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This work investigates the monotonic and fatigue behavior of three important
engineering alloys, namely, AW2099-T83 aluminum-lithium alloy, ZK60A magnesium
alloy and AISI 410 stainless steel. These alloys were selected to meet a combination of
properties frequently demanded of metallic alloys. These are low weight, high strength-toweight ratio and corrosion resistance. The study began with the characterization of the
microstructures of the alloys. It was found that grain sizes and distributions varied with
orientations and locations in AW2099-T83 and ZK60A alloys. However, they remained
the same in AISI 410 stainless steel, regardless of orientation and location of
metallographic analysis. These results were used to explain some of the behaviors of the
alloys under monotonic and fatigue loading conditions.
Monotonic tensile and torsional tests were performed on specimens machined
parallel to the extrusion direction. The descending order of the strength of the alloys under
tensile and torsion loadings was: AISI 410, AW2099-T83 and ZK60A. The largest
deformation under static loading was shown by AISI 410, while AW2099-T83 showed
minimal plasticity. ZK60A alloy exhibited the largest post-yield strain work hardening.
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The mechanical properties obtained from these tests were used in the analysis of the fatigue
behavior of the alloys.
A range of strain amplitudes were selected for fatigue testing under cyclic axial,
cyclic torsion and multiaxial proportional and nonproportional loading paths. Smooth solid
specimens were used for cyclic axial loading while tubular specimens were utilized for
cyclic torsion and multiaxial testing. Fatigue behavior was characterized in all the loading
paths by hysteresis loops, peak stress, mean stress, stress amplitude and fatigue life.
It was found that the hysteresis loops of the alloys were symmetrical with respect
to shape, regardless of loading paths and applied strain amplitudes. Plastic strain was
present at all applied strain amplitudes for ZK60A and AISI 410 alloys, but was only
observed for AW2099-T83 alloy at cyclic strain amplitude close to the value of the yield
strain in monotonic behavior. Cyclic stress level was dependent on the applied strain
amplitude and relative to the monotonic strength of the alloys. Cyclic strain hardening in
AW2099-T83 alloy was observed in the early fatigue cycles at high strain amplitudes, but
at later cycles in low and intermediate strain amplitudes. Mean stress evolution in
AW2099-T83 alloy was dependent on both the applied strain amplitudes and the number
of cycles. Cyclic hardening was found to be insignificant in ZK60A alloy. Compressive
mean stress was observed in ZK60A alloy regardless of applied strain amplitude and the
number of cycles. AISI 410 alloy showed cyclic softening irrespective of strain amplitude
and loading path, and its mean stress decreased continuously with the number of fatigue
cycles.
Fatigue parameters, for the three alloys in axial and torsional loading modes, were
found by performing curve fittings. The uniaxial fatigue life of the alloys was correlated

xx

with Coffin-Manson equation. Good correlations were generally achieved. However, the
axial fatigue life data of AW2099-T83 alloy correlated better with Basquin equation due
to the absence of plastic strain in the cyclic axial tests.
Under biaxial loading path, it was found that hysteresis loop from uniaxial tests
were preserved under nonproportional loading for AW2099-T83 alloy at similar strain
amplitude. No difference was observed in the hysteresis loop for ZK60A alloy in the entire
loading path for the same applied strain amplitude. Significant nonproportional cyclic
hardening was observed for AISI 410 alloy. This was identifiable by the rounding of the
tip of the hysteresis loop in nonproportional loading.
Von Misses equivalent strain method was used to develop strain-life curves for the
three alloys where it was found that cyclic torsional loading was most destructive for
AW2099-T83 alloy. While cyclic axial loading path was most damaging for ZK60A alloy,
multiaxial loading paths were most destructive to AISI 410 alloy. In addition, Fatemi-Socie
(FS) and Smith-Watson-Topper (SWT) critical plane criteria were used to predict fatigue
life under all the loading paths for the three alloys. The FS yielded better prediction than
SWT for the three alloys within a factor-of-two scatter band.
The crack profile in cyclic torsion for AW2099-T83 alloy was found to be
dependent on the applied strain amplitude. Branching crack was observed at low strain
amplitudes, but straight crack resulted at high strain amplitudes. In Multiaxial fatigue, the
crack in ZK60A and AISI 410 alloys grew normal to specimen axis. However, in AW2099T83 alloy, crack shifted from transverse to longitudinal planes. The failure mode of the
fatigue specimens in cyclic axial for AW2099-T83 alloy was found to be dependent on

xxi

applied strain amplitudes while the ZK60A and AISI 410 alloys fractured in consistent
manner regardless of applied strain amplitude.
To summarize, the difference in the stress response of the three alloys can be
explained by the different microstructures and dislocation behavior of the alloys. The
microstructure of AW2099-T83 alloy was strengthened by aging precipitates that
interacted with dislocations causing cyclic hardening. However, when the precipitates were
sheared due to high stress, their resistance to dislocation movement was weakened and
cyclic softening resulted. The ZK60A alloy hardened due to fewer slip planes present in its
microstructure and due to twining mode of dislocation. With increase in the number of
cycles, dislocation was increased but there was insufficient plane for dislocation mobility
to occur. The overall softening observed in AISI 410 alloy was because of its tempered
martensite which did not restrict dislocation mobility. In addition, cycle-dependent and
strain-dependent fatigue behavior as were seen in AW2099-T83 and ZK60A alloys could
be linked to their microstructures both of which exhibit strong texture in their grain
structures due to processing. However, such behavior was not seen in AISI 410 alloy which
exhibited the same grain structures and sizes in all the orientations.
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ملخص الرسالة
اﻻسم ﺑﺎﻟﻜﺎﻣﻞ :ادينوي ﻣﺤﻤﺪ ﺟﺎﻣو
عنوان اﻟرسﺎﻟة :سلوكيﺎت اﻟﻜﻼل ﻟسبﺎئك ﻣعﺪنية ﻣن ﺑنى ﻣجهرية ﻣختلفة
اﻟﻤجﺎل اﻟرئيسي :اﻟهنﺪسة اﻟﻤيﻜﺎنيﻜية
تﺎريخ اﻟﺪرﺟة  :ديسﻤبر .2017 ،
هذا اﻟعﻤﻞ يﺤقق اﻟرتﺎﺑة وسلوك اﻟﻜﻼل ﻟثﻼثة سبﺎئك هنﺪسية ﻣهﻤة  ،وهي سبيﻜة اﻷﻟوﻣنيوم  -ﻟيثيوم AW2099-T83
 ،سبﺎئك اﻟﻤغنيسيوم  ZK60Aواﻟفوﻻذ اﻟﻤقﺎوم ﻟلصﺪأ  .AISI 410وقﺪ تم اختيﺎر هذه اﻟسبﺎئك ﻟتﺤقيق ﻣزيج ﻣن
اﻟخصﺎئص اﻟﻤطلوﺑة كثيرا في اﻟسبﺎئك اﻟﻤعﺪنية .هذه اﻟسبﺎئك ﻣنخفضة اﻟوزن و ﻟﺪيهﺎ نسبة عﺎﻟية ﻣن اﻟﻤتﺎنة ﺑﺎﻟنسبة إﻟى
اﻟوزن وﻣقﺎوﻣة ﻟلتآكﻞ .ﺑﺪأت اﻟﺪراسة ﺑتوصيفﺎت اﻟبنية اﻟﻤجهرية ﻟلسبﺎئك .وقﺪ وﺟﺪ أن حجم وتوزيع اﻟﺤبيبﺎت إختلفت
ﺑإختﻼف اﻻتجﺎهﺎت واﻟﻤواقع في سبﺎئك  AW2099-T83و  .ZK60Aوﻣع ذﻟك توﺟﺪ نفس اﻟخصﺎئص في اﻟفوﻻذ
اﻟﻤقﺎوم ﻟلصﺪأ  ، AISI 410ﺑغض اﻟنظر عن إتجﺎه وﻣوقع تﺤليﻞ اﻟفﺤص اﻟﻤعﺪني .تم استخﺪام هذه اﻟنتﺎئج ﻟشرح سلوك
ﺑعض اﻟسبﺎئك تﺤت ظروف اﻟتﺤﻤيﻞ اﻟرتيب واﻟﻜﻼل.
تم إﺟراء اختبﺎرات اﻟشﺪ واﻻﻟتواء أحﺎدي اﻟطور على عينﺎت تم تشﻜيلهﺎ ﺑﺎﻟتوازي ﻣع اتجﺎه اﻟبثق .حيث وﺟﺪ أن اﻟترتيب
اﻟتنﺎزﻟي ﻟﻤتﺎنة اﻟسبﺎئك تﺤت اﻟشﺪ واﻻﻟتواء AISI 410 :و  AW2099-T83و  .ZK60Aحﺪث أكبر تشوه تﺤت
تﺤﻤيﻞ ثﺎﺑت ﻟسبيﻜة  ، AISI 410ﺑينﻤﺎ أظهرت سبيﻜة  AW2099-T83اﻟﺤﺪ اﻷدنى ﻣن اﻟلﺪونة .أظهرت سبيﻜة
 ZK60Aأكبر تﺤﻤﻞ  .post-yield strainتم استخﺪام اﻟخصﺎئص اﻟﻤيﻜﺎنيﻜية اﻟتي تم اﻟﺤصول عليهﺎ ﻣن هذه
اﻻختبﺎرات في تﺤليﻞ سلوك اﻟتعب ﻣن اﻟسبﺎئك.
تم اختيﺎر ﻣجﻤوعة ﻣن ﻣﺪي اﻹﺟهﺎد ﻻختبﺎر اﻟﻜﻼل تﺤت ﻣﺤور دوري واﻟتواء دوري و ﻣتعﺪد اﻟﻤﺤﺎور وﻣسﺎرات
تﺤﻤيﻞ ﻣتنﺎسبة وغير ﻣتنﺎسبة .تم استخﺪام عينﺎت صلبة نﺎعﻤة ﻟلتﺤﻤيﻞ اﻟﻤﺤوري اﻟﺪورى ﺑينﻤﺎ تم استخﺪام اﻟعينﺎت
اﻷنبوﺑية ﻟﻼﻟتواء اﻟﺪوري واﻻختبﺎرات ﻣتعﺪدة اﻟﻤﺤﺎور .تم وصف سلوك اﻟﻜﻼل في ﺟﻤيع ﻣسﺎرات اﻟتﺤﻤيﻞ ﻣن خﻼل
حلقﺎت ، hysteresisأعلي إﺟهﺎد و اﻹﺟهﺎد اﻟﻤتوسط و اتسﺎع اﻟتوتر وحيﺎة اﻟتعب.
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وقﺪ وﺟﺪ أن حلقﺎت اﻟتﻼشي ﻣن اﻟسبﺎئك كﺎنت ﻣتﻤﺎثلة فيﻤﺎ يتعلق ﺑﺎﻟشﻜﻞ  ،ﺑغض اﻟنظر عن ﻣسﺎرات اﻟتﺤﻤيﻞ وسعة
اﻹﺟهﺎد .كﺎن اﻻنفعﺎل اﻟلﺪن ﻣوﺟود في ﺟﻤيع سعﺎت اﻻنفعﺎل اﻟﻤطبقة على سبﺎئك  ZK60Aو  ، AISI 410وﻟﻜن
ﻟوحﻆ فقط في سبيﻜة  AW2099-T83عنﺪ سعة اﻻنفعﺎل اﻟﺪورية انه قريب ﻣن قيﻤة اﻻنفعﺎل اﻟنﺎتج في monotonic
 . behaviorﻣستوى اﻹﺟهﺎد اﻟﺪوري يعتﻤﺪ على سعة اﻻنفعﺎل اﻟﻤبذول وﻣتنﺎسب ﻣع ﻣتﺎنة  monotonicﻟلسبﺎئك.
وقﺪ ﻟوحﻆ انفعﺎل إﺟهﺎد دوري في سبيﻜة  AW2099-T83في دورات اﻟﻜﻼل اﻷوﻟى ﺑسعﺎت عﺎﻟية ﻣن اﻻنفعﺎل ،
وﻟﻜن ﻟوحﻆ في اﻟﺪورات اﻟﻤتأخرة أنه في اﻟسعة اﻟﻤنخفضة واﻟﻤتوسطة اﻟسعة .يعتﻤﺪ ﻣتوسط تطور اﻻﺟهﺎد في سبيﻜة
 AW2099-T83على سعﺎت اﻻنفعﺎل اﻟﻤطبقة وعﺪد اﻟﺪورات .وﺟﺪ ان اﻟتصلب اﻟﺪوري غير ﻣهم في سبيﻜة .ZK60A
ﻟوحﻆ ضغط اﺟهﺎد ﻣتوسط في سبيﻜة  ZK60Aﺑغض اﻟنظر عن سعﺎت اﻻنفعﺎل اﻟﻤطبقة وعﺪد اﻟﺪورات .أظهرت
سبيﻜة  AISI 410تليين دوري ﺑغض اﻟنظر عن سعة اﻻنفعﺎل وﻣسﺎر اﻟتﺤﻤيﻞ  ،وانخفض ﻣستﻤر ﻟﻤتوسط اﻹﺟهﺎد ﻣع
عﺪد دورات اﻟﻜﻼل.
تم اﻟعثور على ﻣعﺎﻣﻼت اﻟﻜﻼل ﺑﺎﻟنسبة ﻟلسبﺎئك اﻟثﻼثة في أوضﺎع اﻟتﺤﻤيﻞ اﻟﻤﺤورية واﻻﻟتوائية عن طريق أداء تنﺎسق
اﻟﻤنﺤنى .يرتبط عﻤر اﻟﻜﻼل أحﺎدي اﻟﻤﺤور ﻟلسبﺎئك ﺑعﻼقة ﻣتراﺑطة ﻣع ﻣعﺎدﻟة  .Coffin-Mansonتم تﺤقيق عﻼقة
ﻣتراﺑطة ﺟيﺪة ﻣع اﻟﻤعﺎدﻟة .ﻣع ذﻟك  ،ترتبط ﻣعلوﻣﺎت عﻤر اﻟﻜﻼل اﻟﻤﺤوري ﻟسبيﻜة  AW2099-T83ﺑشﻜﻞ أفضﻞ
ﻣع ﻣعﺎدﻟة  Basquinﺑسبب عﺪم وﺟود انفعﺎل ﻟﺪن في اﻻختبﺎرات اﻟﻤﺤورية اﻟﺪورية.
تﺤت ﻣسﺎر اﻟتﺤﻤيﻞ ذو اﻟﻤﺤﺎور اﻟثنﺎئية  ،تم اﻟعثور على أن حلقة  hysteresisﻣن اختبﺎرات أحﺎدية اﻟﻤﺤور تم اﻟﺤفﺎظ
عليهﺎ تﺤت تﺤﻤيﻞ غير نسبي ﻟـسبيﻜة  AW2099-T83عنﺪ سعة انفعﺎل ﻣﻤﺎثلة .ﻟم يﻼحﻆ أي اختﻼف في حلقة
 hysteresisﻟـسبيﻜة  ZK60Aفي كﻞ ﻣسﺎر اﻟتﺤﻤيﻞ ﻟنفس سعة اﻟسﻼﻟة اﻟﻤطبقة .وقﺪ ﻟوحظت صﻼﺑة حلقية غير
ﻣتنﺎسبة كبيرة ﻟسبيﻜة  .AISI 410تم اﻟتعرف على هذا ﻣن خﻼل تقريب طرف حلقة  hysteresisفي اﻟتﺤﻤيﻞ غير
اﻟنسبي.
تم استخﺪام طريقة  Von Missesﻟﻼنفعﺎل اﻟﻤﻜﺎفىء ﻟتطوير ﻣنﺤنيﺎت عﻤر اﻻنفعﺎل ﻟلسبﺎئك اﻟثﻼثة حيث وﺟﺪ ان
اﻟتﺤﻤيﻞ اﻻﻟتوائي اﻟﺪوري هو اﻷكثر تﺪﻣيرا ﻟسبيﻜة  .AW2099-T83ﺑينﻤﺎ كﺎن ﻣسﺎر اﻟتﺤﻤيﻞ اﻟﻤﺤوري اﻟﺪوري أكثر
ضررا ﺑﺎﻟنسبة ﻟسبيﻜة  ، ZK60Aكﺎنت ﻣسﺎرات اﻟتﺤﻤيﻞ ﻣتعﺪدة اﻟﻤﺤﺎور أكثر تﺪﻣيرا ً ﻟسبيﻜة  .AISI 410ﺑﺎﻹضﺎفة
ً
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إﻟى ذﻟك ،تم استخﺪام ﻣعﺎيير اﻟطﺎئرة اﻟﺤرﺟة )Fatemi-Socie (FSو) Smith-Watson-Topper (SWTﻟلتنبﺆ
ﺑﺤيﺎة اﻟﻜﻼل تﺤت ﺟﻤيع ﻣسﺎرات اﻟتﺤﻤيﻞ ﻟلسبﺎئك اﻟثﻼثة .نتجت  FSتنبﺆات أفضﻞ ﻣن  SWTﻟلسبﺎئك اﻟثﻼثة ضﻤن
نطﺎق عﺎﻣﻞ ﻣبعثر ثنﺎئي.
وﻟقﺪ وﺟﺪ أن صورة اﻟشرخ في اﻻﻟتواء اﻟﺪوري ﻟـسبيﻜة  AW2099-T83تعتﻤﺪ على سعة اﻻنفعﺎل اﻟﻤطبقة .ﻟوحﻆ
وﺟود اﻟشروخ اﻟﻤتفرعة في اﻻتسﺎع اﻟﻤنخفض ﻟﻼنفعﺎل ،وﻟﻜن اﻟشروخ اﻟﻤستقيﻤة نتجت عن سعﺎت اﻹنفعﺎل اﻟعﺎﻟية .في
اﻟﻜﻼل ﻣتعﺪد اﻟﻤﺤﺎور ،توﻟﺪ اﻟشرخ في سبﺎئك ZK60Aو  AISI 410عﻤودي علي ﻣﺤور اﻟعينة .وﻣع ذﻟك في سبيﻜة
 ،AW2099-T83تﺤول اﻟشرخ ﻣن اﻟﻤستويﺎت اﻟﻤستعرضة إﻟى اﻟطوﻟية .وﺟﺪ أن وضع اﻟفشﻞ ﻟعينﺎت اﻟﻜﻼل في
اﻻختبﺎرات اﻟﻤﺤورية اﻟﺪورية ﻟسبيﻜة  AW2099-T83يعتﻤﺪ على سعﺎت اﻻنفعﺎل اﻟﻤطبقة ،ﺑينﻤﺎ يتم تﻜسير سبﺎئك
ZK60Aو  AISI 410ﺑطريقة ﻣتنﺎسقة ﺑغض اﻟنظر عن سعة اﻻنفعﺎل اﻟﻤطبقة.
ﻟلتلخيص ،يﻤﻜن تفسير اﻻختﻼف في استجﺎﺑة اﻹﺟهﺎد ﻟلسبﺎئك اﻟثﻼثة ﻣن خﻼل اﻟهيﺎكﻞ اﻟﻤجهرية اﻟﻤختلفة وسلوك
اﻟتفﻜك ﻟلسبﺎئك .تم تقوية اﻟبنية اﻟﻤجهرية ﻟسبﺎئك  AW2099-T83ﺑواسطة رواسب قﺪيﻤة تتفﺎعﻞ ﻣع اﻟتفﻜك ﻣسببةً
تصلبًﺎ دوريًﺎ .وﻣع ذﻟك ،عنﺪﻣﺎ تم فصﻞ اﻟرواسب ﺑسبب اﻹﺟهﺎد اﻟعﺎﻟي ،فقﺪ ضعفت ﻣقﺎوﻣتهﺎ ﻟﺤركة اﻟتفﻜك وتسبب في
تليين دوري .سبيﻜة  ZK60Aقوية ﺑسبب انخفﺎض عﺪد أسطح اﻻنزﻻق في اﻟبنية اﻟﻤجهرية ونﻤط اﻟتوأﻣة في اﻟخلع.
ﻣع زيﺎدة عﺪد اﻟﺪورات ،زاد اﻟخفض وﻟﻜن ﻟم يﻜن هنﺎك ﻣستوى كﺎف ﻟﺤركة اﻟتفﻜك .ﻟوحﻆ تزييت كﺎﻣﻞ في سبﺎئك
 AISI 410ﺑسبب خوائطه اﻟﻤخففة اﻟتي ﻟم تﺤﺪ ﻣن حركية اﻟتفﻜك .ﺑﺎﻹضﺎفة إﻟى ذﻟك ،يﻤﻜن رﺑط كﻼ ﻣن اﻟﻜﻼل اﻟﻤرتبط
ﺑﺎﻻنفعﺎل و اﻟﻤرتبط ﺑﺎﻟﺪورة ،استنﺎدا إﻟى سبﺎئك  AW2099-T83و  ،ZK60Aﺑهيﺎكلهﺎ اﻟﻤجهرية و اﻟذي يظهر أنسجة
قوية في هيﺎكﻞ اﻟﺤبوب ﺑسبب اﻟﻤعﺎﻟجة .وﻣع ذﻟك ،ﻟم يﻼحﻆ ﻣثﻞ هذا اﻟسلوك في سبﺎئك  AISI 410اﻟتي حﺎفظت على
نفس هيﺎكﻞ وأحجﺎم اﻟﺤبوب في ﺟﻤيع اﻻتجﺎهﺎت.
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CHAPTER 1
INTRODUCTION

1.1 Fatigue of Metallic Materials
Fatigue is a cumulative damage process leading to failure of structures and engineering
components due to cyclic or repeated loading. Fatigue involves a mechanism in which
stress-strain history change periodically. Hence, the forward stress-strain event can be
different from reversed event in a number of way. Such a cyclic effect on the stress-strain
behavior of material was first observed by Bauschinger in 1886. Bauschinger found that
the yield strength of material is reduced in a reverse direction after the initial forward
loading. This phenomenon is known as Bauschinger effect. The mechanism of Bauschinger
effect is due to the change in the dislocation substructure resulting from the microscopic
stress distribution of the material. The alternate formation and dissolution of dislocation
walls or cells or subgrain boundaries in the structure of material due to forward-reverse
loading are the contributing factor to Bauschinger effect. This interaction usually is
dependent on the type of precipitates or subgrain in the microstructure. Precipitates in agehardened alloys can either be coherent or sharable whereby they can be cut through by
stress during loading or incoherent, those which resist penetration [1].
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One common characteristic of fatigue is that the load causing failure is lower than the yield
or ultimate strength of the material. This is why fatigue was not fully understood in early
work investigating material failure process, because it was not initially believed that load
far below the yield or ultimate strength of material could cause its failure. Historical
background on the early work to understanding fatigue has always been linked to Wöhler
who performed several fatigue tests for tension, compression and bending loads [1,2]. The
popularized stress-life (S-N) curve owed its origin to Wöhler. Majority of engineering
failure is due to fatigue and it is reported to account for 90% of these failures [3]. Real life
cases of fatigue failures of engineering components and structures, and numerous
researches on fatigue have been published [4–6].

1.2 Fatigue Process
The fatigue damage process occurs in three phases: crack initiation, crack propagation and
fracture. The crack initiation phase is the beginning of the fatigue damage where cracks
begin to form or nucleate from points of imperfection or discontinuities such as notches,
inclusion and scratches. These points act as stress concentration points and form the
weakest link from where crack potentially grows. Prior to the nucleation of cracks, substructural and microstructural changes occur, which appear as fine slip (dislocation due to
shear deformation) markings on the surface of structure [1,2,7]. Slip lines multiply as
cycling continues and they are consistently concentrated at particular bands where fatigue
cracks eventually initiate. This region of accumulated slip where fatigue crack starts is
referred to as persistent slip band (PSB). The persistent slip band can be viewed as a kind
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of intrusion on the surface of cycled specimen due to the relative movement between
colonies of slip lines.
The formation of crack is followed by crack propagation wherein the nucleated cracks
coalesce and progressively increase in size, crossing several grain boundaries. Crack
growth is both a micro and macro process whose length scale can be used to define fatigue
failure or remaining life of component. When crack growth is within a small length usually
in the dimension of a few grains, such crack is termed stage I fatigue crack growth. Stage
II crack results when crack has crossed several grain boundaries due to increase in load
intensity or long range cycling. Material slip characteristics, stress level and
microstructural dimension are factors that influence the microscopic mode of fatigue crack
growth [1].
Fracture (phase III) occurs when the crack has grown to a critical size or become unstable
that the remaining area of the loading plane is no longer capable of sustaining load. Thus,
the material or component disintegrates or falls into pieces. These three phases can often
been distinguished in the fractured surface of component which failed by fatigue as
illustrated in Fig. 1.

