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PREFACE The European Structural Integrity Society (ESIS) Technical Committee on Fatigue of Engineering Materials and Structures (TC3) decided to compile a Special Technical Publication (ESIS STP) based on the 115 papers presented at the 6th International Conference on BiaxiaVMultiaxial Fatigue and Fracture. The 25 selected papers included in the STP have been extended and revised by the authors. The Conference was held in Lisbon, Portugal, on 25-28 June 2001, and was chaired by Manuel de Freitas, Instituto Superior Tecnico, Lisbon. The meeting was organised by the Instituto Superior Tecnico, and sponsored by the Portuguese Ministerio da Ciencia e da Tecnologia and by the European Structural Integrity Society. It was attended by 151 delegates from 20 countries. The previous International Conferences on BiaxialMultiaxial Fatigue and Fracture were held in San Francisco (1982), Sheffield (1985), Stuttgart (1989), St Germain en Laye (1994), and Cracow (1997). The papers in the present book deal with theoretical, numerical and experimental aspects of the multiaxial fatigue and fracture of engineering materials and structures. They are divided into the following six sections: (1) Multiaxial Fatigue of Welded Structures (4 papers);



(2) High Cycle Multiaxial Fatigue (3 papers); (3) Non-Proportional and Variable-Amplitude h a d i n g (5 papers); (4) Defects, Notches, Crack Growth (7 papers); (5) Low Cycle Multiaxial Fatigue (4 papers); (6) Applications and Testing Methods (2 papers). This book presents recent world advances in the field of multiaxial fatigue and fracture. It is the result of co-operation between many researchers from different laboratories, universities and industries in a number of countries, As is well-known, most of engineering components and structures in the mechanical, aerospace, power generation and other industries are subjected to multiaxial loading during their service life. One of the most difficult tasks in design against fatigue and fracture is to translate the information gathered from uniaxial fatigue and fracture tests on engineering materials into applications involving complex states of cyclic stress-strain conditions. Numerous people have contributed to the publication of the present book. The editors wish to express their most grateful thanks to the authors of the 25 papers included in the publication, and also to the authors of the papers which the reviewers did not feel able to recommend for inclusion. Further, the editors wish to thank especially the following experts (in alphabetical order) for their valuable contributions as reviewers of manuscripts:
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K.Dang Van, &ole Polytechnique, Palaiseau, France D. Frangois, Ecole Centrale de Paris, France G. Glinka, University of Waterloo, Waterloo, Ontario, Canada P. Lazzarin, University of Padua, Vicenza, Italy E. Macha, Technical University of Opole, W l e , Poland Z. Mroz, Instytut Podstawowych Problemow Techniki PAN, Warsaw, Poland Y. Murakami, Kyushu University, Fukuoka, Japan A. Navarro, ETS Ingenieros Industriales, University of Seville, Seville, Spain A. Pineau, Ecole Nationale Superieure des Mines de Paris, Evry, France D.F. Socie, University of Illinois at Urbana-Champaign, Urbana, Illinois, USA C.M. Sonsino, Fraunhofer Institute for Structural Durability LBF, Darmstadt, Germany S.E. Stanzl-Tschegg, University of Agricultural Sciences, Vienna, Austria V.T. Troshchenko, National Academy of Sciences of Ukraine, Kiev, Ukraine H. Zenner, Technical University of Clausthal, Clausthal-Zellerfeld, Germany Finally, the editors wish to thank all the staff at ESIS and Elsevier, who have made this publication possible. Andrea Carpinteri, University of Parma, Italy Manuel de Freitas, Instituto Superior Tecnico, Portugal Andrea Spagnoli, University of Parma, Italy Novembre, 2002
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ASSESSMENT OF WELDED STRUCTURES BY A STRUCTURAL MULTIAXIAL FATIGUE APPROACH Ky DANG VAN', Andr6 BIGNONNET2and Jean-Luc FAYARD2 'taboratoire de Mkcanique des Solides, Ecole Polytechnique, 91 128, Palaiseau, France PSA Peugeot Citroen, Route de Gizy, 78943, Vdizy-Villacoublay Cedex, France



ABSTRACT A structural multiaxial computing method for the fatigue assessment of welded structures is presented. This approach is based on the use of a local equivalent stress, or design stress, derived from the shear stress and the concomitant hydrostatic pressure previously proposed by Dang Van. Associated with a specific shell finite element meshing methodology, the method is successfully used to assess the fatigue resistance of welded automotive structures. The approach also allows the role of the welding process upon the fatigue behaviour to be addressed by a better description of the influence of the local residual stress state. KEYWORDS Welded structures, multiaxial fatigue, residual stresses, computing methods, design stress



INTRODUCTION Although extensive work has already been done, the prediction of the fatigue strength of welded structures is still a widely open subject. Engineers in design offices do not dispose of reliable and accurate methods to evaluate the fatigue life of such structures, with regard to the results provided by the modern structural calculation methods (Finite Element Method). If some propositions exist, they are most of the time inapplicable so that, in practice, engineers use simplified methods of poor accuracy. For example, for the calculation of metallic bridges, a design stress S is evaluated from the nominal stress derived from a beam calculation; then the fatigue life is estimated from S-N curves given by the EUROCODE ITI established experimentally by class of structural details. One can imagine that if there are a few changes in the geometry or the loading mode of these details, one can be out of the limits covered by the fatigue tests and therefore have erroneous predictions. Beside the global approaches as the EUROCODE III,several proposals called local approaches exist [ I ] . Among them, one can distinguish those which study the crack initiation and those which consider that microcracks are already formed and only take into account their propagation. The latter uses the Paris law, or derivative laws, which appears to be well founded on the recognised concepts of the Fracture Mechanics, but are nevertheless not so easy to apply on actual structures. As noted recently by D.L. Mc Dowel1 [2], the first cracks initiated in )>
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fatigue cannot be reduced to plane cracks simply characterised by their length a, submitted to simple in mode I loading and in a linear elastic regime. This makes the calculation of the parameters which are supposed to govern the propagation extremely difficult. The transcription of some parameters which are justified in Fracture Mechanics to fatigue is still poorly founded and therefore ambiguous for a structure. It is the case for instance of the J parameter and the J derived parameter usually invoked to correlate fatigue testing results on specimens. For all these reasons the local approaches based on crack initiation are still preferred by engineers. As for welded structures, the structural method developed for the offshore industry in the 70’ and the 80’s (AWS and API codes) and particularly following Radenkovic’s proposals [ 3 ] , is without any doubt the one which allows the most interesting industrial calculations. In this method, the welded connection is characterised by a design stress S, more or less clearly defined, which better describes the local stress at the l ,
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Fig. 10. Cracks pattern at 20% stiffness drop on the bidimensional development of the specimen gauge surface: out-of-phase bendingltorsion tests (h=zxy,dux,a>l, 6~126").
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Fig. 11. Cracks pattern at 20% stiffness drop on the bidimensional development of the specimen gauge surface: in-phase bendinghorsion tests ( h = ~ ~ ~ , J 6 u~~~0',). ~ Sint For SAE 1045 steel, BHN 456 and 203, a k value of 0.5 reduced the experimental data into a narrow band for the hard and soft steels. A k value of 0.5 was initially suggested by Findley. The interference free stress (Slnt)is 500 MPa for the hard material and 76 MPa for the as received material. The modified Findley parameter is plotted versus fatigue life for the hard and soft steels in Figs 14 and 15, respectively. The use of the suggested modification to Findley's parameter results in the majority of the experimental parameter values falling within the 2x fatigue life boundaries drawn about the mean curve. The modified Findley parameter was found to be the best static mean stress parameter investigated during this study for condensing the experimental data. Imposing a cut off level, above which further increases in tensile mean stress no longer reduce fatigue life, accounted for the crack face interference free behavior found in this investigation.
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Fig. 14. Modified Findley parameter versus fatigue life for BHN 456.
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Fig. 15. Modified Findley parameter versus fatigue life for BHN 203.
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CONCLUSIONS For a given fatigue life, data from this test program exhibit an inverse linear relationship between the alternating shear stress and the static mean stress normal to the maximum shear stress amplitude planes for static mean stresses smaller than 500 MPa and 76 MPa for the hard and soft steels, respectively. Increasing the tensile mean stress beyond these values does not result in a further decrease in the alternating shear stress for a given fatigue life. When static mean stresses normal to the plane of maximum alternating shear stress are high, fracture surface asperities are unmarked. Asperity heights increase with increasing tensile mean stress until the stress at which the crack faces no longer touch is achieved. The modified Findley parameter condensed the majority of the experimental results within a 2x band on a parameter versus fatigue life curve. For tensile static mean stresses larger then Sint, the crack faces were found to be fully separated, a condition previously identified as crack face interference free growth. This cracking mechanism is incorporated into the modified Findley parameter by placing a limiting value Sint above which the mean stress value used in the parameter is kept constant. ACKNOWLEDGEMENTS The authors would like to thank NSERC for the funding to complete this program of study and the Canadian Armed Forces. The authors would also like to thank Dr. Bonnen, Dr. Conle, Mr. Barber, Mr. Boldt and Mr. Alberts for their contributionsto this research. REFERENCES I . Bonnen, J., and Topper, T.H., (1999) Multiaxial Fatigue and Deformation: Testing and Prediction, STP 1387 213. 2. Varvani-Farahani, A. and Topper, T.H., (1997) “Short fatigue crack characterization and detection using confocal scanning laser microscopy (CSLM),“ Nontraditional methods of sensing stress, strain and damage in Materials and Structures, ASTM STP 1318 43-55. 3. Stulen, F.B., and Cummings, H.N. (1954) “A failure criterion for multiaxial fatigue stresses,” ASTM Proceedings 54,822. 4 . Findley, W.N., (1954) “Experiments in fatigue under ranges of stress in torsion and axial load from tension to extreme compression,” ASTM Proceedings 54, 30 1. 5. Findley, W.N., (1959) “A theory for the effect of mean stress on fatigue of metals under combined torsion and axial loading or bending,” Trans. ASME J. Eng. For Industry 81, 301306. 6. Sines, G. (1961) T h e prediction of fatigue fracture under combined stresses at stress concentrations,”Bulletin of JSME 4,443. 7. Mazelsky, B., Lin, T.H., Lin, S.R. and Yu,C.K., (1969) “Effect of axial compression on lowcycle fatigue of metals in torsion,” J Basic Eng.91,780. 8. Chu, C.-C., (1994) “Critical plane analysis of variable amplitude tests for SAE 1045 steels,”SAE Technical Paper #9#0246.
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Appendix : NOMENCLATURE



