................................................................................... 23 

Figure 15. πππς and ρπρπ pole figures for ZEK100-O magnesium alloy ................................................... 24 

Figure 16. Design of smooth specimen. This design was created at FATSLAB. One of its features is an 

improved chance of crack formation near centre of specimen vs specimens with a rectangular reduced 

section. ........................................................................................................................................................ 25 

Figure 17. Axial strain field under quasi-static tension- ZEK100 (The strain field is captured using DIC and 

processed with the ARAMIS software). ...................................................................................................... 25 

Figure 18. DIC field of view (Shaded area has been chosen inside the ARAMIS software for the properties 

calculations). ............................................................................................................................................... 26 

Figure 19. Quasi-static tension test DIC camera setup. .............................................................................. 26 



ix 
 

Figure 20. Quasi-static tension test setup. ................................................................................................. 27 

Figure 21. Tensile engineering stress vs. strain curves for all three tests (ZEK100). .................................. 28 

Figure 22. Quasi-static tensile test sample showing the necking- ZEK100-O. ............................................ 28 

Figure 23. Initial portion of engineering Stress vs. strain curve of ZEK100 to calculate elastic modulus and 

0.2% offset yield stress. .............................................................................................................................. 29 

Figure 24. Compression test specimen geometry. ..................................................................................... 30 

Figure 25. Monotonic compression test setup. .......................................................................................... 31 

Figure 26 Compression setup view from DIC. ............................................................................................. 31 

Figure 27. Monotonic stress-strain curves of ZEK100 in uniaxial compression in rolling, and transverse 

directions. ................................................................................................................................................... 32 

Figure 28 Comparison between monotonic tensile and compressive flow curves of ZEK100. .................. 33 

Figure 29. Fractured quasi-static compression specimen. ......................................................................... 34 

Figure 30. Smooth cyclic test sample (the marked blue lines are where the extensometer knife edges are 

contacting the specimen) ........................................................................................................................... 34 

Figure 31. Strain-controlled test setup for Cyclic properties characterization ........................................... 35 

Figure 32 Second-cycle hysteresis loops of ZEK100-O. ............................................................................... 36 

Figure 33. Half-life hysteresis loops of ZEK100-O. ...................................................................................... 36 

Figure 34 Second cycle and stabilized stress-strain hysteresis at 2.3% strain amplitude (ZEK100). .......... 37 

Figure 35 Second cycle and stabilized stress-strain hysteresis at 1.5% strain amplitude (ZEK100) ........... 37 

Figure 36 Second cycle and stabilized stress-strain hysteresis at 1.2% strain amplitude (ZEK100). .......... 37 

Figure 37 Second cycle and stabilized stress-strain hysteresis at 1.0% strain amplitude (ZEK100). .......... 38 

Figure 38 Second cycle and stabilized stress-strain hysteresis at 0.8% strain amplitude (ZEK100). .......... 38 

Figure 39 Second cycle and stabilized stress-strain hysteresis at 0.6% strain amplitude (ZEK100). .......... 38 

Figure 40 Second cycle and stabilized stress-strain hysteresis at 0.5% strain amplitude (ZEK100). .......... 39 

Figure 41 Second cycle and stabilized stress-strain hysteresis at 0.4% strain amplitude (ZEK100). .......... 39 

Figure 42 Second cycle and stabilized stress-strain hysteresis at 0.3% strain amplitude (ZEK100). .......... 39 

Figure 43. Stress amplitude vs. cycles plot for ZEK100-O (strain-controlled R=-1) .................................... 40 

Figure 44. True strain amplitude vs. Reversals to failure (ZEK100-O R=-1 strain-controlled tests) ........... 41 

Figure 45. Strain-controlled R=0 test @ 1.00% strain amplitude- ZEK100-O ............................................. 42 

Figure 46. Strain-controlled R=0 test @ 0.80% strain amplitude- ZEK100-O ............................................. 42 

Figure 47. Strain-controlled R=0 test @ 0.60% strain amplitude- ZEK100-O ............................................. 43 

Figure 48. Strain-controlled R=0 test @ 0.40% strain amplitude- ZEK100-O ............................................. 43 



x 
 

Figure 49. Strain-controlled R=0 and R=-1 tests comparison @ 1.00% strain amplitude- ZEK100-O ........ 44 

Figure 50. Strain-controlled R=0 and R=-1 tests comparison @ 0.40% strain amplitude- ZEK100-O ........ 44 

Figure 51. Strain amplitude vs. life curve for both Ὑ‐=0 and Ὑ‐=-1 tests .................................................. 45 

Figure 52. The Ὑ„=0 tests on smooth specimen with stress amplitude of 80 MPa (ZEK100-O) ................ 47 

Figure 53. The Ὑ„=0 tests on smooth specimen with stress amplitude of 100 MPa (ZEK100-O) .............. 47 

Figure 54. The Ὑ„=0 tests on smooth specimen with stress amplitude of 110 MPa (ZEK100-O) .............. 48 

Figure 55. Strain-life curve for all the stress-controlled Ὑ„=0 and  Ὑ„=-1 test ......................................... 49 

Figure 56. Variable amplitude strain-controlled test #1 (545 blocks of the given load history applied to 

failure- 15% load drop) - ZEK100-O ............................................................................................................ 50 

Figure 57. Variable amplitude strain-controlled test #2 (206 blocks of the given load history applied to 

failure- 15% load drop) - ZEK100-O ............................................................................................................ 50 

Figure 58. Variable amplitude strain-controlled test #3 (4130 blocks of the given load history applied to 

failure- 15% load drop) - ZEK100-O ............................................................................................................ 51 

Figure 59. Variable amplitude strain-controlled test #4 (3900 blocks of the given load history applied to 

failure- 15% load drop) - ZEK100-O ............................................................................................................ 51 

Figure 60 Notched specimen with applied speckle pattern for digital image correlation (DIC) analysis. .. 52 

Figure 61. DIC field of view (left) and the notched test setup (right). ........................................................ 53 

Figure 62. Axial strain progression at the notch root test for ZEK100-O at 80% of compressive yield 

equivalent fully-reversed nominal stress (3 Cycles were captured each time start at the beginning, after 

50 cycles, 150 cycles, etc. Three different tests are shown; two of them started with compression-

tension-compression and a single test started with tension-compression-tension) ................................. 54 

Figure 63. Stabilized strain field at (a) maximum compressive load (b) maximum tensile load and (c) axial 

strain at the notch root progression over 3 cycles- ZEK100-O @ 50% of compressive yield equivalent 

nominal stress (68.45 MPa) Note that the scales in (a) and (b) are different ............................................ 55 

Figure 64. Stabilized strain field at (a) maximum compressive load (b) maximum tensile load and (c) axial 

strain at the notch root progression over 3 cycles- ZEK100-O @ 60% of compressive yield equivalent 

nominal stress (82.14 MPa) Note that the scales in (a) and (b) are different ............................................ 56 

Figure 65. Stabilized strain field at (a) maximum compressive load (b) maximum tensile load and (c) axial 

strain at the notch root progression over 3 cycles- ZEK100-O @ 70% of compressive yield equivalent 

nominal stress (95.83 MPa) Note that the scales in (a) and (b) are different ............................................ 57 



xi 
 

Figure 66. Stabilized strain field at (a) maximum compressive load (b) maximum tensile load and (c) axial 

strain at the notch root progression over 3 cycles- ZEK100-O @ 80% of compressive yield equivalent 

nominal stress (109.52 MPa) Note that the scales in (a) and (b) are different .......................................... 58 

Figure 67. Crack initiation test for 60% of fully-reversed compressive yield equivalent nominal stress 

(82.14 MPa) - ZEK100-O .............................................................................................................................. 59 

Figure 68. Crack initiation test for 80% of fully-reversed compressive yield equivalent nominal stress 

(109.52 MPa) - ZEK100-O ............................................................................................................................ 60 

Figure 69. Axial strain progression at the notch root test for AZ31B-H24 at 80% of compressive yield 

equivalent fully-reversed nominal stress (3 Cycles were captured each time start at the beginning, after 

50 cycles, 100 cycles, etc. Two different tests are shown; one test started with compression-tension-

compression and another test started with tension-compression-tension) .............................................. 61 

Figure 70. Stabilized strain field at (a) maximum compressive load (b) maximum tensile load and (c) axial 

strain at the notch root progression over 3 cycles- AZ31B-H24 @ 60% of compressive yield equivalent 

nominal stress (94.84 MPa) Note that the scales in (a) and (b) are different ............................................ 62 

Figure 71. Crack initiation test for 60% of fully-reversed compressive yield equivalent nominal stress 

(94.84 MPa) ς AZ31B-H24 ........................................................................................................................... 62 

Figure 72. Stabilized strain field at (a) maximum compressive load (b) maximum tensile load and (c) axial 

strain at the notch root progression over 3 cycles- AZ31B-H24 @ 80% of compressive yield equivalent 

nominal stress (126.45 MPa) Note that the scales in (a) and (b) are different .......................................... 63 

Figure 73. Crack initiation test for 80% of fully-reversed compressive yield equivalent nominal stress 

(126.45 MPa) ς AZ31B-H24 ......................................................................................................................... 63 

Figure 74. Variable nominal stress amplitude test on notched specimen #1- ZEK100-O (The nominal 

stress history is shown on the top and the axial strain at the notch root is shown at the bottom) .......... 65 

Figure 75. Variable nominal stress amplitude test on notched specimen #2- ZEK100-O (The nominal 

stress history is shown on the top and the axial strain at the notch root is shown at the bottom) .......... 66 

Figure 76. Nominal stress histories for variable nominal stress amplitude crack initiation tests on 

notched specimen- ZEK100-O ..................................................................................................................... 67 

Figure 77. Stress vs. plastic strain curve for the downward reversal (red) in the relative coordinate 

system (top-right corner)- AZ31B-H24........................................................................................................ 69 

Figure 78. Illustration of finding the slopes on the stress vs. plastic strain curve (red) by performing linear 

least-square regressions on each set of data points - AZ31B-H24 ............................................................. 71 

Figure 79. Illustration of the determination of parameters „ὴȟόὴ and „ὴȟὨέύὲ ς AZ31B-H24 .............. 72 



xii 
 

Figure 80. The effect of Rr value on predicted stress-strain curve for AM30 Mg alloy at 3% strain 

amplitude .................................................................................................................................................... 73 

Figure 81. Re-arrangement of the strain history to start/end from the absolute maximum value ........... 75 

Figure 82.  Smooth sample analysis example 1- modeling of the hysteresis loops for the given strain 

history (ZEK100) .......................................................................................................................................... 76 