Figure 1: A typical fatigue fracture surface [8].
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The proportion of each phase is a function of the stress level, microstructure, material
properties, environment, etc. A substantial portion of the life cycle may be spent in any of
the three phases. Low-level stress or strain usually causes a significant portion of the life
to be expended on crack formation, while crack propagation dominates the life when the
cycling load is high [2].

1.3 Fatigue Life
The number of load cycles a component withstands before it eventually fails is a measure
of its fatigue life. However, the definition of fatigue failure has a technical concept. Fatigue
failure could be the beginning of crack, the growth of crack to a certain length scale, the
decrease in load to a predetermined percentage or total fracture. The last criterion is usually
never applied in real life application. Therefore, fatigue life is defined based on any of
those constraints aforementioned and it ranges from few hundred cycles to several hundred
or million cycles. Low-cycle fatigue (LCF) is characterized by high-level stress or strain,
which means that the fatigue life will be in several tens to few hundreds of cycles. Several
thousands to million cycles resulting from low-cyclic load typify high-cycle fatigue (HCF).
The other distinction for the classification of fatigue life is the amount of plastic
deformation prior to failure. In HCF, there is minimal or total absence of plastic
deformation. The LCF is, however, a plastic deformation-controlled process with few
numbers of cycles prior to failure. Basquin proposed the relationship between fatigue life
and cycling stress in a component that is designed for high cycle fatigue.
𝑆 𝑜𝑟 𝜎 = 𝐴 𝑁

……………….(1.1a)
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Where Sa or σa is the stress amplitude, 𝑁 is the life for a particular stress amplitude and A
and B are constants obtained when the data is fitted to the equation on a log-log curve.
Alternatively,
𝜎 = 𝜎 2𝑁

……………………(1.1b)

Where 𝜎 is the fatigue strength coefficient and 𝑏 is the fatigue strength exponent. 𝜎 is
usually taken to be equal to the true fracture stress of the material in tensile test and b = B.
For some materials, like steel alloy, the fatigue curve shows a horizontal asymptote
meaning that below certain stress level, the component will go for infinite number of cycles
without failure. The stress at which this occurs is called the fatigue limit or endurance limit
of the material. For others such as the aluminum alloy, the fatigue curve is a continuous
one with no clear point of discontinuity. The fatigue strength for such materials is often
defined at 106 or 107cycles. The fatigue strength of a material is the stress for a specified
number of cycles.
On the other hand, Coffin and Manson have proposed a strain based approach for lowcycle fatigue because of the involvement of high plastic deformation [1,2]. The CoffinManson relation is expressed in Eq. (1.2). Where 𝜀 is the applied strain amplitude, 𝜀 is
the fatigue ductility coefficient, c is the fatigue ductility exponent and 𝑁 is the fatigue life.
𝜀 = 𝜀 2𝑁

…………….(1.2)

Fatigue life is influenced by loading condition, microstructure, surface finish, environment
environmental factors such as chemical, heat, temperature, pH level etc.). Fatigue behavior
is, in fact, one material behavior that is highly sensitive to a wide range of factors. The
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design for fatigue is therefore a careful process taking into consideration as many factors
as possible.

1.4 Uniaxial and Multiaxial Fatigue Loading
A cyclic load acting in only one direction or axis is referred to as a uniaxial fatigue, as
illustrated in Fig. 2(a). Such single load can be either axial, bending or torsion. In a constant
amplitude uniaxial fatigue situation, the loading axis remains fixed throughout the loadtime history. However, real life cases have shown that two or more repeating stresses or
strains can act simultaneously on a component independent of one another. This is referred
to as multiaxial fatigue (Fig. 2(b)). For example, a rotating shaft is concurrently under
cyclic torsional and bending stresses. A biaxial state of stress or strain is referred to here
as multiaxial fatigue. Biaxial or multiaxial loading can be either proportional or
nonproportional, as illustrated in Fig. 3. In the former case, the principal axis remains
either fixed or changes with respect to the loading axis. In a proportional biaxial loading
of cyclic torsion and tension-compression loading, both loading modes reach their
maximum and minimum values at the same time. This is also known as in-phase loading.
A nonproportional loading occurs when the principal load axes change orientation with
time and load magnitude. When one of the loads reaches either minimum or maximum
value before the other, it is referred to as nonproportional or out-of-phase loading. The
amount of lag or lead between the two loads is the phase angle ϕ, implying that for a
proportional loading, the phase angle between the cycling loads is zero. Phase angle
difference in nonproportional loading can vary between -90° and 90°. Nonproportional
loading often imposes additional effect that is not usually observed in proportional loading.
6

The additional hardening of material leading to higher damage under nonproportional load
have been observed [9,10]. The complexity in multiaxial fatigue demands a thorough
analysis and an investigation of its damage mechanism.

Figure 2: Schematic of a body under fatigue load.

Figure 3: Schematic of axial and shear strain waveforms for proportional and nonproportional Axial-torsional
fatigue test [11].
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1.5 Strain-Controlled Fatigue Test
A strain-controlled fatigue experiment is that in which a specimen is loaded cyclically in a
predetermined strain value until the specimen fails. As mentioned in the previous section,
the definition of failure in fatigue has a technical concept because the criteria for failure
vary. Strain-controlled approach to fatigue test can better characterize fatigue especially in
low cycle fatigue where significant plastic deformation can be present. Although wellsuited to notch members, strain-controlled fatigue experiments are becoming popular even
though the procedure and equipment are more complex and expensive than the traditional
stress- or load-controlled fatigue test [2]. Besides, strain can be measured directly unlike
stress, which depends on other physical parameters. Strain-controlled fatigue is appealing
in low-cycle fatigue due to its capability in predicting fatigue crack initiation and early
crack growth [1].

1.6 Analysis of Fatigue Experimental Data
A detailed analysis of the states of strains and stresses is required for full description of
material fatigue characteristics. Strain limits-maximum and minimum, mean strain, strain
amplitudes are necessary parameters to characterize the fatigue characteristics of
components. The applied strain in a strain-controlled test generates forces and the number
of cycles to failure as the most important experimental data. Forces are used to determine
various stresses, while the combination of applied strain, resultant stresses and fatigue life
are utilized to find a number of fatigue parameters and material fatigue constants. In
analyzing the data for strain-controlled fatigue, a hysteresis loop, as shown in Fig. 4, at
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half-life cycle is considered. A hysteresis loop is the energy per unit volume during the
fatigue cycle.

Figure 4: Typical fatigue test hysteresis loop.

Associated strain-controlled fatigue test terms are hereby defined, followed by procedural
analysis of strain, stress and fatigue life parameters.


Maximum strain, (𝜀

): This is the maximum nominal strain attained during the test

cycle.


Minimum strain (𝜀

): The minimum strain reached during cycling. If this strain is

numerically equal and opposite in sign to the maximum strain, the loading condition is
defined to be completely reversed.


Strain range, (∆𝜀): It is the difference between the maximum and minimum strains.



Strain amplitude,

∆

𝑜𝑟 𝜀 : It is one-half the strain range. It is also referred to as the

alternating strain.
9



Mean strain, (𝜀 ): It is the arithmetic average of the maximum and minimum strains.
For a completely reversed loading, the mean strain is zero.



Strain ratio (R): It is the ratio of minimum stress to maximum strain. R is -1 for
completely reversed strain.

1.6.1 Cyclic Axial Test
The data analysis is usually performed following the procedure of ASTM E606 [12]. In a
tension-compression test, a solid specimen is commonly employed. Hence, the stress
amplitude,

∆

, is expressed as:
∆

…………… (1.3)

=

Where 𝑃 is the load amplitude and A is the area of the gage section of the specimen. For
a circular gage section with diameter d,
…………… (1.4)

𝐴=

The strain amplitude is made up of the elastic and plastic strains. The relation between
these strains is given as
∆

Where

∆

= 𝜀 = 𝜀 + 𝜀 ….. ……. (1.5)

𝑜𝑟 𝜀 is the total strain amplitude, 𝜀 is the elastic strain and 𝜀 is the plastic

strain. The elastic portion can be derived from the stress amplitude and the Young modulus,
E, of the material,
𝜀 =

∆

…………… (1.6)
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Plastic strain can be measured from a hysteresis loop at the point where the loop crosses
the strain axis, i.e., the strain at which the stress is zero. But more often, from the following
derivation,
𝜀 =

∆

=

∆

+ 𝜀 …………… (1.7a)

From which,
𝜀 =𝜀 −

∆

…………… (1.7b)

A cyclic stress-plastic strain relationship for most metallic alloys often follows Eq. (1.8).
…………… (1.8)

𝜎 = 𝐾 𝜀

Where 𝐾 and 𝑛 are the fatigue strength coefficient and exponent, respectively, and are
material fatigue properties. These can be found by fitting experimental plastic strain and
the stress amplitude data to a curve on a log-log scale. In such a linearized curve, 𝑛 is the
slope, while 𝐾 is the intercept on the stress axis.
From Eq. (1.8), the plastic strain amplitude can be expressed as given by Eq. (1.9):
𝜀 =

𝑜𝑟

∆

=

∆

………. (1.9)

Substituting Eq. (1.9) in (1.7a) gives Eq. (1.10). This equation represents the cyclic stressstrain curve of a material that has undergone fatigue testing.
𝜀 =𝜀 +𝜀 =

+

or

∆

=

∆

+

∆

… (1.10)

The number of cycle to failure, or fatigue life, can be related to the stress, elastic strain and
plastic strain through a number of equations. The stress amplitude, 𝜎 , is related to the
fatigue life, 𝑁 , in the power equation, Eq. (1.1b), previously given in section 1.3. The
equation is rewritten here:
11

𝜎 =

∆𝜎
= 𝜎 2𝑁
2

… … … … (1.1𝑏)

The plot of 𝜎 versus 2𝑁 , the number of reversals to failure, on a log-log plot often result
to a straight-line curve whose slope represents 𝑏 and the intercept on the stress axis is 𝜎 .
Plotting the elastic strain amplitude, 𝜀 , and the number of reversal to failure, 2𝑁 , on a
log-log plot usually follows the curve represented by Eq. (1.11)
𝜀 =
Where

…………. (1.11)

2𝑁

𝑎𝑛𝑑 𝑏 are the intercept and slope, respectively.

Similarly, plotting the plastic strain amplitude, 𝜀 , against 2𝑁 follow a power curve
represented by Eq. (1.12).
………… (1.12)

𝜀 = 𝜀 2𝑁

Where 𝜀 is the fatigue strain ductility coefficient and 𝑐 is the fatigue ductility exponent.

The combination of Eq. (1.11) and (1.12) gives Eq. (1.13), the so-called Coffin-Manson
equation with which the strain-life correlation for most metals and alloys can be
represented. Typical strain life curve for metallic alloys is shown in Fig. 5.
𝜀 =

𝜎
2𝑁
𝐸

+ 𝜀 2𝑁

… … … … (1.13)

The parameters are defined as for Eq. (1.1) and (1.2) in section 1.3.
A transition life, Nt, the fatigue life at which the elastic and plastic strain amplitudes are
equal, can be estimated from Eq. (1.14):
𝑁 = 0.5

(

)

……………… (1.14)
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Figure 5: A typical strain-life curve [13].

1.6.2 Cyclic Torsion Test
Similar derivations can be made for cyclic torsion taking into account the specimen
geometry and the axis of loading.
For a torsional fatigue test, a tubular specimen with outer diameter, 𝑑 , and inner diameter,
𝑑 , is used. Thus, the shear stress amplitude 𝜏 on the ring cross section (thickness) due to
torque moment (forth-and-back twisting) is given by:
𝜏 =
𝐽=

………………… (1.15a)
……………....(1.15b)

𝑇 is the torque amplitude and 𝐽 is the polar moment of inertia.
Therefore, the shear stress over the thickness of a tubular specimen is:
𝜏 =

…………… (1.16)

Likewise, the shear strain amplitude is the sum of elastic and plastic components as
expressed by Eq. (1.17).
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𝛾 = 𝛾 + 𝛾 …………… (1.17)
Where 𝛾 is the total shear strain amplitude, 𝛾 is the elastic strain and 𝛾 is the plastic
strain. Similarly, the elastic component can be derived from the shear stress amplitude and
the Shear modulus, G, of the material,
𝛾 =

=

∆

……………. (1.18)

Corollary,
𝛾 =

……………. (1.19a)

+𝛾

…………… (1.19b)

𝛾 =𝛾 −

Hence, a cyclic shear stress-plastic strain relationship can be written,
𝜏 = 𝐾
Where 𝐾 and 𝑛

𝛾

……… (1.20a)

are the shear fatigue strength coefficient and exponent, respectively.

𝐾 and 𝑛 are found from the fitted data of plastic strain and the shear stress to a linearized
power curve on a log-log scale.
Therefore,
…………… (1.20b)

𝛾 =

Substituting Eq. (1.20b) into Eq. (1.19a) gives Eq. (1.21), which represents the cyclic shear
stress-strain curve of the material.
𝛾 =

+

……………… (1.21)
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Similar relationships between shear fatigue life, shear stress and the strain components can
be derived as are for the cyclic axial. The relationship between the shear stress amplitude,
𝜏 , and fatigue life, 𝑁 , is obtained by substituting the cyclic axial terms in Eq. (1.11) with
the appropriate cyclic shear terms.
Therefore,
𝜏 = 𝜏 2𝑁

…………… (1.22)

Where 𝜏 is the shear fatigue strength coefficient and 𝑏 is the shear fatigue strength
exponent. A log-log plot of 𝜏 versus 2𝑁 results in a straight-line curve whose slope is
𝑏 and the intercept on the stress axis is the shear fatigue strength coefficient, 𝜏 .
The elastic strain amplitude, 𝛾 and 2𝑁 , when plotted on a log-log scale can be fitted to a
line represented by Eq. (1.23a). Similar power relationship exists between plastic strain
amplitude, 𝛾 , and 2𝑁 denoted by Eq. (1.23b).
2𝑁

…………… (1.23a)

𝛾 = 𝛾 2𝑁

…………… (1.23b)

𝛾 =

Where

𝑎𝑛𝑑 𝛾

are the intercepts on the respective curve and 𝑏 and 𝑐 are

corresponding slope. Thus, 𝜏
coefficient, where 𝑏 and 𝑐

and 𝛾

are the shear fatigue strength and ductility

are shear fatigue strength exponent and shear ductility

exponent, respectively.
Hence, an analogous of Coffin-Manson equation, Eq. (1.24), for shear strain-life relation
can be obtained from Eq. (23a) and (23b).
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𝛾 =

2𝑁

+ 𝛾 2𝑁

………….…. (1.24)

Similarly, the transition shear fatigue life is:
𝑁 = 0.5

(

)

…………..………..(1.25)

1.7 Multiaxial Fatigue Analysis
Unlike uniaxial fatigue where the Coffin-Manson curve has become a standard curve to
correlate strain and life, such an established curve does not exist for multiaxial fatigue. In
a biaxial fatigue, an axial mode as well as shear mode responses is obtained. The empirical
derivation for stresses and strains follow the procedures already presented under section
1.6. However, to develop a correlation between strain or stress and fatigue life, a more
involving analysis is required. The magnitudes and directions of the principal stress or
strain (normal and shear) need to be properly evaluated and ascertained. Identification of
planes on which these principal or maximum values exist may equally be important.
Although few planes experience these maximum values, a substantial percentage of the
principal stress is experienced by planes oriented ±13° from the loading plane [2]. Then,
the principal values is considered as a damage model which can be related to fatigue life
in a relation that is based on classical theory or the trend of experimental data. Methods
for multiaxial fatigue analysis include stress-based, strain-based, energy and critical plane
criteria. Because this study is focused on strain-controlled fatigue, the strain-based
approach and critical plane criteria are discussed.
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1.7.1 Strain-Based Approach
The strain-based approach is a criterion based on equivalent strain. The method evaluates
single strain amplitude that represents all the strains in the component. This single strain is
applied as the strain amplitude in the strain-life equation, e.g., Eq. (1.13) or (1.24).
The frequently used equivalent strain methods and their mathematical representations are:
i.

The maximum principal strain theory:
𝜀

ii.

=𝜀

=

2𝑁

………….. (1.26)

Maximum shear strain theory:
𝜀

=

=

For each of the methods above, 𝜀
𝜀 ,𝜀

+ 𝜀 2𝑁

𝑎𝑛𝑑 𝜀

2𝑁

+ 𝜀 2𝑁

…… (1.27)

is the equivalent strain amplitude while

are principal strain amplitudes with 𝜀

> 𝜀

> 𝜀

.

The equivalent

strain approaches are suitable for proportional loading. They are rarely used for nonproportional loading, as they cannot take into account the extra hardening resulting from
this type of loading path.

1.7.2 Critical Plane Methods
The critical plane approaches make use of the experimental observation that cracks often
initiate from a preferred plane of loading. The plane where damage begins is either a
maximum shear plane or normal plane depending on the material type and loading
condition. Thus, fatigue analysis approaches are developed which incorporate this plane
and the damage parameter into a model. Several of these models can predict fatigue life
and cracking plane-the critical plane- to a reasonable estimation. Some customary critical
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plane criteria are the Brown-Miller model [14], the Fatemi-Socie (FS) model [15], SmithWatson-Topper (SWT) criterion [16,17] and Liu model [18,19]. Critical plane approach
attempts to give a physical meaning to fatigue damage. It identifies a plane in which stress,
strain and cracking parameters are critical (largest). As such, the models are developed
based on stress, strain and energy on a particular loading plane. The parameter upon which
a model is based influences its ability to make successful life prediction for a particular
failure mode. For instance, Brown and Miller’s model [14] can hardly account for
additional hardening because the damaging parameters are all strains, whereas additional
hardening is a stress phenomenon. Meanwhile, the normal stress in the F-S model
incorporates the effect of additional hardening [15]. In most fatigue problem involving
multiaxiality, the critical plane criteria are widely used because they have shown significant
success in addressing multiaxial fatigue problems. The Fatemi-Socie (FS) and the SmithWatson-Topper criteria (SWT) are two of the several fatigue criteria that have been
commonly employed due to their relative success in predicting fatigue life and cracking
behavior of alloys to a reasonable estimation [16,18,20–24]. These two criteria are
discussed below.

i. Fatemi-Socie (FS) Criterion
The Fatemi-Socie, or FS, model identifies the maximum shear plane as the critical plane.
The maximum shear strain amplitude and maximum normal stress on this plane are the
damaging parameters in the fatigue process. The Fatemi-Socie criterion is expressed as :
∆𝛾
2

1+𝑘

𝜎

,

𝑆

= 𝐶 … … … … … … … … … … … (1. 28𝑎)
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Where

∆

is the maximum strain amplitude, 𝜎

,

is the maximum normal stress. 𝑆 is

the material yield stress and 𝑘 is a material constant which is found by fitting fatigue test
data from a uniaxial fatigue test to data from simple torsion fatigue test. In the absence of
any test data, 𝑘 ≈ 1 [2]. The ratio

,

maintains the dimensionless feature of strain. Eq.

(1.27a) can be written in terms of shear strain-life properties from fully reversed torsional
test [2]:
∆𝛾
2

1+𝑘

𝜎

,

𝑆

=

𝜏
2𝑁
𝐺

+ 𝛾 2𝑁

… … … … (1. 28𝑏)

ii. Smith-Watson-Topper Criterion
The basis for evaluating multiaxial fatigue by the Smith-Watson-Topper (SWT) model
damage is a product of maximum normal strain range and the accompanying principal
normal stress on same plane. The Smith-Watson-Topper model is given as:
∆𝜀
𝜎
2
Where

∆

,

=

𝜎
𝐸

2𝑁

+𝜀 𝜎

2𝑁

… … … … … … (1. 29)

is the maximum normal strain range, while 𝜎

,

is the maximum normal

stress on the maximum strain range plane. 𝜀 , 𝜎 , 𝑏, 𝑐 𝑎𝑛𝑑 𝐸 are fatigue ductility
coefficient, fatigue strength coefficient, fatigue strength exponent, fatigue ductility
exponent and Young modulus, respectively. These materials constants are evaluated from
uniaxial fatigue tests data of the materials being considered.
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1.8 Outline of Dissertation
A general background on fatigue has been presented in chapter one. This is necessary to
provide the fundamental understanding prerequisite for in-depth discussion and analysis of
fatigue behavior. A survey of literature in the subject of fatigue is carried out in chapter
two. The literature survey starts with a review of plastic deformation characteristics in
metallic alloys. A general review on fatigue of alloys then follows. In the concluding part
of the review, a tabular summary is presented of the state of research for the alloys of
interest. The objectives and scope of this research work is also defined in the same chapter.
Chapter three constitutes material description and the detailed experimental procedure.
Equipment and fixtures for testing are stated and the designs of experiments are given. Test
specimen preparation details are presented. Thereafter, in chapter four, the experimental
results are analyzed and discussed along with the suitability of the application of existing
models. Results are presented in tables and analysis illustrated with suitable curves. The
final chapter, chapter five, contains the summary and conclusions drawn from the work
and recommendation for future work.
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CHAPTER 2
LITERATURE REVIEW

2.1 Introduction
A brief background on plastic deformation behavior is presented. It is followed by a general
review of the literature on fatigue of metallic alloys; focusing on fatigue behavior of alloys
of aluminum, steel and magnesium. The numerous variables that affect fatigue process are
highlighted. Relevant criteria or approaches for solving multiaxial fatigue problems are
reviewed. Current research data for the three materials of interest are assessed.

2.2 Plastic Deformation in Metallic Alloys
Because the fatigue process in metallic alloys involves inelastic deformation, which
depends on the material crystallography, a brief review on the crystal system and their
deformation mode is appropriate.
Plastic deformation is an irreversible deformation in metallic alloys. It occurs in crystalline
solid materials due to slip and twinning. The former is the major form of deformation in
metals and alloys. Twinning occurs for material with few deformation planes. Both
deformation mechanisms are function of crystallographic structure of a material.
Dislocation happens in a preferred orientation and direction in a crystal. Planes with high
atomic density constitute the slip plane, while slip direction is the crystallographic direction
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that is closely packed with atoms [3] . The slip plane and slip direction constitute the slip
system, which differs from one crystal system to another. Crystal structures that are
prevalent in metallic alloys and have widely been studied are the cubic and hexagonal
structures. These include the face-centered cubic (FCC), body-centered cubic (BCC) and
the hexagonal close-packed (HCP), as shown in Fig. 6. For FCC, the slip systems are 12,
while BCC have as much as 48. The HCP has the fewest slip system with only three
independent slip systems available and mainly restrained to the basal plane [3].
Deformation in this type of material requires the activation of more slip systems or
twinning. This is why twinning mechanism is prevalent in HCP.
The foregoing theories concerning crystallographic and deformation have been found to be
mostly validated in single crystal metal. For polycrystalline metallic alloys, material
microstructure becomes the most plausible parameter that influences the fatigue behavior
of alloys. The microstructural feature of any metallic alloy arises from the processing route
which include deformation process and heat treatment history. Casting and forging are two
primarily route to deforming a metal or alloy to a required shape. These two processes,
especially forging, have the potential to bequeath a variety of microstructure to alloys.
Forging processes include compression, extrusion and rolling. Subsequent heat treatment
alters the microstructure through regeneration of new structure by recrystallization or
precipitation. The heat treatment chosen for a particular alloy depends on the alloy
composition.
For most aluminum alloys, precipitation heat treatment is commonly deployed. This heat
treatment process lead to a material with considerable strength and ductility, both of which
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depend on temperature and time. Tempering is a major heat treatment process for many
magnesium and steel. Magnesium alloys are usually hot-worked. While the vast majority
of magnesium components are formed by die-casting, high performance magnesium for
structural applications are developed through extruded profiles, rolled sheets and forging
[25]. These forming processes bequeath a microstructure with mechanical properties which
usually manifest in the form of high strength and ductility.
Alloys of different base metals with different microstructural feature can have comparable
strength and/or ductility. Many Such alloys have been studied in monotonic tension.
However, several important engineering alloys have still not been studied in fatigue, or the
available data with respect to fatigue does not commensurate with its application in area
where fatigue is prevalent. Alloys like aluminum-lithium, magnesium-zinc-zirconium
system and some kinds of stainless steel have not been extensively investigated in spite of
their technological importance. Aluminum-lithium alloys, which also has considerable
amount of copper and magnesium, have extensive application in the aerospace industry
because of their high-strength-to-weight ratio [26–28]. Magnesium alloyed with zinc and
zirconium has a weakened texture which enhances plastic deformation and improves its
strength-to-weight ratio [25,29]. Stainless steel has been typically known to have good
corrosion resistance due to considerable presence of chromium.