BHN



Brinell hardness number



E



Young's modulus



E



Local strain



f;k



Constant for Findley's parameter



k



Constant for Fatemi and Socie parameter



Y



Engineering shear strain



P



Parameter Local stress Yield stress Shear stress ratio,



Tm$mx



S



Stress



S*



Empirical constant in Modified Kandil, Brown and Miller parameter



z



Local shear stress



h



Ratio between T, and oa



SUBSCRIPTS, SUPERSCRIPTS AND OPERATORS 1, 2, 3



Orthogonal principal stress/strain coordinates



axial



Value of variable in axial direction



HOOP



Value of variable in hoop direction



int



Value of variable when crack faces are interference free



mar



Maximum value of the variable during the load cycle



mean



Value of static variable normal to the maximum shear planes



n



Value of variable normal to the crack plane



no



Value of static variable perpendicular to the maximum shear strain amplitude



static mean



A



Value of static variable normal to the maximum shear planes Range of variable during the loading cycle
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ABSTRACT The further-developed Shear Stress Intensity Hypothesis (SM)is presented for the calculation of the fatigue limit of ductile materials under multiaxial loading. The fatigue limit behaviour for different cases of multiaxial loading is analysed with SM and experimental results, especially with the effect of mean stresses, phase difference, frequency difference, and wave form. In a statistical evaluation, the further-developed S M provides a good agreement with the experimental results.



KEYWORDS Fatigue limit, multiaxial loading, multiaxial criteria, weakest link theory INTRODUCTION A multiaxial stress state which varies with time is generally present at the most severely stressed point in a structural component. The stress state is usually of complex nature. The individual stress components may vary in a mutually independent manner or at different frequencies, for instance, if the flexural and torsional stresses on a shaft are derived from two vibrational systems with different natural frequencies. For assessing this multiaxial stress state, the classical multiaxial criteria, such as the von Mjses criterion or the maximum shear stress criterion, are not directly applicable. This is illustrated in Fig. 1 for two load cases. In the first case, an alternating normal stress occurs in combination with an alternating shear stress with a phase shift of 90°, Fig. la. The second case involves a normal pulsating tensile normal stress cr, and a compressively pulsating normal stress oy, Fig. Ib. In both load cases, the principal stresses exhibit the same variation with time. In accordance with the classical multiaxial criteria, the same equivalent stresses are calculated in both cases. The endurance limits are very different, however, as is shown by experiments. This is explained by the fact that the principal direction can vary in the case of multiaxial stress. A variable principal direction is not taken into account by the classical multiaxial criteria.
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o l a- ~Endurance limit for smooth specimens, steel 34Cr4: 158MPa 240 MPa Fig. 1. Coordinate stresses, principal stresses and direction of principal stresses for one cycle. Influence of variable principal stress direction on the endurance limit. For calculating the fatigue limit, a number of multiaxial criteria have been developed in the past. The multiaxial criteria can be subdivided as follows: empirical approach, critical plane approach, and integral approach. The empirical theories were derived by extension of the classical criteria or were usually developed for specific load cases in correspondence with test results [I-81. With the critical plane approach, the stress components in the critical plane with the maximal value of equivalent stress are considered as relevant for the damage [9-15]. In the case of the integral approach, the equivalent stress is calculated as an integral of the stresses over all cutting planes of a volume element, for instance, with the hypothesis of effective shear stress [16] or the shear stress intensity hypothesis [17]. The hypothesis of Papadopoulos [ 18,191 is based on the same principle and differs from the shear stress intensity hypothesis by the consideration of the mean stresses.
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In the present paper, the further-developed shear stress intensity hypothesis (SIH)is described. The fatigue limit behaviour of ductile metallic materials is explained with special attention to the effects of the mean stresses, the phase difference, the frequency difference, and the wave form.



SHEAR STRESS INTENSITY HYPOTHESIS The development of the shear stress intensity hypothesis (SLH) can be retraced to the interpretation of the von Mises criterion in accordance with Novoshilov [20].In the past, the von Mises criterion has been interpreted differently: - Distortion energy (Maxwell 1856, Huber 1904, Hencky 1924) - Octahedral shear stress (Nadaj 1939)



- Root mean square of the principal shear stresses (Paul 1968) - Root mean square of the shear stresses for all intersection planes (Novoshilov 1952) Novoshilov proved that the mean square value of the shear stresses over all cutting planes is identical to the von Mises stress:



Simbuerger [ 161 applied this new interpretation according to Novoshilov to cyclic multiaxial loading and developed the hypothesis of the effective shear stresses. Zenner [17,21231 has further developed this multiaxial criterion and designated the result as the shear stress intensity hypothesis (SM). In [24] the classical multiaxial criteria, the maximum shear stress criterion and the von Mises criterion, have been derived as special cases of the weakest link theory. On the basis of this analysis, a general fatigue criterion has been formulated for multiaxial stresses. The existing multiaxial criteria of integral approach and of the critical plane approach can be derived as special cases from the general fatigue criterion. On the basis of this analysis of the weakest link theory in 1241, the shear stress intensity hypothesis SIH is newly formulated and further developed. In the newly developed SM, the equivalent shear stress amplitude and the equivalent normal stress amplitude are evaluated as an integral of the stresses over all cutting planes, Fig. 2:



1 Lru AND H. ZENNER



t' Y



Fig. 2. Integration domain of the SIH and stress components in the intersection plane ~ c p The stress amplitudes zwl? and owl? in each cutting plane are calculated from the time function of the stress components. For loading cases with sinusoidal time functions and same frequencies of stress components explicit equations for zwl? and crw can be derived in dependence on the phase shift [24]. The exponents p 1 and p2 can be chosen between 2 and infinity. If very large values are selected for the exponents, the equivalent stress comesponds to the maximal stress over all the cutting planes according to the maximum norm of the algebra. In order to simplify the calculation, the exponents are selected as p ,=p2=2. The equivalent stress amplitude is calculated by combination of the two equivalent stress amplitudes of the shear stress and normal stress (see Eqs (2) and (3)):



The coefficients a and b are determined from the boundary conditions for pure alternating tension-compression and pure alternating torsion:



From the conditions a>O and b>o, the ranges of validity for the hypothesis S M are defined by the fatigue limit ratio:
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For most ductile materials, the fatigue limit ratio is situated within these limits. For extending the range of validity for the hypothesis S M ,the exponents p 1 and p2 can be selected to be greater than two; thus, the values between 1 and 2 can also be included. For the calculation of the equivalent mean stresses, the mean shear stresses are weighted over the shear stress amplitude, and the mean normal stresses over the normal stress amplitude in all cutting planes:



Generally the sign of the mean shear stress is of no importance. A positive or negative mean shear stress has the same effect. Therefor, VI is selected to be exactly equal to 2 for the equivalent mean shear stress. Thus, for a positive or negative mean shear stress, a positive equivalent value is always obtained; that is, the mean shear stress still exerts a reducing effect. For the evaluation of the normal mean stress, the exponent v2 is selected to be equal to unity; consequently, positive and negative mean normal stresses can be distinguished. For considering the effect of the mean stresses, the failure condition can be formulated in different ways. For example, an equivalent mean stress can be obtained by combining the equivalent mean shear stress and equivalent mean normal stress, CT, = rnovrn,, + The equivalent stress amplitude, Eq. (4),and the equivalent mean stress can be compared with the help of a Haigh-diagram. In the following, the failure condition is formulated directly by a combination of the equivalent stresses from Eqs (4),(8), and (9):



The coefficients m and n are determined from the fact that the failure condition is fulfilled in the case of both pulsating tension and pulsating torsion:
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In addition, the characteristic strength values for alternating axial loading aw,pulsating axial loading d&hr alternating torsional loading ZW, and pulsating torsional loading Zsch are necessary. For the pulsating torsional strength, the following value is assumed:



EFFECT OF MEAN STRESS If the time functions of the stress components of a plane stress state are synchronous, the following analytical equation can be deduced for the calculation of the equivalent stress amplitude from Eqs (2) to (6):



and for the equivalent mean stresses from Eqs (8) and (9):



The coefficients Aij depend only on the ratio of the stress amplitudes, , a aya,and zVa. The coefficients are indicated in Table 1 . For the case of an alternating normal stress and an alternating shear stress (cyclic bending and torsion, for instance), the failure condition (Eq. (10)) yields the well-known elliptical equation for ductile materials:
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Table 1. Coefficients AQ for the calculation of equivalent mean stresses, x = O,,, y = Ora and z = 5ya
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axad*w Fig. 3. Fatigue limit under alternating normal and shear stresses If one combines the eIIipticaI equation with coIIected test resuIts [25] to yield a standardised diagram, Fig. 3, Eq. (19) then agrees with the test results. For the case of an alternating n o m 1 stress with a superposed static shear stress, the fatigue limit is decreased by the superposed static shear stress, Fig. 4. Up to a static shear stress zVmwhich is lower than the yield strength RPo.2, the influence of the superposed shear stress is correctly described by the SIH. Beyond this value, however, the influence of the superposed shear stress is overestimated. With rxrm> Rpo.2, severe plastic deformations occur; consequently, this case is defined by a static strength design, and is of no importance for practical applications.
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ZxydRpO,, Fig. 4. Effect of the mean shear stress on the fatigue limit for cyclic normal stress