Figure 83 Smooth sample analysis example 2- modeling of the hysteresis loops for the given strain history 

(ZEK100) ...................................................................................................................................................... 78 

Figure 84. Stress-strain response comparison between experimental results and the model predictions 

for ZEK100. .................................................................................................................................................. 79 

Figure 85. Stress-strain response comparison between experimental results and the model predictions 

for AZ31B-H24. ............................................................................................................................................ 79 

Figure 86. Variable amplitude stress-strain response (load history #1) comparison between experimental 

results and the model predictions for ZEK100-O ........................................................................................ 80 

Figure 87. Variable amplitude stress-strain response (load history #2) comparison between experimental 

results and the model predictions for ZEK100-O ........................................................................................ 81 

Figure 88. Variable amplitude stress-strain response (load history #3) comparison between experimental 

results and the model predictions for ZEK100-O ........................................................................................ 82 

Figure 89. Variable amplitude stress-strain response (load history #4) comparison between experimental 

results and the model predictions for ZEK100-O ........................................................................................ 83 

Figure 90. Application ƻŦ bŜǳōŜǊΩǎ ǊǳƭŜ ƻƴ ǘƘŜ ŎȅŎƭƛŎ ǎǘǊŜǎǎ-strain curve for the first reversal going into 

compression ................................................................................................................................................ 86 

CƛƎǳǊŜ фмΦ !ǇǇƭƛŎŀǘƛƻƴ ƻŦ bŜǳōŜǊΩǎ ǊǳƭŜ ŦƻǊ ǘƘŜ ǎŜŎƻƴŘ ǊŜǾŜǊǎŀƭ ό¢ƘŜ ǎǘǊŜǎǎ-strain curve is created using 

the phenomenological model [placeholder]) ............................................................................................. 87 

Figure 92. Stress-strain curve selection for the third reversal (solid brown curve)- The shape of the fully 

reversed (Rstrain=-1) stress-strain hysteresis loop with the strain amplitude equivalent to the strain at the 

second reversing point (‐ὶὴς); The dashed brown curve on the bottom-left corner extended from the 

solid brown curve is the extrapolated line from the stress-strain curve since the range of the curve is 

ƛƴǎǳŦŦƛŎƛŜƴǘ ǘƻ ƛƴǘŜǊǎŜŎǘ ǿƛǘƘ bŜǳōŜǊΩǎ ƘȅǇŜǊōƻƭŀ ƛƴ ǘƘƛǎ ŎŀǎŜ ................................................................... 89 

Figure 93. Stress-strain curve selection for the third reversal (solid green curve)- The shape of the fully 

reversed (Rstrain=-1) stress-strain hysteresis loop with the strain range equivalent to the strain range 

between reversing point 1 and reversing point 2 (‐ὶὴς ‐ὶὴρ) .............................................................. 90 



xiii 
 

Figure 94. Stress-strain curve selection for the third reversal (solid red curve curve)- The stress-strain 

curve which will close the loop is chosen directly without applyinƎ bŜǳōŜǊΩǎ ǊǳƭŜ ................................... 91 

Figure 95. Re-arrangement of the nominal stress history to start/end from the absolute maximum value

 .................................................................................................................................................................... 92 

Figure фсΦ /ŀƭŎǳƭŀǘƛƻƴ ƻŦ ǘƘŜ ƴƻǘŎƘ ǎǘǊŜǎǎ ŀƴŘ ǎǘǊŀƛƴ ǊŀƴƎŜǎ ǳǎƛƴƎ DƭƛƴƪŀΩǎ ǊǳƭŜ ό9{95ύ ............................ 94 

Figure 97. Direction assigned to the notched sample ................................................................................ 97 

Figure 98. Stress state at the notch root under an applied nominal tensile stress S [6] ............................ 98 

Figure 99. Plane stress to plane strain stress-strain curve transformation by Dowling et al. .................. 103 

Figure 100. Back transformation from plane strain to plane stress stress-strain curve ........................... 105 

Figure 101. Modeled notch stress-strain hysteresis loop vs. Experimental notch stain responses @ 50% 

of compressive yield equivalent fully-reversed nominal stress (68.45 MPa) (Note that the Plane strain 

bŜǳōŜǊΩǎ ǎƻƭǳǘƛƻƴ ƛǎ ƴƻǘ ǎƘƻǿƴ ƛƴ ǘƘƛǎ ŦƛƎǳǊŜ ǎƛƴŎŜ ǘƘŜ ŀǾŀƛƭŀōƭŜ ǎǘǊŜǎǎ-strain curves are insufficient to 

ǊŜŀŎƘ ǘƘŜ bŜǳōŜǊΩǎ ƘȅǇŜǊōƻƭŀ ƛƴ ǘƘƛǎ ŎŀǎŜύ - ZEK100-O ........................................................................... 106 

Figure 102. Modeled notch stress-strain hysteresis loop vs. Experimental notch stain responses @ 60% 

of compressive yield equivalent fully-reversed nominal stress (82.14 MPa) - ZEK100-O ........................ 107 

Figure 103. Modeled notch stress-strain hysteresis loop vs. Experimental notch stain responses @ 70% 

of compressive yield equivalent fully-reversed nominal stress (95.83 MPa) - ZEK100-O ........................ 107 

Figure 104. Modeled notch stress-strain hysteresis loop vs. Experimental notch stain responses @ 80% 

of compressive yield equivalent fully-reversed nominal stress (109.52 MPa) - ZEK100-O ...................... 108 

Figure 105. Modeled notch stress-strain hysteresis loop vs. Experimental notch stain responses @ 60% 

of compressive yield equivalent fully-reversed nominal stress (94.84 MPa) ς AZ31B-H24 ..................... 109 

Figure 106. Modeled notch stress-strain hysteresis loop vs. Experimental notch stain responses @ 80% 

of compressive yield equivalent fully-reversed nominal stress (126.45 MPa) ς AZ31B-H24 ................... 110 

Figure 107. Coffin-Manson relation fitted to the strain amplitude vs. number of reversals to failure 

curve- ZEK100-O ........................................................................................................................................ 114 

Figure 108. Predicted life using the SWT model vs. experimental life for ὙίὸὶὥὭὲπ, ὙίὸὶὥὭὲρ, 

ὙίὸὶὩίίπ and ὙίὸὶὩίίρ tests using the SWT parameters given in Table 14- ZEK100-O ........... 115 

Figure 109. The predicted life using SWT direct-fit vs. experimental life- ZEK100-O ............................... 117 

Figure 110. Strain energy density vs. reversals to failure and the curve fitted with Equation (84) - ZEK100-

O ................................................................................................................................................................ 119 

Figure 111. The predicted life using J-V energy model vs. experimental life- ZEK100-O ......................... 120 



xiv 
 

Figure 112. Strain history and damage distribution by SWT direct-fit and J-V energy model for the 

variable amplitude strain-controlled test # 1 - ZEK100-O ........................................................................ 122 

Figure 113. Strain history and damage distribution by SWT direct-fit and J-V energy model for the 

variable amplitude strain-controlled test # 2 - ZEK100-O ........................................................................ 122 

Figure 114. Strain history and damage distribution by SWT direct-fit and J-V energy model for the 

variable amplitude strain-controlled test # 3 - ZEK100-O ........................................................................ 123 

Figure 115. Strain history and damage distribution by SWT direct-fit and J-V energy model for the 

variable amplitude strain-controlled test # 4 - ZEK100-O ........................................................................ 123 

Figure 116. Flow diagram for the implementation of the phenomenological model by Dallmeier et al [5]

 .................................................................................................................................................................. 129 

Figure 117. Flow diagram for the notch analysis using bŜǳōŜǊΩǎκ DƭƛƴƪŀΩǎ ǊǳƭŜ ...................................... 130 

Figure 118. Flow diagram for the implementation of the life prediction using SWT or J-V energy model

 .................................................................................................................................................................. 131 

 

 

 

 

 

 

 

 

 

 

 

 

 



xv 
 

List of tables 

 

Table 1. ZEK100-O elemental composition [58] ........................................................................................... 5 

Table 2. Parameters been used in the phenomenological model by Dallmeier, J et al. [5] ....................... 10 

Table 3. Values and expected ranges for various types of magnesium alloys by Dallmeier, J et al. [5] ..... 11 

Table 4. ZEK100 monotonic tension material properties ........................................................................... 29 

Table 5. ZEK100 monotonic compression material properties ................................................................... 33 

Table 6. Summary of the fatigue lives of the Ὑ‐=0 fatigue tests (failure criterial: 15% of load drop or 

fracture)- ZEK100-O .................................................................................................................................... 46 

Table 7. Fatigue lives for all the stress-controlled Ὑ„=0 and  Ὑ„=-1 tests................................................. 48 

Table 8. Axial notch strains measured at peak tensile and compressive nominal stresses at 50, 60, 70 and 

80 percent of compressive yield equivalent fully-reversed nominal stresses- ZEK100-O (The failure 

criteria for the fatigue life determination is defined by the first surface crack of a length exceed 100 ‘ά)

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

Table 9. Fatigue crack initiation life summary on ZEK100-O magnesium alloy (The failure criteria for the 

fatigue life determination is defined by the first surface crack of a length exceed 100 ‘ά) .................... 60 

Table 10. Fatigue crack initiation life summary on AZ31B-H24 magnesium alloy (The failure criteria for 

the fatigue life determination is defined by the first surface crack of a length exceed 100 ‘ά) .............. 64 

Table 11. Experimental crack initiation lives correspond to the nominal stress histories provided in Figure 

76 (The failure criteria for the fatigue life determination is defined by the first surface crack of a length 

exceeding 100 ‘ά) ..................................................................................................................................... 67 

Table 12. Parameters used in the phenomenological model by Dallmeier, J et al. [5] which are tied to the 

inflection point on the stress versus plastic strain curve ........................................................................... 68 

Table 13. Phenomenological model parameters determined for ZEK100-O and AZ31B-H24 .................... 74 

Table 14. Coffin-Manson parameters- ZEK100-O ..................................................................................... 114 

Table 15. Parameters by fitting Equation (83) to the strain amplitude versus life curve- ZEK100-O ....... 116 

Table 16. SWT direct-fit parameters- ZEK100-O ....................................................................................... 116 

Table 17. J-V energy model parameters- ZEK100-O ................................................................................. 119 