Figure 6: Common metallic alloy crystallography [30].
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2.3 Fatigue Behavior of Metallic Alloys
Metallic alloys differ widely in their response to fatigue. A variety of factors, ranging from
surface characteristics [31,32], microstructure [33–37], processing [38–40], environment
[41], stress-strain level [32] to loading mode and path [42,43], affect the performance of
components under fatigue processes. Under multiaxial fatigue, behavior differs
considerably from the uniaxial characteristics because the stress state in both differs.
Material structure is an outcome of material processing. The material processing route
adopted for a particular alloy may or may not influence its fatigue behavior significantly
[38,39]. The dependence of fatigue behavior with respect to processing and material
directions in magnesium alloys have been reported [44,45]. A review of the fatigue
behavior of wrought magnesium in the form of extrusion, rolled sheet and rolled plate did
not show any difference in fatigue behavior [46]. The limited slip system of the Mg alloy,
a hexagonal closed-packed (HCP), is attributed to the similarity in behavior.
The vulnerability of large elongated grains to early cracking has been reported by Xiong et
al [47] for AZ31B. Twin deformations were observed to be highly concentrated in this
grain structure. The small, short grains contain almost no deformation twin. The authors
noted that grains orientations are fixed for large grains. As such, during nonproportional
loading in which loading axis rotates with time, the possibility of alignment of loading axis
and grain orientation is high, thereby increasing the chances of activating more slips. It has
been observed that twining contribution to fatigue failure would only occur in a particular
plane in AZ31 [48].
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De-Feng et al. [49] reported that large and elongated structural particles that are parallel to
loading axis in A365 cast aluminum are more susceptible to fatigue cracking. The presence
of oxide films and pores due to casting, and silicon inclusion accelerate crack growth in
the alloy, especially at the surface. Multiple cracking happened in the nonproportional
loading as against the parallel ones in uniaxial loading. The shortest fatigue life was in the
out-of-phase 90° loading path due to the rotation of the principal axis [49].
Le et al [50] observed that an Al-Si alloy microstructure with casting porosity has greater
detrimental effect on both uniaxial and proportional multiaxial fatigue than is for pure
torsional loading. The authors reported that crack initiation mechanism in the loading cases
were different. While cracks initiated from pores in the uniaxial and multiaxial cases, the
crack in torsional loading began from planes with no evidence of porosity. Effects of
microstructural heterogeneity for different types of aluminum alloys have been reported by
Deng at al [51] and Huter et al [52].
Besides microstructure, less-controllable but inherent material phenomenon can influence
the fatigue behavior of alloys. One such factor is dynamic strain aging (DSA). DSA is a
concept of increased flow stress owing to mobile solid atoms repeatedly locking moving
dislocation [53]. Stress increases because the dislocations attempts to break loose from the
locking by the solute atom or precipitates [54]. It can be implied from published research
work that DSA is both strain and temperature dependent concept [53–60].
Dynamic strain aging and its effect on the cyclic behavior of several steel alloys have been
extensively reported [54,55,60–64]. Chen et al [61] observed serration-type features in the
LCF behaviors of pre-hardening Hadfield steel. It was attributed to an interaction between
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dislocations and between dislocations induced deformation twins. Isotropic hardening
during low cycle fatigue test of A48-type steel was due to the interaction between solute
atoms and dislocation [63]. Srinivas et al [60] concluded that decrease in fatigue life
observed at comparable low strain amplitude for LCF study of 9Cr-1Mo steel at 300°C was
due to DSA effect.
The loading mode in fatigue has substantial influence on the fatigue damage. Four loading
modes are frequently considered in multiaxial fatigue: pure axial fatigue loading (tensilecompression), pure torsional cycling, proportional (in-phase loading) and nonproportional
(out-of-phase) loading paths. Loading path effects have been the subject of many research
works [9,23,65,66]. Nonproportional loading path is extensively reported to be more
damaging than the proportional loading mode in a multiaxial fatigue. This effect frequently
result to low fatigue life [10,18,20,23,47]. The more damaging tendency of out-of-phase
loading is attributed to the activation of more slip planes which causes additional
hardening, greater twinning effects and increase in strain energy [18,47]. Shorter fatigue
life due to nonproportional loading have also been reported by Shamsaei et al [23] for
titanium alloy.
Anes et al. [18] studied the multiaxial fatigue lives of 42CrMo 4 and AZ31, a BCC and an
HCP alloys, respectively in a stress-controlled fatigue experiment. They observed that both
alloys have lowest fatigue lives under nonproportional loading at the same equivalent
stress, while having their maximum life in pure shear cycling. In between, the proportional
loading was less damaging than the pure axial-compression loading for the 42CrMo 4.
However, in the Mg alloy AZ31, both loading paths produced almost the same fatigue life.
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The twinning effect in the Mg alloy was attributed to its fatigue mechanism.
A study carried out by Facherie et al [20] on AISI 316L shows that pure torsional fatigue
endured more cycles than uniaxial fatigue for the same equivalent strain amplitude.
Irregular crack surface present in torsional cycling gave rise to mechanical interlocking
causing high friction to slow down crack growth rate in the torsional fatigue test. The
nonproportional loading caused reduction in fatigue life by tenfold due to material
hardening.
Contrasting results on the effect of nonproportionality was reported by Jahed and
Albinmousa [16]. The authors reported that additional hardening due to nonproportional
loading observed in multiaxial fatigue study of AZ31B did not show any significant effect
on the fatigue life. They suggested that the different mechanism of deformation in
magnesium alloys might be responsible for the absence of any detrimental effect on the
observed fatigue life in spite of nonproportionality hardening.
The multiaxial fatigue behavior of alloys can also depend on alloy type, loading mode as
well as strain level. Cyclic stress-strain history, otherwise known as hysteresis loop, is a
common feature in strain-controlled fatigue. Hysteresis loop is a measure of plastic
deformation or an indication of the extent of residual cyclic strain or accumulated
plasticity. For magnesium and other hexagonal closed pack (HCP) alloys, the hysteresis
loop shape can change from being symmetric to asymmetric depending on the strain level
[46,47,67]. It was observed the hysteresis loop generated from a fatigue experiment on
magnesium alloys changed from symmetric to asymmetric when the strain level was above
a certain amplitude in both axial-compression, proportional and nonproportional multiaxial
27

loadings [46,47,67]. However, for cyclic torsion loading, the compression fatigue cycling
is asymmetric and independent of strain level. Asymmetric behavior was linked to twinning
while the symmetric loop was attributed to de-twinning effect [47,67]. The point at which
asymmetry sets in also depends on the phase angle between the axial and torsional phase
in the multiaxial cycling [47].
Many theories developed for material behavior in the monotonic regime under static
loading have been extended to solve multiaxial fatigue problems. These include the Tresca,
Von Mises and Rankine theories. The weakness and strength of these theories are
summarized

by Fatemi and Socie [15]. This includes their inability to handle

nonproportional loading. The absence of established curve fit, like the Coffin-Manson, for
correlating fatigue life with applied strain has led to several models being proposed to
predict the fatigue life of components. Fatigue criteria are fatigue equations developed from
trend of fatigue data or physical observation of fatigue characteristic of materials in order
to model the constitutive behavior of materials. Some of these models were already
reviewed under sections 1.7.
Several fatigue criteria have been compared and tested for different alloys and the results
show that the level of applicability of each model to an alloy varies [68,69]. Fifteen known
fatigue criteria were used by Lei et al [69] on two hundred and twenty-five fatigue data for
304L stainless steel. Most of them correlate experimental data well with the prediction in
uniaxial situation, but fail when applied for multiaxial fatigue life prediction.
Jahed and Albinmousa [46] shows that a two-parameter energy model is capable of good
correlation for experimental fatigue data from wrought magnesium alloys regardless of
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loading conditions and processing method. This conclusion was reached from analyzing
354 different fatigue tests data for different magnesium alloys.
The investigation of three fatigue criteria, namely, Smith-Watson-Topper (SWT), FatemiSocie (FS) and Jiang models on AISI 316L by Facheris et al. [20] gave an acceptable level
of prediction by SWT and FS for the proportional loading and axial tension-compression
loading. The Jiang model made the best correlation between the experimental data and
prediction for all loading path investigated because of its ability to take into account all
stresses and strains contributions.
Farahani’s energy-critical plane fatigue model [65] considers the summation of the normal
energy range and the shear energy strain range calculated from the critical plane on which
Mohr’s circle of stresses and strains are the largest. The model gave a good correlation for
multiaxial data from several materials both in the high cycle life (HCF) and in low cycle
fatigue (LCF) because of its ability to take into account mean stress effect and straindependent hardening.
Even with relative success of some fatigue criteria to produce good correlation between
experimental data with prediction for several materials and loading conditions, yet no
single model or parameter is successful in all loading conditions and materials. Hence,
modifications in existing models are performed in order to make reasonable prediction for
fatigue life of alloys, especially under nonproportional loading.
A modified SWT model was applied by Xiong et al [47] to predicts the fatigue life of
AZ316A. The proposed modified model is presented in the form:
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𝐹𝑃 = 2𝑏∆𝜀〈𝜎

〉+

∆𝜏∆𝛾……………………….(2.1)

FP is fatigue (damage) parameter; σ and τ are normal and shear stresses on a material plane;
ε and γ are the corresponding normal and shear strains; Δ represents the ranges of these
parameters and b is a material-related constant ranging between 0 and 1.0. When the value
of b is unity, FP reverts to the original SWT parameter. The Mac-Cauley bracket ‹› is used
such that the damage parameter remains positive. The term within it is defined as follows:
〈𝑥〉 = 0.5(𝑥 + |𝑥|). The author observed that the ability of the model to predict cracking
behavior is dependent on the choice of value for b.
A multiaxial damage parameter proposed by Sun-Shang-Bao [70] showed a good
correlation for multiaxial fatigue behavior of several alloys. The damage parameter which
itself is a modification of SWT parameter is given as:

∆ ∗

= 𝜀∗ +

∆

………………..(2.2)

Where ∆𝜀 ∗ and 𝜀 ∗ are the equivalent normal strain range and normal strain excursion in
the maximum shear plane. 𝑣

is the effective Poisson’s ratio. The combination of the

normal and shear strain as a damage parameter is derived from the increment observed in
these parameters due to additional hardening during nonproportional loading.
Li et al [42] proposed a modified form of the Sun-Shang-Bao’s model [70] in order to
improve its life prediction capability for nonproportional loading. The author noted that the
normal strain excursion 𝜀 ∗ in the earlier model could not account for the additional cyclic
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hardening. Hence, they proposed a model in which a stress term was introduced to achieve
the form given below:

∆

=

∆
(

)

+

∆

,

=

2𝑁

+ 𝜀 2𝑁

Where 𝜀 , 𝜎 , 𝑏, 𝑐 𝑎𝑛𝑑 𝐸 are same as defined for Eq. 1.1a and 1.2. 𝑣
Poisson ratio, ∆𝜀

...(2.3)

,

is strain range on the critical plane, 𝜎

,

is the effective

is the in-phase normal stress

amplitude. The authors [42] tested the model on sixteen experimental data. It was reported
that reliable fatigue life prediction was achieved for both proportional and nonproportional
loadings.
Anes et al. [71] proposes a stress scale factor (ssf) whose value is constant for proportional
loading but varies with stress amplitude and loading path in nonproportional loading. The
proposed factor led to the formulation of a new equivalent shear stress, which accounts for
the changing ratio of stress under this condition. The new equivalent shear stress, 𝜏

, is

defined as:
𝜏
Where 𝜏

= max(𝜏 + 𝑠𝑠𝑓(𝜆, 𝜎 ). 𝜎 )………………..(2.4)

, 𝜏 , 𝜆, 𝑎𝑛𝑑 𝜎 are the equivalent shear stress, shear stress amplitude, stress ratio

and normal stress amplitude, respectively. The new equivalent stress as damage parameter
was satisfactorily applicable to both proportional and nonproportional loading.
In spite of their prediction capability, many critical plane models contain material constants
that needed to be evaluated by experiments other than the multiaxial fatigue. For instance,
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FS model [15] requires a uniaxial experiment to determine shear yield. Multiaxial life
prediction based on uniaxial fatigue properties obtained from tensile testing data have been
demonstrated by Shamsei and McKelvey [22] using three different prediction methods,
namely, Muralidharan–Manson, Bäumel–Seeger, and Roessle–Fatemi.
Life prediction tools based on models or theoretical approach other than critical plane have
also been assessed elsewhere [72,73]. Finite element analysis has proved to be a useful tool
for fatigue analysis in complementing experimental fatigue [21,42,68,74–77]. Muhammed
Pour et al. [21] carried out fatigue life prediction for riveted aluminum joint using finite
element modeling. The result compared well with the life prediction obtained for same
components based on FS and SWT models.
Reliable fatigue life prediction criteria for materials and components would depend on the
homogeneous and consistency of the multiaxial fatigue data used and fatigue data must
reflect the service performance of the material [78].
Few works have related crystallographic structure of materials to multiaxial fatigue
behavior because of the involving analysis required and expensive experimental set up. A
study to relate material crystallography to reduction in fatigue lives was carried out by Itoh
and Sakane [9] and Itoh and Yang [43] wherein they proposed a nonproportional factor to
reflect the severity of nonproportional loading and the material influence on the degree of
life reduction due to nonproportional loading. The material fatigue parameter proposed is:

𝛼∗ =

0.8𝛼 + 0.1, 𝑓𝑜𝑟 𝐹𝐶𝐶
…………..(2.5)
2(0.8𝛼 + 0.1), 𝑓𝑜𝑟 𝐵𝐶𝐶
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Fatigue constants so obtained were implemented on several FCC and BCC alloys and the
result returned a fair correlation between experimental fatigue data and calculated life.
Additional hardening was noted to have a close relation to the reduction in life in the tested
materials. They attributed this to the materials deformation characteristic that is dependent
upon material crystallography. Sakane et al [79] reported that substructural damage during
fatigue can be directly related to microstructure. They observed that dislocation cells,
dislocation bundles, twins and stacking faults are involved in the damage process.
Several crack growth paths can be encountered in fatigue. The method of crack growth in
many materials depends on the loading mode and the material. For tensile loading, the
cracks are usually deeper, growing perpendicular to the axis of loading. On the other hand,
a shallow crack growing along the axis of loading is found most in shear loading [15].
Cracks usually initiate from discontinuities and inclusions such as those in welded product
[80,81] . Using models to predict cracking behavior is much more difficult than to predict
fatigue life. A model can reasonably predict a crack mode if its damaging parameters is of
same type as the material cracking behavior. Fatigue life developed with shear parameters
would correctly predict only shear cracking [47].
Gao et al [24] observed that FS and Jiang model were unsatisfactory in the prediction of
crack plane for pressure vessel steel 16MnR, which cracked in tensile mode. They observed
shear cracking under torsional load while the cracking was tensile in nature in a tensioncompression loading. The 90° out of phase showed a cracking similar to the uniaxial tensile
loading mode.
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Anes et al. [18] showed that different loading paths resulted in almost same cracking
behavior and surface topography for a FCC and HCP alloys. The topography in each
cracked contained a fatigue zone and fracture zone. The change in topography was the
result of different fatigue mechanism.
Mikheevskiy et al [82] modelled the fatigue crack growth in fatigue process as blunt notch
with tip radius 𝜌∗ . The results of simulation show that the formulation can estimate fatigue
crack growth in both constant and variable amplitude loading.
The foregoing review has revealed the complex subject of both uniaxial and multiaxial
fatigue and the difficulty in predicting life and crack behaviour of material. While models
are widely used as life predicting criteria, it is also readily obvious that the fatigue
behaviour is strongly dependent on material crystallography and microstructure. It appears,
however, that much attention was devoted to life prediction without providing a materialbased explanation for fatigue behaviour. Therefore, work is required to arrive at an
explanation of fatigue behaviour of materials with respect to microstructure. To the best of
our knowledge, no work has investigated the torsional, axial and multiaxial fatigue
behaviour of three different alloys of important engineering materials such as stainless
steel, aluminium alloy and magnesium alloy.
More so, while fatigue behavior of several aluminium, steel and magnesium alloys have
been studied widely and their data readily available, fatigue data for several others
important alloys of engineering significance such as aluminum –lithium, stainless steel and
magnesium-zirconium-zinc alloys are scarce. Hence, the need to qualify and quantify their
fatigue behavior and fatigue related constants is necessary. Three important engineering
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alloys whose fatigue data are largely unavailable are AW2099-T83 Aluminum-Lithium,
ZK60A magnesium alloy and AISI 410 stainless steel. Aluminium-lithium, in particular,
is an established alloy in the aerospace industry because of its high specific strength [83–
86].
The specific weight characteristic of aluminum-lithium is due to addition of lithium (Li).
An addition of one-percent Li to Al decreases the latter weight by 3% while increasing the
modulus of elasticity by 6% [87,88]. Li et al. [89] observed that the simultaneous addition
of Li above 1% and copper (Cu) up to 3.66% in Al-Cu-Li alloy can greatly improve its
strength.
In spite of its high specific strength, historical development shows that there were challenges in the properties of Al-Li which limited its usage at early stage of development
[83,90]. Consequently, Al-Li alloy has undergone several developmental stages resulting
in different forms and generations of the alloy. The development of the first generation of
the alloy started in 1920, but it was not until the 1950’s that it was first put into use in the
form of Al-Li 2020. The second generation which includes Al-Li 2020, 2090, 2091, 8090
and 8091 alloys spanned over three decades [26,83,85,88]. Up to the mid 90’s when the
second generation is thought to have reached maturity, challenges such as prohibitive cost,
poor fatigue performance, low fracture toughness, poor corrosion resistance and high anisotropic behavior were encountered [83,85,90,91]. These drawbacks limited the application of Al-Li alloy in the aircraft industry. However, with further research and development, a third generation of the alloy with better corrosion resistance, fatigue crack growth
performance, better mechanical strength and toughness has been introduced [85,90,92].
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The key feature of the third generation is that it contains less than 2% Lithium (Li); the
earlier generation has Li content up to 2.7%. It was projected that the new generation of
Al-Li alloy may find application in numerous body parts of airplanes such as the fuselage
skin, wing, doors, windows, etc. [85,88].
The aerospace industry is such an engineering field where combinations of high strength
but low weight materials are required. Any alloy that demonstrates high strength to weight
ratio is thus sought after. The transportation industry in general requires these types of
alloys for low fuel consumption and high efficiency. For this reason, light weight metals
such as aluminum and magnesium alloys are now forming the significant parts of ground
vehicles, like the wheel, axle and engine blocks [67,81].
Steel is traditionally known for its high strength. AISI 410 steel has good corrosion resistance and is used in the construction of plastic molds, screws for extruder, valves, shafts,
bearings and blades in compressors and turbines [93–95]. Ships and oil rigs and exploration
platforms are built with various steel alloys [4]. Pressure vessels, fuel and gas tanks, wind
tunnel compressor blades and wheels, aircraft landing gears, horizontal stabilizers are major components built with steel alloys [4]. These components experience one type of fatigue
load or the other. Major failures that have occurred in them are linked to fatigue [4].
A survey of fatigue data for Aluminum-lithium, ZK60A and AISI 410 alloys in published
literature shows that not much is available in the field of fatigue, as can be seen in Table 1.
Therefore, available fatigue information for these alloys does not commensurate their applications in engineering structures where fatigue is significant. As such, the fatigue design
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and characterization of these materials are important. Fatigue properties such as load-dependent life cycles, crack behavior, stress or/and strain response and material constants as
will be required for use in certain fatigue models and engineering design are therefore necessary for these materials. Therefore, these define the objectives of the present work.
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Table 1: Summary of fatigue data for AW2099-T83, ZK60A and AISI 410 alloys.

Material
AW2099-T83

Material Form
Extrusion and ISP

Microstructure
Grain structure

AW2099-T83
ZK60A

Extrusion
Extrusion

ZK60A
AISI 410

Extrusion
NA

Grain structure
Grain structure
Theoretical grain
structure
None
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Fatigue test
None
Fatigue crack
growth study
Uniaxial LCF
Theoretical
fatigue study
Biaxial

Properties determined
Fatigue
Fatigue constant
life
None
None

Reference
[96–98]

None
None

None
Yes

[99]
[100]

Twinning-detwinning
None

None
Yes

[101]
[43]

2.4 Objective and Scope
The main objectives of this work are outlined as follows.
1. Conduct a microstructural characterization for AW2099-T83 aluminum-lithium alloy,
ZK60A magnesium alloy and AISI 410 stainless steel alloy.
2. Conduct tensile and torsional monotonic tests for three different metallic alloys to
determine mechanical properties that are required in fatigue behavior analysis.
3. Conduct uniaxial and multiaxial fatigue experiments under different loading paths on
AW2099-T83 aluminum-lithium alloy, ZK60A magnesium alloy and AISI 410 stainless
steel alloy.
4. Study strain variation effect on each alloy and analyze their responses under axial,
torsional and multiaxial proportional and non-proportional loading paths.
5. Investigate crack profile for each of the alloys in torsion and multiaxial fatigue.
6. Provide an analysis for the damage mechanism in each of the representative alloys
through qualitative examination of the damaged surface using SEM.
7. Test existing fatigue models on experimental data in order to evaluate which model is
best suited for a particular microstructure.
This set of objectives will be achieved through careful planned experimental program and
results analysis.
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CHAPTER 3
MATERIALS AND EXPERIMENTAL DETAILS

3.1 Materials
The three metallic alloys investigated in this work are AW2099-T83 aluminum-lithium
alloy, ZK60A magnesium alloy and AISI 410 stainless steel. Table 2 gives the information
about the dimensions and the shape of the as-received materials. The aluminum-lithium
was acquired from Smiths Metal Centres Ltd, UK, while the Magnesium alloy was
acquired from Russia and the stainless steel was purchased from advanced precision
system, Dammam, Saudi Arabia. The chemical compositions of the alloys are shown in
Table 3. The composition for AW2099-T83 and AISI 410 are obtained from the mill
certificates provided by suppliers while that of ZK60A is as per ref [91]. Subsequent
reference to the alloys will be by their codes; AW2099-T83 for the Aluminum-Lithium,
ZK60A for Magnesium alloy and AISI 410 for the stainless steel.

3.2 Characterization of Microstructure
Specimens of sizes about 6 mm by 6 mm for metallographic analysis were cut with abrasive
saw from specific locations in the transverse direction (T’s) and the extrusion direction
(E’s) of the billets and rod as shown in Fig. 7. All samples were securely mounted on plastic
holders using hot mounting process for AW2099-T83 and AISI 410, while ZK60A was
cold mounted. Each of the samples was polished in succession with 240, 320, 400 and 600
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grit size abrasive papers. AW2099-T83 was given final polishing with diamond paste of 9,
6, 3 and 1-micron sizes to obtain mirror-like surfaces. To achieve the same surface finish
for ZK60A and AISI 410, alumina powder of 5 and 3 microns were used. AW2099-T83
specimens were etched in a solution of 10 g sodium hydroxide in 100 ml of water by
immersion for 40 seconds. AISI 410 samples were etched by swabbing for 40 seconds with
a solution containing 5 ml of HCl acid and 1 g of picric acid in 100 ml of ethanol. ZK60A
was etched in a solution made from 5g of picric acid, 5 ml of acetic acid, 10 ml of water
and 100 ml of ethanol. Etched samples were observed with Meiji optical microscope
equipped with Image 3 camera. The metallography and all subsequent mechanical testing
are conducted on as-received condition.