Fig. 5. Effect of the mean normal stress on the fatigue limit for cyclic shear stress For the case of an alternating shear stress with a superposed static normal stress, the fatigue limit is decreased by the superposed static positive normal stress (tension). A superposed negative static normal stress (compression) increases the fatigue limit to a limiting value, Fig. 5. If the negative static stress exceeds a certain value, the fatigue limit decreases again with increasing compressive mean stress. The influence of the mean stress essentially comprises the effects of the equivalent mean shear stresses and the equivalent mean normal
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stresses. The equivalent mean shear stress is still positive and always decreases the fatigue limit. The equivalent mean normal stress can be positive or negative. A negative mean normal stress increases the fatigue strength, and a positive mean normal stress decreases the fatigue strength. In the case of compression, the two effects result in different behaviour of the mean stress; this depends on the ratio of the coefficients m to n (Eq. (10)). As is shown by the test results [27], the behaviour markedly differs within the compression range for different materials. The effect of a superposed static normal stress on the fatigue limit for cyclic normal stress depends on its direction with respect to the cyclic normal stress. As is shown by experiment and calculation in accordance with SM, the effect of a superposed static normal stress is weaker in the direction perpendicular to the cyclic normal stress than in the direction of the cyclic normal stress, Fig. 6.
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Oxn/Rpo,2 and OydRp0,2 Fig. 6. Effect of the mean normal stress on the fatigue limit for cyciic normal stress in two different directions



EFFECT OF PHASE DIFFERENCE A phase shift between an alternating shear stress and an alternating normal stress results in a slight increase in fatigue strength, as is predicted by the shear stress intensity hypothesis. The maximal fatigue limit occurs at a phase shift 8 , of 90", and is higher than the synchronous value by approximately 5 per cent, Fig. 7. The fatigue limit diagram is symmetrical with respect to a phase shift of 90".Therefore, the dependence on the phase shift is plotted only in the range from 0" to 90". As is shown by the test results, the situation is far from uniform. During a phase shift, ,a both an increase and a decrease in strength are observed experimentally, Fig. 7. It has hitherto not been possible to prove the existence of a unique material dependence for the relation o,,D( 6 x , , = 9 0 " ) l ~ x a8'y=O"). ~( The S M is usually applicable.
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Fig. 7.Effect of a phase shift between a cyclic normal stress and a cyclic shear stress
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Fig. 8. Effect of a phase shift between two cyclic normal stresses For two cyclic normal stresses, only test results with pulsating loads are available, because between two pulsating normal of experimental difficulties. The effect of a phase shift stresses is small within the range from 0" to W",and results in a significant decrease in the fatigue limit within the range from 90" to 180°, Fig. 8. A slight increase in strength is observed in the vicinity of 60". A phase shift 4 =180" between two normal stresses of equal magnitude



4



Fatigue Limit of Ductile Metals Under Multiaxial Loading



157



corresponds to the case of torsional loading. The minimum of the fatigue limit is situated here. The effect of the phase shift b; is correctly described by the SIH.



EFFECT OF FREQUENCY DIFFERENCE In the case of uniaxial loading, the fatigue limit of metallic materials can usually be regarded as frequency-independent. In the case of multiaxial loading, however, the frequency difference between the stress components plays an important role. In contrast to the influence of the phase shift, considerably less attention has been paid to the experimental behaviour of the fatigue strength in the presence of differences in frequency of the stress components. The effect of the frequency ratio Axy between a shear stress zXuand a n o m 1 stress oxis illustrated in Fig. 9. The plotted curve is not continuous; that is, it applies only to discrete frequency ratios. The points calculated for discrete values of the frequency ratio have been connected with straight lines. As is shown by test results, the fatigue limit is decreased by a frequency difference between the normal and shear stresses. If z,do,, is equal to 0.5, a frequency ratio Ag of 8 reduces the fatigue limit by about 30 per cent. This behaviour is described well by the SM.For Av > 1 as well as for c 1, the behaviour of the fatigue limit is similar; that is, the behaviour of the fatigue limit is independent of whether the frequency of the normal stress is higher or lower than that of the shear stress. A frequency difference between two pulsating normal stresses also reduces the fatigue limit, Fig. 10. However, only two test results obtained at a frequency ratio of 2 are available. At an initial frequency ratio A,, of 2, the largest portion (by approximately 20 per cent) of decrease in fatigue strength is already achieved, for all practical purposes, as is predicted by the furtherdeveloped shear stress intensity hypothesis SIH.
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Fig. 10. Effect of a frequency difference between two pulsating normal stresses



EFFECT OF WAVE FORM The wave form of the stress components does not generally affect the endurance limit, if loading is uniaxial, or if the stress components oscillate proportionally or synchronously to each other. This result is also predicted by the SM.This conclusion has been experimentally confirmed [11,31]. However, the wave form does affect the fatigue limit if the stress components do not oscillate synchronously to one another. The influence of a phase shift 8 , between a cyclic noma1 and a cyclic shear stress with different wave forms is shown in Fig. 11. In contrast to the sinusoidal wave form, the effect of a phase shift b&, on the endurance limit is more pronounced for the other two wave forms. A phase shift between an alternating normal and an alternating shear stress with a triangular wave form will increase the fatigue limit to a greater extent than with a sinusoidal wave form. If the influence of the phase shift between two normal stresses is compared for different wave forms, it is obvious that the effect of the wave form is not remarkable at a phase shift of 180", Fig. 12. For different wave forms, significant differences exist in the phase shift range between 30" and 150". In the case of a trapezoidal wave form, even a small phase shift of only 30" results in a significant decrease in fatigue limit. With a sinusoidal wave form, in contrast, a remarkable decrease in fatigue limit begins from a phase shift of 60". In the case of cyclic normal stresses with a triangular wave form, the decrease in fatigue limit can be assumed to begin at an even larger value of the phase shift 4.
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Fig. 11. Effect of wave forms and phase shift between an alternating normal stress and an alternating shear stress, test results from [28]



Fig. 12. Effect of the wave form and phase shift between two pulsating normal stresses, test results from [1 11
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STATISTICAL EVALUATION As a check on the accuracy, the ratio x of the experimentallydetermined value to the calculated



value of the fatigue limit is employed for such an evaluation:



where o ~ , denotes ~ ? the estimated average value of the experimentally determined in accordance with SM, the estimated average fatigue limit. For the calculation of axd.cal values of w a n d OS& are taken as a basis. At x = 1, the result of the calculation is equal to the experimental result. At x>l, the fatigue limit with the SM is underestimated; at 6 1 , the fatigue limit is overestimated. The results of the above statistical evaluation are listed in Table 2 for different load cases: the average value Y. and the standard deviation s of the ratio x are shown. In the case of a correct prediction, the average value of the ratio x should be equal to about the unity and the standard deviation should be very small. 99.99 99.9
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Fig. 13. Comparison between the experimentally determined fatigue limit and the calculated one, as is predicted by the further-developedSM The results of 182 test series with a maximal von Mises stress lower than 1.1Rpo,2 are considered. The 130 test results from Fig. 3 for the load case where a normal stress and a shear
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stress alternate without mean stresses are not considered in the statistical evaluation. As is shown in Fig. 3, the prediction according to S M with the elliptic equation is very good for this simple load case. For each load case, the SIH provides a good prediction of the fatigue limits. The average values X are still near the unity and the standard deviations s are small. A greater scatter is or zVm, and estimated only for the load case where one shear stress alternates with,,a oym for the load case where two normal stresses alternate with phase difference and mean stresses different from zero. The statistical distribution of the ratio x for all 182 test results is plotted in Fig. 13. For the cases considered, the further-developed shear stress intensity hypothesis SIH provides an accurate prediction of the fatigue limit. The ratio x of the experimental fatigue limit to the calculated fatigue limit has an average value equal to about 1.0, and ranges between 0.8 and 1.2. With these results, 90 per cent of the values are within the range between 0.85 and 1.1. The standard deviation s is equal to 0.067. Table 2. Comparison between experimentally determined fatigue limit and calculated one according to the SIH, for different load cases. Femtic and ferritic perlitic steel, ultimate steel Rm = 400 to 1600 MPa, n - number of test series (maximum von Mises stress < 1,l Rpo,2); 3E mean value, s - standard deviation Load case
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CONCLUSIONS The further-developed shear stress intensity hypothesis (SIH) provides a useful prediction of the fatigue strength for multiaxial loading. It should be pointed out that deviations between experiment and calculation are not due only to the multiaxial criteria [34]. Possible reasons for deviations include anisotropic material behaviour (texture), non-statistical nature of the fatigue limit, and experimental error. REFERENCES 1. 2. 3.
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Appendix: NOMENCLATURE coefficients of SIH static yield strength of 0.2% plastic strain phase differences to ox frequency ratio to ox exponents of SIH mean stresses stress amplitude fatigue limit for normal stress equivalent stress amplitude equivalent mean stresses fatigue limit (double amplitude) for pulsating tension fatigue limit for alternating tensiontompression normal stress amplitude in the intersection plane p mean normal stress in the intersection plane p fatigue limit for pulsating torsion (double ampIitude) fatigue limit for shear stress fatigue limit for alternating torsion shear stress amplitude in the intersection plane mean shear stress in the intersection plane p
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SEQUENCED AXIAL AND TORSIONAL CUMULATIVE FATIGUE: LOW AMPLITUDE FOLLOWED BY HIGH AMPLITUDE LOADING Peter BONACUSE US Army Research Laboratory, NASA Glenn Research Center, Brook Park, OH, USA and Sreeramesh W L U R I Ohio Aerospace Institute, NASA Glenn Research Center, Brook Park, OH, USA