Table 18. Experimental life vs. SWT direct-fit and J-V energy model predictions of variable amplitude 

strain-controlled tests on smooth specimens- ZEK100-O ........................................................................ 124 



xvi 
 

Table 19. Experimental lives vs. model predictions for ZEK100-O notched specimens under fully-reversed 

nominal stresses (60% and 80% stand for 60% or 80% of compressive yield equivalent fully-reversed 

nominal stress been applied to the notched specimen) .......................................................................... 125 

Table 20. Experimental lives vs. model predictions for AZ31B-H24 notched specimens under fully-

reversed nominal stresses (60% and 80% stand for 60% or 80% of compressive yield equivalent fully-

reversed nominal stress been applied to the notched specimen) ........................................................... 126 

Table 21. Experimental lives vs. model predictions for ZEK100-O notched specimens under variable 

amplitude nominal stresses loading (The nominal stress histories for all three tests are given in Figure 

76) ............................................................................................................................................................. 127 



1 
 

Chapter 1: Introduction 
 

The greenhouse gas emissions by human activities are believed to be the major cause of global warming 

and the rise of the sea levels over the last few decades [1] . Statistics by the United States Environmental 

Protection Agency have shown that, in 2016, the transportation sector contributes to 28% of the total 

greenhouse gas emissions in the US, as shown in Figure 1: 

 

Figure 1. Total U.S. Greenhouse gas emissions by economic sector in 2016. (Total Emissions in 2016 = 6,511 Million Metric Tons 

of CO2 equivalent) [2]  

Governments around the world have set the regulations for the automotive manufactures in order to 

suppress the carbon dioxide emission from the burn of fossil fuels. Many technologies have been 

developed over the years to reduce the emissions of the internal combustion engines, such as exhaust 

gas recirculation (EGR), lean-burn technology, etc. Additionally, electric vehicles have also been 

developed to achieve the goal of zero emission in recent years.  

To further reduce the emission and energy consumption, an effective way is to reduce the vehicle 

weight, which can ultimately reduce the amount of energy needed for the acceleration and at the same 

time, reduce the amount of energy dissipated as heat through the break during the deceleration. 

The concept of light weighting involves the use of new types of materials which is lighter in weight yet 

retains the structural integrity over time. Magnesium alloys are good candidates for this application due 

to its high specific strength and high specific stiffness. However, magnesium alloys exhibit anisotropy as 

well as tension-compression asymmetry [3] [4] , which cannot be easily modeled using the traditional 
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methods for symmetric materials. In addition to that, magnesium alloys also exhibit poor formability 

due to its unique HCP (hexagonal close-packed) crystal structure which has only a limit number of 

deformation mechanisms at room temperature. To mitigate these problems, new types of magnesium 

alloys have been developed over the years with the addition of rare-earth elements such as Ce, Nd, La, 

etc. ZEK100-O is a relatively new type of rare-earth (RE) contained magnesium alloy with good room 

temperature formability. To be able to properly design load-bearing components made of ZEK100-O 

magnesium alloy, the quasi-static and cyclic properties of ZEK100-O were studied. 

To be able to properly model the cyclic stress-strain behaviors of magnesium alloys under uniaxial load, 

the phenomenological model proposed by Dallmeier et al. [5] for wrought magnesium alloys has been 

studied and examined on ZEK100-O and AZ31B-H24, which yield good results. 

The stress-strain responses at the notch root under fully-reversed nominal stresses for both ZEK100-O 

and AZ31B-H24 were studied too. To be able to predict the stress-strain responses and ultimately 

ǇǊŜŘƛŎǘ ǘƘŜ ŦŀǘƛƎǳŜ ƭƛŦŜ ƻŦ ǘƘŜ ƴƻǘŎƘŜŘ ŎƻƳǇƻƴŜƴǘǎΣ ōƻǘƘ bŜǳōŜǊΩǎ ŀƴŘ DƭƛƴƪŀΩǎ ό9{95ύ ŀǇǇǊƻȄƛƳŀǘƛƻƴ 

methods were examined on both ZEK100-O and AZ31B-H24. With the help of the phenomenological 

model and the plane strain correction by Dowling, N. [6] , ōƻǘƘ bŜǳōŜǊΩǎ ŀƴŘ DƭƛƴƪŀΩǎ ŀǇǇǊƻȄƛƳŀǘƛƻƴ 

methods provide notch strain predictions with a reasonable accuracy. 

Besides, two fatigue models: Smith-Watson-Topper (SWT) [7] , which is using a strain-based approach 

and Jahed-Varvani model (later referred to as the J-V energy model) [8] [9] , which is using an energy-

based approach are both examined on ZEK100-O. Due to the assumption made by SWT, which assumes 

the fully-reversed strain-controlled tests are also fully-reversed in stress is not true for ZEK100-O due to 

the tension-compression asymmetry, the strain versus life curve has been used to directly fit to the SWT 

relation instead of Coffin-Manson relation (later referred to as the SWT direct-fit). Both SWT direct-fit 

and J-V energy model yield good predictions on the fatigue life of ZEK100-O magnesium alloy. 

Finally, a notch analysis program has been developed and coded in MATLAB to incorporate the 

ǇƘŜƴƻƳŜƴƻƭƻƎƛŎŀƭ ƳƻŘŜƭ ǿƛǘƘ bŜǳōŜǊΩǎ ŀƴŘ DƭƛƴƪŀΩǎ ǊǳƭŜ ǘƻ ŦƛǊǎǘ ǇǊŜŘƛŎǘ ǘƘŜ ƭƻŎŀƭ ǎǘǊŜǎǎ-strain responses 

at the vicinity of the notch root, then use SWT direct-fit and J-V energy model to ultimately predict the 

fatigue life of a given notched member. 

 

As a brief overview, the major objectives of this thesis are four folds: 
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1) The characterization of the stress-strain responses and fatigue behaviors of ZEK100-O on 

smooth and notched specimens 

2) Modeling of the stress-strain hysteresis loops for magnesium alloys using the phenomenological 

model proposed by Dallmeier et al. 

3) !ǎǎŜǎǎ ŀƴŘ ƛƳǇƭŜƳŜƴǘ ǘƘŜ bŜǳōŜǊΩǎ ŀƴŘ DƭƛƴƪŀΩǎ ŀǇǇǊƻȄƛƳŀǘƛƻƴ ƳŜǘƘƻŘ ǳǇƻƴ ǘƘŜ 

phenomenological model for the notch analysis on magnesium alloys 

4) Assess and integrate the fatigue models (SWT direct-fit and J-V energy model) to the smooth 

sample and notch analysis 

Chapter 2 contains the literature review of the general properties of magnesium alloys and of the 

material to be investigated, namely, ZEK100. Besides, the phenomenological model by Dallmeier et al. 

[5] is discussed in detail. Finally, the knowledge about the approximation methods for the notch analysis 

όbŜǳōŜǊΩǎ ǊǳƭŜ ŀƴŘ DƭƛƴƪŀΩǎ ǊǳƭŜύ presented in the current literature is also reviewed. 

Chapter 3 presents the experimental characterization of the quasi-static, cyclic and fatigue properties of 

ZEK100-O. Notch responses of ZEK100-O and additional tests on notched AZ31B-H24 notched specimens 

have also been discussed, which will be used to validate the notch response predictions using the 

approximation methods. 

Chapter 4 is dedicated to the modeling of the stress-strain hysteresis loops using the phenomenological 

model by Dallmeier et al. [5] ŀƴŘ ǘƘŜ ƛƳǇƭŜƳŜƴǘŀǘƛƻƴ ƻŦ ǘƘŜ ŀǇǇǊƻȄƛƳŀǘƛƻƴ ƳŜǘƘƻŘǎ όbŜǳōŜǊΩǎ ŀƴŘ 

DƭƛƴƪŀΩǎ ǊǳƭŜύ ŦƻǊ ƴƻǘŎƘ ŀƴŀƭȅǎƛǎΦ  

Chapter 5 discusses the two fatigue models been used to model the fatigue behaviors of ZEK100-O, 

namely, SWT and Jahed-±ŀǊǾŀƴƛ ƳƻŘŜƭǎΦ .ŜǎƛŘŜǎΣ aƛƴŜǊΩǎ ǊǳƭŜ ƛǎ ŀƭǎƻ ŜȄŀƳƛƴŜŘ ŦƻǊ ǘƘŜ ŦŀǘƛƎǳŜ ƭƛŦŜ 

predictions of both smooth and notched specimens under variable amplitude loads. 

Chapter 6 is focusing on the discussion of the capabilities and input requirements of the developed 

notch analysis MATLAB program. In addition to that, flowcharts are also presented to give a brief 

overview of how the core of the MATLAB program is working. 

Chapter 7 summarizes all the conclusions of the work presented from chapter 2 to chapter 6. 

Furthermore, some recommendations of the future work are also provided at the end. 
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Chapter 2: Literature review 
 

Magnesium and its alloys typically exhibit poor formability, anisotropy as well as tension-compression 

asymmetry at room temperature [3] [4] which is distinct from strength-differential effect reported in 

high strength steels [10] .The poor formability is due to its unique HCP (hexagonal close-packed) crystal 

structure, which has only a limit numbers of deformation mechanisms, specifically, basal <a>, prismatic 

<a>,  pyramidal <a> and pyramidal <c+a> slip systems [13] , shown in Figure 2-a. 

 

Figure 2. Schematic of the HCP unit cell showing all possible: (a) slip and (b) twinning systems [12]  

 

These slip systems can be activated at different levels of CRSS (critical resolved shear stress) and at the 

room temperature, basal <a> slip is the only slip system available since other slip systems require a 

relatively higher CRSS [14] - [16] . Another deformation mechanism dedicated to HCP crystal is twinning, 

shown in Figure 2-b. There are two active twinning mechanisms in magnesium which are the contraction 

twinning (TT1) and extension twinning (CT1) [17] The contraction twinning permits the HCP unit cell to 

contract in its c-axis, as the c-axis is re-oriented by 56.2 degrees, whereas the extension twinning 

permits the unit cell to elongate in its c-axis, while the c-axis re-oriented by 86.3 degrees [4] . It has been 
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shown that twinning can be activated by direct or indirect extension or contraction of the c-axis [20] -

[22] . Due to the manufacturing process of the rolled sheet magnesium alloy, strong basal textures are 

normally developed where the c-axis lying almost orthogonal to the surface of the sheet. As a result, 

wrought magnesium alloys normally exhibit tension-compression asymmetric and directional anisotropy 

[23] -[29] . 

It has been shown that the addition of the RE (rare-earth) elements weakens the basal texture of the 

rolled magnesium alloys, which improves the ductility and reduces the tension-compression asymmetry 

by suppressing the twinning process [30] -[32] . T. Al-Samman et al. suggested that the highly soluble 

rare-earth elements such as Ga and Nd atoms segregate to the grain boundaries and affect the grain 

boundary motion, which alters the recrystallization and grain growth. The solute clusters cause strain 

heterogeneity and influence the nucleation and growth process of recrystallization [58] . 