Figure 7: Locations of sample for metallographic analysis.
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Table 2: Alloys dimension and geometry.

Materials

Geometry

Diameter (mm) Length (mm) No of pieces

AW2099-T83 Extruded billet

150

1000

1

ZK60A

Extruded billet

150

1000

2

AISI 410

Extruded rod

25.4

1000
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Table 3: Alloys Chemical Compositions.

Alloys

Elements (%wt)
Cr Al C Cu Fe
P
Li Mg Mn Si
S
Ti Zn Zr
94
2.7 0.02
1.8 0.29 0.3 0.02
0.03 0.7 0.1
AW2099-T83
95
4.5 0.5
ZK60A
12.1
0.11 - 86.7 0.018 0.7 0.33 0.002
AISI 410
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3.3 Monotonic Tests
3.3.1 Tensile Testing
Tensile tests were conducted on the three alloys using Instron 5569 tensile test machine
(Fig. 8). Test specimens were machined parallel to the extrusion direction according ASTM
E8-08 Standard [102], resulting in a gauge length of 25.0 mm and a gauge diameter of 6.0
mm (Fig. 9). Tests were conducted following the same standard [102] with a crosshead
speed of 2 mm/min. Extensometer with 12.5 mm gauge was used to measure strains up 1%
after which it was removed and the piston displacement was considered for the rest of test.
Resultant force and strain data, which are automatically recorded in the computer during
the test, are analyzed to determine the tensile properties of the alloys. A minimum of five
specimens were tested for each alloy type.

Figure 8: Instron Tensile Testing Machine.
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Figure 9: Tensile test specimen (All dimensions in mm).

3.3.2 Shear (Torsion) Testing
Smooth tubular specimens (Fig. 10) machined parallel to the extrusion direction were used
for monotonic torsion test as per Albinmousa [103]. The inner and outer surface of the test
specimens were polished and honed to achieve an average roughness of 0.16 micron. The
torsion tests were performed at the rate of 0.2 deg./sec on 50-KN capacity MTS 810
universal testing machine (Fig. 11). During the tests, the axial force was maintained at zero
to ensure that test specimens were not axially loaded. One to two specimens each were
tested in torsion for each of the alloy.
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Figure 10: Tubular specimen for cyclic torsion and multiaxial fatigue tests (All dimensions in mm).

Figure 11: MTS 810 universal testing machine.
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3.4 Uniaxial Fatigue Tests
3.4.1 Cyclic Axial Test
Strain-controlled tension-compression tests were conducted as per ASTM E606-12
Standard [12] on solid specimens (Fig. 12) of the three alloys on an Instron servo-hydraulic
test frame with a load capacity of 100 KN at Westmoreland Testing facilities in the United
Kingdom. The solid specimens were prepared on a CNC machine with aerospace certified
coolant. Gauge sections were machined in one pass for a uniform profile. This was
followed by three-stage polishing with aluminum oxide abrasive belts of grades P240 (59
μm), P400 (39 μm) and P800 (22 μm), respectively. During polishing, the specimen rotates
at about 3-4 rpm while belt running speed was about 50-70 mm/min and forward speed
was 12-16 mm/min. AW2099-T83 and ZK60A were machined with smooth grip, while
AISI 410 was threaded because of its higher stiffness. Alignment cells were used on test
fixture to minimize off-axis load and incidence of buckling. The extensometer used has a
gauge length of 11 mm. Table 4 represents the test matrix for the applied strain amplitudes
for the three alloys. All strain amplitudes were duplicated. The command waveform for all
cyclic tests is sinusoidal. All tests were conducted at a frequency of 1 Hz. A total of forty
tests was conducted. Completely reversed strain amplitudes (strain ratio, R= -1) were used
in all the cyclic tests (axial, shear and multiaxial).
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Figure 12: Cyclic axial test specimen (All dimensions in mm).

Table 4: Test matrix for cyclic axial test.

Strain amplitude

Materials

∆𝜺
𝟐

(%)

AW2099-T83

0.3

0.4

0.5

0.6

0.7

-

-

-

ZK60A

0.28

0.3

0.35

0.4

0.5

0.6

0.7

0.8

AISI 410

0.3

0.4

0.5

0.6

0.7

0.8

0.9

-

3.4.2 Cyclic Torsion Test
Strain-controlled torsional fatigue tests were performed on the three alloys using the
tubular specimen in Fig. 10, according to ASTM E2207-08 [11] guideline for multiaxial
fatigue testing with modification to fit cyclic torsion test. Tubular specimens are utilized
for torsional tests to enable uniform distribution of stress across its thickness.
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The preparation of the specimens was already discussed in section 3.3.2. Using the ASTM
E2207-08 standard for cyclic torsion test, the cyclic axial mode of the machine is switched
to zero load. The test was carried out on an Instron 8874 fatigue-testing frame (Fig. 13(a))
with a torque capacity of ±100 Nm. A total of twenty-nine tests were conducted.
Frequencies were varied to reduce testing time especially at low strain amplitudes. The
applied shear strain amplitudes and frequencies are presented in Table 5. All tests were
conducted at a strain ratio of -1.0. One to three tests were performed for each strain level
and tests were stopped when the torque dropped to 50% of its maximum-recorded value
during cycling.
Table 5: Test matrix for cyclic torsion test.

AW2099-T83

ZK60A
Strain
amplitude

Strain amplitude
∆𝜸

(%)

0.4
0.6

Freq.
(Hz)
0.5
0.4

0.25

0.8

0.2
0.1
0.06

1.0
1.3
1.5

0.5
0.6

Freq. (Hz)
0.35
0.3

0.7
0.75
1
1.5

𝟐

∆𝜸
𝟐

(%)

AISI 410
Strain
amplitude
0.5
0.7

Freq.
(Hz)
0.4
0.3

0.3

1.5

0.1

0.3
0.2
0.1

-

-

∆𝜸
𝟐

(%)

3.5 Multiaxial Fatigue Tests
Multiaxial fatigue tests were conducted on the three alloys according to ASTM 2207-E08
[11] using similar tubular specimen shown in Fig. 10, on Instron 8874 biaxial fatigue
machine (Fig. 13(a)). Biaxial extensometer, in Fig. 13(b), capable of measuring both axial
and torsional strains was used to record strain data. Applied strain amplitudes were
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achieved by selecting a constant strain amplitude which is normalized by the yield strain
of each alloy in monotonic tensile and torsional tests according to Eq. 3.1.

𝜀=

𝜀
… … … … … … … … … (3.1𝑎)
𝜀

𝛾=

𝛾
… … … … … … … … … (3.1𝑏)
𝛾

Where ε and γ are the normalized applied axial and shear strain amplitudes, ε x and γx are
any selected strain level, and εys and γys are the corresponding strains at yield point in
monotonic tests. This normalization is done on the account that the materials have different
yield strengths. The investigated biaxial strain amplitudes are illustrated in Table 6 for both
proportional (0° in-phase) and non-proportional (90° out-of-phase) loadings. A total of
sixteen tests were conducted under multiaxial fatigue.
Table 6: Test matrix for multiaxial fatigue test.

Alloys

AW2099-T83

ZK60A

AISI 410

Phase angle

0°

90°

0°

90°

0°

90°

0°

90°

Axial strain amplitude (%)

0.53

0.53

0.32,

0.32,

0.43

0.43

0.30

0.30

Shear strain amplitude (%)

0.66

0.66

0.40

0.40

0.40

0.40

0.42

0.42

Axial strain amplitude (%)

0.53

0.53

0.32,

0.32,

0.43

0.43

0.30

0.30

Shear strain amplitude (%)

0.76

0.76

0.46

0.46

0.46

0.46

0.48

0.48
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Figure 13: Biaxial testing facilities: (a) Instron 8874 Biaxial fatigue machine, (b) Biaxial extensometer.
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CHAPTER 4
RESULTS AND DISCUSSION

4.1 Introduction
The results obtained from the series of tests described in the preceding chapter are
presented and discussed in this chapter. Characterization of microstructure, which entails
grain structure and grain size, is presented first. Both tensile and torsional mechanical
properties, which include ultimate tensile strength, yield strength, elastic modulus, shear
modulus and plastic flow coefficients, etc., are given. In the result for fatigue, fatigue life
and various stress responses, which include peak stresses and mean stresses from the
different fatigue tests are presented and discussed. Finally, fatigue tested specimens with
fractured surfaces and cracking are presented and explained. The approach to presentation
of results is by discussing specific observations from each test for each alloy. Then a final
remark that is generally comparative is given.

4.2 Characterization of Microstructure
Microstructure is an outcome of material processing that includes deformation and heat
treatment process for metallic alloys. Besides composition of alloys, microstructure has the
most significant influence on alloys behavior; it determines the properties of alloys. The
microstructures of the three alloys in the orientations shown in Fig. 7 are presented and
discussed in this section.
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4.2.1 AW2099-T83 Alloy
Figure 14(a) represents the optical metallographs of the microstructure of AW2099-T83 in
the different orientations and locations. The microstructure at T1 location in the transverse
orientation is composed of small grains of about 10 μm and large grains of about 40 μm.
Grains at locations T2 and T3 are almost equiaxial and smaller than those near the edge of
the extrusion. Thus, grain size becomes smaller in the direction towards the center in the
transverse orientation. Grain structures similar to T1 were reported by Jata and Starke
[104]. The large grains are unrecrystallized grains, while the smaller grains are
recrystallized grains following solution heat treatment [96,104]. Unrecrystallized grains
were reported for similar materials and were attributed to dynamic recovery and the
presence of Al3Zr [98,99]. It has been reported that a recrystallized grain is undesirable for
this type of alloy as it degrades its mechanical property, particularly the resistance to
fatigue crack growth [99,104].
The grains along the extrusion direction are unrecrystallized and elongated in the direction
of extrusion. This is mainly due to the strain imposed by the extrusion die on the side of
the billet. Similar grain structure is reported by Lin et al [97] for similar material.
Nonetheless, elongated grain is the primary grain in aluminum alloys following hot
working owing to their high stacking fault energy [98]. Sub-grains become more noticeable
in the region towards the center along the extrusion direction. Variation in grain structure
and size in different orientations have been reported by a number of researchers for similar
material [96–98,105]. Homogenization heat treatment and aging process can significantly
influence the microstructure and, by extension, the mechanical behavior of AW2099-T83
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alloys [97,106,107]. Average grain sizes measured for AW2099-T83, using linear intercept
method, are given in Table 7.

4.2.2 AISI 410 Alloy
Figure 14(b) shows the optical metallographs of the microstructure of AISI 410 stainless
steel alloy. It is worth mentioning here that samples for metallography of AISI 410 were
taken from the edges (T1, E1) and centers (T3, E3) of the rod on account of the smaller
diameter compared to AW2099-T83 and ZK60A. The microstructure is a tempered
martensite structure, as it is common with quenched steels. Martensitic structure is known
to give high strength to steel. The structure compares to a hardened and tempered AISI 410
steel reported by Krishna and Bandyopadhyay [95]. No significant difference is observed
both in the structure and grain sizes of the steel in both orientations. A grain size of about
5 μm, recorded in Table 7, was obtained by linear intercept method. The darker areas are
regions of retained austenite which did not transform to martensite during the diffusionless
transformation process. Heat treatments and electrochemical processes can be used to
achieve different dimensions of martensitic structure for the alloy [93,108].

4.2.3 ZK60A Alloy
Microstructures for ZK60A are presented in Fig. 14(c) for similar orientation as for
AW2099-T83. The variations in structure and grain sizes are obvious both in orientations
and in locations, especially in the extrusion direction. The structures in the transverse
orientation appear coarse and are mostly equiaxed. Similar observations were reported for
ZK60A by Xiong et al [109]. There is the presence of twin structures in the transverse
orientation. The grain in the extrusion direction close to the surface, i.e. E1, is a
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combination of large and small grains and with some twin structure. However, towards the
core, at E2, some of the grains are elongated in extrusion direction. No twinning is observed
in this location. Grain sizes measured using linear intercept are presented in Table 7.
The results of microstructure presented here will be applied to explaining the cyclic
behavior of the alloy in terms of stress evolution and hysteresis loops. The fracture
mechanism and cracking behavior of the alloys will also be explained from the alloy
microstructure.
Table 7: Average grain size for the three alloys.

Average grain sizes (μm)
Location

T1

T2

T3

E1

E2

E3

40 ± 1.68

8.4 ± 1.47

6.6 ± 1.53

12.6 ± 2.09

7.24 ± 1.83

7.74 ± 1.55

AW2099T83
AISI 410
ZK60A

5± 1.5
18 ± 1.4

24 ± 1.35

45 ± 2.5

1
2
3
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10.7-13.8 ± 2

46-180 ± 10

4
5
6
7
8
55

9
10

11
12
13
14

15

56

16
17

Figure 14: Optical metallographs for the three alloys: (a) AW2099-T83, (b) AISI 410 and (c) ZK60A.
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4.3 Monotonic Tests Results
Tensile and torsional quasi-static mechanical tests were conducted for the three alloys.
These tests are used to obtain the static mechanical properties of the alloys. The properties
evaluated which are given in this section include ultimate strength, 0.2% yield strength,
elastic modulus, shear modulus, fracture stress, percentage elongation, plastic flow
coefficient and exponents.

4.3.1 Tensile Properties of AW2099-T83, ZK60A and AISI 410 Alloys
The characteristic engineering stress-strain curves for the three alloys are presented in Fig.
15. The AW2099-T83 (Fig. 15(a)) exhibits a deformation behavior nearly similar to elastic,
perfectly plastic material. The curve consists of an elastic and plastic portion with very
little amount of post yielding strain work hardening. The average yield and ultimate
strengths for the alloy are found to be 549 and 577 MPa, respectively. The stress-strain
(𝜎 − 𝜀) data from the plastic portion of the curve were fitted to a log-log line represented
by Eq. (4.1) to determine the strain-hardening coefficient, K, and exponent, n, illustrated
in Table 8.
𝜎 = 𝐾𝜀

……………….. (4.1)

Where 𝜎 is the static stress and 𝜀 is the plastic strain. The tensile property obtained from
testing of three specimens of the present alloy is given in Table 8 along with the standard
deviations. The presented tensile mechanical property is comparable with those reported
in literature for a similar material [98,110]. However, it is higher than several other types
of Al-Li alloy reported in the literature [88,90,92,111,112]. It has been shown that increase
in the Cu and Li contents of the alloy promotes the formation of strengthening precipitates
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such as T1(Al2CuLi) and θ’(Al2Cu) which increase the alloy’s strength [92,113]. Aging
condition, homogenization heat treatment, orientation of testing and precipitate phase are
factors which influence the alloy tensile property [87,96–98,110]. It is worth mentioning
that in spite of the high number of researches on the tensile property of the alloy, the
characteristic stress-strain curve is rarely reported.
The representative engineering strain-stress curve for ZK60A magnesium alloy is shown
in Fig. 15(b). The characteristic curve illustrates that the material exhibits post-yield
hardening and necking. An ultimate stress of 284 MPa is achieved while the yield stress is
221 MPa. The mechanical property, presented in Table 8, is comparable to the one reported
by Feng et al [113] and Xiong et al [109] for similar material, while being slightly higher
than the values reported by Paramsothy et al [114]. The variation observed in mechanical
properties of similar alloys can be attributed to factors including processing methodology,
heat treatment and test condition. The work hardening characteristic (K and n) was
similarly determined with Eq. (4.1). The inelastic deformation behavior of magnesium
alloys in tension is linked to microyielding and macroyielding processes [109,115]. The
former process is most likely due to the action of basal slip in favorably oriented grain,
while the latter process is an interaction of basal slip and prismatic slip [115]. Xiong et al
[109] explained that microyielding process is responsible for the initial high rate of
hardening observed, while the decrease in hardening rate that accompanied failure is due
to macroyielding process.
Typical AISI 410 engineering stress-strain curve is presented in Fig. 15(c). The curve
possesses both elastic and plastic regions with the alloy achieving an average ultimate
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stress of 591 MPa and yield strength of 489 MPa, as shown in Table 8. The tensile strength
is in close agreement with the value reported for same alloy by Hejripour and Aidun [94].
Similar approach, as was for AW2099-T83, was applied to finding the strain-hardening
coefficient, K, and exponent, n. Low strain work hardening exponent is recorded for the
alloy because its stress does not increase significantly after yielding. In addition, the curve
rapidly drops after the alloy achieved the maximum stress signifying poor resistance to
plastic deformation and moderate necking. Consequently, the inelastic behavior makes a
weak fitting for Eq. (4.1).
Figure 15(d) compares the engineering stress-strain curves for the three alloys. While
AW2099-T83 and AISI 410 possess nearly the same level of ultimate strengths of about
600 MPa, their fracture strains are quite different, with AISI 410 having a higher fracture
strain of about 21% which is thrice the fracture strain of 7% for AW2099-T83. ZK60A
exhibits the lowest strength of 284 MPa, which is less than half the strengths of AW2099T83 and AISI 410. However, the alloy has the highest strain work hardening capacity
compared with AW2099-T83 and AISI 410 alloys.
The alloys monotonic tensile behavior can be related to both their microstructures which
stem from the heat treatment, and their crystallographic structure. Aluminum-lithium alloy
is typically strengthened by precipitation heat treatment which introduces fine particles of
precipitates. Crystal lattice structures around this precipitates are usually distorted causing
lattice strain in particle-matrix interface [3]. The distortion and precipitate particles act as
barrier to plastic deformation with a resultant effect of a strong and hard alloy. Therefore,
the high strength, but low ductility, characteristic of AW2099-T83 alloy can be attributed
to its microstructure.
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AISI 410 exhibits tempered martensite microstructure with grain size of about 5 μm, as
previously shown in Fig. 14(b). Tempered martensite is a ferrite-cementite phase with
enhanced ductility and toughness arising from the ferrite. The cementite phase acts as
reinforcement for the ferrite matrix accounting for the relatively high strength [3]. Also,
the small size of the microstructure means that many grain boundaries are present within a
small unit volume. These boundaries act as barriers to dislocation motion making it
difficult for dislocation to be transmitted during plastic deformation, thereby giving the
alloy its relatively high strength.
ZK60A alloy possesses fewer slip planes making it possible for dislocations to pile up
easily and giving rise to high strain work hardening characteristic. While necking was
observed in both AISI 410 and ZK60A alloys, as illustrated in Fig. 16, no necking was
observed in AW2099-T83, signifying a semi-brittle behavior.
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Figure 15: Stress strain curves for (a) AW2099-T83, (b) AISI 410, (c) ZK60A, and (d) the three alloys.

Table 8: Monotonic tensile property for the three alloys.

Engineering Tensile Property

AW2099-T83

ZK60A

AISI 410

Tensile strength (MPa), 𝑈

567 ± 10.11

284 ± 9.9

591 ± 10

0.2% Yield stress (MPa)

549 ± 9.26

221 ± 9.15

489 ± 23.8

Elastic Modulus (GPa), E

80 ± 0.84

44 ± 0.59

208 ± 0.21

680 ± 15.76

411 ± 17

551 ± 13.93

0.0437 ± 0.01

0.1165 ±0.01

0.05 ± 0.02

Reduction in area (%)

8.0 ± 0.02

38 ± 0.015

61. ± 0.01

Elongation (%)

2.5 ± 0.22

7.0 ± 1.4

3.6 ± 0.3

Fracture stress (MPa)

530 ± 4.95

217 ± 5.95

340. ± 7.04

Fracture strain (%)

6.58 ± 0.7

18 ± 1.14

21 ± 0.98

Strain hardening coefficient, K (MPa)
Strain hardening exponent, n
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4.3.2 Fracture Modes under Tensile Loading
SEM micrographs of the fractured surfaces and photographic images for failed specimens
for the three alloys are shown in Fig. 16. AW2099-T83 specimen failed in the plane of
maximum shear; that is, 45o to the specimen axis. There was no obvious reduction in the
cross sectional area, indicating that little or no necking was present. This is in agreement
with the 8% reduction area as recorded in Table 8. The macroscopically brittle fracture of
AW2099-T83 is attributable to the presence of shearable precipitates which lead to
inhomogeneous slip distribution and causing loss of ductility due to particles hardening
[92]. Fractured surfaces of the specimens were bright and shiny. These are indicative of a
semi-brittle mode of failure. AISI 410 failed on the plane perpendicular to the specimen
axis. This is the plane of maximum normal stress for the tensile loading. There is gross
reduction in cross section area. The percentage reduction in area is 61% as presented in
Table 8 for tensile mechanical properties. Fractured surface was dull with the edge of
fracture thinly serrated, which is a characteristic of ductile alloys. For ZK60A, the fracture
also occurred on a plane perpendicular to the loading axis. The reduction in area was 38 %
(Table 8). The edge was sawed as was observed for AISI 410, but the gaps of the serrations
are larger and their dimension higher. Therefore, ZK60A can be classified as moderately
ductile.
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Figure 16: Fractured tensile specimens for the three alloys.
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4.3.3 Torsional Behavior of AW2099-T83, ZK60A and AISI 410 Alloys
Figure 17(a) illustrates the monotonic torsional behaviour of AW2099-T83 alloy. The
curve comprises an elastic and a plastic region with a fairly, steep rise in stress after
yielding. The maximum stress attained is 296 MPa at a fracture shear strain of 0.25 rad.
The mean shear yield strength is 229 MPa. Hardening behaviour was determined from true
shear stress-strain by employing Eq. (4.2). Where 𝑲𝒔 and 𝒏𝒔 are the shear strength
coefficient and exponent, respectively. The average mechanical properties obtained under
torsional loading for AW20899-T83 alloy are presented in Table 9.
𝝉 = 𝑲𝒔 𝜸𝒏𝒔 ………… (4.2)
The monotonic shear stress-strain curve for ZK60A alloy, shown in Fig. 17(b), possesses
a linear portion and steeply rising plastic region reaching an average maximum stress of
182 MPa (Table 9). As mentioned earlier for tensile results analysis, such a sharp rise in
stress in the plastic region is an indication of higher strain work hardening.
The representative engineering shear stress-strain curve for AISI 410 alloy is shown in Fig.
17(c). It consists of a plastic region that is almost flat, signifying a low hardening behavior.
As can be seen from Table 9, the material attained an ultimate shear strength of
approximately 473 MPa and fracture strain of 0.1742 rad.
The typical engineering stress-strain curves for the three alloys are compared in Fig. 17(d),
revealing that AISI 410 exhibits the highest torsional strength followed by AW2099-T83,
while ZK60A shows the least monotonic torsional strength. In terms of ductility, the shear
fracture strain of AW2099-T83 is on the average 25% higher than the shear strengths of

66

AISI 410 and ZK60A. It can be seen that all the alloys exhibit higher hardening under
monotonic torsion than under monotonic tensile post-yielding.
In summary, the physical characteristic of the curves and the mechanical properties in
torsion differ from those of the monotonic tensile since the loading axes are different. The
variation in microstructure for AW2099-T83 and ZK60A in Fig. 14 may as well have
influenced the behaviour of these materials under torsional loading.
The mechanical properties determined are useful in the analysis of torsional fatigue
behavior in subsequent sections. The choice of strain amplitudes to be applied for torsional
fatigue and multiaxial fatigue testing will be selected based on these results.
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Figure 17: Torsional stress-strain curves for: (a) AW2099-T83, (b) ZK60A, (c) AISI 410 and (d) the three alloys.

Table 9: Torsional mechanical properties for the three alloys.

Engineering Torsional Property AW2099-T83 ZK60A AISI 410
Shear strength, τus (MPa)

296

182

473

0.2% Shear yield τys (MPa)

229

89

402

Shear Modulus, G (GPa)

27

17

79

Fracture stress, τf (MPa)

295

182

473.

Fracture strain, τf (rad)

0.2483

0.1931

0.1742

447

236

499

0.1557

0.18

0.0323

Strain hardening coefficient, Ks
Strain hardening exponent, ns
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4.4 Analysis of Fatigue Results.
The results from the fatigue testing are presented and discussed in this section. Four loading
paths, which include tensile, torsional, multiaxial proportional and non-proportional
loadings, have been investigated for each of the alloys.