ABSTRACT The experiments described herein were performed to determine whether damage imposed by axial loading interacts with damage imposed by torsional loading, This paper is a follow on to a study [ 11 that investigated effects of load-type sequencing on the cumulative fatigue behavior of a cobalt base superalloy, Haynes 188, at 538°C. Both the current and the previous study were used to test the applicability of cumulative fatigue damage models to conditions where damage is imposed by different loading modes. In the previous study, axial and torsional two load level cumulative fatigue experiments were conducted, in varied combinations, with the low-cycle fatigue (high amplitude loading) applied first. In present study, the low amplitude fatigue loading was applied initially. As in the previous study, four sequences (axial/axial, torsion/torsion, axial/torsion, and torsion/axial) of two load level cumulative fatigue experiments were performed. The amount of fatigue damage contributed by each of the imposed loads was estimated by both the Palmgren-Miner linear damage rule (LDR) and the non-linear, damage curve approach (DCA). Life predictions for the various cumulative loading combinations are compared with experimental results. Unlike the previous study where the DCA proved markedly superior, no clear advantage can be discerned for either of the cumulative fatigue damage models for the loading sequences performed. In addition, the cyclic deformation behavior under the various combinations of loading is presented. KEYWORDS Multiaxial, cumulative fatigue, axial loading, torsional loading, tubular specimens.
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INTRODUCTION Many multiaxial fatigue damage models are based on the premise that damage is a tensor, Le., it has both magnitude and direction. These ‘tensorial’ approaches imply that damage imposed by loading in one direction does not readily interact with subsequent damage imposed by loading in another direction. By subjecting thin-walled tubular specimens to fatigue in different loading directions, in sequence, this hypothesis can be tested. In this study, a block of lower amplitude loading, at a given fraction of the estimated life, preceded a second block of higher amplitude loading to failure. This work is a complement to a previous study [I] where higher amplitude cycles were imposed initially, followed by lower amplitude loading to failure. Various combinations of axial and torsional load-type and load-sequence interactions have been explored in both studies. The most common method of accounting for the fatigue damage accumulated in a material subject to variable amplitude loading is to estimate the fraction of the fatigue life expended for each cycle of a given amplitude and then sum up all the fractions for each of the load excursions. When this sum reaches unity, the material is said to have used up its available life. This model is commonly referred to as the linear damage or Palmgren-Miner rule (LDR) [2]. However, many studies have shown LDR to be inaccurate by as much as an order of magnitude for certain combinations of variable amplitude loading [3-61. Halford [3] outlines the uniaxial loading combinations where the LDR is likely to break down and where alternative approaches may prove useful. In the present study, two cumulative fatigue damage models are assessed for their ability to predict the remaining cyclic life after prior loading at both different amplitudes and different loading directions. The first model is the LDR [2]. The second is the damage curve approach (DCA) of Manson and Halford [7]. In the previous study (high amplitude loading followed by low amplitude loading), the damage curve approach (DCA) was found to model the load interaction behavior remarkably well for all the cases investigated including the mixed load experiments (axial followed by torsional and torsional followed by axial). This seemed to indicate that the fatigue damage was most likely isotropic, at least when the loading sequence was high amplitude followed by low amplitude. A possible explanation for apparent isotropic nature of damage accumulation under fulIy reversed fatigue loading is that the cyclic hardening behavior of superalloys is, at least to some extent, isotropic in nature. This hardening should influence damage accumulation even when loading is imposed in another direction. The magnitude of plastic deformation is often used as a measure of the accumulated damage in a loading cycle. If the material is in a work hardened state from previous mechanical cycling it should be able to absorb a larger portion of ensuing deformations elastically, resulting in lower plastic strains. Thus, a smaller increment of damage wouId then be accrued in each subsequent cycle. This mechanism would be in competition with propagating cracks that may have initiated in the prior cycling; higher stresses due to work hardening would increase the crack propagation rate in the subsequent loading.



MATERIAL, SPECIMENS, AND TEST PARAMETERS



Specimens used in this study were fabricated from hot rolled, solution annealed, Haynes 188 superalloy, 50.8 mm diameter bar stock (heat number: 1-1880-6-1714). This is the same heat of material used to perform the experiments described in Ref. [I]. The measured weight
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percent composition of the superalloy was: e 0.002 sulfur, 0.003 boron, < 0.005 phosphorus, 0.052 lanthanum, 0.09 carbon, 0.35 silicon, 0.8 manganese, 1.17 iron, 14.06 tungsten, 22.1 1 chromium, 22.66 nickel, with the balance made up of cobalt. AI1 experiments were performed on thin walled tubes with nominal gage section dimensions of 26 mm outer diameter, 22 mm inner diameter, 41 mm straight section and 25 mm gage length. The interior surfaces of the tubes were honed in an attempt to preclude crack initiation on the inner surface of the specimen. Outer surfaces were polished with final polishing direction parallel to the specimen axis. Further details on the specimen geometry and machining specifications can be found in Ref. [8]. The baseline axial and torsional fatigue lives for this material, specimen geometry, and test temperature can be found in Ref. [I]. The specimens were heated to 538°C with an induction heating system. A11 specimens were subjected to sequential constant amplitude fatigue loading under strain control. A commercially available, water-cooled, biaxial, contacting extensometer with a 25 mm gage length, designed specifically for axial-torsion testing, was used. The loading actuator that was not being used for fatigue strain cycling (the torsional actuator during axial cycling or the axial actuator during torsional cycling) was maintained in load control at zero load. This procedure allowed strains to accumulate in the zero load direction. During the axial strain cycling segments, relatively small mean strains in the load controlled torsional axis were observed. However, the torsional strain cycling segments always showed increasing mean axial strains. When torsional strains were applied in the first segment, the magnitudes of these axial strains were recorded and then electronically set to zero prior to commencing the second loading segment. The specimen failure criterion programmed into the testing software was a 10% drop in the measured load in the strain controlled direction. Five experiments were terminated due to a controller interlock. Details on the testing system and test control procedures can be found in Ref. [l].



TEST MATRIX The test matrix for this study is shown in Table 1. Seventeen different combinations of low amplitude followed by high amplitude, two load level experiments were performed. The loading sequences were axial followed by axial (axiallaxial), torsion followed by torsion (torsionltorsion), axial followed by torsion (axialltorsion), and torsion followed by axial (torsionlaxial), with at least four different, first load level life fractions imposed in each combination. A fifth life fraction was imposed in the torsion/torsion subset. One torsional experiment was repeated as a cursory check on the expected specimen-to-specimen variability in fatigue life. This summed to a total of 18 tests performed for this study. Table 1 also contains the stress range and mean stress at half-life for each load level, the number of cycles imposed, and the final crack orientation.



TABLE 1: Test matrix and interaction fatigue data for Haynes 188 at 538°C.



Specimen



AEI



First Load Level; v = 0.5 Hz AOI Om1 A ~ I A'CI Tml nl (MPa) (MPa) (MPa) (MPa) (Cycles)



Axi al/Ax i a1 ... ... HYII-103 0.0067 811 -9 ... ... HYII-116 0.0066 849 -6 ... ... HYII-119 0.0066 882 -10 HYII-114 0.0066 905 -9 ... .*. TorsionITorsion ... ... ... 0.0120 515 HYII-117 ... ... HYII-112 ... 0.0120 536 HYII-115 ... ... ... 0.0119 554 ... ... ... 0.0121 521 HYII- 109 ... ... HYII-118 ... 0.0119 588 ... ... ... 0.0120 579 HYII-104 AxiaVTorsion ... ... HYII-110 0.0069 841 -10 HYII-Ill 0.0069 862 ... ... -8 HM-IO8 0.0065 892 ... ... -8 HYII-105 0.0066 888 -9 ... ... Torsion/Axial HYII-120 ... ... ... 0.0121 498 HYII- 107 ... ... ... 0.0120 523 HYII-106 ... ... ... 0.0119 540 HYII-113 ... 0.0119 581 ... ... * Angle measured with respect to the specimen axis.
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CUMULATIVE DAMAGE MODELS The results of the cumulative fatigue experiments performed for this study were compared with predictions of two load interaction models: the LDR (Eq. 1) [23, and the DCA (Eq. 2) [7].



($1 ($1 = I



-



The LDR assumes that damage accumulated during each load excursion can be simply added to the already accumulated damage in the material. Load sequence and changes in the properties of the material are not taken into account. The LDR has the distinct advantage of being straight forward to implement for virtually all loading histories, provided sufficient baseline fatigue data are available and an adequate cycle counting method is employed. The DCA attempts to model the observed non-linear interactions between two load-level experiments. The underlying assumption of the DCA is that high amplitude loading initiates cracking early in life whereas under lower amplitude loading measurable cracking does not occur until late in life. In the case of the experiments performed in this study, the implication is that the initially imposed lower amplitude loading might not initiate cracks. In the subsequent higher amplitude loading the material might then ‘ignore’ the previous cycling or even derive a benefit from it, allowing the sum of life fractions to be greater than unity.