There have been numerous studies on fatigue of wrought magnesium alloys including AZ31B extrusion, 

forged and sheets [33] -[45] , ZK60 extrusion and forged [46] -[48] , AM30 extrusion [49] -[54] , and AZ80 

extrusion and forged [55] -[57] .  However, studies on ZEK100 has been limited. ZEK100-O is a relatively 

new type of commercial RE-containing magnesium alloy. The O-temper indicates that the material has 

been annealed to remove any cold work in the rolling process [30] . The elemental composition is given 

in Table 1: 

 

Zn Nd Zr Mn Mg 

1.3 (wt%) 0.2 (wt%) 0.25 (wt%) 0.01 (wt%) Balance 

 

Table 1. ZEK100-O elemental composition [58]  

It has been shown by few authors that, the initial texture of the RE-contained ZEK100-O magnesium 

alloy exhibit a relatively weaker basal texture and a significant spread of the basal poles along the 

transverse direction (TD) are found [4]  [22] [30] [31] . The electron backscatter diffraction (EBSD) figures 

of sheet ZEK100 and AZ31B, which is a common type of commercially available magnesium alloy are 

shown in Figure 3 by Atish K. Ray et al. [62] : 
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Figure 3. EBSD Initial texture and pole figures of (a) AZ31B and (b) ZEK100 [62]  

 

It can be seen that the basal poles for ZEK100 are scattered in the transverse direction (TD) whereas the 

majority of the basal poles are normal to the sheet surface for AZ31B. Not to mention that the 

intensities of the basal poles for ZEK100 is much lower than AZ31B, which indicates a much weaker basal 

texture found in ZEK100. In addition to the effect of the added rare-earth element neodymium (Nd) in 

ZEK100 weakens the basal texture [58] , F. Mokdad et al. suggested that the dissolved Zirconium (Zr) in 

ZEK100 could refine the grains by effectively limit the growth of nucleating magnesium grains via solute 

segregation while the subsequent constitutional undercooling promoted heterogeneous nucleation 

events ahead of the solidification front [59] -[61] . 

Due to the spread of basal poles of ZEK100 magnesium alloy in the transverse direction (TD), a relatively 

higher level of planar anisotropy can be expected. It has been experimentally shown by Waqas 

Muhammad et al. in Figure 4 [22] : 
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Figure 4. (a) AZ31B and (b) ZEK100 stress vs. plastic strain curve under monotonic tension and compression (Note that DD is the 

45% direction in between RD and TD) [22]  

 

A relatively higher planar anisotropy can be observed in ZEK100 under monotonic tension. Furthermore, 

the concaved shape of the flow curves in tension indicates a slip-dominated deformation whereas the 

sigmoidal shape of the compressive flow curves are results of the easily activated extension twinning at 

lower strain followed by the non-basal slip at higher strains due to the significantly lower CRSS value for 

extension twinning in comparison with non-basal slips under room temperature [23] [63] [64] [65] . It is 

also worthy to mention that; the flow stress is the highest in RD and lowest in TD for ZEK100. 

As mentioned earlier, the extension twinning during the in-plane compression causes an 86.3 degree of 

re-orientation of the basal poles towards the in-plane loading direction [4] [19] . During in-plane reverse 
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tension, the previous twinned crystals may undergo a second extension twinning due to the stretch in 

the c-axis. However, the second extension twinning can proceed on any of the six available twinning 

planes depending on the critical resolved shear stress where only one of them would reorient the 

twinned zone back to the parent orientation [22] [66] . Consequently, the twinning and detwinning 

during cyclic loading lead to the asymmetry of the stress-strain hysteresis loops and the Bauschinger 

effect especially at higher strain amplitudes [23] [67] [68] . 

The Ramberg-Osgood equation [69] accompanied with Masing hypothesis [70] are wildly used to model 

the stress-strain hysteresis loops for symmetric materials: 

‐                                                  (1) 

Ў‐ ς
Ў

                                         (2) 

Only three parameters are needed to model the stress-strain hysteresis loops, the cyclic strength 

ŎƻŜŦŦƛŎƛŜƴǘ όYΩύΣ ŎȅŎƭƛŎ ǎǘǊŀƛƴ ƘŀǊŘŜƴƛƴƎ ŜȄǇƻƴŜƴǘ όƴΩύ ŀƴŘ ǘƘŜ ŜƭŀǎǘƛŎ ƳƻŘǳƭǳǎ ό9ύΦ 9ǉǳŀǘƛƻƴ (1) applies to 

the first reversal and Equation (2), which doubles the stress and strain ranges applies to all the 

subsequent reversals as described by the Masing hypothesis [70] . Despite the benefits of using only 

three parameters to model the stress-strain behaviors, the stress-strain hysteresis loops modeled using 

Ramberg-Osgood equation is point symmetric, which is incapable to capture the unique asymmetric 

type of stress-strain responses of magnesium alloys. Furthermore, due to the different deformation 

mechanisms activated in tension and compression, the shapes of the stress-strain path for upward and 

downward reversals are different. Dallmeier, J. et al. have shown that a pool result can be found by 

modeling the stress-strain hysteresis loops of AM50 magnesium alloy using the Ramberg-Osgood 

equation and Masing hypothesis in Figure 5 [5] . 
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Figure 5. comparison of the Ramberg-Osgood-Masing model with experimentally determined variable amplitude hysteresis 

loops of AM50 by Dallmeier, J et al. [5]  

 

To closely mimic the experimentally determined asymmetric stress-strain hysteresis loops of wrought 

magnesium alloys such as ZEK100-O, a phenomenological model has been proposed by Dallmeier, J et al. 

[5] . The phenomenological model is originally developed upon 1.2 mm thick twin roll cast AM50 

magnesium alloy sheet but further proved that it works well on other types of wrought magnesium 

alloys as well. As described by Dallmeier, J et al., the phenomenological model breaks down the total 

relative strain to three fundamental components: elastic strain, plastic strain, and pseudo-elastic strain, 

as shown in Equation (3). 

Ў‐ Ў„ Ў‐ Ў„ Ў‐ Ў„ Ў‐ Ў„                        (3)     

There are 8 parameters needed in total to model the stress-strain hysteresis loops of magnesium alloys 

by this phenomenological model, as shown in Table 2: 
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Parameters Unit Descriptions 

E MPa ¸ƻǳƴƎΩǎ ƳƻŘǳƭǳǎ 

P - Material constant, representing the slope of the pseudo-elastic strain 

component 

„ȟ  MPa Pseudo-elastic cut-off stress for ascending reversals 

„ȟ  MPa Pseudo-elastic cut-off stress for descending reversals 

T - Amount of plastic strain at the inflection point of the plastic strain component 

S - Material constant, representing the slope at the inflection point of the plastic 

strain component 

„  MPa Stress at the inflection point of the plastic strain component of the descending 

reversal 

Ὑ - Ratio between the reduction of both memory factors mpl and mpseudo 

 

Table 2. Parameters been used in the phenomenological model by Dallmeier, J et al. [5]  

 

The parameters „ȟ  and „ȟ  can be determined from the upward and downward reversals of an 

experimentally determined stress-strain hysteresis loop, where „ȟ  and „ȟ  are the stress ranges 

correspond to 20% of deviation in strain from linear elastic behavior from the reversing points. 

Parameter T, S and Ɑ◄◌ are all linked to the inflection point of the stress versus plastic strain curve for 

the downward reversal. Parameter T is the strain range correspond to the inflection point on the stress 

versus plastic strain curve from the reversing point for the downward reversal. Parameter S is the slope 

at the reversing point in the stress versus plastic strain curve and Ɑ◄◌ correspond to the global stress 

value at the inflection point. A visualization of these material constants using an experimentally 

determined hysteresis loop for AM50 by Dallmeier, J et al. [5] is shown in Figure 6: 
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Figure 6. Visualization of material constants using an experimentally determined envelope hysteresis loop with the 

corresponding calculated strain components (AM50) by Dallmeier, J et al. [5]  

And a list of these material parameters for various types of magnesium alloys by Dallmeier, J et al. [5] is 

shown in Table 3: 

Parameters Unit Expected ranges AM50 ME21 AZ31B AZ61A 

E GPa 40 - 46 45.0 44.0 44.8 43.3 

P - υϽρπ υϽρπ  ρȢτϽρπ  ςȢυϽρπ  ςȢπϽρπ  ρȢυϽρπ  

„ȟ  MPa 50 - 300 125 50 75 75 

„ȟ  MPa 50 - 300 175 100 225 125 

T - 0.01 - 0.1 0.037 0.04 0.04 0.05 

S - 15 - 60 35 25 50 50 

„  MPa (-50) - (-200) -170 -77 -155 -135 

Ὑ - 0 - 1 0.6 0.05 0.8 0.5 

 

Table 3. Values and expected ranges for various types of magnesium alloys by Dallmeier, J et al. [5]  

The elastic strain component shown in Equation (3) is given in Equation (4): 
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Ў‐Ў„
Ў

                                                                    (4) 

Which is defƛƴŜŘ ōȅ ǘƘŜ ŜȄǇŜǊƛƳŜƴǘŀƭƭȅ ŘŜǘŜǊƳƛƴŜŘ ¸ƻǳƴƎΩǎ modulus. 

As mentioned earlier that, the deformation mechanisms for magnesium alloys are not only different for 

upward and downward reversals but also not the same at different stress levels. The alternation 

between twinning and detwinning also involved during cyclic loading, which gives the stress-strain 

hysteresis loop a distinct sigmoidal shape especially at a relatively higher stress amplitude [23] [74] . Due 

to these reasons, hyperbolic tangent functions have been used to model the plastic behaviors and the 

addition of the shape factor ὥ Ⱦ  has been used to mimic the distinct shapes of the ascending and 

descending reversals. The function being used to model the plastic strain is given by Equation (5-7): 

 

Ў‐ Ў„ ὟЎ„ ὟЎ„ π ϽὝϽά                                                        (5) 

ὟЎ„ ÔÁÎÈ
Ў Ⱦ Ͻ

Ͻὥ Ⱦ ρ                                (6) 

ὥ Ⱦ

ρȟÄÏ×Î×ÁÒÄ ÒÅÖÅÒÓÁÌ

ÔÁÎÈ
Ў  

ρȟÕÐ×ÁÒÄ ÒÅÖÅÒÓÁÌ
           (7) 

By having different values of ὥ Ⱦ  for upward and downward reversal in Equation (7), the 

difference in the shape of the upward and downward reversals can be properly modelled. Note that „  

is the global stress value at the reversing point for the current reversal, „   is the global stress value 

at the reversing point for the corresponding downward reversal, Ў„  is the stress range for the 

current reversal and ά  is the plastic memory factor. 