Fatigue life, cyclic strain

components and stress responses from each of the alloys are presented and analyzed.

4.4.1 Axial Fatigue Behavior
i. Cyclic Axial Stress-Strain Curve
Tension-compression fatigue results and experimentally determined material fatigue
parameters for the three alloys are given in Tables 10-12. The results from the tables are
used to find fatigue parameters and strain-fatigue life curves which are discussed later in
this section. The fatigue life and cyclic axial forces were recorded by the computer system
integrated to the testing fixture. The axial stress amplitudes have been calculated using Eq.
(1.3) and (1.4), while the elastic and plastic components of the applied strain are obtained
from Eq. (1.6) and (1.7). By fitting the plastic strain data and axial stress amplitude of
individual alloys to a line represented by Eq. (1.8), curves in Fig. 18 are generated to find
the fatigue strength coefficient, K', and fatigue exponent, n', given in Table 13. The fitting
curve for ZK60A is done for plastic strain greater than 0.0005 in order to improve fitting
accuracy. The coefficient K', and exponent n' so determined are used to construct the cyclic
stress-strain (CSS) curves of the alloys in Fig. 19. The CSS curve represents the uniaxial
deformation of material subjected to cyclic load. The Ramberg-Osgood fits are also
illustrated in Fig. 19. These curves smoothly deviate from linearity to plastic region
regardless of the monotonic tensile curves in Fig. 15. This is the typical characteristic of

70

cyclic stress-strain curves and as such, they can be described by the Ramberg-Osgood
equation, Eq. (1.10). The lack of absolute fit of some of the fatigue data at low strain,
especially for ZK60A, is due to the very small plastic strain deformation at such applied
strain amplitude. It is worth noting that there is no CSS curve for AW20999-T83 because
of the absence of K' and n' for the range of plastic strain amplitudes investigated for the
alloy.
Table 10: Axial fatigue results and experimental parameters for AW2099-T83 alloy.

d

εa

σmax

Spec. ID (mm) (%) (MPa)

σmin

σa

(MPa)

σm

εe

εp

(MPa) (MPa) (%) (%)

Nf
(Cycle)

63448C

6.37

0.3

249.63 -223.12 236.38

13.26

0.3

0

100000
(stopped)

63449C

6.37

0.3

281.78 -206.33 244.06

37.73

0.3

0

156375

63446C

6.36

0.4

344.75 -309.97 327.36

18.39

0.4

0

23066

63447C

6.37

0.4

320.03 -313.24 316.64

3.39

0.4

0

37215

63444C
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0.5

404.14 -394.06

399.1

5.04

0.5

0

8925

63445C

6.36

0.5
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3.05

0.5

0

6875

63450C
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0.6

493.4

-453.25 473.33

20.08

0.6

0

1816

63452C

6.36

0.6

469.36 -473.54 471.45

-2.09

0.6

0

2966

63451C
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0.7

520.21 -506.73 513.47

6.74

0.6

0.1

785

63453C

6.36

0.7

519.37 -505.12 512.25

7.13

0.6

0.1

929
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Table 11: Axial fatigue results and experimental parameters for ZK60A alloy.

d

εa

σmax

Spec. ID (mm) (%) (MPa)

σmin
(MPa)

σa

σm

εe

εp

Nf

(MPa) (MPa) (%) (%) (Cycle)

63457C

6.36

0.28 109.66 -118.09 113.38

-3.72

0.26 0.02 107936

63467C

6.36

0.28 111.72 -115.05 113.39

-1.67

0.26 0.02 301827
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0.3

112.73 -118.75 115.74

-3.01

0.26 0.04
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0.3

115.61 -122.08 118.85

-3.24

0.27 0.03 112187
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0.3

86255C

6.37
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0.34 0.01
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Table 12: Axial fatigue results and experimental parameters for AISI 410 alloy.

d

εa

σmax

σmin

σa

Spec. ID (mm)

(%)

(MPa)

(MPa)

(MPa)
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0.3

398.69

-354.77
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0.3
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70072C

6.35

0.4
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Nf
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(%)

(Cycle)
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Figure 18: Regression curves to estimate axial strength coefficient 𝑲 and exponent, 𝒏 for: (a) ZK60A (b) AISI 410.

Figure 19: Cyclic axial stress-strain curve for: (a) ZK60A (b) AISI 410.
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ii. Hysteresis Loops Evolution
A hysteresis loop is a closed cyclic stress-strain curve. It represents the energy-stored per
unit volume during a fatigue cycle. Representative loops for the second and half-life cycles
for all the strain amplitudes considered in section 3.4 are presented in Figs. 20-22 for
AW2099-T83, Zk60A and AISI 410 alloys. The second loop is considered because it is the
first complete loop, while half-life loop is the representation of the stable stress-strain
behavior of a material under cyclic loading. It can be seen from the illustrations that the
three materials exhibit different trends of cyclic axial behavior.
As evident from Fig. 20, AW2099-T83 alloy does not show any plastic strain for the
applied strain amplitudes less than 0.6%. The deformation here is elastic; signifying that
the total strain was recovered in each cycle. Therefore, the tensile cycle and the
compression cycle follow the same path, which explains the absence of hysteresis loop for
applied strain amplitudes less than 0.6%. Although at applied strain amplitude of 0.6%,
plastic deformation of about 0.01-0.02% was recorded, yet it is quantitatively negligible.
As such, appreciable plastic strain, measuring about 0.06-0.07%, occurs at the applied
strain amplitude of 0.7%. There is a little increase in plastic strain as the number of cycle
increases from the second to half-life cycle. Peak stresses (stresses at the tips of the
hysteresis loop) rise with increase in applied strain amplitude. The shape of the hysteresis
loop is symmetrical which is attributable to slip deformation mode.
In general, an alloy exhibits low cyclic plastic deformation due to its high strength or when
under low applied strain amplitude that cannot activate plastic deformation [16,44,116].
The strengthening mechanism of the alloy, as mentioned previously in section 4.2, creates
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many precipitates that inhibit plastic deformation. The monotonic strength of a metal is
also a factor that influences the width of hysteresis loop. A high strength alloy resists an
imposed strain elastically resulting to a slim hysteresis loop [117].
The hysteresis loop evolution for ZK60A is illustrated in Fig. 21. Unlike AW2099-T83,
the alloy exhibits plastic deformation at all levels of applied strain. The second and halflife cycles almost superimpose on each other indicating that there is no plastic strain
increment with increase in the number of cycles. Most of the hysteresis loops obtained at
low strain amplitudes are symmetrical. However, the second cycle hysteresis loop shows a
little concavity for strain amplitudes higher than 0.5%. This may be an indication of
twinning effect. Twinning is common with magnesium alloys in the first few cycles at
strain amplitudes above 0.3% which usually causes the hysteresis loop to be asymmetrical
or sigmoidal in shape [16,47,103,115,118,119]. Asymmetric hysteresis loop for ZK60 have
been reported by Xiong et al. [109,120] and Yu et al. [121] at strain amplitude above 0.4%
which they attributed to twinning effect. Wu et al [100] has reported an asymmetric
hysteresis loop for ZK60A at strain amplitude higher than 1.0%. No pronounced
asymmetry was observed by Vasilev et al [122] for similar material. However, a little
concavity on the hysteresis loop was attributed to twinning effect by the authors. ZK60A
in the current study shows no clear asymmetry except for a little irregularity at strain
amplitude above 0.5% which is in agreement with the work of Vasilev et al [122]. It can
be inferred that twinning deformation occurs but it was not extensive to reflect in the
hysteresis loop. The difference in microstructure due to processing route can be a reason
for the observed differences in hysteresis loops.
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Figure 22 illustrates the hysteresis loop evolution for AISI 410 stainless steel alloy.
Likewise, plastic strain is present at all applied strain amplitudes. However, the hysteresis
loops for AISI 410 are wider at same applied strain amplitudes, compared to ZK60A and
AW2099-T83. The half-life cycle hysteresis loops are larger than the second cycles
indicating that plastic deformation increases with the number of cycles. This implies
fatigue damage accumulates with cycling. The shape of the hysteresis loops are also
symmetrical meaning that the predominant deformation mode is by slip mechanism.
Similar low cycle fatigue behavior of several types of steels including stainless steel, low
alloy steel and carbon steel has been published by a number of researchers [61,63,123–
130]. The stabilized cycles hysteresis loops are comparable to the one observed in the
current investigation, where wide hysteresis loops which are indicative of large plastic
strain deformation are the common observations. Furthermore, serration-like features are
present in the final phase of the compression cycle in the hysteresis loop of AISI 410 at
applied strain amplitude above 0.7%. Similar observations have been reported for several
steels [55,60–64].
The trend in the hysteresis loop evolution for the three alloys can be summarized as follows.
Observably, the peak stress depends on the applied strain amplitude and tensile strength
(or yield strength) of the alloy. With higher applied strain amplitude, the evolved stress
increases. In addition, the higher the tensile strength of the alloy, the higher the peak stress.
As an example, the stress evolution at 0.5% applied strain is highest in AISI 410, followed
by that of AW2099-T83 and then that of ZK60A.
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Besides the monotonic strength, the ductility of an alloy is another factor that influences
the hysteresis loop evolution. Both AISI 410 and ZK60A exhibit plastic strain at all levels
of applied strain, with the former showing higher deformation at equal applied strain
amplitude. Of the three alloys, AISI 410 has the highest fracture strain of 21% in uniaxial
tension, as is reported in section 4.3. Hence, the highest plastic deformation at the same
strain amplitude for the three alloys. The resistance of AW2099-T83 to plastic deformation
can be attributed to its low ductility coupled with its high strength. Thus, the uniaxial
strength and ductility of the alloys influence their fatigue deformation behavior.
The measurable surface area in hysteresis loop is useful for plastic energy-based
characterization of fatigue behavior of alloys. Therefore, the inference that can be drawn
is that it would be possible to correlate fatigue life with energy parameters for ZK60A and
AISI 410 alloys at all strain amplitudes, while AW2099-T83 alloy will only be amenable
to energy-based approach at applied strain amplitude 0.7% or higher.
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Figure 20: Hysteresis loop evolution for AW2099-T83 Al-Li alloy for all the axial strain amplitudes studied.
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iii. Cyclic Stress Response
The cyclic stress response is for the description of the stress evolution with the number of
cycles during fatigue loading cycles. Any transient behavior such as cyclic hardening and
softening can be observed and explained from the cyclic stress behavior of an alloy. The
cyclic stress response is presented in Fig. 23 for the three alloys. Both maximum and
minimum stresses are plotted against the number of cycles on a semi-log scale.
As can be seen from Fig. 23(a), AW2099-T83 alloy shows slight increment in cyclic stress
with the number of cycles for different applied strain amplitude. The point at which stress
increases with respect to cycle is different for each applied strain amplitude. Therefore, an
analysis of the cyclic stress trend is necessary at each applied strain amplitude.
At the applied strain amplitude of 0.7%, maximum stress slightly increases until the 5 th
cycle followed by stress stabilization. On the other hand, the minimum stress rises slightly
until the 30th cycle before the stress begins to drop until failure. Hence, the overall cyclic
stress curve behavior is that of initial cyclic hardening, followed by cyclic softening until
failure. The stress increment during hardening is about 30 MPa. Similarly, at 0.6% applied
strain amplitude, initial cyclic hardening, which causes a cyclic stress rise of about 40 MPa
in the alloy, is observed. Then, cyclic stabilization is seen after the 100 th cycles. After few
cycles of stress stabilization, the alloy cyclically softened to failure. This trend of initial
cyclic hardening to be followed by cyclic softening is in contrast with cyclic stress behavior
at strain amplitude with no quantifiable plastic strain.
At applied strain amplitude of 0.3 %, stress increment measuring about 1-12 MPa in cyclic
hardening was observed until failure. This range in cyclic stress variation indicates a highly
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fluctuating cyclic stress with the number of cycles. However, for the applied strain
amplitude of 0.4 %, the stress remained constant until the 1000th cycle where cyclic
hardening begins resulting in stress increment of 39 MPa at failure. For 0.5 % applied strain
amplitude, cyclic hardening is also observed as the stress increases by about 25 MPa from
the tenth cycle to the 8000th cycle before the specimen failed.
These varied trends across the applied strain level suggest that the cyclic stress response of
AW2099-T83 in axial fatigue depends on the applied strain amplitudes and the number of
cycles. For high strain amplitude, or in the actual low cycle fatigue, cyclic hardening is
observed, followed by stabilization and then cyclic softening. On the other hand, at low
and medium strain amplitudes, the material would cyclically harden until failure.
The presence of cyclic hardening at low strain amplitude for AW2099-T83 may be
explained by the change in the dislocation density of the material due to slip deformation.
When an alloy is cyclically strained, slips happen and dislocation gradually builds up. The
rise in dislocation density however restricts dislocation mobility [2]. The restriction
manifests in the form of increment in stress or cyclic hardening. Cyclic hardening can be
due to dislocation-dislocation interaction or dislocation pile-up [1]. Srivatsan and Coyne
[91] have reported that Al-Li-Cu alloys generally softened to failure under laboratory
condition, in dry air, distilled water and vacuum over plastic strain amplitudes ranging
between 0.02% and 1.8%. The authors [91] explained that once precipitates are cut,
particles offer less resistance to dislocation movement in the active slip plane and local
work hardening capacity are reduced resulting to cyclic softening. Little amount of
hardening in first few cycles in dry air and distilled water was reported which was attributed
to the increase in dislocation.
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Figure 23(b) displays the cyclic stress curve for ZK60A magnesium alloy. It can be seen
that the alloy cyclically hardened, even though slightly, throughout its cyclic life,
regardless of applied strain amplitude. The amount of cyclic hardening is also negligible
compared to that of AW2099-T83. The highest stress increment due cyclic hardening is
about 10 MPa. Marginal cyclic hardening for ZK60 have been reported by Yu et al [121].
Low strength, soft metals are known to harden due to low dislocation density when
subjected to loading [2]. In addition, the absence of sufficient independent slip planes for
HCP alloys generally causes dislocation immobility, which impedes its movement, thereby
causing the alloy to harden. The rate of hardening, from the slope of the curves, is
dependent on the applied strain amplitude; with higher strain amplitude showing greater
rate of hardening. Cyclic hardening of magnesium alloys in axial cyclic tests has been
reported extensively and it is commonly attributed to twinning-detwinning mechanism as
reviewed in chapter two [48,67,100,115,118–120,131]. The majority of the cited works
also observed that cyclic hardening is strain dependent, being higher at high strain
amplitudes. Wu et al [100] reported that the phenomenon of cyclic hardening in Mg alloys
is due to a twinning-detwinning process and is typical of hexagonal close-packed alloys.
Figure 23(c) illustrates cyclic stress behavior with the number of cycles for AISI 410 alloy.
The alloy cyclically softens to failure at all applied strain amplitudes. An initial increase in
cyclic stress with the number of cycle for the first ten cycles can be observed. It is obvious
from Fig. 23(c) that the softening behavior is independent of applied strain amplitudes, as
the cyclic stress curves at all applied strain amplitudes converge to a single path. It can be
deduced that the failure stress at each strain amplitude is approximately 400 MPa.
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Softening behavior is anticipated for high strength, hard alloys [2]. Martensitic steels
exhibit softening behavior when subjected to low cycle fatigue [123,125,128]. Ductile
alloys and initially hard alloys soften when subjected to cyclic loading because of the
rearrangement of dislocations, which offer less or no resistance to dislocation mobility.
The trend in cyclic stress response can also be assessed by plotting cyclic stress against
fatigue life ratio. Fatigue life ratio is the fraction of fatigue life at a given time for a given
strain amplitude. Such curves are given in Fig. 24 for the three alloys investigated.
From Fig. 24(a), for applied strain amplitudes in the range 0.3% to 0.5%, AW2099-T83
hardens for less than 10% of the lives then it maintains a fairly stable behavior, followed
by softening before fracture. The proportion of fatigue life for which a stable cyclic stress
is sustained decreases with strain amplitude. Softening begins at 70% of fatigue life for the
0.5% strain amplitude, at about 88% for 0.4% and almost no softening for 0.3%. However,
at strain amplitudes in the range of 0.6% to 0.7%, the hardening behavior transits directly
to softening behavior at much lower percentage of about 20% of fatigue life. Initial cyclic
hardening for low a fraction of fatigue life at high strain amplitude have been reported for
Aluminum alloy 6082-T6 by Borrego et al [132].
Figure 24(b) shows cyclic stress variation with fatigue life ratio for ZK60A. The alloy
displays an initial increase in stress which reaches a maximum at about 10% of total fatigue
life. It then maintains a steady, low cyclic hardening rate for the rest of the fatigue lives
before fracture. Stress responses at applied strain amplitude of 0.28% and 0.35% are almost
similar indicating that the fatigue life obtained at these strain amplitudes is of nearly same
cycles, as can be seen from Table 11.
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In Fig. 24(c), the cyclic stress response with fatigue life ratio is shown for AISI 410
stainless steel. A rapid decrease in stress is observed initially; followed by a steady
decreasing stress and a final rapid softening which culminates in failure. Similar
observation is reported by Branco et al [123] for high strength martensitic steel and by
Mazánová et al [133] for 316L stainless steel.
To summarize, stress evolution depends on microstructure and dislocation behavior. The
difference in the stress response of the three alloys can therefore be explained by the
different microstructure and dislocation behavior. The microstructure of AW2099-T83 is
strengthened by aging precipitates as have been reported in a number of published works
[96,97,106,107]. Such precipitates can interact with dislocations causing hardening at one
point. However, when they are sheared due to high stress, their resistance to dislocation
movement is weakened and cyclic softening results [91]. The tendency for HCP alloys to
harden is generally known to be due to fewer slip planes present in their crystals and the
twin-dominant mode of dislocation [109]. With increase in number of cycles, dislocation
is increased but there are insufficient planes for dislocation mobility to occur. Cycledependent and strain-dependent stress response as seen in AW2099-T83 and ZK60A can
be linked to their microstructures, both of which exhibit strong texture with respect to
extrusion orientation. Such behavior is not seen in AISI 410 which exhibits the same grain
structure and size in all orientations.
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Figure 23: Cyclic stress curves for the three alloys: (a)AW2099-T83, (b) ZK60A and (c) AISI 410.
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iv. Axial Mean Stress Evolution
Figure 25(a) displays the mean stress evolution with the number of cycles for AW2099T83. The alloy shows negative mean stress at applied strain amplitudes of 0.3% to 0.5%.
This trend continued until the 3000th cycle before the mean stress rises to become tensile.
However, for 0.6% applied strain amplitude at which the fatigue life was less than a
thousand cycle, the mean stress remained negative until failure. Applied strain amplitude
of 0.7% produces tensile mean stress for the entire fatigue life. It can be deduced from Fig.
25(a) that there is a tendency for the mean stress to rise abruptly at lower applied strain
amplitude with higher number of cycles. Thus, the pattern of the mean stress evolution
depends on both the strain level and the number of cycles, which can be summarized as
follows: at applied strain amplitudes less than 0.6%, the mean stress is compressive and
can become tensile if the fatigue life exceeds three thousand cycles. However, as the
cycling strain amplitude approaches the monotonic yield strain of the alloy, the mean stress
becomes positive.
The mean stress versus the number of cycles, as shown in Fig. 25(b) for ZK60A is entirely
compressive regardless of applied strain amplitude and the number of cycles. Increase in
the applied strain level does not change the trend in the mean stress with the number of
cycles. The largest compressive mean stress observed is less than -10 MPa. Yu et al. [121]
have reported higher tensile mean stress evolution for ZK60. Xiong and Jiang [120] have
shown that mean stress evolution for ZK60 fluctuates between compressive and tensile
mode depending on the applied strain amplitude.
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The mean stress evolution for AISI 410 stainless steel is generally tensile for the entire
duration of the fatigue life, as indicated in Fig. 25(c). However, there is a possibility for
the mean stress to become compressive with increasing numbers of cycles. As can be seen
from Fig. 25(c), at low applied strain amplitude of 0.3% and 0.4%, the mean stress initially
starts at a negative value before becoming positive for most of the remaining life.
In summary, mean stress development indicates the asymmetry of evolved cyclic stress.
Negative mean stress shows that the compressive stress is higher, while positive mean
stress signifies that the tensile stress response is larger. It is clear from the illustrations in
Fig. 25 that mean stress evolution for the three alloys varies. This is because of the different
crystallography, microstructure and strengthening mechanism. Negative mean stress can
indicate softening for high strength metals. Therefore, the negative means stress for
AW2099-T83 and AISI 410 alloys can be attributed to their high strength and hardness.
The evolution of tensile mean stress with fatigue cycle for AW2099-T83 may suggest that
at longer cycle, the density of dislocation has increased resulting in dislocations-dislocation
interaction. This interaction will result in cyclic hardening, translating to positive mean
stress. However, for ZK60A, negative mean stress can be linked to twinning effect which
is the predominant deformation mode for HCP alloys. Hence, the evolution of negative
mean stress for ZK60A alloy signifies that a higher negative stress response evolved due
to twinning mechanism [121]. Compressive mean stress is believed to have little or no
effect on the specimen life while tensile mean stress contributes to lower the life of
components [119].
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Figure 25: Mean stress evolution with number of cycles for the three alloys: (a) AW2099-T83, (b) ZK60A, and
(c) AISI 410.

v. Axial Fatigue Life Correlation
The fatigue life is the number of cycles to failure for a given strain amplitude. Failure is
defined here as the number of cycles at which the maximum load drops to 50% of its value
during the fatigue cycle. Correlation between the strain amplitude and fatigue life in straincontrolled tests is given in a strain-life curve. By using Eq. (1.11) and (1.12),
experimentally measured strain amplitudes and fatigue life for individual alloys is fitted to
a linearized power curve to obtain the following fatigue properties: fatigue strength
coefficient 𝜎

, fatigue strength exponent (𝑏), fatigue ductility coefficient 𝜀

and

fatigue ductility exponent ( 𝑐). The resulting curves are given Fig. 26. It is worth
mentioning that the regression fitting for AW20999-T83 is carried out for fatigue life less
than 100,000 cycles while that for ZK60A is done for fatigue life ≤ 53000 cycles. Since,
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low cycle fatigue properties is the target, the data range selected helps to reduce scatter and
improve accuracy [2,16]. The strain-controlled fatigue properties for the three alloy are
presented in Table 13.
Low-cycle fatigue experimental data for the three alloy is scarce in published literature.
Common aerospace grade alloy for which AW2099-T83 data can be compared are the
2xxx, 6xxx, and 7xxx series. The magnitude of |b| found in the current study is about twice
the value reported for aluminum alloys 2024, 6082, 6060 and five times higher than that of
AA6061 and AA7050 [132,134,135]. The fatigue strength coefficient is about three to
eight times higher than those reported in the same work. The fatigue ductility parameters
for ZK60A are about half the value reported for AZ31B [67,103] and AZ31[119]
magnesium alloys. The fatigue parameters for AISI 410 stainless steel are lower than that
reported for duplex steel by Chen et al [136].
The fatigue properties illustrated in Table 13 are employed to construct strain-life curves
on a log-log scale in Fig. 27. The elastic and plastic strains correlations with fatigue life
are also included in the figures. The characteristic strain-life curves show that life decreases
with applied strain amplitude.
The curve fit for AW2099-T83, shown in Fig. 27(a) has the experimental fatigue data fairly
distributed around it. Both the total and the elastic curve fits are superimposed since plastic
strain is not observed for almost the entire range of strain amplitudes studied. Traditional
aluminum alloys [132,134,135] have better Coffin-Manson fit than the investigated alloy.
This attributable to the low plasticity behavior of AW2099-T83. Low cycle fatigue is
associated with gross plastic deformation. Alloys with low plasticity usually exhibit high
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strength coefficient 𝜎

, but low ductility coefficient 𝜀 , causing the fatigue behavior

to be dominated by elastic behavior, as was observed in the hysteresis loops in Fig. 20.
Since the plastic strain data is insufficient to obtain a reliable curve fit for c, the equation
for the curve fit in Fig. 27(a) for AW2099-T83 is just the Basquin equation. Therefore, the
strain-life equation for AW2099-T83 is given in Eq. (4.3). Where 𝜀 is the applied strain
amplitude and 𝑁 is the fatigue life.