RESULTS AND DISCUSSION The initially imposed lower amplitude cyclic loading (0.65% axial and 1.24% torsional nominal strain ranges) had sufficient plasticity to cause this solution-annealed material to isotropically harden. The magnitude of the hardening in the first load level was proportional to the number of imposed cycles. The cyclic hardening behavior for the lower amplitude, first load level, loading is presented in Fig. 1. The horizontal lines in each of these figures correspond to stress range for the last cycle of the lower amplitude loading. The vertical drop lines indicate the last cycle of the first load level for each experiment. There was some variation in the first cycle stress range for both the axial and torsional loading. In the first load levels, the average axial first cycle stress range (the left most data point in each of the curves in Fig. I (a) and (c)) was 646 MPa with a standard deviation of 15 MPa, while the torsional first cycle average stress range (the left most data point in each of the curves in Fig. 1 (b) and (d)) was 382 MPa with a standard deviation of 14 MPa. The most likely explanations for these variations include the natural variability in the material properties and discrepancies in the machining andlor measurement of the specimen gage section. A 0.1% error in the measurement of a gage section dimension (inner or outer radius), which is the approximate precision of the micrometers employed, would lead to a 0.2% error in the axial stress and a 0.4% error in the shear stress calculations. This dimensional measurement error would account for only about 10% of the variability observed. The specimen to specimen variation in the hardening rate, however, in all the axial and torsional experiments was small.
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The stress range vs. cycle number plots for the higher amplitude, second load level (Fig. 2) show some interesting behavior. The lower initial life fraction experiments continued to cyclically harden during the second load level. The higher initial life fraction experiments tended to cyclically soften (with exception of the axial-axial where all hardened to failure). The material in each type of load level combination tended to converge to a similar stress range as the cycles accumulated in the second load level, independent of the number of lower amplitude cycles previously imposed. The axiaYaxial and torsiodtorsion experiments tended to stabilize to the same stress levels as the baseline (constant amplitude fatigue tests performed at the second load level) experiments (also plotted in Fig. 2), whereas the mixed loading experiments, axial/torsion and torsionlaxial, stabilized at stress levels 6.5% and 12.0% above the baseline experiments, respectively. The extra hardening observed in the mixed loading experiments may be attributable to the same mechanism that causes additional hardening in mechanically out-of-phase multiaxial loading [9]. Experiments ending with torsional loading always failed on the maximum shear strain plane, i.e. the final failure cracks were parallel to the specimen axis. Experiments completed under axial loading all failed at or near the plane of maximum tensile stress; perpendicular to the specimen axis. In the tests completed with axial loading, the 10% load drop failure criteria corresponded to an average crack length of 20.5 mm. Somewhat longer surface cracks (27.4 mm average length) occurred in the tests completed with torsional loading. This result is not unexpected in that shear cracks (cracks that form and propagate on maximum shear stress’strain planes) tend to be longer at failure than cracks that form and propagate on maximum normal stress/strain planes [lo]. Five of the eighteen tests were terminated due to controller interlocks. Controller interlocks are preprogrammed limits on: load, strain, and displacement. These limits were typically set to approximately 10%above or below the expected maximum values of the measured variables. An interlock can also occur when the difference between the command and feedback signal in the control loop reaches a preprogrammed threshold, which was 15%of the commanded strain for these experiments. A controller interlock shuts off hydraulic pressure and sends a signal to the control software to indicate that the test has been terminated. Larger final cracks with significant ductile tearing and specimen distortion were associated with the controller interlocks. The length of the cracks that propagated in fatigue, as identified on the fracture surfaces, were of the same order as those where the experiments ended at the 10% load drop. The difference in the number of cycles to failure associated with the interlock events, as compared to those terminated at a 10%load drop, is believed to be small. The results of the axiaYaxial, torsion/torsion, axial/torsion, and torsion/axial experiments are compared with the predictions of the LDR and the DCA in Fig. 3. It’s clear that neither cumulative damage model appears to predict the observed behavior adequately. In most cases, the LDR seems to more closely approximate the observed behavior for lower initially applied life fractions (nl/NI 5 0.4),whereas the DCA model seems to do better with the higher (nl/N1 > 0.4) initially applied life fractions. Figure 4 displays this cumulctive fatigue data with the applied life fraction in the first load level on the horizontal axis and the observed sum of life fractions on the vertical axis. The horizontal line at 1.0 depicts where the data would fall if the LDR perfectly predicted the damage interaction. Again, the deviation from the LDR as the imposed life fraction increases is readily apparent. Figure 5 shows a comparison between the predicted and observed remaining cycle life, n2. for (a) the LDR and (b) the DCA. Both models, in general, predicted fatigue life within the expected experimental scatter-band (factors of two of the average life) for LCF. However, the
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LDR under predicted most of the experimental results, whereas the DCA tended to over predict the life. This finding would seem to favor the LDR for loading conditions similar those imposed in this study. A minimum of 3 experiments for each of the load interaction conditions would be needed to separate the effect of experimental scatter from 'real' load interaction effects. Unfortunately, the resources allotted for this study did not permit an investigation with this level of detail.
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The equivalent axial plastic strain for torsional loading is given in Eq. 5:



Figure 6 tends to support the assertion that the extent of work hardening can affect the subsequent rate of damage accumulation. The equivalent plastic strain range in the second load level is plotted against the sum of life fractions in Fig. 7. The plastic strain ranges in this plot were calculated at the approximately the mid point in the second load level. There seems to be no correlation between the plastic strain range at ‘half-life’ in the second load level and the sum of life fractions. For each combination of load types the ‘stabilized’ equivalent plastic strain range is approximately the same with the exception of the torsion/axial loading where it is slightly lower than the three other loading combinations.
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Fig. 6. Equivalent plastic strain range at the end of the first load level vs. the sum of life fractions. In a literature review of cumulative fatigue modeling by Fatemi and Yang [ I l l , many approaches to account for the observed deviations from the linear damage rule were enumerated. The conclusion of the review is that none of the reviewed models has proven to be universally applicable because each of the models only accounted for, at most, a few of the “phenomenological factors”. Fatemi and Yang grouped the reviewed cumulative damage models into the following six categories: 1) linear damage accumulation, 2) non-linear damage accumulation, 3) life curve modifications,for load interactions, 4) crack growth approaches, 5) continuum damage models, and 6 ) energy based methods.
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For many of these model categories, the experimental results discussed in this paper present various difficulties, both in interpretation and implementation. Both the LDR and the DCA have been shown to be less than ideal predictors of the observed interaction behavior. As Haynes 188 has been shown not to have an endurance limit, many of the life curve modification models that incorporate this concept would tend to be inaccurate in many regimes. Crack growth approaches may not prove useful in describing this data set in light of the observed damage accumulation behavior in the mixed loading experiments. The final failure crack direction is only a function of the final loading direction (shear cracking for the axidtorsion experiments and maximum normal stress cracking for the torsiodaxial experiments). The axial/torsion and torsiodaxial experiments seem to closely follow the LDR (with the exception of the highest applied life fraction in the axidtorsion experiments). The mixed loading experiments performed in this study seem to indicate that for Haynes 188 at 538"C, there is no unusual interaction under the conditions imposed. Models that account for damage on the basis of accumulated plastic work implicitly incorporate the effect of strain hardening on the damage induced in the material (strain hardening materials will exhibit more plastic work at similar plastic strain ranges or less plastic work at similar total strain ranges). Because the accumulated plastic work at failure for most materials has been shown to be variable depending on the loading conditions [12], this class of models may not accurately predict the accumulated damage.
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Fig. 7. Equivalent plastic strain range in the second load level at the approximate mid-life point vs. the sum of life fractions There is a very good chance that competing mechanisms, one linked to the cyclic deformation behavior and the other linked to crack growth, which may be modeled well individually but not in a combined sense, are the root of the discrepancies observed in the literature. Energy and plastic strain based methods do better in modeling crack 'initiation' and
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early growth and may therefore predict cumulative damage accumulation where observable cracking does not appear until late in the cyclic life. However, methods based on crack propagation arguments would seem to be more likely to produce good correlations where significant cracking develops early in life. Some method of transitioning between these regimes is required for reliable estimates of Cumulative fatigue damage under complex loading conditions.



CONCLUSIONS The following conclusions are drawn from this study of the cumulative fatigue behavior of Haynes 188 at 538°C: 1) Neither the LDA nor the DCA have predicted the interactions in these experiments



particularly well. Predictions by the LDA have been generally conservative (under predicted life), whereas the DCA predictions have been generally non-conservative (over predicted life). 2) There appears to be a transition that occurs at or about an initially imposed life fraction of 0.4 in the set of experiments conducted. Below this level the material adheres to a linear damage rule. Above this level, the damage accumulation appears to be non-linear. 3) The fatigue life data indicate a transition behavior that is linked to the extent of work hardening imposed by the initial load level: the greater the life fraction expended in lower amplitude loading, the greater the chance of having a sum of life fractions more than unity. 4) The stabilized (half-life) stress response in the second load level does not show any correlation with damage accumulation for the loading conditions imposed.
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ESTIMATION OF THE FATIGUE LIFE OF HIGH STRENGTH STEEL UNDER VARIABLE-AMPLITUDE TENSION WITH TORSION: USE OF THE ENERGY PARAMETER IN THE CRITICAL PLANE Tadeusz EAGODA', Ewald MACHA', Adam NIESEONY' and Franck MOREL* 1 Technical University of Opole, ul.Mikolajczyka 5, 45-271 Opole, Poland ENSMA, Futuroscope, France



ABSTRACT



The paper concerns application of the energy parameter, being a sum of the elastic and plastic strain energy density in the critical plane, for describing experimental data obtained in fatigue tests of 35NCD16 steel, subjected to constant amplitude tension-compression, torsion and variable amplitude tension-compression, torsion and combined proportional tension with torsion. It has been shown that the normal strain energy density in the critical plane is a suitable parameter for correlation of fatigue lives of 35NCD16 steel under considered kinds of loading. The critical plane is the plane where the normal strain energy density reaches its maximum value.