In addition to elastic and plastic behaviors, it has been observed in most of the magnesium alloys that, 

the unloading curves in both tensile and compressive regions are non-linear. This phenomenon is called 

pseudo-elastic behavior and in magnesium alloys, the pseudo-elastic strain is induced by reversible 

movement of grain boundaries due to internal driving forces [71] -[73] . The pseudo-elastic strain leads 

to a relatively larger hysteresis loop especially at lower stress amplitudes [71] . The pseudo-elastic strain 

component (Ў‐ ) has been modelled using a logarithmic function shown in Equation (8): 

Ў‐ Ў„ ÌÎ

Ў ȟ Ⱦ

ȟ Ⱦ
ϽὖϽά                                 (8) 
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Notice that „ȟ Ⱦ  takes different values for upward and downward reversals and ά  is the 

pseudo-elastic memory factor. 

One more relation correlates the pseudo-elastic memory factor (ά ) with plastic memory factor 

ά ) shown in Equation (9): 

           Ὑ                                                                        (9) 

Since all the parameters shown in Table 2 are fixed for the entire simulation for certain types of 

magnesium alloy, the only parameters change from one reversal to another are the pseudo-elastic 

memory factor (ά ) and plastic memory factor ά ). By substitute Equation (4-8) into Equation (3), 

the relation between the relative stress (Ў„) and relative total strain (Ў‐) can be established, except 

with the pseudo-elastic memory factor (ά ) and plastic memory factor ά ) remain unknown. 

However, it is known that the reversing points of each reversal will land on the cyclic stress-strain curve 

(CSSC) for a stabilized fully reversed (Rstrain=-1) strain-controlled test. Therefore, given the strain range 

(Ў‐ ) for the envelope stress-strain hysteresis loop, the stress range (Ў„ ) can be determined from 

the experimental CSSC. Substitute the known stress range (Ў„ ) and strain range (Ў‐ ) for each 

reversal into the relation between the relative stress (Ў„) and relative total strain (Ў‐) and consider 

Equation (9), two equations with two unknows (ά  Ǫ ά ) can be established and the individual 

values for ά  and ά  then can be determined by solving the system of equations. Finally, known the 

values of ά  and ά , the direct relation between the relative stress (Ў„) and relative total strain 

(Ў‐) is established. 
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In a situation where the current reversal starts deviating from the envelope hysteresis loop as shown in 

Figure 7: 

 

Figure 7. Determination of άὴὰ and άὴίὩὰ values when the current reversal deviating from the envelope hysteresis loop (The 

stress-strain curve shown in red)  [5]  

The stress range is not readily available for the stress-strain curve shown in red. However, it is known 

that, by virtually extending the stress-strain curve towards the top-right corner, the loop will be closed 

and the material memory will be full-filled when it reaches 2% of strain. Furthermore, the global stress 

and strain values at -1% of strain and 2% are known from the previous calculations at this point. 

Therefore, instead of finding the stress range corresponds to the red stress-strain curve which is not 

available at this moment, the stress and strain range of the -1% to 2% hysteresis loop (Ў„  and 

Ў‐ ) is taken to calculate the corresponding ά  Ǫ ά  values. Finally, the established relative 

stress and strain relation for the upward -1% to 2% then can be trimmed down and only the portion 

from -1% to 1% is taken. 

The validations of the model on AM50 for stabilized constant and variable amplitudes by Dallmeier, J et 

al. [5] are shown in Figure 8: 
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Figure 8. Validations of the model on AM50 for constant and variable amplitudes by Dallmeier, J et al. [5]  

A good agreement between the phenomenological model and experimental results can be found across 

the board on AM50.  

To be able to properly design and evaluate the fatigue lives of load bearing components using 

magnesium alloys, the effects of the stress concentrations (holes, keyways, etc.) to the localized stress-
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strain responses under monotonic or cyclic loading need to be investigated, since the failure of 

components usually initiates at these points.  

It would be straightforward if the local stress-strain responses at the notch root are purely elastic. In this 

case, the local stresses and strains can be directly evaluated using the theoretical elastic stress 

concentration factor (ὑ): 

 ὑ                                                               (10) 

Where „ is the local stress and ‐ is the local strain at the notch root; S is the nominal stress and Ὡ is the 

nominal strain away from the notch. 

However, the existing stress concentrations may induce localized plastic yielding despite the nominal 

stresses applied are well below the yield limit. The elastoplastic analysis is needed to determine the non-

linear stress-strain responses at the notch root by the far-field stresses. The elastoplastic stress and 

strain fields can be assessed by using non-linear finite element method. However, these types of 

numerical simulations are usually very expensive and time-consuming especially when fatigue life 

assessment is concerned, while components are subjected to arbitrary load histories. Neuber proposed 

an analytical method in 1968 to approximate the stresses and strains at the notch root based on the 

study of prismatic bodies with hyperbolic notches under out-of-plane steer, and it is later known as the 

bŜǳōŜǊΩǎ ǊǳƭŜ [75] . ¢ƘŜ bŜǳōŜǊΩǎ ǊǳƭŜ ǎǘŀǘŜŘ ǘƘŀǘ, the geometrical mean of stress concentration factor 

(ὑ ) and strain concentration factor (ὑ) is equal to the theoretical elastic stress concentration factor 

(ὑ): 

ὑ ὑὑ                                                             (11) 

ὑ                                                                        (12) 

ὑ                                                                         (13) 

Ὡ                                                                           (14) 

By substitute Equation (12-14) into Equation (11) and re-arrange: 

 

„‐                                                                 (15) 
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Equation (15ύ ƛǎ ƻŦǘŜƴ ǊŜŦŜǊǊŜŘ ǘƻ ŀǎ ǘƘŜ bŜǳōŜǊΩǎ ƘȅǇŜǊōƻƭŀΦ {ƛƴŎŜ ǘƘŜǊŜ ŀǊŜ ǘǿƻ ǳƴƪƴƻǿƴǎ ƛƴ ǘƘƛǎ 

Equation (‐ and „), another relation between the local stress and strain at the notch root is also needed, 

which is given by the stress-strain curve. 

As an example, as seen in Figure 9, the plate with a circular notch in the middle is under uniaxial nominal 

stress (Ὓ) and the stress-strain curve at the notch root in the y-direction is given as a Ramberg-Osgood 

equation as shown in Equation (16): 

 

Figure 9. Circular notch under uniaxial tensile load with Ramberg-Osgood stress-strain curve example [6]   

 

‐                                                         (16) 

 

Where ὑ is the monotonic strength coefficient and ὲ is the monotonic strain hardening exponent. By 

NeuberΩǎ ǊǳƭŜΣ ǘƘŜ ǎǘǊŜǎǎ („) and strain (‐) at the notch root under the applied nominal stress Ὓ can be 

calculated by solving Equation (17): 

„‐

‐
                                                     (17) 

And a graphical illustration is shown in Figure 10: 
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Figure 10. DǊŀǇƘƛŎŀƭ ƛƭƭǳǎǘǊŀǘƛƻƴ ƻŦ bŜǳōŜǊΩǎ ǊǳƭŜ [76]  

!ƭǘƘƻǳƎƘ ǘƘŜ ƻǊƛƎƛƴŀƭ bŜǳōŜǊΩǎ Ǌǳle is valid only for uniaxial situations, T. Seeger and M. Hoffmann 

extended the bŜǳōŜǊΩǎ ǊǳƭŜ to multiaxial stress states in case of proportional loading by replacing an 

equivalent nominal stress equal to the reference stress [77] . Seeger et al. extended the application of 

bŜǳōŜǊΩǎ ǊǳƭŜ ōŜȅƻƴŘ ǘƘŜ ƎŜƴŜǊŀƭ ȅƛŜƭŘƛƴƎ ƻŦ ǘƘŜ ƳŀǘŜǊƛŀƭ [78] . Topper, T et al. extended ǘƘŜ bŜǳōŜǊΩǎ 

rule for cyclic loading scenarios by replacing the nominal stress (Ὓ) and strain (Ὡ) with the nominal stress 

(ЎὛ) and strain ranges (ЎὩ), at the same time replacing the notch stress („) and strain (‐) with the notch 

stress (Ў„) and strain (Ў‐) ranges. In addition to that, the authors also proposed to replace the theoretic 

stress concentration factor (ὑ) with the fatigue notch factor (ὑ) to improve fatigue life predictions and 

to take the effect of the stress gradient into consideration [79] . However, it has been criticized for re-

accounting the notch root plasticity effects [80] . 

As an alternative ŀǇǇǊƻŀŎƘ ǘƻ ǘƘŜ bŜǳōŜǊΩǎ ǊǳƭŜ, Molski and Glinka proposed the equivalent strain 

energy density method (ESED), later knƻǿƴ ŀǎ ǘƘŜ DƭƛƴƪŀΩǎ ǊǳƭŜΦ Lǘ ǿŀǎ ŘŜǊƛǾŜŘ ǳǇƻƴ ǘƘŜ ƘȅǇƻǘƘŜǎƛǎ ǘƘŀǘΣ 

the localized plastic zone at the vicinity of the notch root is controlled by the surrounding elastic stress 

field. ¢ƘŜ DƭƛƴƪŀΩǎ ǊǳƭŜ ǎǘŀǘŜŘ ǘƘŀǘΣ ƛƴ ǘƘŜ ǇǊŜǎŜƴŎŜ ƻŦ ƭƻŎŀƭƛȊŜŘ ǎƳŀƭƭ-scale plastic yielding, the gross 

linear elastic behavior of the material surrounding the notch also controls the deformations in the 

plastic zone, thus, the energy density ὡ  in the plastic zone is equal to that calculated on the basis of 

the elastic solution (ὡ ) [81] : 
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ὡ ὡ                                                                                   (18) 

ὡ ᷿ ЎὛ  ὨЎὩ
Ў

                                        (19) 

 

ὡ ᷿ Ў„  ὨЎ‐
Ў

                                                            (20) 

 ! ƎǊŀǇƘƛŎŀƭ ƛƭƭǳǎǘǊŀǘƛƻƴ ƻŦ DƭƛƴƪŀΩǎ ǊǳƭŜ ƛǎ ǎƘƻǿƴ ƛƴ Figure 11: 

 

Figure 11Φ DǊŀǇƘƛŎŀƭ ƛƭƭǳǎǘǊŀǘƛƻƴ ƻŦ DƭƛƴƪŀΩǎ ǊǳƭŜ ό9{95ύ [6]  

 

Later in 1986, Glinka proposed the strain energy density correction factor (ὅ) to take the stress re-

distribution due to plastic yielding at the vicinity of the notch root into consideration to improve the 

prediction for ESED [82] .  