𝜀 =

.

2𝑁

.

……………(4.3)

The strain-life curve for ZK60A shown in Fig. 27(b) exhibits a smooth curve profile while
the plastic and elastic fittings are straight-line asymptotes. Fatigue life is within
intermediate and high cycle fatigue. The developed Coffin-Manson curve fit for the alloy
is given in Eq. 4.4.
𝜀 =

.

2𝑁

.

+ 1.5694 2𝑁

.

………….(4.4)

The point of intersection of the elastic curve with the plastic curve defines the transition
fatigue life, Nt. Transition fatigue life is where the elastic strain amplitude is equal the
plastic strain amplitude. This strain is found to approximately 0.0038. Thus, by the
applying Eq. (1.14), Nt is estimated to be about 1220 fatigue cycles. Prior to Nt the fatigue
behavior is predominantly plastic.
Low cycle fatigue life of other magnesium alloys have been described by Coffin-Mason
relation [67,119,137]. Correlation of uniaxial fatigue data of magnesium alloys with
Coffin-Manson generally shows good fitting. Strain-life curve of magnesium alloys with
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kink have been correlated with three-parameter strain-life curves [47,67,118,120,138].
Considering the gap between the straight lines and the total strain-life curve, it is observed
that at low strain amplitude the plastic strain effect is minimal as the curve is far from the
total strain-life curve. However, at high strain amplitude, the plastic strain curve is closer
to the total life-curve than the elastic strain-life line indicating that the former has the
dominant effect.
The low cycle fatigue-life curve for AISI 410 is shown in Fig. 27(c). Good correlation is
obtained with Coffin-Manson equation. Likewise, the elastic and plastic curves are straight
lines, while the total strain-life plot shows a smooth curved profile. The transition life for
the alloy is approximately 10,000 cycles. The Coffin-Manson equation for AISI 410 is
given in Eq. (4.5):

𝜀 =

.

2𝑁

.

+ 0.1565 2𝑁

.

………….4.5

The majority of the fatigue life is in the intermediate and low-cycle fatigue life region.
Coffin-Manson relation is known to give a good correlation for uniaxial fatigue data of
several low carbon and stainless steels [125–127,136,139].
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Table 13: Axial fatigue properties of the three alloys.

Fatigue properties AW2099-T83 ZK60A AISI 410
σf' (MPa)

1385.6

322.26
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b

-0.131

-0.088

-0.058

εf'

-
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c

-
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Figure 27: Axial strain-life curves for the three alloys: (a) AW2099-T83, (b) ZK60A, and (c) AISI 410.

102

4.4.2 Torsional Fatigue Behavior
i. Cyclic Shear Stress-Strain Curve
The results from the torsional cyclic tests for the three alloys are presented in Tables 1416. These results have been obtained as follows: the shear stress amplitudes have been
calculated using Eq. (1.16). Elastic strain amplitudes are estimated from Eq. (1.18), while
plastic strain amplitudes are obtained by the application of Eq. (1.19). The fatigue life was
recorded by the computer software of the testing machine. These results are used to
estimate the shear fatigue parameters and shear-strain-life curves which are presented
subsequently. Similar to the axial fatigue, life decreases with increasing shear strain
amplitude due to rise in shear stress amplitude. The cyclic shear stress-strain curves are
obtained in a similar manner as was described for axial fatigue tests in section 4.4.1. The
shear plastic strain amplitudes for individual alloys in Table 14-16 are plotted against the
′

shear stress amplitude to determine the shear strength coefficients, 𝐾𝑠 and exponents, 𝑛′𝑠
′

as illustrated in Fig. 28 for the three alloys. 𝐾𝑠 is the slope of the curve while 𝑛′𝑠 is the
exponent in the equation of the line fit. These constants are then used to obtain the shear
CSS given in Fig. 29 along with the Ramberg-Osgood fit.
Each curve in Fig. 29 shows a smooth deviation from the yield point. The data for
AW2099-T83 does not fit well perhaps because of the few number of data points for plastic
strain. The trend of the curves is precursor to the fact that stress evolution in AISI 410 will
be higher, followed by that of AW2099-T83 and, lastly, ZK60A.
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Table 14: Results and experimental parameters for cyclic torsion test for AW2099-T83 alloy.

di

do

γa

Spec. ID (mm) (mm) (%)

Freq.

τmax

τmin

(Hz)

(MPa)

(MPa)

τa

τm

γe

γp

Nf

(MPa) (MPa) (%) (%) (cycles)

PT5

7.95

9.95

0.5

0.35

122.74 -167.59 145.18 -22.43

0.5

0

30001

PT6

7.98

9.94

0.6

0.3

144.96 -204.96 184.96

0.6

0

8115

PT7

7.96

9.96

0.6

0.3

142.43 -198.94 180.68 -28.26

0.6

0

5570

PT9

7.98

9.95

0.6

0.3

148.86 -196.67 182.77

-23.9

0.6

0

6482

PT3

7.97

9.96

0.7

0.25

185.14 -219.67

-18.26

0.7

0

2804

PT4

7.98

9.99

0.7

0.25

186.82 -220.33 203.58 -16.75

0.7

0

2255

PT11

7.95

9.95

0.75

0.2

198.91

-214.2

206.56

-7.64

0.75

0

844

PT12

7.97

9.95

0.75

0.2

193.2

-208.86 201.03

-7.83

0.75

0

959

PT1

7.97

9.97

1.0

0.1

208.27 -209.46 208.87

-0.59

0.77 0.23

316

PT2

7.94

9.97

1.0

0.1

208.98 -211.34 210.16

-1.18

0.78 0.22

340

PT8

7.97

9.97

1.5

0.06

246.05 -246.11 246.08

-0.03

0.9

55

104

202.4

-30

0.6

Table 15: Results and experimental parameters for cyclic torsion test for ZK60A alloy.

di

do

γa

Freq.

τmax

τmin

τa

τm

γe

γp

(Hz)

(MPa)

(MPa)

(MPa) (MPa) (%) (%)

Nf

Spec. ID

(mm) (mm) (%)

ZK-PT13

7.96

9.98

0.4

0.5

54.96

-65.68

60.32

-5.36

0.35 0.05 1157265

ZK-PT10

7.97

9.97

0.6

0.4

71.94

-81.46

76.7

-4.76

0.45 0.15

82500

ZK-PT11

7.97

9.97

0.6

0.4

72.72

-83.97

78.35

-5.63

0.46 0.14

76161

ZK-PT1

7.96

9.95

0.8

0.2

86.99

-88.43

87.71

-0.72

0.52 0.28

13141

ZK-PT9

7.97

9.99

0.8

0.3

85.87

-91.83

88.85

-2.98

0.52 0.28

25936

ZK-PT12

7.99

9.99

0.8

0.3

87.27

-92.58

89.93

-2.66

0.53 0.27

18783

ZK-PT4

7.95

9.97

1

0.2

100.61 -101.88 101.25

-0.63

0.59 0.41

4203

ZK-PT8

7.98

9.99

1

0.3

99.95

-1.08

0.59 0.41

4406

ZK-PT5

7.97

9.98

1.3

0.2

112.74

113.87

-1.13

0.67 0.63

996

ZK-PT6

7.97

9.98

1.3

0.2

114.23 -114.44 114.34

-0.1

0.67 0.63

1165

ZK-PT2

7.98

9.96

1.5

0.1

-114.06 113.99

-0.07

0.67 0.83

628

ZK-PT3

7.98

9.96

1.5

0.1

118.35 -118.03 118.69

-0.34

0.69 0.81

506

114

-102.11 101.03
-115

105

(cycles)

Table 16: Results and experimental parameters for cyclic torsion test for AISI 410 alloy.

di

do

γa

Spec ID (mm) (mm) (%)

Freq.

τmax

τmin

(Hz)

(MPa)

(MPa)

τa

τm

γe

γp

Nf

(MPa) (MPa) (%) (%) (cycles)

SS-PT8

7.98

9.97

0.5

0.4

269.19 -271.01

270.1

-0.91

0.34 0.16

33055

SS-PT9

7.97

9.97

0.5

0.4

257.11

-260.8

258.96

-1.85

0.33 0.18

20965

SS-PT2

7.99

10.00

0.7

0.3

288.8

-288.75 288.78

0.02

0.36 0.34

8973

SS-PT3

7.97

9.97

0.7

0.3

283.62

-284.4

284.01

-0.39

0.36 0.34

9132

SS-PT6

7.98

9.93

1.5

0.1

335.14 -336.08 335.61

-0.47

0.42 1.08

483

SS-PT7

7.98

9.99

1.5

0.1

328.56 -328.39 328.48

0.09

0.41 1.09

541

106

Figure 28: Regression curves to estimate shear strength coefficient Ks’ and exponent, ns’ for the three alloys.

Figure 29: Cyclic shear stress-shear strain curves for the three alloys.
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ii. Hysteresis Loop Evolution
The characteristic hysteresis loops at second and half-life cycles are shown in Figs. 30, 31
and 32, for AW2099-T83, ZK60A and AISI 410, respectively. As previously mentioned
in section 4.4.1, the second cycle is chosen being the first complete loop, while at half-life,
the fatigue cycle is considered to have stabilized. As can be seen from Table 14 and from
Fig. 30, AW2099-T83 alloy shows no shear plastic strain until at applied shear strain
amplitude of 0.75%. Measurable shear plastic strain for the alloy starts at an applied strain
amplitude of 1.0%. It means that prior to a strain amplitude of 0.75% the shear deformation
is elastic. This behavior can be attributed to alloy with high strength but low ductility.
Strong alloys resist cyclic deformation in elastic mode [117]. It can be noticed that at
applied strain amplitudes of 1.0 and 1.5%, plastic strain amplitude increases with the
number of cycles. This is similar to the behavior earlier observed in axial hysteresis loop
evolution at applied strain amplitudes where measurable plastic strain manifested.
Therefore, similar to the axial fatigue, fatigue damage is increasing with the number of
fatigue cycles at higher strain amplitudes.
Figure 31 illustrates the hysteresis loop evolution for ZK60A alloy. Plastic strain developed
at all levels of applied strain amplitude. Likewise, plastic strain increases with increase in
the applied strain amplitude. It can be seen that there is no change in plastic strain
magnitude between the second and half-life cycle, meaning that fatigue damage is nearly
completed in the first few cycles. This is similar to the hysteresis loop evolution in axial
fatigue. However, no concavity is observed in the hysteresis loop for shear fatigue. This
probably supports the inference drawn in section 4.4.1 that the concavity in the axial
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hysteresis loop is due to twinning effect. Twinning-detwinning phenomenon only occurs
in axial loading mode for textured magnesium alloy under uniaxial loading [16,103,138].
The evolution of hysteresis loop with applied strain amplitudes for AISI 410 is illustrated
in Fig. 32. Similar to the axial fatigue, the alloy exhibits wide hysteresis loops with
substantial plastic strain especially at large applied strain amplitudes. It can be observed
that plastic strain amplitudes increase with the number of cycle signifying the accumulation
of fatigue damage with the number of cycles.
As a summary, the characteristic hysteresis loop from each of the alloy depends on the
strength and ductility as was previously discussed for axial fatigue in section 4.4.1. For a
strong, less ductile alloy like AW2099-T83, slim hysteresis loop evolves because the alloy
possess the strength to resist the applied strain, resulting to high stress but low plastic
deformation. However, for soft alloy, as is the case for ZK60A, the resistance to cyclic
strain is weak. Therefore, a considerable amount of plastic strain is experienced. For tough
alloy like AISI 410, the hysteresis loop is in-between that of a weak and strong alloys.
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Figure 30: Shear hysteresis loop evolution for AW2099-T83 for all the shear strain amplitudes studied.
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Figure 31: Shear hysteresis loop evolution for ZK60A for all the shear strain amplitudes studied.
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Figure 32: Shear hysteresis loop evolution for AISI 410 for all the shear strain amplitude studied.
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iii. Cyclic Shear Stress Response
The cyclic shear stress evolutions with the number of cycles for the three alloys are
presented in Figs. 33(a)-(c) on a semi-log scale. Figure 33(a) shows that the cyclic shear
stress response of AW2099-T83 is that of a cyclic softening material. There are an initial
stress stabilization and little cyclic hardening in the first-five circle at applied shear strain
amplitudes greater than or equal to 1%. Plastic strain deformation is observed at these
applied strain amplitudes. This behavior is similar to the observation in axial fatigue where
cyclic hardening is observed in the early fatigue cycles for strain amplitudes where plastic
strain becomes significant. From Fig. 33(a), it can be noticed that with increasing number
of fatigue cycles, the curves further deviate downward. This indicates fatigue damage due
to cracking. This will be confirmed by crack analysis in a later section.
Figure 33(b) is the cyclic shear stress curve for ZK60A. There is no substantial difference
in the cyclic shear stress trend at all strain amplitudes investigated. Although, a discrete
analysis of individual curve shows that cyclic softening occurs at the lowest applied strain
amplitude of 0.28%. While at applied strain amplitude of 1.5%, slight cyclic hardening of
about 1-2 MPa is noticed. Therefore, the trend of cyclic shear stress evolution for ZK60A
is unchanged with the number of fatigue cycle and applied strain amplitude.
There is no ambiguity in the cyclic stress response of AISI 410 as shown in Fig. 33(c). The
trend by which the cyclic stress varies with the number of cycles at each of the applied
strain amplitude is constant. Cyclic stress softening occurred from the first cycle to failure
at all strain amplitudes. The rate of softening, as can be measured from the slope of the
curves, is independent of applied strain. The consistence in the stress behavior can be
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related to the microstructure of the alloy, the microstructure of AISI 410 alloy is the same
in all orientations and locations as illustrated in Fig. 14 in section 4.2. Microstructural
influence on the cyclic stress behavior of the alloys has been discussed earlier in section
4.4.1.
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Figure 33: Shear stress evolution with the number of cycles for the three alloys: (a) AW2009-T83, (b) ZK60A
and (c) AISI 410.

iv. Shear Mean Stress Evolution
Mean stress evolution as shown in Fig. 34(a) for AW2099-T83 indicates that negative
mean stress evolves with the number of cycles especially at applied strain level where
plastic strain is absent. With increase in applied strain amplitude, the mean stress value
tends to become positive. A compressive mean stress of about -40 MPa is observed at the
lowest strain amplitude of 0.5%. This increases toward positive value as applied strain
amplitude is increased, becoming nearly zero at shear amplitude of 1 and 1.5%. The trend
in the mean stress here differs from that observed in axial fatigue. While the axial mean
stress rises with the number of fatigue cycle, the shear mean stress tends to become more
compressive in nature as the number of fatigue increases for a given total strain amplitude.
Figure 34(b) shows the shear mean stress evolution with cycle for ZK60A. The overall
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shear mean stress is compressive but negligible. It indicates there is no variation between
the tensile and compressive peak stresses. The maximum mean stress observed is about 10
MPa in compression, which is achieved at the maximum lowest applied strain amplitude
of 0.4%.
The shear mean stress for AISI 410 as illustrated with Fig. 34(c) is in compressive mode.
There is no significant variation with increase in applied strain amplitude and the number
of cycles. Separate analysis of the curves would indicate that mean stress was initially
positive for the largest applied strain amplitude of 1.5% before it assumes negative value
after about five cycles. In addition, at applied strain amplitude 0.5%, fluctuation of the
mean stress can be seen. However, these variations do not contribute any significant change
to the general trend of the mean stress.
As already discussed in section 4.4.1, mean stress results due to peak stress asymmetry.
The mean stress evolution for the alloys under shear loading show variation for the
different structure. It can be concluded that mean stress is also plastic strain dependent.
With increased plastic strain, the shear mean stress tends to become tensile.
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Figure 34: Means stress vs. the number of fatigue cycles for the three alloys: (a) AW2009-T83, (b) ZK60A and
(c) AISI 410.

v. Shear Fatigue Life Correlation
The shear fatigue life here is defined as the number of cycle when the maximum torque
achieved drops to 50% of its value. Torsional fatigue parameters are obtained from
regression curves in Fig. 35 according to Eq. (1.22) and (1.23). These parameters,
presented in Table 17, are the shear fatigue strength coefficient (𝜏 ), fatigue ductility
coefficient (𝜀 ), shear fatigue strength exponent (𝑏 ) and shear fatigue ductility
exponent(𝑐 ). Torsional fatigue data are not as common as axial fatigue is. To make a
comparison with the axial fatigue data, the torsional fatigue data are first converted to axial
equivalent using the set of approximations in Eq. (4.6) [2]. Where 𝜏 𝑎𝑛𝑑 𝜎 are the
torsional and axial fatigue strength coefficients, 𝛾 𝑎𝑛𝑑 𝜀 are the torsional and axial
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fatigue ductility coefficients. Similarly, 𝑏 𝑎𝑛𝑑 𝑏 are the torsional and axial fatigue
strength exponents, while 𝑐 𝑎𝑛𝑑 𝑐 are the torsional and axial fatigue ductility exponents.
𝜏 ≈

√

……….(4.6a)

𝛾 ≈ 𝜀 √3 ……….(4.6b)

𝑏 ≈ 𝑏 ……….(4.6c)

𝑐 ≈ 𝑐 ……....(4.6d)

Based on Eq. (4.5a)-(4.5d), it can be concluded that the shear fatigue parameters are lower
than those of the alloys [132,134,135] with which axial fatigue parameters were compared
in section 4.4.1. The fatigue parameters for individual alloys are used to develop shear
strain-life curves illustrated in Fig. 36 on a log-log scale. The data for elastic and plastic
strains have also been used to develop fitting lines on same scale. It can be seen that fatigue
life decrease with increase in strain amplitude.
Figure 36(a) is the shear strain-life curve for AW2099-T83 and the corresponding curve
equation is given in Eq. (4.7). A good fit is achieved for the fatigue data and developed
curve. The strain-life curve generally approaches the elastic line compare to the plastic line.
This is because majority of the strain amplitude applied produces no plastic strain as is
evident in Fig. 30. The transition life is approximately 25 fatigue cycles. The position of
the transition life signifies that no substantial plasticity occurred during the fatigue cycle.

𝛾 =

353.15
2𝑁
27100

.

+ 0.0795 2𝑁

.

… … … … … (4.7)

In section 4.4.1, the axial fatigue data for AW2099-T83 was used to develop a fatigue curve
that fitted the Basquin equation due to the absence of ductility parameters arising from low
plasticity. Now, with the combination of the set of Eq. (4.6) and the shear fatigue constants,
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an equivalent axial Coffin-Manson equation can be derived. The derived equation is given
in Eq. (4.8). It can be deduced from the equation that fatigue strength of the alloy
expectedly decreases as the fatigue ductility rises.

𝜀 =

611
2𝑁
80300

.

+ 0.046 2𝑁

.

… … … … . . (4.8)

The shear strain curve for ZK60A is given in Fig. 36(b) and the corresponding CoffinManson strain-life equation is given in Eq. (4.9). The transition life is found to be
approximately 1000 fatigue life. Good correlation is achieved between data and the curve.
Similar curve has been reported for AZ31B by Albinmousa [103].

𝛾 =

218.10
2𝑁
16900

.

+ 0.082 2𝑁

.

… … … … … (4.9)

Similarly, the shear strain-life curve for AISI 410 is illustrated in Fig. 36(c) and the CoffinMason equation is similarly given in Eq. (4.10).

𝛾 =

488.44
2𝑁
79400

.

+ 0.2716 2𝑁

.

… … … … … (4.10)

Although, a narrow range of shear strain amplitude was studied for AISI 410, the trend for
the fatigue life curve can be imagined. The close proximity that is maintained between the
strain-life curve and the elastic fit line in an evidence of substantial plasticity. This agrees
with the observation in the hysteresis loop evolution earlier discussed in this section. The
transition life is estimated to be around 9000 fatigue cycles.
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Figure 35: Regression curves to estimate the shear fatigue properties for the three alloys: (a) fatigue strength coefficient (b) fatigue strength exponent and (c) fatigue
ductility coefficient and exponent.
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Table 17: Strain-controlled shear fatigue properties for the three alloys.

Shear fatigue properties AW2099-T83
𝜏 (MPa)
353.15
𝑏
-0.089
𝛾
0.0795

ZK60A
218.1
-0.085

AISI 410
488.44
-0.053
0.2716
-0.46

𝑐

-0.55

0.082
-0.33

K's (MPa)

567.89

354.01

572.42

n's

0.1635

0.2301

0.1209

0.1

Shear strain amplitude (rad/rad)

(a)

Exp. elastic strain data
Exp. plastic strain data
Exp. total strain amplitude
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0.0001
1.E+01

1.E+02

1.E+03

Number of reversals to failure

123

1.E+04

1.E+05

0.1
Exp. elastic strain data

(b)

Exp. plasic strain amplitude

Shear strain amplitude

Exp. total strain amplitude

0.01

0.001

0.0001
1.E+02

1.E+03

1.E+04

1.E+05

1.E+06

Number of reversals to failure

0.1
Exp. elastic strain data

(c)
Shear strain amplitude (rad/rad)

Exp. plastic strain data
Exp. total strain amplitude

0.01

0.001

0.0001
1.E+02

1.E+03

1.E+04

1.E+05

Number of reversals to failure

Figure 36: Shear strain-life curve for the three alloys: (a) AW2009-T83, (b) ZK60A, and (c) AISI 410.
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4.5 Multiaxial Fatigue Behavior
The experimental results obtained from multiaxial fatigue tests described in section 3.5 for
AW2099-T83, ZK60A and AISI 410 are presented in Table 18-20. These include axial
stress amplitude (σa), shear stress amplitude (τa), axial elastic strain (εe), axial plastic strain
(εp), shear elastic strain (γe) and shear plastic strain (γp). The stress amplitudes are estimated
from Eq. (1.3) and (1.16) for the axial and shear stress, respectively. The elastic and plastic
strains amplitudes for axial mode are found from Eq. (1.6) and (1.7). Correspondingly,
elastic and plastic strain components for shear mode are calculated from (1.18) and (1.19).
The normalization process used to select the applied biaxial strain amplitudes for each of
the alloy after taking into account the monotonic behavior of the materials was previously
discussed in section 3.5.