KEYWORDS Biaxial fatigue, proportional loading, variable amplitude, fracture plane, energy criterion, life time



INTRODUCTION There are three main models of multiaxial fatigue failure criteria applied for reduction of the complex loading state to the equivalent uniaxial state. They are stress, strain and energy - based models. The proposed energy criteria can be classified into three groups, depending on the strain energy density per cycle, assumed as a damage parameter under multiaxial fatigue [l - 31. They are: - criteria based on the elastic strain energy for high-cycle fatigue, - criteria based on the plastic strain energy for low-cycle fatigue, - criteria based on the sum of the elastic and plastic strain energy for low- and high-cycle fatigue. At present, the criteria including the strain energy density in the critical plane or in the fracture plane become dominating in energy description of multiaxial fatigue. These criteria seem to be the most promising for future applications. The authors proposed the energy approach to fatigue life estimation under multiaxial random loading [4 - 91. In the case of uniform stress
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distribution (cruciform specimens and thin-walled cylinders), the criterion of the maximum normal strain energy in the critical plane, including the positive energy parameter under tension and the negative energy parameter under torsion was a suitable quantity for describing the test results of lOHNAP and SUS304 steels. All the analyses were based on a parameter of strain energy density which has been presented in details in [IO, 111. In [12 - 141 the mesoscopic approach to fatigue life estimation was proposed. The papers concern uniaxial tension-compression with torsion in cylindrical solid specimens made of 35NCD16 steel, and the proposed approach is based on the concepts of Orowan [15], Papadopulos [16] and Dang-Vang [17]. In this paper the authors will reanalyse the former test results of 35NCD16 steel and assess if the proposed energy parameter can correlate these experimental data. As it results from the previous papers [4 - 91, this parameter seems to be very efficient for correlation of the experimental data obtained for steels IOHNAP, 18G2A, SUS304 and 12010.3 as well as cast irons GGG40 and GGG60. FATIGUE TESTS The tested 35NCDl6 steel has the following chemical composition: Si - 0.37%, Mn - 0.39%, P-O.O1%,S- slip systems. The displacements are magnified by a factor 100. This effect is liable to modify the statistic distribution of the shear stress in an individual grain. As a matter of fact, there is a dispersion of both the maximum and the minimum
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principal stress component around their mean values. This dispersion reaches +/- 35% in copper under uniaxial loading conditions. If a biaxial stress state is applied on a sample, with a mean value of the Tresca equivalent stress equal to that applied under uniaxial conditions (Eq. (2)), does it mean that the dispersion around this mean value (Eq. (3)) is also the same? There is no reason to consider that the load percolation networks associated with each direction are uncorrelated. In such a case, the dispersion of the difference between the maximum and the minimum principal stress components is not the sum of the dispersions for each component. The same problem occurs for determining the dispersion on the maximum resolved shear stress on slip systems.



This question is important, since the fatigue life of the material is limited by the "weakest" grains, and consequently by the maximum bound of the distribution of,,,z and not by its mean but different loading value .It is therefore important to check if, with similar , conditions, the maximum bounds for,,,z are similar. To answer this question, the crystalline orientation of one grain at the centre of the model was fixed, while the orientations of the other grains in the model were selected randomly before each computation. The calculations were performed for copper. One hundred and fifty computations have been performed in uniaxial extension and in shear. The data are "measured" at the centre of the grain with a fixed crystalline orientation.
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Fig. 12. Probability that the Tresca equivalent stress, in a grain with a given orientation at the centre of the thin sheet, is greater than a given value. Distribution calculated using the FEM, for a given orientation and 150 configurations of the neighbours. Solid symbols: uniaxial extension, empty symbols: shear.
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The statistic distributions of the Tresca equivalent stress calculated in shear and in tension are plotted in Fig. 12. The scatter is larger for shear than for a uniaxial extension. About 7% of the values obtained in shear are over the upper bounds obtained in uniaxial extension. Up to 150 calculations have been performed to build each distribution, in order to check that this effect was not an artefact, and this is not, since it corresponds to 11 points. This effect is interpreted as the effect of the intersections between the links of the load percolation networks. As a matter of fact, in the intensity maps of the Tresca equivalent stress (Fig. 1 1. (d)), the overstressed grains are always found at the intersections between the links of the load percolation networks associated with each principal direction. Therefore, a few grains at the intersections between the two links are heavily loaded, the grains located within the links are moderately loaded, while those located out of the two loads percolation networks sustain very low levels of the Tresca equivalent stress. In comparison, in uniaxial extension, the grains are heavily loaded if they belong to the load percolation network and sustain low values of the Tresca equivalent stress if they are out of the links. Consequently, there is an increase of the scatter on the Tresca equivalent stress in shear as compared with uniaxial loading conditions.
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Fig. 13. Probability that the maximum resolved shear stress on FCC slip systems, in a grain with a given orientation at the centre of the thin sheet, is greater than a given value. Distribution calculated using the FEM, for a given orientation and 150 configurations of the neighbours. Solid symbols: uniaxial extension, empty symbols: shear.



In Fig. 13, are plotted the distributions of the maximum resolved shear stress on the FCC slip systems. As for the Tresca equivalent stress, a significant increase of the scatter is found when a shear stress state is applied as compared with a uniaxial stress state. The parameters characterizing the distributions of the Tresca equivalent stress and of the maximum resolved shear stress are gathered in Table 3. The difference between the standard deviation of the distributions obtained in shear and in uniaxial extension is lower for the maximum resolved



S. POMMIER



336



shear stress than for the Tresca equivalent stress. Nevertheless this increase is not negligible, > while it approaches since in tension, the standard deviation for 2,- is close to 12 % of < 15%ofinshear. Although the scatter is higher in shear than in uniaxial extension, the maximum bound of the distribution of the Tresca stress is found to be very similar in these two cases (Table 3). As a matter of fact, the boundary conditions, applied on the model of the thin sheet, were not adjusted to obtain similar mean values of the mean Tresca equivalent stress or of in the two cases, but the same equivalent strain. Consequently, with such boundary conditions, the higher level of the scatter in shear, as compared with a uniaxial extension, results in a lower value of the mean Tresca equivalent stress, and not in an increase of the probabilities for high values of the Tresca equivalent stress. Table 3. Values calculated at the centre of the grain located at the centre of the model with a crystalline orientation as follows: (VI, yf, cpz) =(O,O,O). The standard deviations are calculated with 150 random configurations of its neighbours. The model is tested either in uniaxial extension W = O . l %or in shear =0.1%. The standard deviations (6) are given as a percentage of the mean value of the distribution.
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It can be concluded fiom these calculations, that with a similar value of the maximum resolved shear stress on slip systems in a polycrystal, two different loading conditions are not equivalent in terms of the nucleation of micro-cracks, since the maximum bounds for ‘tmnxcan be different. For example, these calculations show that with a similar mean value amax>. the maximum bound for T,, is higher in torsion as compared with tension. The grains with the highest value of rmnx are located around the intersections between the heavily loaded links associated with each principal direction. These grains are sparse but overstressed. The role in fatigue of the self-organized spatial distribution of stress and strain in the polycrystal. which is described in this paper, should also be important for crack coalescence during subsequent crack growth, since it controls the number of damaged grains per unit surface and their mutual distance.
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Appendix : NOMENCLATURE Oxygen Free High Conductivity Copper Finite element method Coordinate systems attached to the grain and to the model Stress tensor as calculated using the FEM in (1,2,3) Schmid factor Maximum resolved shear stress on the slip systems of a crystal Tresca equivalent stress Principal stress Maximum, minimum principal stress components Mean value off Standard deviation off Face centered cubic, body centered cubic, hexagonal close-packed



BiaxiaVMultiaxial Fatigue and Fracture Andrea Carpinkri, Manuel de Freitas and Andrea Spagnoli (Eds.) 0 Elsevier Science Ltd.and ESIS. A11 rights reserved.



34 1



THREE-DIMENSIONAL CRACK GROWTH. NUMERICAL EVALUATIONS AND EXPERIMENTAL TESTS Calogero CALi, Roberto CITARELLA, Michele PERRELLA Department of Mechanical Engineering, University of Salerno via Ponte don Melillo I , 84084 Fisciano (SA), Italy



ABSTRACT Experimental observations of three- and two-dimensional fatigue crack growth are compared to numerical predictions from the computer code BEASY. The two dimensional propagation occur in a Multiple Site Damage (MSD) scenario created on a pre-notched specimen, undergoing a traction fatigue load as defined by a general load spectrum. Experimental analyses on a fatigue machine were carried out in order to validate the numerical simulation and to provide the necessary material fatigue data for the aluminium plates. The numerical code adopted (BEASY) is based on Dual Boundary Element Method (DBEM). General modelling capabilities are allowed by this approach, with the allowance for general crack front shape and a fully automatic propagation process. By means of a non-linear regression analysis, applied on in house obtained experimental data, the material parameters for the NASGRO 2.0 crack propagation law were defined, capable to effectively keep into account the threshold effect and the unstable final propagation (the crack closure option was switched off). A satisfactory agreement between numerical and experimental crack growth rates was obtained, even starting from a complex MSD scenario, created by the presence of three holes in the plate. Moreover the load introduction to the specimen was monitored by strain gauge equipment. The numerical simulation include also the through the thickness propagation, corresponding to 3D part-through cracks; in this case some specimen were pre-notched by a comer crack on one of the holes and the 3D experimental crack propagation monitored. KEYWORDS MSD, Part-through crack, Load Spectrum, D ~ aBEM, l NASGRO 2.0, BEASY INTRODUCTION Damage Tolerance is used in the design of many types of structures, such as bridges, military ships, commercial aircraft, space vehicle and merchant ships. Damage tolerant design requires accurate prediction of fatigue crack growth under service conditions and typicaIly this is accomplished with the aid of a numerical code. Many aspects of fracture mechanics are more complicated in practice than in two-dimensional laboratory tests, textbook examples, or overly
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simplified computer programs. Load spectrum, threshold effects, environmental conditions, microstructural effects, small crack effects, Multiple Site Damage (MSD) conditions, material parameters scatter, mixed loading conditions (material flaws or pre-cracks, which may have been introduced unintentionally during the manufacturing process, can have an arbitrary orientation with respect to the loading applied to the component) and complex three dimensional geometry, all complicate the process of predicting fatigue crack growth in real word applications. This paper focuses on some of these complications (see also [I]): load spectrum influence, complex three dimensional geometry, fatigue material parameters assessment, mixed loading conditions and MSD conditions. A series of laboratory tests have been designed and implemented to assess fatigue material parameters and to evaluate three dimensional fatigue life prediction capabilities for a numerical life prediction code (BEASY), based on Dual Boundary Element Method (DBEM). With such code the geometry of the test specimen and the shapes of evolving crack fronts, are not restricted to the simplified configurations found in the libraries of many commercial codes. Many complications were purposely minimised: initial crack sizes and loading were such that small crack and threshold effects had little consequence on the propagation phenomena; environmental and microstructural effects were considered part of the experimental scatter. EXPERIMENTS Experimental fatigue tests were performed on complex geometry notched plates undergoing cyclic axial load. The crack initiation process and the crack propagation were monitored and a general traction load spectrum was applied on the specimen. Experimental crack growth rate and crack path were compared with those obtained with a numerical procedure based on DBEM and the correct simulation of the load introduction to the specimen was checked by strain gauge measurements.