The derivation of the ὅ factor is based on the fact that; the actual stresses is lower than those derived 

from the linear elastic analysis within the plastic zone at the vicinity of the notch root when localized 

yielding occurs. However, the equilibrium condition still holds for the notched body and a stress re-

distribution occurs in the neighbourhood of the notch tip resulting in an increase of the plastic zone size 

as shown in Figure 12 [82] . 
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Figure 12. Plastic yielding and the elastic stress redistribution ahead of a notch tip [82] . 

Due to plastic yielding, the amount of force Ὂ cannot be carried through by the material inside the 

plastic zone ὶ. In order to satisfy the equilibrium condition, the amount of force has to be carried by the 

material beyond the initially determined plastic zone (ὶ) by an increment of Ўὶ in which Ὂ Ὂ [82] . 

The first approximation of the plastic zone size ahead of the notch root (ὶ) for uniaxial tension or 

compression is given by Equation (21): 

„
Ѝ

                                                    (21) 

 

Where „ is the yield stress, ” is the notch radius and Ὓ is the applied nominal stress. 

The ὅ correction factor for uniaxial tension or compression is given in Equation (22): 

ὅ ρ
”
ὶ                                         (22) 

 

ὡ ὅὡ                                                               (23) 
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Where the ὅ factor directly applied to the energy density on the basis of the linear elastic solution in 

Equation (23). 

A study by Kilambi and Tipton has shown that ǘƘŜ bŜǳōŜǊΩǎ ǊǳƭŜ ǊŜƭƛŜǎ ƻƴ ǘƘŜ ƳŀǘŜǊƛŀƭ ŎƻƴǎǘƛǘǳǘƛǾŜ 

ǊŜƭŀǘƛƻƴ ŀƴŘ ǘƘŜ ƳƻŘŜƭ ƻŦ ƭƻŀŘƛƴƎ ǿƘƛƭŜ ǘƘŜ DƭƛƴƪŀΩǎ ǊǳƭŜ ƛǎ ƭƛƳƛǘŜŘ ǘƻ ŀ ǎƳŀƭƭ Ǉƭŀǎtic zone ahead of the 

notch root surrounded by predominantly elastically deformed material [83] . A comparison between the 

bŜǳōŜǊΩǎ ŀƴŘ DƭƛƴƪŀΩǎ ǇǊŜŘƛŎǘƛƻƴ ƛǎ ǎƘƻǿƴ ƛƴ Figure 13: 

 

 

Figure 13Φ /ƻƳǇŀǊƛǎƻƴ ōŜǘǿŜŜƴ ǘƘŜ ǇǊŜŘƛŎǘƛƻƴ ǳǎƛƴƎ όŀύ bŜǳōŜǊΩǎ ŀƴŘ όōύ DƭƛƴƪŀΩǎ ό9{95ύ [83]  

 

It can be seen that, ōƻǘƘ bŜǳōŜǊΩǎ ŀƴŘ DƭƛƴƪŀΩǎ ό9{95ύ ƳŜǘƘƻŘǎ ŀǊŜ ŜƴŜǊƎȅ based. The bŜǳōŜǊΩǎ ǊǳƭŜ ǎŜǘǎ 

the strain energy density within the blue triangle area equal to the strain energy density determined on 

the basis of the ŜƭŀǎǘƛŎ ǎƻƭǳǘƛƻƴ ǿƘƛƭŜ DƭƛƴƪŀΩǎ ǊǳƭŜ ǎŜǘǎ ǘƘŜ ŀŎǘǳŀƭ ŜƭŀǎǘƻǇƭŀǎǘƛŎ ǎǘǊŀƛƴ ŜƴŜǊƎȅ ŘŜƴǎƛǘȅ 

equal to the strain energy density determined on the basis of the elastic solution. Moftakhar et al. 

ǎǳƎƎŜǎǘŜŘ ǘƘŀǘΣ ǘƘŜ ƎŜƴŜǊŀƭƛȊŜŘ bŜǳōŜǊΩǎ ǊǳƭŜΣ ǿƘƛŎƘ represents the equality of the total strain energy 
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density at the notch tip gives an upper bound estimation for the elastoplastic notch tip stresses and 

ǎǘǊŀƛƴǎ ǿƘƛƭŜ ǘƘŜ DƭƛƴƪŀΩǎ ǊǳƭŜ ό9{95ύ ǎŜǊǾŜǎ ŀǎ ǘƘŜ ƭƻǿŜǊ ōƻǳƴŘ ƻŦ ǘƘŜ ǎǘǊŜǎǎŜǎ ŀƴŘ ǎǘǊŀƛƴǎ ǇǊŜŘƛŎǘƛƻƴ 

[84] . A thermodynamic analysis has been carried out by Ye, D et al. [85] -[86] further support that, the 

bŜǳōŜǊΩǎ ǊǳƭŜ ǇǊŜŘƛŎǘƛƻƴ serves as the ǳǇǇŜǊ ōƻǳƴŘ ǿƘŜǊŜŀǎ DƭƛƴƪŀΩǎ (ESED) prediction serves as the 

lower bound. In addition, the thermƻŘȅƴŀƳƛŎ ƭƛƴƪŀƎŜ ōŜǘǿŜŜƴ bŜǳōŜǊΩǎ ǊǳƭŜ ŀƴŘ DƭƛƴƪŀΩǎ ǊǳƭŜ Ƙŀǎ ōŜŜƴ 

revealed. ¢ƘŜ ŀǳǘƘƻǊǎ ǎǘŀǘŜŘ ǘƘŀǘΣ CƻǊ DƭƛƴƪŀΩǎ ǊǳƭŜΣ ǘƘŜ ǘƘŜƻǊŜǘƛŎŀƭ ǿƻǊƪ ŀǇǇƭƛŜŘ ǘƻ ǘƘŜ ƳŀǘŜǊƛŀƭ ŀǘ ǘƘŜ 

notch root due to the nominal remote stress is transformed into the real total strain energy absorbed by 

the material and ǘƘŜ ƘŜŀǘ ŘƛǎǎƛǇŀǘŜŘ ŀǘ ǘƘŜ ƴƻǘŎƘ Ǌƻƻǘ ŘǳŜ ǘƻ ǇƭŀǎǘƛŎ ŘŜŦƻǊƳŀǘƛƻƴΦ ¢ƘŜ bŜǳōŜǊΩǎ ǊǳƭŜ, on 

ǘƘŜ ƻǘƘŜǊ ƘŀƴŘΣ ƛǎ ŀ ǇŀǊǘƛŎǳƭŀǊ ŎŀǎŜ ƻŦ DƭƛƴƪŀΩǎ ǊǳƭŜ ό9{95ύΣ ǿƘƛƭŜ ǘƘŜ ƘŜŀǘ ŘƛǎǎƛǇŀǘƛƻƴ ŘǳŜ ǘƻ ǇƭŀǎǘƛŎ 

deformation at the vicinity of the notch root is neglected [85] . ¢ƘŜǊŜŦƻǊŜΣ DƭƛƴƪŀΩǎ ǊǳƭŜ ǘŜƴŘǎ ǘƻ 

underpredict the notch stress („) and notch strain (‐) based on the assumption that all the energy 

contribute to plastic deformation at the vicinity of notch root is fully converted to heat. In contrast, 

bŜǳōŜǊΩǎ ǊǳƭŜ ǎŜǊǾŜǎ ŀǎ ŀƴƻǘƘŜǊ ŜȄǘǊŜƳŜ ǘƘŀǘΣ ŀǎǎǳƳƛƴƎ ƴƻ ƘŜŀǘ ŘƛǎǎƛǇŀǘƛƻƴ ŘǳŜ ǘƻ plastic deformation 

at the vicinity of the notch root. Since heat dissipation during the plastic yielding is inevitable, as a result, 

bŜǳōŜǊΩǎ ǊǳƭŜ ǿƛƭƭ ŀƭǿŀȅǎ ƻǾŜǊŜǎǘƛƳŀǘŜ ǘƘŜ ƭƻŎŀƭ ǎǘǊŜǎǎŜǎ („) and strains (‐). 
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Chapter 3: Experimental Work 

 

3.1. Material identification 

3.1.1 Initial microstructure 

The material investigated in this study is rolled and annealed ZEK100 magnesium alloy sheet with a 

thickness of 6.6 mm. The initial microstructure by optical micrographs on a virgin sample in all three 

planes (ND-RD, ND-TD, and RD-TD) are shown in Figure 14: 

 

Figure 14. Optical micrographs of the ZEK100-O magnesium alloy in (a). ND-RD plane (b). ND-TD plane (c). RD-TD plane 
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No significant distinction is observed among the micrographs in all three planes and it is also observed 

that the microstructure is free of twinning. The average grain size determined by the average grain 

intercept method is 7.2 ‘ά. 

 

3.1.2 Initial texture 
 

The πππς and ρπρπ pole figures for ZEK100-O are shown in Figure 15: 

 

Figure 15. πππς and ρπρπ pole figures for ZEK100-O magnesium alloy 

 

As seen in the pole figure, the majority of the basal poles (0002) are scattered within an angle of around 

30 degrees in the normal direction, which is in agreement with the literature [4] [22] [30] [31] .  As 

suggested in the literature, this is the result of the neodymium atoms segregate to the grain boundaries 

and affect the grain boundary motion, which alters the recrystallization and grain growth. The solute 

clusters cause strain heterogeneity and influence the nucleation and growth process of recrystallization 

[58] . Due to the relatively weaker texture of ZEK100-O, less tension-compression asymmetry can be 

expected. In addition, the spread of basal poles in the transverse direction (TD) promotes a higher level 

of planar anisotropy. 
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3.2. Quasi-static tensile properties 

 

3.2.1 Specimen geometry 

The quasi-static behaviors of ZEK100-O in tensile are evaluated in the rolling direction of the material. 

The specimen geometry for the tension tests is shown in Figure 16: 

 

Figure 16. Design of smooth specimen. This design was created at FATSLAB. One of its features is an improved chance of crack 

formation near centre of specimen vs specimens with a rectangular reduced section. 