4.5.1 Effect of Strain Amplitudes and Phase Angle on Stress Evolution and
Fatigue Cycles
As can be seen from Table 18 for AW2099-T83, both the fatigue life (N f) and cyclic stress
response vary with change in strain amplitudes and phase angle, θ. Increase in the applied
shear strain amplitude from 0.66% to 0.76% for a constant axial strain of 0.53% causes a
reduction in the cyclic axial stress in both proportional and nonproportional loading modes
by 7% and 9%, respectively. The corresponding cyclic shear stresses, increase by 6% in
the proportional loadings and 12% in nonproportional loadings. The effect of this is the
drop in fatigue life by 28% in the proportional loading path and by 62% in the
nonproportional loading mode. Correspondingly, the change in the phase angle from 0° to
90° at applied biaxial strain amplitudes of εa,γa = 0.53%, 0.66% results to a rise in the
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fatigue life by 39%. Conversely, for the same change in phase angle from 0° to 90°, at
applied biaxial strain amplitudes of εa,γa = 0.53%, 0.76%, the fatigue life decreases by 13%.
Table 19 presents the multiaxial fatigue data for ZK60A alloy. Under proportional loading,
increase in shear strain amplitude from 0.4% to 0.46% with a constant axial strain
amplitude of 0.32%, the axial stress rises by 30%, but the shear stress decreases by 12%.
The fatigue life is reduced on the average by 55%. For similar shear strain variation at a
fixed axial strain amplitude of 0.43%, the resulting change in axial stress amplitude is
negligible while the shear strain amplitude increases by 9% and fatigue life is decreased
marginally by 5%. However, with change in the phase angle from 0° to 90°, at applied
strain amplitudes of εa,γa = 0.32%, 0.4%, fatigue life increases by 140%, while axial stress
amplitude increase by 7% and the shear stress amplitude by 11%. Likewise, at biaxial
strain amplitudes of εa,γa = 0.32%, 0.46%, the fatigue life is increased by about 90%, while
the axial stress amplitude rises by 6%, the shear stress amplitude rises by 9.3%.
Varying the axial strain amplitude and phase angle while maintaining the same applied
shear strain amplitudes, change in stress as well as fatigue life can also be observed. As an
example, at a fixed shear strain amplitude of 0.4%, increasing the axial strain amplitude
from 0.32% to 0.43% in proportional loading causes a drop in the fatigue life by as much
as 70%. A reduction in the fatigue life by 62% in proportional loading is observed when
axial strain amplitude is increased from 0.32% to 0.43% at constant shear strain amplitude
of 0.46%. It is observed that the fatigue life under nonproportional loadings is higher than
that in proportional loadings, suggesting that the effect of nonproportionality may be
beneficial to the alloy. Similar finding has been reported by Albinmousa and Jahed for
AZ31B [16].
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From Table 20, for AISI 410, cyclic axial stress amplitude drops by 21% when the applied
shear strain amplitude is increased from 0.42% to 0.48% at applied axial strain amplitude
of 0.3% in proportional loading path. Meanwhile, the corresponding shear stress drops by
8%. The fatigue life decreases by 22% regardless of the decrease in the stresses. However,
under nonproportional loading, no substantial change is seen in the stress evolution by
increasing the shear strain amplitude from 0.42% to 0.48%. The stresses in both the axial
and shear modes change by less than 2%. Nonetheless, fatigue life decreases by 7%. The
change in the phase angle from 0° to 90° for the same applied strain amplitudes of ε a,γa =
0.30%, 0.42%, results in fatigue life reduction by 55% while the axial and shear stress
amplitudes increase by 15% and 33%, respectively. Similar change in the phase angle for
applied strain amplitudes of εa,γa = 0.30%, 0.48% results to a decrement in fatigue life by
23%. It can be concluded that increase in the strain amplitude and phase angle results in
decrement in fatigue life for AISI 410. Same observation has been reported for similar
alloy by Itoh and Yang [43].
In summary, the fatigue life in multiaxial fatigue is not uniquely controlled by stress level
as was seen in the uniaxial cases where a rise in the stress instantaneously translates to a
decrease in fatigue life. The mechanism of multiaxial loading is therefore more complex
and less understood than in uniaxial fatigue. A combination of phase angle, evolved plastic
strain and stress as well as dislocation mode during fatigue cycle produces the net
multiaxial fatigue effect. However, the level of interaction between these parameters is a
complex fatigue mechanism that it is difficult to determine the amount of separate influence
each of them has contributed. Therefore, a more involving tests and analysis is required to
determine the separate effect of each of the parameters.
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Table 18: Results and experimental parameters for multiaxial fatigue testing of AW2099-T83 alloy.

Spec.
ID#
AW2_0
AW1_0
AW2_90
AW1_90

di
(mm)
7.98
7.96
7.97
7.97

do
(mm)
9.97
9.96
9.95
10.00

θ
(°)
0
0
90
90

εa
(%)
0.53
0.53
0.53
0.53

εe
(%)
0.43
0.41
0.51
0.51

εp
(%)
0.10
0.12
0.02
0.02

σa
(MPa)
348.73
325.20
410.72
407.07

σm
(MPa)
12.91
-4.19
32.07
11.12

γa
(%)
0.66
0.76
0.66
0.76

γe
(%)
0.53
0.56
0.66
0.76

γp
(%)
0.13
0.20
0
0

τa
(MPa)
143.94
152.59
189.52
211.94

τm
(MPa)
-12.38
-7.23
-27.39
-11.10

Nf
(cycle)
783
561
1276
486

εeqv
(%)
0.65
0.69
0.65
0.69

τm
(MPa)
-1.72
-2.58
-0.05
-1.16
-1.87
-3.38
-2.47
-2.97
0.97

Nf
(cycle)
19885
15032
5953
5677
47484
28491
9508
5818
7817

εeqv
(%)
0.39
0.42
0.49
0.51
0.39
0.42
0.49
0.51
0.49

Table 19: Results and experimental parameters for multiaxial fatigue testing of ZK60A alloy.

Spec.
ID#
ZK3_0
ZK4_0
ZK2_0
ZK1_0
ZK3_90
ZK4_90
ZK2_90

ZK1_90
ZK5_0

di
do
(mm) (mm)
7.96
10
7.98
9.99
7.96
9.97
7.96
9.98
7.97
9.97
7.98
9.98
7.96
9.99
7.96
9.98
7.98
10

θ
(°)
0
0
0
0
90
90
90
90
0

εa
(%)
0.32
0.32
0.43
0.43
0.32
0.32
0.43
0.43
0.43

εe
(%)
0.28
0.28
0.37
0.37
0.3
0.3
0.38
0.38
0.37

εp
(%)
0.04
0.04
0.06
0.06
0.02
0.02
0.05
0.05
0.06

σa
(MPa)
124.26
125.43
162.03
163.39
132.91
132.42
169.64
166.21
163.66

σm
(MPa)
-5.25
-0.21
2.61
11.07
-9.04
-8.06
-1.50
-2.19
2.08
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γa
(%)
0.40
0.46
0.40
0.46
0.40
0.46
0.40
0.46
0.40

γe
(%)
0.31
0.35
0.3
0.32
0.34
0.38
0.33
0.36
0.29

γp
(%)
0.09
0.11
0.10
0.14
0.06
0.08
0.07
0.10
0.11

τa
(MPa)
51.96
58.83
50.17
54.47
57.47
64.23
55.16
60.37
48.55

Table 20: Results and experimental parameters for multiaxial fatigue testing of AISI 410 alloy.

di

do

θ

εa

(mm)

(mm)

(°)

AISI2_0

7.99

10

AISI1_0

7.97

AISI2_90
AISI1_90

Spec.
ID#

εe

εp

σa

σm

γa

γe

γp

τa

τm

(%) (%)

(%)

(MPa)

(MPa)

(%)

(%)

(%)

(MPa)

(MPa)

Nf
(cycle)

εeqv
(%)

0

0.3

0.19

0.11

398.69

14.24

0.42

0.26

0.16

203.80

-3.58

3619

0.39

9.98

0

0.3

0.15

0.15

315.47

3.90

0.48

0.24

0.24

186.89

-2.50

2827

0.41

7.98

9.94

90

0.3

0.22

0.08

456.95

1.27

0.42

0.34

0.08

271.30

0.15

2340

0.39

7.96

9.97

90

0.3

0.22

0.08

451.24

0.25

0.48

0.35

0.13

275.83

0.12

2185

0.41
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4.5.2 Effect of Phase Angle and Loading Paths on the Hysteresis Loops
Figures 37-41 illustrate the half-life hysteresis loops in both axial and shear modes for
proportional and nonproportional loadings. The effect of phase angle on the hysteresis loop
for each of the three alloys is discussed next.
Figure 37(a) shows the hysteresis loop for AW2099-T83, in proportional loadings. Plastic
strains evolved both in the axial and shear modes. However, in the hysteresis loop for
nonproportional loadings (Fig. 37(b)), no quantifiable plastic strain is present even though
the evolved axial and shear stress amplitudes are higher (Table 18). Thus, plastic strain
energy is measurable in the proportional loading only. There is no indication of
nonproportional cyclic hardening, as both the strain and stress maximum values are
coincident at tip of the loop. Nonproportional cyclic hardening is identifiable by rounding
of the tip of the hysteresis loop. Nonproportional cyclic hardening for Aluminum alloys is
usually not observed or is negligible [43,140].
Axial and shear modes hysteresis loops for ZK60A alloy are shown in Figs. 38 and 39, for
applied axial strain amplitudes of 0.43% and 0.32%, respectively. At all strain amplitudes,
plastic deformation is evident regardless of phase angle. The axial plastic strains are higher
in the proportional modes (Figs. 38(a) and 39(a)) than those at equivalent strain amplitudes
in the non-proportional loading (Figs. 38(b) and 39(b)). The value for the strain amplitudes
are recorded in Table 19. There is a rounding of the tip of the hysteresis loop in the shear
mode in non-proportional loading, which indicates additional cyclic hardening due to
nonproportional loading. However, the cyclic hardening is mild, resulting in stress
difference of less than 10 MPa between the proportional and non-proportional phase.
130

Nonproportional cyclic hardening is due to the activation of multiple slip plane in metallic
alloys. Such multiple planes activation causes dislocation interactions resulting in rise in
the evolved stress. Albinmousa and Jahed [16,46] and Xiong et al [47] have reported
nonproportional hardening for AZ31B.
The hysteresis loops for AISI 410 are illustrated in Fig. 40. Significant plastic deformation
occurs at all applied strain amplitude both in the axial and shear mode. At the same
equivalent strain, the plastic deformation in the proportional loading is higher. The values
of plastic strain are already presented in Table 20. Nonproportional cyclic hardening is
obvious, as there is significant rounding of the tips of hysteresis loops tips both in the shear
and in axial modes. The additional hardening causes an increase in the average axial stress
amplitude by 100 MPa and the shear stress amplitude by 80 MPa. Nonproportional cyclic
hardening have been reported for various types of steel in the literature [20,24,37,40,70].
More fatigue damage in nonproportional loading is attributed to additional cyclic hardening
[43,141]. Nonproportional cyclic hardening, as previously discussed is due to simultaneous
activation of multiple slip planes. The rotation of the principal planes with loading planes
cause the interaction of slips resulting to an increase in stress that is observed as additional
hardening. Nonproportional hardening in alloy steel is attributed to the microstructure and
crystal structure [37,43]. Fatigue life in the nonproportional loading is lower which can be
attributed to the nonproportional cyclic hardening.
The effect of loading path on the hysteresis loop at similar strain amplitudes is illustrated
for the three alloys in Fig. 41. Figure 41(a) is the hysteresis loop for AW2099-T83 at
applied axial strain amplitude of nearly 0.5% and shear strain amplitude of about 0.75%.
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The shape of the hysteresis loop in pure cyclic axial and torsion are similar with those at
nonproportional loading. The stress level and strain amplitude are nearly same for both the
cyclic axial and proportional paths. Stress level is least in proportional loading, but with
greater plastic strain amplitude.
The hysteresis loops for ZK60A under different loading paths are compared in Fig. 41(b)
at applied strain amplitude of approximately 0.32% in axial and 0.40% in torsion. In both
the axial and shear modes, there is no appreciable difference in the hysteresis loops in
shape, stress level and plastic strain amplitude.
Figure 41(c) is used to compare the hysteresis loops of AISI 410 under different loading
paths. At applied axial strain amplitude of 0.3% and shear strain amplitude of nearly 0.5%,
the shapes of the hysteresis loop in pure modes are preserved in the proportional loading
path. However, stress level in the pure mode is higher than that in the proportional mode.
The effect of additional cyclic hardening is evident in the hysteresis loop for
nonproportional loading. Thus, the shape of hysteresis loop in nonproportional loading
differs from those of the pure mode and proportional path. The stress level in the
nonproportional path is highest due to the effect of additional cyclic hardening.
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Figure 37: Axial and shear modes half-life hysteresis loops for AW2099-T83 at biaxial strain amplitudes of εa, γa = 0.53%, 0.76% (AW1) and εa, γa = 0.53%, 0.66%
(AW2).
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Figure 38: Axial and shear modes half-life hysteresis loops for ZK60A at biaxial strain amplitudes of εa, γa = 0.43%, 0.40% (ZK1) and εa, γa = 0.43%, 0.46% (ZK2).
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Figure 39: Axial and shear modes half-life hysteresis loops for ZK60A at biaxial strain amplitudes of εa, γa = 0.32%, 0.40% (ZK3) and εa, γa = 0.32%, 0.46% (ZK4).
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Figure 40: Axial and shear modes half-life hysteresis loops for AISI 410 at biaxial strain amplitudes of εa, γa = 0.30%, 0.48% (AISI1) and εa, γa = 0.3%, 0.42% (AISI2).
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Figure 41: Effect of loading path on hysteresis loop: (a) AW2099-T83, (b) ZK60A and (c) AISI 410.
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4.5.3 Effect of Loading Path on Fatigue Life
The fatigue life of the three alloys in cyclic axial, cyclic torsion, proportional and
nonproportional loading paths are compared using von Mises equivalent strain amplitude.
The von Mises relation is given in Eq. (4.11). 𝜀

is the equivalent von Mises strain

amplitude, 𝜀 is the axial strain amplitude and 𝛾 is the shear strain amplitude.

𝜀

=

𝜀 +

………………..(4.11)

Figure 42(a) is the strain-fatigue life relation for all the loading modes for AW2099-T83
under von Mises equivalent strain. At equivalent von Mises strain, the lowest fatigue life
is produced in the shear mode, while the cyclic axial mode produces the highest fatigue
life, meaning that the shear load mode is more destructive than the other loading modes.
The fatigue life curves from the in-phase and out-of-phase loadings are between the axial
and shear modes, with the fatigue life curve in the nonproportional mode fairly higher than
the proportional loading mode. Zhao and Jiang [140] have shown that nonproportional
loading path is more damaging than proportional loading mode for Al alloy 7075-T651.
Figure 42(b) shows that the highest fatigue life resulted from cyclic torsion in ZK60A alloy
under the same von Mises equivalent strain. The lowest fatigue life is obtained in the cyclic
axial loading. The fatigue life in nonproportional mode is higher than the proportional
loading. In fact, the fatigue life trend in nonproportional loading is similar to that of the
cyclic axial loading. Anes et al [18] have reported that fatigue life trend for AZ31, an HCP
alloy, under stress-controlled loading, is similar in cyclic axial, cyclic torsion and
proportional loading modes when correlated with von Misses stress relation.
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The authors concluded that von Misses is a good correlation method for these loading
modes exception of nonproportional loading. Similar trend is observed in the present
investigation as illustrated in Fig. 42(b) for ZK60A alloy where the trends for the
aforementioned loading modes are almost parallel. However, it has been shown by Xiong
[47] that the torsional and nonproportional loadings are the more damaging loading paths
to AZ31B.
Fatigue life for AISI 410 as illustrated in Fig. 42(c) is generally the same in torsion and
axial loading modes. The two loading modes produced similar fatigue life at same von
Mises strain amplitudes. The lowest fatigue life occurred at nonproportional loading. Anes
et al. [18] showed that for a martensitic steel 42CrMo4, pure shear mode was less damaging
while the nonproportional loading produced the most damaging effect. This is also in close
agreement with the observation in the current investigation where the out-of-phase loading
exhibits the lowest life while the pure torsion gives the highest fatigue life at same
equivalent strain amplitude.
The fatigue life resulting from different loading modes can be attributed to several factors,
which include the deformation mode, evolution of stress and plastic strain amplitudes.
Higher stress is likely to introduce low life. So is the amount of plastic strain. The slip
characteristic is directly related to the microstructure of the alloy and may be the most
important factors, as other factors are dependent on it.
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Figure 42: Equivalent strain amplitude vs. fatigue life for the three alloys (a) AW2099-T83, (b) ZK60A and (c)
AISI 410.

4.5.4 Fatigue Life Prediction Using Smith-Watson-Topper (SWT) and
Fatemi-Socie (FS) Critical Plane Models
Multiaxial fatigue models are used to correlate multiaxial fatigue data by employing
uniaxial fatigue parameters in order to predict same life as would be in uniaxial loading
mode. Two fatigue life prediction models, namely, the Smith-Watson-Topper (SWT)
[47,140,142] and Fatemi-Socie (FS) [2,141] models are tested on the multiaxial fatigue
results obtained in the present work. Both the SWT and FS models are critical plane
models. Critical plane models are based on the observation that fatigue damage is initiated
on a specific plane during cycling due to maximum strain or stress in that plane. The FS
damage model recognizes the critical plane as the loading plane with maximum shear strain
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amplitude, while the SWT model identifies the critical plane as the loading plane of
maximum normal strain. The formulations for both models have been given in section 1.7.2
as Eq. (1.28) and (1.29) for the FS and SWT models, respectively.
The application of FS is preceded by finding a material constant k, which requires fitting
fatigue data for axial and torsional fatigue tests to a single line. This procedure is illustrated
in Fig. 43 for the three alloys. The best line fit for AW2099-T83 is when k = 0.01. Similarly,
1.7 and 0.03 are found for ZK60A and AISI 410, respectively, as the values for k. It is
observed that the tests data for AW2099-T83 hardly converge to a single line compare to
ZK60A and AISI 410. This might be due to the low plasticity behavior of the alloy. The
best convergence of the axial and torsional fatigue tests data is shown by AISI 410, which
also exhibits the highest plasticity.
The fatigue life predictions from both criteria are shown in Figs. 44-46. The solid line
represents a perfect prediction while the broken lines are band factors, which give
allowance for the kind of fatigue life variation in fatigue experiment from sample to sample
under same applied load. The fatigue life predicted by the FS and SWT criteria are
compared with the experimental fatigue life for AW2099-T83 in Fig. 44. As can be seen
from Fig. 44(a), SWT model performs well for the cyclic axial mode but shows poor
correlation for the cyclic torsional. The data for the proportional and nonproportional
loading modes also lie outside the factor-of-two scatter band in the non-conservative
region. The fatigue life prediction by FS criterion (Fig. 44(b)) for AW2099-T83 is not
much better than SWT. Although all the data points lie outside the factor-of-two
boundaries, the majority are in the conservative (safe) region, meaning that fatigue life is
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predicted far below the experimental fatigue life. This can lead to ‘over-design’ where
components are withdrawn from service even though they would still have useful service
life. With a factor-of-five scatter band, the FS criterion looks promising for the cyclic
torsion and as well as for the high cycle life in cyclic axial.
For ZK60A, Figs. 45(a) and 45(b) illustrate the predicted fatigue life with experimental life
by the SWT and FS model, respectively. The SWT gives a fairly good fatigue life
prediction for all the loading modes except the cyclic torsion which are mostly nonconservatively predicted. The FS criterion predicts fatigue life in which the cyclic axial
and cyclic torsion are within the factor-of-two scatter band. The proportional and
nonproportional lives are predicted in the conservative region. It can therefore be said that
the FS performs better for ZK60A than it is for AW2099-T83.
The fatigue life prediction for AISI 410 by SWT is shown in Fig. 46(a). The prediction is
similar to what is obtained for AW2099-T83, where only the cyclic axial data are within
the factor-of-two scatter band. The predictions for all other loading modes are majorly in
the non-conservative region. However, its prediction for the cyclic torsion looks better
when compared to that for same loading mode for ZK60A and AW2099-T83. The life
prediction has moved closer to the factor-of-two boundaries. The FS prediction has only
the 90º out-of-phase data in the unconservative, while the proportional load is at boundary.
However, the cyclic axial and torsion fatigue lives for AISI 410 are fairly well predicted.
It can be concluded generally that none of the model works perfectly for all the three alloys
for the different loading paths. The SWT perform poorly for all the alloys in pure cyclic
torsion. The best data correlation by SWT is for the cyclic axial loading. Fatigue life
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estimation by FS is generally good for ZK60A and AISI 410 except for the 90° out-ofphase loading in AISI 410. The ability of some criteria to work for some loading mode and
alloy, while failing in others can be attributed to the failure mode of the alloys. Model
developed for tensile cracking, like the SWT, may not be able to represent the damage for
an alloy which fails in share. The FS model is based on a shear-cracking mode and thus it
may not be surprising if it fails to make good fatigue life prediction reasonably for shear
cracking mode. Except for torsional loading, the fatigue life is well predicted for all the
three alloys within a factor-of-five.
The general trend of the predictions in the present study agrees with results available in
literature for majority of metallic alloys [16,24,78,120,140,141,143–145]. Torsional
prediction were found mostly to lie outside a factor-of-2 boundary in the non-conservative
region by a number of researchers [140,143,144]. Multiaxial fatigue data for 7075-T651
aluminum alloy were well correlated by SWT within a scatter band of five [140]. The
SWT model well correlated torsion data for 16MnR steel while the low cycle multiaxial
fatigue prediction lies on the factor-of-two band [24]. Xiong et al. [120] have shown that
SWT parameter well correlates the uniaxial data of ZK60. These results are in agreement
with the results obtained in the present investigation.
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Figure 43: Determination of k for FS criterion for (a) AW2099-T83, (b) ZK60A and (c) AISI 410.
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Figure 44: Fatigue life prediction vs. observed life for AW2099-T83 using: (a) SWT and (b) FS.
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Figure 45: Fatigue life prediction vs. observed life for ZK60A using: (a) SWT and (b) FS.
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Figure 46: Fatigue life prediction vs. observed life for AISI 410 using: (a) SWT and (b) FS.
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4.6 Crack Profile and Fractography
Crack formation and propagation is the driving phenomenon for fatigue damage. Thus, the
characterization of cracks in fatigue can give insight into the entire process that lead to
fatigue failure. Crack characteristic in the three alloys have been studied with digital
camera, optical microscope and scanning electron microscope (SEM) both at microscopic
and macroscopic levels. The crack features for AW2099-T83 in axial and torsion path are
presented, followed by those in multiaxial fatigue for the three alloys. Then, fractography
for selected loadings in axial and torsional loading path are subsequently presented.

4.6.1 Crack Profile
i. Cyclic Axial
Figure 47 is optical micrographs of fatigue cracks observed on the fractured surface of
AW2099-T83 specimen tested at axial strain amplitude of 0.6%. The surfaces were etched
in solution of sodium hydroxide. In the micrograph on left side of Fig. 47(a), two adjacent
secondary cracks are observed to have propagated on the fractured surface of the specimen.
The thinner crack advanced faster than the bigger one. Both cracks appear to have initiated
from the surface of the specimen and propagated toward the radius. A close-up look on a
section of the thinner, but longer crack is shown on the right side micrograph of Fig. 47(a).
It can be observed that the crack meander through several grain boundaries and sometimes
through the grains. Therefore the cracking is mainly intergranular and partially
transgranular. Zhong et al [146] have shown that fatigue crack moves across several grain
in a 2A97 Al-Li sample tested under stress control fatigue. The pattern of the crack
propagation suggests that the grains can act as crack stopper restricting crack to grain
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boundaries. However, as the stress became higher and the crack driving energy is
increased, the grain resistance to crack propagation is overcome resulting to a transgranular
cleavage. By comparing with the microstructure presented in Fig. 14, it can be inferred that
crack growth happened on the location T1 in the transverse orientation. The transverse
orientation is the plane of loading in the cyclic axial fatigue. This location possesses the
large, unrecrystallized grain which have been reported to reduce Al-Li resistance to crack
growth [99,104]. The susceptibility of large and elongated grains of A356 Aluminum
alloys to cracking have been reported by Mo et al [49].
Figure 47(b) shows cracks observed under the microscope on the outer surfaces close to
the specimen fracture point. It can be seen that cracks propagated along the grain
boundaries, whether in the region of the elongated grains or the smaller subgrains. By
comparing the observed structure to Fig. 14 in section 4.2, it can be observed that the grain
boundaries in the tested specimen have become wider signifying grain boundary
separation. Elongated grains in the alloy are hence weak region for fatigue crack to exploit.
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Figure 47: Optical micrographs of cracks on the fractured sample of AW2099-T83.

ii. Cyclic Torsion
A schematic representation of the cracks profiles observed at different strain amplitudes
for AW2099-T83 in cyclic torsion are annotated in Fig. 48. Most of the cracking occurred
in the longitudinal (L) axis, along the extrusion direction, at approximately 90º to the
transverse (T) stress axis. Stepped cracks (L-T) (Fig. 48A) were observed for specimens
tested in the strain amplitude ranging between 0.5-0.7%, while straight longitudinal (L)
crack profiles (Fig. 48B), which grew along the entire gage section, were observed for
specimens tested at strain amplitudes of 1.0% and 1.5%. A view of the section of the step
on the cross-section of the tubular specimen is sketched in Fig. 48A(ii)(shaded portion).
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Figure 49 shows the microscopic images for sections of the cracks for applied strain
amplitudes of 0.6% and 1.0, which are respective representation for crack at the strain
amplitude ranges of 0.5-0.7% and 1-1.5%. Since a nearly straight crack was observed for
applied strain amplitudes of 1.0% and 1.5%, a non-specific location was analyzed using
replica method [147]. However, different sections of the representative crack for applied
strain amplitudes of 0.5% -0.7% were analyzed by direct imaging of tested specimen under
optical microscope.
It can be seen that the crack at higher strain amplitudes (1.0% and 1.5%), as shown in Fig.
4.9(a), is generally straight with smooth edges, but with occasional branching. However,
crack at strain amplitudes below 1.0%, Fig. 49(b), is coarse with frequent bifurcation in a
‘staircase-like’ pattern along the direction of the specimen axis, while it is generally smooth
in the circumferential direction. It is not uncommon to report crack growing in both
transverse and longitudinal directions under cyclic torsion loading [147]. However, no such
perpendicular branching has been reported elsewhere. Crack branching in both traditional
aluminum and Al-Li alloys has been reported in the literature for axial fatigue
[104,146,148,149]. Crack turning in Al-li is linked to anisotropy due to crystallographic
texture, slip planarity and inhomogeneity of the alloy [83,88]. Al-Li alloy is known for
high anisotropy and inhomogeneity [87,96–99,150]. Zhong et al. [146] explained that the
bifurcation of crack in 2A97 Al-Li was due to high angle grain boundary hindering the
movement of persistent slip bands (PSBs).
Sharp crack tips were observed for cracks represented in Fig. 49(a) suggesting that cracks
propagated in directions nearly parallel to the specimen axis. In Fig. 49(b), it can be noticed
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that the physical damage to the specimen is higher at low strain amplitude. This might help
to explain the excessive deflection of the cyclic shear stress curve and the mean shear stress
curve observed in Figs. 33(a) and 34(a). With much damage in the specimen, its fatigue
strength is reduced resulting to a drop in the stress it can withstand.
The difference in crack behavior in the alloy can be linked to its microstructure, previously
shown in Fig. 14(a), which contains both recrystallized grain and aligned structure.
Recrystallized grains in Al-Li degrade its mechanical property, particularly the resistance
to fatigue crack growth [99,104]. The structure along the extrusion direction is elongated
like bundles of fibre. Thus, there is a possibility of cracks to propagate along the boundary
of the microstructure. Furthermore, crack driving energy can be the cause for different
crack observation at different stain amplitudes. Crack energy at higher strain amplitude is
greater than at low strain amplitude. Such crack of higher energy moves faster thereby
cutting through grains with minimal crack arrest, resulting in straight crack. On the
contrary, crack at low strain amplitude is driven slowly and there is the chance of it being
deflected by the strengthening precipitates in Al-Li due to low driving energy of the crack.