Simple geometry crackedplates and two-dimensional crack propagation The fatigue data necessary for the numerical analysis were previously obtained by experimental crack growth tests on simple geometry specimens [2]. All of the test aluminium alloy specimens described in this paper were manufactured from a single lot. The first part of the fatigue experimental tests was carried out on 3 simple notched (hole/slut) specimens (Fig. l), in such a way to work out, with statistical significance (for R=O. I), the material fatigue parameters for crack growth simulation. The initial through the thickness notch was cut by a thin saw. The plate geometry as well as the whole testing procedure was consistent with the ASTM E 647-91 specifications. A constant amplitude fatigue traction load (P-=14 kN R=P,,JP-=O. I) was applied by a servo-hydraulic machine (Instron 8502), with a frequency f=5 Hz, at ambient temperature. During the experimental fatigue test on simple specimens, crack length data, measured by optical systems, were recorded and used to work out, by analytical formula, the corresponding SIF’s (Stress Intensity Factors) and crack growth rates. The overall specimen size was chosen sufficiently large in order to get a mainly elastic behaviour, with plasticity effects confined to the final part of crack propagation, whose monitoring can start only after a pre-cracking phase, as prescribed by the ASTM E 647 standard. The observed rectilinear crack propagation path turned out to be consistent with symmetric
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boundary conditions but, whenever out of tolerance deviations from the ideal rectilinear path came out, the corresponding specimens were discarded from the analysis. In the final part of crack propagation, due to high plasticity effects, a 45” deflection of the crack surface preceded the ductile failure [3].



Fig. 1. Simple specimen (N. 5-7) geometry adopted for material fatigue parameters assessment. For each valid specimen (N” 5-7), according to the mentioned standard, a chart with crack length against the number of cycles was plotted, in order to assess crack growth rates da/dN, calculated by the secant method and SIF’s, calculated by analytical formulas. Crack growth rate values were then plotted against AK in a bilogarithmic chart and a linear regression was performed to estimate the Paris law material constants C and n (Fig. 2).
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Fig. 2. Regression curve using Paris law.



Fig. 3. Notched complex specimens (N.12): initial MSD scenario (dimensions mm).
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Complex geometry cracked plates: two- and three-dimensional crack propagation Two dimensional. For that concern the two-dimensional long crack propagation, a complex MSD initial scenario was artificially created on a rectangular plate (Fig. 3), by means of notched holes (a triangular notch was cut in correspondence of each hole) and, after the precracking process, four different cracks simultaneously propagating were obtained. The propagating crack lengths were monitored on both sides of the specimen in order to check the correctness of the load introduction on the specimen: any misalignment between the machine grips could create a bending condition for the specimen and consequently an elliptical propagating crack front [4]. This check, together with the strain gauge measurements, allowed assessing the validity of the 2D hypothesis for such long crack propagation analysis. Three dimensional. To study the through the thickness crack propagation a triangular notch emanating from hole 2 (corresponding to crack 2 in Fig. 3) was cut. After the crack initiation and pre-cracking period, a quarter elliptical comer crack started to propagate. Such crack was monitored by an optical measuring system based on a moving camera (Fig. 4), in order to alternatively follow the two break points of the elliptical crack front. The images obtained by the (manually) moving camera (Fig. 5) were elaborated by an image analysis software in order to obtain the two ellipse semi-axes measures. For long crack initiation period it is possible, with an in house made software, to automatically make periodic photo that can be recorded and postprocessed, avoiding the need for a continuous surveillance of the specimen by the operator. In the latter case two camera are needed for measuring the two semi-axes and only a short propagation length can be monitored before the crack tip get out of focus (but this drawback can be overcome by using special lenses or with an automatically moving camera).



Fig. 4. Equipment adopted for monitoring the through the thickness crack propagation.
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Fig. 5. Images of the propagating crack: size A (left) and size C (right). In the latter only the crack tip at the internal hole is visible, few cycle before getting a through the thickness crack. NUMERICAL ANALYSIS Two and three-dimensional analysis are respectively needed to simulate the through the plate and through the thickness crack propagation. The material fatigue parameters, obtained by the experimental analysis previously described, are useful to perform a crack growth simulation on a complex geometry specimen made of the same material. The results of such numerical analysis were compared with those from the experimental tests, in order to validate and improve the numerical procedure, based on DBEM [5-91. Two dimensional simulation on MSD plates



Two loading - conditions were considered on different complex specimens: Cyclic load with constant amplitude (PmX-P~"=12.6KN) and stress ratio (R=O.I), on specimen N.l. The Paris law was adopted for numerical crack growth assessment (the same values had been used for the simple notched specimens). Crack paths (Figs. 6-7) and propagation times (Figs. 8-11), obtained by BEASY code [lo], were compared with the experimental ones, getting a satisfactory agreement; Cyclic load with variable amplitude and stress ratio on specimen N.2. With the experimental data coming from simple notched specimens and from the previous complex specimen (N.l), a non-linear regression was attempted, in order to model the threshold phenomena and the fracture toughness for the final unstable crack propagation. To this aim the NASGRO 2.0 law was chosen for numerical crack growth assessment (for such case the Paris law did not give satisfactory results). The crack paths are the same as for the previous case (Figs. 6-7) and the propagation times (Figs. 8-11), obtained by BEASY code, were compared with the experimental ones, getting a satisfactory agreement especially in the first part of the propagation. The differences, however limited, in the final part suggest the need of an improved correlation; this can be done by increasing the experimental data coming from simple specimens (it is necessary to test the simple specimens with different R values). The parameter values for the NASGRO 2.0 Eq.(l), with no crack closure effect, are
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c. C A L ~R. CITARELLA AND M. PERRELLA indicated in Table 1. Such parameters were extracted fiom the NASGRO database, in correspondence of AI 22 19-T87 which was reputed the most similar to the aluminium used, in order to get the unknowns C and n h m the non-linear regression (made with MATHEMATICA 4) which is based on in house obtained experimental data:



In table 2 the load spectrum adopted for the specimen No2 is illustrated. From Fig. 8 which is related to the first appearing crack 1, it is possible to note the relatively little difference between initiation times for the two complex geometry specimens. Table 1. Material parameters adopted for crack growth simulation Youngs Modulus [MPa] P o i s s o n s ratio Yield s t r e s s ( Y s) [M P a ] U l t i m a t e tensile s t r e n g t h ( U T S ) [ M P a ] Plane strain f r a c t u r e t o u g h n e s s I M P a mm1’21 E m p iric a1 c o n s t a n t Exponent ‘ T h r e s h o l d S I F a t R=O f M P a mm1’21 ICut off s t r e s s ratio IIntrinsic c r a c k length [ m m ] ,
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The NASGRO 2.0 form of the equation for AK&is given by:



if R < R , if R > R , The fracture toughness & for 2D plane stress and 3D crack m o d s that have ,een identified as “all-through”, is given by:
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Fig. 6. Experimental crack propagation paths (specimen N02).
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Fig. 7. Numerical crack propagation paths at 774000 (upper) and 1070000 cycles (lower) for specimen N02.



Table 2. Load spectrum applied to specimen N. 2. Number of cycles



p m (KN)



R



581000 774000 866000 968000 1046000 1076000



14 16.3 21.5 19.2 17.2 19.2



0.10 0.22 0.41 0.58 0.77 0.58
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N [cycles] Fig. 8. Crack length versus number of cycles for crack 1, as obtained by simulation with Paris law (applied to specimen 1) and NASGRO 2.0 law (applied to specimen 2), together with related experimental data.
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Fig. 9. Crack length versus number of cycles for crack 2, as obtained by simulation with Paris law (applied to specimen 1) and NASGRO 2.0 law (applied to specimen 2), together with related experimental data.
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Three dimensional simulation: theoretical aspects and results. Surface crack solutions are widely used in applications of fracture mechanics to fatigue and monotonic loading. A semi-elliptical surface crack lying perpendicular to the surface and subject to applied stresses with no shear component parallel to the crack, experience mode I conditions around its edge, as in the problem presented in the following. Generally this orientation is the critical one, also in mixed mode conditions if the fatigue crack threshold is governed by (AG I)W, where G is the energy release rate.



The dual boundary element method. BEASY uses dual elements for 3D crack growth analysis. The dual boundary element method (DBEM) incorporates two independent boundary integral equations: the displacement equation applied at the collocation point on one of the crack surfaces and the traction equation on the other surface. Application of the DBEM to threedimensional crack growth analysis has been presented in [11-1 31. In the absence of body force, the displacement boundary equation can be written as: cIJ(xI).u,(xI)+ ~ ~ , ( x ~ , x ) . u , ( x ' ) . ( r r (=x )l u , ( . ' , x ) . t , ( x ' ) . ~ ( x )



r



where iJ denote Cartesian components,



r



r, (x 'J)and Uv(x'J)represent the Kelvin traction and



displacement fundamental solutions at a boundary point x, respectively. The symbol



stands



for the Cauchy principal value integral. Assuming continuity of both strains and traction at x ' on a smooth boundary, the stress components G,, are given by:



where Tkv (x 'J) and uk,(x'J)contain derivatives of z, (x f ) and The symbol



uv(x'T),respectively.



stands for the Hadamard principal value integral. The traction components 6



are given by:



where n,(x ') denotes the component of outward unit normal to the boundary at x '. Equations (2) and (4) constitute the basis of DBEM. A more complete description is given in u11.
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Stress Intensity Factors. Since Irwin [ 141 demonstrated the importance of the stress intensity factor (SIF) in determining crack-tip stress fields in two dimensional problems, many different methods have been devised for obtaining SIF's [15]. The stress intensity factors (SIF's) are computed using crack opening displacement method. When one point formulae are employed, the Mode I, I1 and I11 SIF's are evaluated as:



where the displacement u p is evaluated at point P as in Fig. 12; ubp,unPand u r are projections of up on the coordinate directions of the local crack front coordinate system and 6=n and 6=-n denote upper and lower crack surfaces respectively. K p , KIP and KIIF'are approximations of SIF's corresponding to the point P' along the crack front and on a normal line to the front as in Fig. 12.