The curved gage length improves the chance of the crack formation close to the center, yet, the slight 

stress concentration will not affect the uniformity of stress distribution across the cross-section area, as 

shown in Figure 17: 

 

Figure 17. Axial strain field under quasi-static tension- ZEK100 (The strain field is captured using DIC and processed with the 

ARAMIS software). 
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3.2.2 Quasi-static tension tests setup 

The monotonic tensile tests were conducted using the smooth specimens in which the y-direction 

shown in Fig. 2 is aligned with the test direction of the material. DIC was used to capture the strain field 

in the middle section as shown: 

 

Figure 18. DIC field of view (Shaded area has been chosen inside the ARAMIS software for the properties calculations). 

As shown in Figure 18, the strain field within the shaded area (10 mm  10 mm) is used to calculate the 

properties of the material. Two more repetitions were done to confirm the results and the properties 

for ZEK100 is taken as the average of these three tests.  

 

 

Figure 19. Quasi-static tension test DIC camera setup. 

The camera setup for the monotonic tensile tests is shown in Figure 19, where both the cameras are 

enabled. The cameras are placed in the plane of symmetry (y-z plane) and focused at the middle section 
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of the test specimen where the distance between the sample and each camera is approximately the 

same. A picture of the test setup is also shown in Figure 20. 

 

Figure 20. Quasi-static tension test setup. 

 

3.2.3 Quasi-static tension test results 

Three tests have been done to obtain the properties of ZEK100 in the rolling direction and the quasi-

static stress-strain (engineering) curve is shown in Figure 21. Severe necking is observed after reaching 

the ultimate tensile strength and the final fracture is in a ductile manner. A picture of the sample after 

the final failure is shown in Figure 22. 

The Quasi-static properties are calculated inside the ARAMIS software and a plot of the average axial 

strain (Epsilon Y (Area (large)) (Average)) within the shaded area in the longitudinal direction (loading 

direction) for ZEK100 is shown in Figure 23. The red curve is a linear fit within the first few data points 

below 50 MPa for the E- modulus calculation and the green curve is originated from 0.2% of strain on 

the horizontal axis and parallel to the red line for the 0.2% offset yield strength calculation. 
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Figure 21. Tensile engineering stress vs. strain curves for all three tests (ZEK100). 

 

Figure 22. Quasi-static tensile test sample showing the necking- ZEK100-O. 
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Figure 23. Initial portion of engineering Stress vs. strain curve of ZEK100 to calculate elastic modulus and 0.2% offset yield stress. 

 

The tensile properties calculated for ZEK100 in the rolling direction is summarized in Table 4: 

 
Specimen #1 Specimen #2 Specimen #3 Average 

Value 
Sample 

Standard 
Deviation 

E, Modulus [GPa] 41.68 42.56 44.85 43.03 1.64 

UTS 

[MPa] 

Engineering 237.33 237.52 242.38 239.08 2.86 

True 287.71 277.45 280.84 282.00 5.23 

TYS (0.2% offset) [MPa] 156.20 166.39 167.52 163.37 6.24 

Uniform Elongation [%] 16.87 16.25 15.33 16.15 0.78 

Reduction in Area (RA) 

[%] 

56.56 54.48 56.06 55.70 1.09 

True Fracture Strain 

(ln(1/(1-RA))) [%] 

87.08 85.68 89.43 87.40 1.90 

 

Table 4. ZEK100 monotonic tension material properties 

Notice that the true fracture strain is about 87.4%, which translate to a very high ductility of this 

material. As suggested in the literature, this is the result of the weakened basal texture due to the 

addition of the rare-earth element neodymium [30] -[32] . 
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3.3. Quasi-static compression properties 

 

2.3.1 Specimen geometry 

The quasi-static compression tests have been done with cubic specimens to prevent buckling and the 

geometry of the compression sample is shown in Figure 24: 

 

Figure 24. Compression test specimen geometry. 

 

The compression test specimens are well-machined to a dimension of 8mm  6mm  6mm and the 

angle between each side is precisely machined to 90 degrees to ensure the best accuracy. One side of 

the specimen is painted with the speckle patterns for the DIC to capture the strain field within that area. 

 

3.3.2 Quasi-static compression tests setup 

The setup for the quasi-static compression tests is shown in Figure 25, a single camera with extension 

tube has been used to capture the strain field on one side of the compression sample. The camera is 

perpendicular to the face of the sample where the speckle pattern was painted. 
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Figure 25. Monotonic compression test setup. 

The cubic samples were placed at the center of the compression test platform where the axial 

compression force is applied. The properties were evaluated by averaging the strain across a small 

section located at the center of the speckle pattern shown in Figure 26:  

 

Figure 26 Compression setup view from DIC. 
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3.3.3 Quasi-static compression test results 

 

The blue area on top of the speckle pattern is selected inside the ARAMIS software where the properties 

are evaluated. Two samples were tested in each direction to confirm the results and the stress-strain 

curves for both rolling and transverse directions are shown in Figure 27, TD and RD represent transverse 

and rolling directions, respectively: 

 

Figure 27. Monotonic stress-strain curves of ZEK100 in uniaxial compression in rolling, and transverse directions. 

All the curves terminate at the stress right before the sample fails. It is apparent that the property in 

transverse and rolling directions are different and ZEK100 is slightly stronger in rolling direction due to 

the presence of anisotropy of the material. Here is a comparison between the monotonic tensile and 

compressive stress-strain curves in a different direction: 
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Figure 28 Comparison between monotonic tensile and compressive flow curves of ZEK100. 

 

The compressive properties in both rolling and transverse direction is summarized in Table 5: 

 

 
Rolling Direction Transverse Direction 

Yield strength (0.2% offset) -136.9 MPa -122.5 MPa 

Ultimate compressive strength -396.0 MPa -352.2 MPa 

Ultimate compressive strain 12.68 % 16.1 % 

 

Table 5. ZEK100 monotonic compression material properties 

It can be observed that the tensile yield strength is higher than compressive yield strength in the rolling 

direction. However, the ultimate compressive strength is much higher compared with the ultimate 

tensile strength. A picture of the fractured specimen is shown in Figure 29: 
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Figure 29. Fractured quasi-static compression specimen. 

Noticed that a 45-degree fracture surface is observed on every single sample for ZEK100, where the 

shear stress is at its maximum. 

 

3.4. Cyclic properties 

 

3.4.1 Specimen geometry and test setup 

The specimens used for the cyclic ǇǊƻǇŜǊǘƛŜǎΩ characterization is exactly the same as what has been used 

in the quasi-static tensile characterization as shown in Figure 16. However, instead of the speckle 

pattern, a 10mm width gauge length is pre-marked to mount the extensometer precisely in the middle, 

shown in Figure 30: 

 

Figure 30. Smooth cyclic test sample (the marked blue lines are where the extensometer knife edges are contacting the 

specimen) 
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As illustrated in Figure 31, the extensometer is mounted in the mid-section of the sample with a gauge 

length of 10 mm. The extensometer was mounted on the bare sample with adhesive or on top of a thin 

layer of acrylic coating held by rubber bands. 

 

Figure 31. Strain-controlled test setup for Cyclic properties characterization 

The failure criteria for all the tests are either 15% load drop or final fracture if the test was switched to 

load control. The crack or final fracture has to be within the extensometer gauge length to be 

considered as a valid test. 

 

3.4.2 Constant amplitude fully-reversed (Ὑ=-1) and strain-controlled cyclic results 

Fully reversed strain-controlled tests were conducted on ZEK100 in the rolling direction for various strain 

amplitude from 0.3% to 2.3%. The second-cycle hysteresis loops for various strain amplitudes are shown 

in Figure 32 and the stabilized stress-strain hysteresis loops are shown in Figure 33.The comparisons of 

the second-cycle and stabilized stress-strain hysteresis loops for each applied strain amplitude from 

0.3% to 2.3% are shown in Figure 34 to Figure 42. 
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Figure 32 Second-cycle hysteresis loops of ZEK100-O. 

 

Figure 33. Half-life hysteresis loops of ZEK100-O. 



37 
 

 

Figure 34 Second cycle and stabilized stress-strain hysteresis at 2.3% strain amplitude (ZEK100). 

 

Figure 35 Second cycle and stabilized stress-strain hysteresis at 1.5% strain amplitude (ZEK100) 

 

Figure 36 Second cycle and stabilized stress-strain hysteresis at 1.2% strain amplitude (ZEK100). 
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Figure 37 Second cycle and stabilized stress-strain hysteresis at 1.0% strain amplitude (ZEK100). 

 

Figure 38 Second cycle and stabilized stress-strain hysteresis at 0.8% strain amplitude (ZEK100). 

 

Figure 39 Second cycle and stabilized stress-strain hysteresis at 0.6% strain amplitude (ZEK100). 
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Figure 40 Second cycle and stabilized stress-strain hysteresis at 0.5% strain amplitude (ZEK100). 

 

Figure 41 Second cycle and stabilized stress-strain hysteresis at 0.4% strain amplitude (ZEK100). 

 

Figure 42 Second cycle and stabilized stress-strain hysteresis at 0.3% strain amplitude (ZEK100). 

The sigmoidal shape of the stress-strain hysteresis loops, especially the upward reversal, can be 

observed in the relatively higher strain amplitude cases (> 0.5%) due to twinning/de-twinning.  
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A relatively weak tension-compression asymmetry is also observed even at relatively high strain 

amplitudes to due to the weakened basal texture, as discussed in chapter 1. For both 2.3% and 1.5% 

stress-strain hysteresis loops, the relaxation behavior is seen by comparing the second cycle and the 

half-life cycle. 

A plot of the stress amplitude versus cycle plot is shown in Figure 43: 

 

Figure 43. Stress amplitude vs. cycles plot for ZEK100-O (strain-controlled R=-1) 

 

Hardening behavior is observed above 0.5% of strain amplitude whereas softening behavior is observed 

at and below. However, for both 1.5% and 2.3% strain amplitudes, the material seems to be softening at 

the beginning and then start to harden after some cycles for the strain amplitude equal and above 2.0%. 
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Figure 44. True strain amplitude vs. Reversals to failure (ZEK100-O R=-1 strain-controlled tests) 

 

The strain amplitude vs. life curve for the fully-reversed strain-controlled tests is shown in Figure 44, 

which will be later used to find the parameters for the fatigue models. 

 

3.4.3 Mean strain effects 

In order to study the mean-strain effect on ZEK100-O magnesium alloy, a series of strain-controlled tests 

have been done with different stain amplitudes ranged from 0.40% to 1.0% while kept R ratio equals 0. 