Figure 48: Schematics of crack profiles in the test specimen: (A) (i) longitudinal, (ii) transverse profile (shaded)
representative for γa=0.5%, 0.6% and 0.7%, (B) representative crack profile for γa= 1.0% and 1.5%.
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Figure 49: Microscopic images of cracks in in AW2099-T83 specimens tested at (a) 1.0% and (b) 0.6%.

iii. Crack Profile for Multiaxial Test Specimens
Representative crack profiles for proportional (0°) and nonproportional (90°) loadings for
selected load for each of the alloys are shown in Fig. 50. AW2099-T83 specimen cracked
in 0°-in-phase loading in longitudinal shear mode. The direction of growth was almost
parallel to the axial loading mode direction. The 90° out-of-phase loading developed crack
on a plane both parallel and perpendicular to specimen axis. The vertical crack grow was
probably along the grain boundary considering the microstructure in Fig. 14(a). The
predicted critical planes angles by Fatemi-Socie (FS) for the proportional (0°) and
nonproportional (90°) loadings are 23-24° and 41°, respectively. The Smith-WatsonTopper (SWT) model predicted the critical plane angles for the 0° in-phase and 90° out155

of-phase loadings are 69° and 89°, respectively. Hence, the SWT crack angles prediction
are closer to the observed crack angle.
ZK60A and AISI 410 have their cracks almost in the plane of maximum normal. However,
the angle of cracking for AISI 410, especially in proportional loading is almost entirely in
the plane of maximum normal. The crack in the out-of-phase loading occurs in the 45°
plane. The FS model predicted critical plane angle of 26° for in-phase loading and about
40° for out-of-phase loading for ZK60A, while SWT predictions are 71° and 87° for
proportional and nonproportional loadings, respectively. For AISI 410, critical plane
angles of 21° and 35° are predicted for proportional and nonproportional loadings. Critical
plane angles by SWT for AISI 410 are 66° and 87° for in-phase and 90° out-of-phase
loading, respectively.

(a) AW2099-T83
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(b) ZK60A

(c) AISI 410
Figure 50: Crack profiles for multiaxial fatigue specimens at in-phase 0º and 90º-out-of-phase loading paths.

4.6.2 Fractography
i. AW2099-T83 Alloy under Cyclic Axial Load
The fractured specimens for AW2099-T83 generally present a somewhat difficult fracture
geometry, which made imaging to be challenging. SEM micrographs for AW2099-T83
tested at an applied strain amplitude of 0.3% are presented in Fig. 51(a). The overall
fracture happened on a plane of maximum shear suggesting that the load causing the
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fracture is shear in nature. As can be seen in Fig. 51a(i), the fatigue fracture surface exhibits
two separate areas: a fibrous section and a fairly smooth area with ridges. Close-up looks
on the different sections of fractured surface are illustrated in Fig. 51a(ii-v). The fibrous
area provides the clue that crack started from the edge of the smooth area (Fig. 51a(iv)).
Final fracture zones usually show fibrous appearance [2,147]. There exist a transition zone
from slow crack propagation to rapid crack growth area (Fig. 51a(iii)) which signifies that
a shear deformation occurred during the transition from slow to fast fracture. The ridges
on the smooth surface are perhaps beach marks indicating crack arrest. Figure 51a(v) is a
higher magnification showing cleavage fracture.
SEM micrographs for AW2099-T83 specimen tested at axial strain amplitude of 0.5% are
shown in Fig. 51(b). The fracture specimen appears like a wedge or bevel. A slow crack
propagation region and crack initiation areas can be seen (Figs. 51b(i) and 51b(ii)). The
presence of secondary crack in this region can be seen as illustrated in Fig. 51(b)(iii). The
secondary crack appears to follow a grain boundary. The final fracture area, shown in Fig.
51b(iv), presents a texture that is characteristics of a semi-ductile fracture.
Figure 51(c) illustrates SEM micrographs of fractured surface of AW2099-T83 specimen
tested at strain amplitude of 0.7%. The surface consists of a flat region (marked A) and a
slant final fractured surface (marked B) at an angle to the loading axis as illustrated in Figs.
51(c)(i) and (c)(ii) for two different magnifications. Similar fracture has been reported by
Alexopoulos et al. [90] for 2198 Al-Li. The multiplication of secondary cracks due to
higher strain is clearly visible in Fig. 51(c)(iii). Evidence of crack branching can also be
observed on same illustration. The fracture region, Fig. 51(c)(iv), is similar to that obtained
at lower strain amplitude.
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(a) Fractured surface of AW2099-T83 specimen tested at axial strain amplitude of 0.3%.

(b) Fractured surface of AW2099-T83 specimen tested at axial strain amplitude of 0.5%.
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(c) Fractured surface of AW2099-T83 specimen tested at axial strain amplitude of 0.7%.
Figure 51: SEM micrograph of fractured surfaces of AW2099-T83 specimens under cyclic axial loading.

ii. ZK60A Alloy under Cyclic Axial Load
Figure 52 shows the fractured surface of ZK60A for different strain amplitudes. Distinct
areas of crack initiation, propagation and final fracture are identifiable in Figs. 52(a)-(c),
as illustrated for strain amplitude of 0.3%, 0.5% and 0.7%, respectively. The region of the
crack advancement gradually decreases with increase in applied strain amplitude. The
crack propagation stage dominates at lower applied strain amplitude, while fast fracture is
prominent at higher applied strain amplitude. Shear lips are observed on the edge of the
final fracture for the selected specimens (sharp edge of a section of the edges of the fracture
region). Shear lip develops because of the change in state of stress during fracture. It
provides information on where cracks started and also indicative of brittle fracture[147].
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The height of the observed shear lips decreases with applied strain amplitudes indicating
the extent of shear rupture. It may also be suggestive of hardening with higher applied
strain amplitude for the present alloy. As was observed in section 4.4.1, cyclic hardening
increases with increase in applied strain amplitude. From Fig. 52, a clear difference in
surface texture between the crack region and the fracture area can be observed. Secondary
cracks are multiplied with increase in applied strain amplitude. This is an indication of
more damage due to higher strain.

(a) Fractured surface of ZK60A specimen tested at axial strain amplitude of 0.3%.
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(b) Fractured surface of ZK60A specimen tested at axial strain amplitude of 0.5%.

(c) Fractured surface of ZK60A specimen tested at axial strain amplitude of 0.7%.
Figure 52: SEM micrograph of fractured surfaces of ZK60A specimens under cyclic axial load.
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iii. AISI 410 Alloy under Cyclic Axial Load
Fractures surfaces of AISI 410 specimens, illustrated in Fig. 53, consist of shiny regions of
slow crack growth and dark and dull areas of fast fracture. The crack growth area in the
specimen tested at 0.3% strain amplitude can be clearly seen in Fig. 53a(ii). An elliptical
crack appears to have coalesced from several cracks which nucleated from microvoids as
illustrated in Fig. 53a(ii). Regions of fast fracture and final fracture are shown in Figs.
53a(iii) and 53a(iv). Rivers-like markings are visible in fast fracture region.
Fig. 53(b) illustrates the fracture for specimen tested at strain amplitude of 0.5%. A smooth
area of crack initiation is shown in Fig. 53b(ii). Crack propagation region is dominated by
several secondary cracks. More secondary crack traces can be seen in Figs. 53b(iii) and
53b(iv). The increase in secondary cracks is because of higher damage due to increase in
strain amplitude. Fractured sample for specimen tested at strain amplitude of 0.8% is shown
in Fig. 53(c). The crack propagation zone (A) and final fracture area (B) are visible, as
shown in Fig. 53(c)(i). Multiplication of secondary cracks are also visible due to increase
in applied strain amplitude as can be observed in Fig. 53(c)(ii). Shear lips are present on
the edge of fracture surface.
A brief summary on the fracture behavior under axial load is given. It can be observed that
features of crack initiation, propagation and final fracture are present. However, the
topographical feature for each alloy is different. The transition in the fractured surface of
AW2099-T83 specimen from shear mode at low strain amplitude to almost completely
tensile as applied strain amplitude becomes higher is indicative of the influence of strain
amplitude on the cracking which lead to fracture. This correlates with the observation in
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the cyclic stress evolution presented in section 4.4.1 where cyclic softening and hardening
depend on the number of applied cycles and strain amplitude. The varying fracture
behavior might also be because of the dissimilar grain structure in different orientations
shown in Fig. 14.
For ZK60A alloy, there is the consistence in its fracture mode; it is always tensile in nature.
Such consistency can also be seen in the cyclic stress evolution. The decrease in the shear
lip with increasing strain amplitude suggests increased cyclic hardening. This is in
agreement with the observation in the cyclic stress evolution also.
Physical inspection of the fracture specimen of AISI 410 shows gross plastic deformation
and increase in the shear lip area especially at higher applied strain amplitude. The
multiplication of secondary cracks on the fracture specimen for AISI 410 indicates a greater
fatigue damage. This might explains the low life for AISI 410 at equal strain amplitude
applied across the alloys. Plastic strain for AISI 410 was higher at equivalent strain across
the three alloys.
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(a) Fractured surface of AISI 410 specimen tested at axial strain amplitude of 0.3%.

(b) Fractured surface of AISI 410 specimen tested at axial strain amplitude of 0.5%.
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(c) Fractured surface of AISI 410 specimen tested at axial strain amplitude of 0.8%.
Figure 53: SEM micrograph of fractured surfaces of AISI 410 specimens under cyclic axial load.

iv. AW2099-T83 Alloy under Cyclic Torsion Load
Figure 54(a) is the morphology of the crack surface in the cross section (Fig. 48A(ii)) for
an applied shear strain amplitude of 0.6%. Figure 54a(i) is the overall view of the
transverse crack surface which is generally flat with little facets. Further magnification in
Fig. 54a(ii) shows traces which are most likely striation-like mark. The striation-like
markings are not present in the longitudinal section of the crack indicating that primary
crack progression occurred in the cross section of the tubular test specimen. Multiple
secondary cracks can be seen in Fig 54a(iii). This is indicative that cracks might have
initiated from this orientation.
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The crack morphology parallel to specimen axis is illustrated in Fig. 54(b). The generalized
feature reveals a highly fibrous crack surface. Intense amount of secondary cracking occurs
in this direction as can be seen from Fig. 54b(ii). At higher magnification in Fig. 54b(iii),
cleavage structure with dimples can be observed.
Figure 54(c) is the SEM fractograph for specimen tested at shear strain amplitude of 1.0%.
The generalized features of the crack are shown in Fig. 54c(i). Crack growth traces in the
portion closer to the exterior of the specimen can be seen, suggesting that crack initiated at
the specimen surface where highest stress are expected. Smoother crack surface is observed
in the interior of the crack (Fig. 54c(ii)). Higher magnification in Fig. 54c(iii) shows crack
progresses parallel to the direction of the alloy fibrous microstructure.

(a) Circumferential section of crack surface for sample tested at shear strain of 0.6%.
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(b) Longitudinal section of crack surface for sample tested at shear strain of 0.6%.

(c) Morphology of crack surface for sample tested at shear strain of 1%
Figure 54: SEM micrographs of specimen tested at shear strain amplitude of: (a), (b) 0.6 % and (c) 1.0%.

168

CHAPTER 5
CONCLUSIONS AND RECOMENDATIONS

5.1 Summary and Conclusions
A systematic experimental program, which consisted of metallography, monotonic tensile
testing, monotonic torsion testing, strain-controlled cyclic axial, cyclic torsion and
multiaxial proportional and nonproportional fatigue testing has been implemented on three
metallic alloys, namely, AW2099-T83 aluminum-lithium, ZK60A magnesium alloy and
AISI 410 stainless steel. The main findings of this work are summarized in this section.
1. Microstructure
The grains present in the transverse orientation for AW2099-T83 aluminum-lithium alloy
are a combination of small and large grains, while elongated grains are present in the
extrusion direction. Grain sizes at the core are smaller than those at the periphery in both
transverse and extrusion directions. The grain sizes vary between 8 and 40 microns.
ZK60A alloy has a coarse structure in the transverse direction while the extrusion direction
contains both equiaxial and elongated structures. Twin grains were observed in the asreceived alloy. The grains sizes vary between 11 to 140 microns. AISI 410 stainless steel
exhibits a tempered martensitic structure which is similar in size and distribution in all the
orientations studied. The average size for the grains is 5 microns.
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2. Monotonic tensile behavior
The tensile properties of all the three alloys were investigated wherein the engineering
stress-strain curves were generated. While ZK60A alloy hardened considerably before
failure, AISI 410 showed the characteristic of a tough alloy with a weak strain-work
hardening behavior. AW2099-T83 alloy exhibited the least hardening behavior with a
curve profile that resembles a perfectly elastic-plastic material. ZK60A alloy has an
average tensile strength of approximately 290 MPa, which is 50% the tensile strengths of
AW2099-T83 and AISI 410 alloys. The tensile strength of AISI 410 alloy is only 4% higher
than that of AW2099-T83 alloy. The least ductile of the three alloys is AW2099-T83 alloy.
It has a fracture strain of 7%, which is 33% and 39% the fracture strain of ZK60A and AISI
410 alloys, respectively. The amount of necking in the fractured specimens is highest in
AISI 410 alloy and is a further evidence of the plastic deformation behavior of the alloys.
The strength coefficients, K and strain-hardening exponents, n, were determined from the
strain curve. These two parameters were hardly available in literature for the alloys.
3. Monotonic torsional behavior
Likewise, the engineering shear stress-strain curves for the three alloys were generated. All
the alloys exhibited hardening behavior post yielding. Strain-work hardening was higher
in torsion than in tensile for AW2099-T83 and ZK60A alloys, while it was lower in tensile
than in torsion for AISI 410 alloy. The average shear strength for ZK60A alloy is 182 MPa
which is 38% and 61% of those of AISI 410 and ZK60A alloys, respectively. The strength
coefficients Ks, and the strain-hardening exponents, ns, which were hardly found in
literature, were equally estimated from the stress-strain curve. Based on the monotonic

170

behavior, it can be concluded that AW2099-T83 is a high strength alloy with little ductility,
while ZK60A is a weak alloy and AISI 410 is a tough alloy.
4. Cyclic axial behavior
Strain-controlled cyclic axial behaviour of the three alloys has been investigated.
Measureable plastic deformation for AW2099-T83 alloy was only present at applied strain
amplitude of 0.7% and above. Below strain amplitude of 0.7%, the deformation was
mainly elastic. However, plastic strain evolved at all the strain amplitudes investigated for
ZK60A and AISI 410 alloys. Plastic strain increased with the number of cycle for AISI 410
alloy while it was unchanged for ZK60A alloy. At the same applied strain amplitude, AISI
410 alloy exhibited the largest plastic strain. The shapes of the hysteresis loops for the three
alloys were generally symmetrical which can be attributed to slip deformation mode. With
regard to peak stresses, slight asymmetry was observed resulting in minor mean stresses.
Cyclic axial stress evolution for AW2099-T83 alloy was dependent both on the applied
strain amplitude and on the number of cycles. Cyclic hardening was observed in the early
cycles at high strain amplitude, but was only observed at later cycles in low and
intermediate strain amplitudes. Cyclic axial stress evolution for ZK60A alloy was mainly
stable with minor cyclic hardening. AISI 410 alloy generally softened to failure at all
applied strain amplitudes. Compressive mean stresses, which were mostly negligible,
evolved for the three alloys. Fatigue life for the alloys expectedly decreased with increase
in the applied strain amplitude due to rise in cyclic stress amplitude. Through regression
analysis, curve fittings were constructed to model strain-life curves for the alloys. Axial
fatigue properties, which include fatigue strength coefficient 𝝈𝒇 , fatigue strength
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exponent (𝒃), fatigue ductility coefficient 𝜺𝒇 and fatigue ductility exponent ( 𝒄) were
determined and used to develop Coffin-Manson type strain-life equations for the three
alloys. These equations can be used to estimate fatigue life for the alloys.
5. Cyclic torsional behavior
Under cyclic torsion, plastic strain evolved for ZK60A and AISI 410 alloys at all tested
strain amplitudes, while it was only measurable for AW2099-T83 alloy at shear strain
amplitude equal or higher than 1.0%. At same applied strain amplitude, plastic deformation
in AISI 410 alloy was highest. The shapes of the hysteresis loops were mainly symmetrical.
From the cyclic shear stress evolution trend, AW2099-T83 alloy softened to failure while
ZK60A alloy was mainly stable with the number of cycles to failure. AISI 410 alloy
continuously softened to failure. The cyclic softening behavior of AISI 410 alloy was more
rapid than AW2099-T83 alloy. The trends in the strain and stress evolutions under cyclic
torsion generally conform to those of the cyclic axial. Similarly, through curve fittings,
strain-controlled shear fatigue parameters were determined and the shear Coffin-Manson
equations, which can be used to estimate fatigue life, were developed for the three alloys.
6. Biaxial fatigue behavior
Multiaxial fatigue experiments under proportional and nonproportional loading paths were
conducted on the three alloys. Contrary to expectation, it was found that fatigue life under
nonproportional loadings was mainly higher than the fatigue life under proportional
loadings for AW2099-T83 and ZK60A alloys. It was only in AISI 410 alloy that the fatigue
life in nonproportional loading path was found to be consistently lower than that of the
proportional loading path. This is attributable to the additional cyclic hardening, which was
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significantly present in the hysteresis loop of AISI 410 alloy. For similar applied strain
amplitudes in AW2099-T83 alloy under different loading modes, the shape of the
hysteresis loop and stress level in uniaxial fatigue and nonproportional loading path were
similar. Proportional loading mode consistently exhibited lower stress level but higher
plastic strain amplitude under same applied strain amplitude. The hysteresis loops for
ZK60A alloy under equal strain amplitude for the different loading paths were similar
except that plastic strain was higher in proportional loading path than in nonproportional
loading path. The hysteresis loop for AISI 410 alloy in nonproportional loading path
showed significant nonproportional cyclic hardening. This was the reason for the higher
stress evolution and lower fatigue life under this loading path. Therefore, it can be
concluded that multiple slip activation due to nonproportional loading only occurred in
AISI 410 alloy. By means of von Misses equivalent strain method, it was found that cyclic
torsional loading path was more damaging for AW2099-T83 alloy, while cyclic axial
loading was the least destructive. For ZK60A alloy, the most damaging loading path was
the cyclic axial loading, while the cyclic torsion produced the highest fatigue life. The
multiaxial loading paths were more detrimental to AISI 410 alloy. Fatemi-Socie (FS)
critical plane criterion made better prediction of fatigue life than Smith-Watson-Topper
(SWT) critical plane criterion for majority of the loading paths studied.
7. Cracking and fracture behavior
In AW2099-T83 alloy, straight crack that was generally smooth resulted for shear strain
amplitudes of 1.0% and greater. Shear strain amplitudes less than 1.0% produced rough
crack profile in a ‘staircase-like’ pattern that caused higher physical damage to tested
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specimens. The observed perpendicular crack bifurcations under low shear strain
amplitudes had not been reported elsewhere. Cleavage was the dominant mode of fracture
under cyclic shear test. Crack profile in the multiaxial fatigue tested specimens for
AW2099-T83 alloy was mainly in shear mode under proportional loading while it was
almost tensile in nonproportional loading path. Cracking occurred for ZK60A and AISI
410 alloys mainly in tensile manner regardless of loading path. Under cyclic axial,
secondary cracks in AW2099-T83 were found mainly along the grain boundary. AW2099T83 alloy specimen under cyclic axial loading failed by shear mode at low applied strain
amplitudes, but by tensile mode at higher applied strain amplitudes. ZK60A alloy
consistently failed in tensile manner regardless of applied strain amplitude. AISI 410 alloy
mainly failed in shear mode with gross plastic deformation at higher strain amplitudes.
In conclusion, the differences observed in the fatigue behavior of the three alloys can be
explained by the different microstructures and dislocation behavior. The microstructure of
AW2099-T83 alloy was strengthened by aging precipitates that interacted with
dislocations, causing cyclic hardening. However, when precipitates were sheared due to
higher stress, their resistance to dislocation movement was weakened and cyclic softening
resulted. The ZK60A alloy hardened due to fewer slip planes present in its structure and
due to twining mode of dislocation. With increase in the number of cycles, dislocation was
increased but there was insufficient plane for dislocation mobility to occur. The overall
softening observed in AISI 410 alloy was because of its tempered martensite which did not
restrict dislocation mobility. In addition, cycle-dependent and strain-dependent fatigue
behavior as were seen in AW2099-T83 and ZK60A could be linked to their microstructures
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both of which exhibit strong texture. However, such behavior was not seen in AISI 410
alloy which maintained the same grain structures and sizes in all the orientations. Based on
the analysis that has been carried out in the present work, it can be concluded that the
fatigue performance of each of the three alloys depend on their microstructures.

5.2 Recommendations for Future Work
A possible future work can include
 Study on the fracture mechanism of AW2099-T83 alloy. Crack profile seems to suggest
an unstable crack propagation mechanism in the alloy especially in torsional loading.
 Study on the fatigue behavior in high cycle regime for ZK60A alloy. Fatigue life
appears within a narrow band resulting to a bad fit using Coffin-Manson strain-life
curve.
 A study on the plasticity of AISI 410 alloy, because the alloy exhibits low plastic work
hardening in monotonic behavior, yet it shows large plastic deformation in fatigue.
 Testing in different orientations for AW2099-T83 and ZK60A alloys, both in
monotonic and cyclic tests, for comparison study because of the dissimilar grains
distributions and sizes in different orientations.
 Additional testing for AISI 410 alloy under cyclic torsion to increase the size of the
data so that shear fatigue parameters are more reliable.
 More testing under biaxial loading paths, especially for AW2099-T83 and AISI 410
alloys are required.
 SEM and TEM studies of as received microstructure and post fracture microstructure.
 Study on the heat treatment effect on the fatigue behavior of the three alloys.
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