The stress-strain hysteresis loops are shown in Figure 45 to Figure 48: 
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Figure 45. Strain-controlled R=0 test @ 1.00% strain amplitude- ZEK100-O 

 

 

Figure 46. Strain-controlled R=0 test @ 0.80% strain amplitude- ZEK100-O 
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Figure 47. Strain-controlled R=0 test @ 0.60% strain amplitude- ZEK100-O 

 

 

Figure 48. Strain-controlled R=0 test @ 0.40% strain amplitude- ZEK100-O 
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Relaxation behavior has been observed in all cases from 0.40% to 1.0%, however, it is more pronounced 

at lower strain amplitudes. A comparison of the stress-strain hysteresis loops between fully-reversed 

(R=-1) and R=0 for 1.0% and 0.4% is shown in Figure 49 and Figure 50:   

 

 

Figure 49. Strain-controlled R=0 and R=-1 tests comparison @ 1.00% strain amplitude- ZEK100-O 

 

Figure 50. Strain-controlled R=0 and R=-1 tests comparison @ 0.40% strain amplitude- ZEK100-O 
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Noticed that the R=0 stabilized stress-strain hysteresis loop at 1% of strain amplitude closely resembles 

the shape of the stabilized hysteresis with Ὑ=-1, however, the hysteresis loop shifted to the right-hand 

side due to the Ὑ ratio. At 0.4% of strain amplitude, the lower reversing point for the Ὑ=0 stress-strain 

hysteresis loop corresponds to a relatively higher compressive stress compare with the loop for Ὑ=-1, 

whereas the maximum stresses at the top reversing point remain similar for both Ὑ=0 and Ὑ=-1 

hysteresis loops. Due to the similarity of the stress-strain hysteresis loops, the damage has been down 

for each completed cycle for Ὑ=0 and Ὑ=-1 should similar. Therefore, it is likely that the mean strain 

will not have a great effect to the fatigue life of ZEK100-O magnesium alloy. By looking at the strain 

amplitude versus life curve shown in Figure 51, it seems like that, the Ὑ=0 results actually have slight 

improved fatigue lives over the Ὑ=-1 tests, however, additional tests are needed to make this 

conclusion.  

 

 

Figure 51. Strain amplitude vs. life curve for both Ὑ‐=0 and Ὑ‐=-1 tests 
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The experimental lives for Ὑ=0 tests are summarized in: 

Strain amplitude [%] Experimental life* 

1.0 584 

508 

0.8 644 

996 

0.6 2292 

2025 

0.4 12032 

9124 

 

Table 6. Summary of the fatigue lives of the Ὑ‐=0 fatigue tests (failure criterial: 15% of load drop or fracture)- ZEK100-O 

 

 

3.4.4 Mean stress effects 

 

Stress controlled-tests at R ratio equals -1 and 0 were conducted to study the mean stress effect on 

fatigue life for ZEK100-O magnesium alloy. Although these tests were stress-controlled, the 

extensometer was attached to get the stress-strain responses. The Ὑ=0 tests have been done at three 

different stress amplitudes (80 MPa, 100 MPa and 110 MPa) and the results are shown in Figure 52 - 

Figure 54: 
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Figure 52. The Ὑ„=0 tests on smooth specimen with stress amplitude of 80 MPa (ZEK100-O) 

 

 

Figure 53. The Ὑ„=0 tests on smooth specimen with stress amplitude of 100 MPa (ZEK100-O) 
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Figure 54. The Ὑ„=0 tests on smooth specimen with stress amplitude of 110 MPa (ZEK100-O) 

 

Significant amount of plastic deformation is observed for the first reversal for all three tests in 

comparison with the subsequent reversals. Although the ratcheting strains were built up through the 

progression of these tests, the shape of the stress-strain hysteresis loops for each completed cycle is 

almost the same after a number of cycles at each stress amplitude level. 

 

A summary of the fatigue lives for all the stress-controlled Ὑ=0 and  Ὑ=-1 tests is given in Table 7: 

 

Stress Amplitude Ὑ=-1 life Ὑ=0 life 

80 MPa N/A 
(Expected to be run-out) 

11345 
cycles 

11990 
cycles 

12816 
cycles 

100 MPa 73582 
cycles 

54586 
cycles 

3324 
cycles 

3489 
cycles 

110 MPa 22981 
cycles 

25554 
cycles 

2989 
cycles 

2897 
cycles 

 

Table 7. Fatigue lives for all the stress-controlled Ὑ„=0 and  Ὑ„=-1 tests 
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It is apparent that the positive mean stresses are greatly detrimental to the fatigue life of ZEK100-O. The 

fatigue life at the stress amplitudes of 100 MPa and 110MPa have been reduced by an order of 

magnitude due to the positive mean stresses. The Ὑ=-1 fatigue life for 80 MPa is expected to be more 

than 10 million cycles, which is at least 3 orders of magnitude greater than the fatigue life for the Ὑ=0 

counterpart at around 12 thousand cycles. 

The stress versus life curves for Ὑ=0 and Ὑ=-1 tests are given in Figure 55: 

 

 

Figure 55. Strain-life curve for all the stress-controlled Ὑ„=0 and  Ὑ„=-1 test 

 

These results will be later used to evaluate the mean-stress effect predictions of the fatigue models in 

chapter 5. 

 

3.4.5 Variable amplitude strain-controlled cyclic results 

Several strain-controlled variable amplitude tests on ZEK100-O magnesium alloy have been done. These 

results will be used to examine ǘƘŜ ǾŀƭƛŘƛǘȅ ƻŦ aƛƴŜǊΩǎ ǊǳƭŜ ƻƴ ǘƘƛǎ ƳŀǘŜǊƛŀƭ ŀƴŘ ǘƻ ŎƘŜŎƪ ǘƘŜ ƎƻƻŘƴŜǎǎ ƻŦ 

the phenomenological model. The strain histories and their corresponding stabilized stress-strain 

hysteresis loops are shown in Figure 56 to Figure 59: 
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Figure 56. Variable amplitude strain-controlled test #1 (545 blocks of the given load history applied to failure- 15% load drop) - 

ZEK100-O 

 

 

Figure 57. Variable amplitude strain-controlled test #2 (206 blocks of the given load history applied to failure- 15% load drop) - 

ZEK100-O 
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Figure 58. Variable amplitude strain-controlled test #3 (4130 blocks of the given load history applied to failure- 15% load drop) - 

ZEK100-O 

 

 

Figure 59. Variable amplitude strain-controlled test #4 (3900 blocks of the given load history applied to failure- 15% load drop) - 

ZEK100-O 

The failure criterion for these variable amplitude tests is similar to the failure criteria for the constant 

amplitude tests, which is defined by 15% of load drops for the envelope hysteresis loop or final fracture. 
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The fatigue lives for the variable amplitude tests are measured by number of blocks of the given load 

histories applied. 

3.5. Cyclic properties of the notched specimens 

 

3.5.1 Specimen geometry and test setup 

The geometric of the notched sample is shown in Figure 60: 

 

Figure 60 Notched specimen with applied speckle pattern for digital image correlation (DIC) analysis. 

 

Based on the geometry of this specimen, the elastic stress concentration factor at the notch root (ὑ) is 

2.5 relative to the net nominal stress. Similar to the test setup for quasi-static compression tests, a single 

DIC camera was used to capture the strain field at the vicinity of the notch root on the surface of the 

notched specimen. The field of view of the DIC camera is shown in Figure 61 and the corresponding 

directions associated: 
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Figure 61. DIC field of view (left) and the notched test setup (right). 

 

3.5.2 Constant nominal stress amplitude results 
 

Constant nominal stress amplitude and fully-reversed (Ὑ  =-1) load-controlled tests were 

carried out with four different amplitudes based on the compressive yield limit of ZEK100-O.  

Supplemental notch tests on AZ31B-H24 rolled sheet, which is a common type of commercially available 

rolled, strain hardened and partially annealed magnesium alloy, with two different nominal stress 

amplitudes have also been conducted for the sake of examining the generality of the model predictions 

and fatigue life estimations associated on different types of wrought magnesium alloys in chapter 4 and 

chapter 5. 

ZEK100-O notched specimens were tested under 50%, 60%, 70% and 80% of compressive yield 

equivalent nominal stress (Correspond to 68.45, 82.14, 95.83 and 109.52 MPa, respectively) due to the 

fact that the compressive yield limit is lower than its tensile counterpart. These load levels were chosen 

to induce sufficient amount of plasticity at the vicinity of the notch root while preventing general 

yielding happen. 

 Since the material within the plastic zone at the vicinity of the notch root is nether stress controlled nor 

strain controlled, to study whether the material is going to stabilize or not, a strain progression test is 

carried out and the results are shown in Figure 62: 
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Figure 62. Axial strain progression at the notch root test for ZEK100-O at 80% of compressive yield equivalent fully-reversed 
nominal stress (3 Cycles were captured each time start at the beginning, after 50 cycles, 150 cycles, etc. Three different tests are 
shown; two of them started with compression-tension-compression and a single test started with tension-compression-tension) 

 

Three cycles were captured start at the beginning and after 50, 150, 300, 500, 700 cycles for the sake of 

consistency. In addition, three different tests are presented; one test started with tension-compression-

tension and the other two started with compression-tension-compression. It can be seen that the axial 

strain at the notch root has already been stabilized after 50 cycles for both TCT and CTC tests and no 

noticeable difference can be observed in terms of the measured notch strains after that. Besides, the 

loading pattern (TCT or CTC) does not have a noticeable effect to the cyclic notch strain responses for 

the test results presented. 

To capture the axial strain responses at each load level, three cycles were captured after stabilization for 

consistency and the axial (ώ) strain field at the maximum tensile and compressive load are also shown in 

Figure 63-Figure 66: 

 



55 
 

 

Figure 63. Stabilized strain field at (a) maximum compressive load (b) maximum tensile load and (c) axial strain at the notch root 
progression over 3 cycles- ZEK100-O @ 50% of compressive yield equivalent nominal stress (68.45 MPa) Note that the scales in 

(a) and (b) are different 
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Figure 64. Stabilized strain field at (a) maximum compressive load (b) maximum tensile load and (c) axial strain at the notch root 
progression over 3 cycles- ZEK100-O @ 60% of compressive yield equivalent nominal stress (82.14 MPa) Note that the scales in 

(a) and (b) are different 
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Figure 65. Stabilized strain field at (a) maximum compressive load (b) maximum tensile load and (c) axial strain at the notch root 
progression over 3 cycles- ZEK100-O @ 70% of compressive yield equivalent nominal stress (95.83 MPa) Note that the scales in 

(a) and (b) are different 

 






































































































































