Fig. 12. Calculation of SIF using crack opening displacement.



During the crack growth, instabilities may cause peaks in the SIF values along the crack front. It is advisable to enable the BEASY option that allows these peaks to be smoothed by either smoothing the stress intensity factors or by smoothing the crack growth increment or by performing both smoothing operations. This should also be used if the values computed at the crack breakout points are not very accurate and give excessively high stress intensity factor values, as it happens in the problem under study. As a matter of fact the asymptotic stress field at the crack tip is usually obtained by performing analytical two-dimensional plane stress or plain strain calculations. This yields the well known singularity which prevails along the crack front within the body. However, at the intersection of the crack front with a free boundary, the stress state is a genuine three-dimensional one for which two dimensional approximations are not a plicable: the mode I stress singularity decreases at the free boundary and takes the value r-0.45 whereas the mode I1 and mode I11 singularity increase in strength
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and attain a value of [16]. At the end, high resolution accuracy at the comer may not be worth pursuing, in any case, because the geometry where the crack intersects the surface is expected to adjust under loading so as to ameliorate the stronger singularity [171.



The incremental direction. The crack growth direction and SIF equivalent are computed by the minimum strain energy density criterion. The criterion for three dimensional problems can be found in [18]. The explicit expression of strain energy density around the crack front can be written as: -=dW



dV



s(0) +0(1)



r.cosq5



where S(8) is given by
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S(0) = a,, K:



+ 2a,, - K,



K,
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1 a,, = -. (3 - 4v - cos@).(1 + COSO) 16rp 1 aI2= --sine. (cos0 - 1 + 4v)
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in which pstands for the shear modulus of elasticity and v is the Poisson ratio. S/cos( represents the amplitude of intensity of the strain energy density field and it varies with the angle 4 and 0. It is apparent that the minimum of S/cosb always occurs in the normal plane of the crack front curve, namely +=O. S is known as strain energy density factor and plays a similar role to the stress intensity factor. The theory is based on three hypotheses: 1 . The direction of the crack growth at any point along the crack front is toward the region with the minimum value of strain energy density factor S as compared with other regions on the same spherical surface surrounding the point. 2. Crack extension occurs when the strain energy density factor in the region determined by hypothesis S = ∈, reaches a critical value, say SCr. 3. The length, r,, of the initial crack extension is assumed to be proportional to Sm,,such that Smi,,/r0 remains constant along the new crack front. It can be seen that the minimum strain energy density criterion can be used both in two and three dimensions. Note that the direction evaluated by the criterion in three dimensional cases is insensitive to KII~.The crack growth direction angle 8, is obtained by minimising the strain energy density factor S(8) 6f Eq.(9) with respect to 8. The minimum strain density factor S(0,)
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is denoted by Smin.Locating the minimum of S(e) with respect to 8 is carried out numerically using the bisection method by solving:



The equivalent stress intensity factor, Keq, can be calculated from the minimum strain density factor as:



The incremental size. Determination of the incremental size posses two problems: the first is the determination of the amount of each increment in terms of a reference size, the second is the relationship between the maximum incremental size and other incremental sizes along the crack front. It is stated in the hypothesis (3) of the strain energy density criterion that the length ro of the initial crack extension is assumed to be proportional to Sminsuch that Sm,,,lroremains constant along the crack front. Since the strain energy factor Sminis proportional to the square power of the equivalent stress intensity factor Kes, the incremental size at the crack front point under consideration is given by:



where mar{K,,} is the maximum SIF equivalent evaluated at a set of discrete point along the front, and Aa- is the incremental size at the point corresponding to the mar{Keq} which is chosen beforehand as being the maximum distance from the crack front to the opposite side of the element containing the crack front as in Fig. 13 .The above expression is used for standard crack growth. Crack increment Crack front



Fig. 13. Maximum incremental distance.
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Fatigue Growth Calculation.During fatigue crack growth, the relation between the incremental size and the number of load cycles may be represented by a number of crack growth laws, such as PARIS, FORMAN, RHODES or NASGRO. Alternatively, a tabulated form can be used to supplyDuring the fatigue analysis, there are options on the method of computing the dN values: 1. the SIF’s are constant over the step; 2. the SIF’s at the previous step and the current step are used to compute the dN value over the last crack growth step. This requires two analysis to be performed before the first dN value is computed (backwardcorrection) 3. the previous two results are used to predict a guess for the dN over the next step. This may be inaccurate as the SIF’s may change significantly over the step cforwardprediction). Crack modelling. In this section, the modelling and discretization strategy of implementation of the DBEM for three dimensional crack problems is presented. Because of the continuity requirements of the displacements and tractions for the existence of traction boundary integral equations and co-planar characteristic of crack surfaces, special consideration has to be taken for modelling discretization. In order to maintain efficiency and simplicity of the boundary elements, the present formulation uses discontinuous quadratic element for the crack modelling. The general modelling strategy can be summarised as follows: Crack surfaces are modelled with discontinuous quadratic quadrilateral elements; Surfaces intersecting a crack surface are modelled with edge-discontinuous quadrilateral or triangular elements; The displacement integral equation is applied for collocation on one of the crack surfaces (say the upper surface G+); The traction integral equation is applied for collocation on the opposite crack surface (say the upper surface GJ; The displacement integral equation is applied for collocation on all other surfaces. The requirement of the continuity on udx) and t,(x) for the existences of the displacement and traction boundary integral equations is satisfied by the fact that discontinuous elements are used on crack surfaces. The above strategy is robust as it maintains the consistency with the theory and, at the same time, allows effective modelling of general edge or embedded crack problems. Edge crack is defined here when the crack front intersects the boundary surface, while in the embedded crack the crack front is positioned in the interior of the problem domain. Note that the increment of an edge crack requires remesh of the boundary surfaces intersecting the crack surface. Results related to three-dimensional crack propagation This time the complex specimen undergoes a fatigue load with P,,=27.7 KN and R=O.1 and the frequency adopted on the fatigue machine is 10 Hz. The analysis has been divided in two part: 1. the propagation of the elliptical part through crack up to a condition that immediately precede the through crack appearance; for such analysis the part-through fracture toughness was assumed K1~=1320 MPa.mm”* (from NASGRO database and correspondingly to A1 22 19-T87) 2. the initial part of the through crack propagation, when the phenomena is still threedimensional because of the differences between the two crack front sizes.
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Part-through crack propagation. Even if the notch introduced on the specimen hole is triangular, for the simulation a quarter circular comer crack has been modelled (because already available in the BEASY database) but checking that, after the pre-cracking phase, two identical initial conditions were obtained between the numerical and experimental crack front. Starting from this point the comparisons between numerical and experimental crack shapes and propagation times are presented (Fig. 14): the simulated propagation proceed faster than the experimental one and this turns out to be conservative even if not strongly accurate. The SIF’s effective along the crack front for each propagation step are presented in Fig. 15. Total Number of Cycles vs Crack Size 5.00 4.50
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Fig. 14. Crack propagation data (C is the break point inside the hole, whilst A is on the visible surface): an exponential regression line was drawn through the experimental data. 3,6E+02 3,4E+02
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Fig. 15. SIF’s effective along the crack front for the elliptical part-through crack.
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Fig. 16. Experimental and numerical front shapes for part-through cracks, at different stages.
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Fig. 17. Von Mises effective stresses and boundary element mesh on the overall plate. Even if for that concern the simulation on crack propagation times some further refinement are necessary, it is possible to foresee very accurately the crack front shapes (Fig. 16). The final part of the propagation is not under analysis, because BEASY simulation relies on the
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hypotheses of linear elastic fracture mechanics (LEFM), which is not anymore applicable due to the strong plasticity effects. The automatically created and updated mesh is based on a variable number of quadratic elements: 512 initially and 758 at the last crack propagation step; it is visible, together with Von Mises stresses in Figs. 17-18.



i



Fig. 18. Von Mises effective stresses on an magnified deformed plot of the plate (the partthrough crack opening is evident). Through-crackpropagation. After the crack breaks-out on the opposite side (with respect to the notch position) of the plate, an initial scenario obtained from experimental measurements was considered for the simulation. The related results are presented in Figs. 19-21. Again the simulated propagation proceed a bit faster than the experimental one. Again the crack front shapes foreseen by the simulation are well in agreement with the experimental ones (Fig. 22).



Fig. 19. Von Mises effective stresses on an magnified deformed plot of the plate (the through crack opening is evident).
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Total Number of Cycles vs Crack Size
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Fig. 20: Experimental and numerical crack sizes on the two sides of the plate (A and C are at the extremity of the crack front).
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Fig. 21. SIF effective along the crack front for the through crack.
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Fig. 22. Experimental and numerical crack shapes for through cracks at different stages. CONCLUSIONS



With reference to two-dimensional MSD crack propagation, a satisfactory agreement was obtained between numerical and experimental crack propagation rates on specimen 1 when using the Paris formula, with the related constants provided by in house made experimental tests. Such formula was not anymore accurate for variable amplitude load cycles, as applied to specimen 2, because unable to keep in account the load ratio variability. That is why a more complex correlation, based on an enriched set of experimental data and on information from NASGRO database (without the need to model crack closure effect), was attempted getting a satisfactory agreement between numerical and experimental results. The later approach could be improved by increasing the experimental data by cycling some simple notched specimen with different R values. For that concern the three-dimensional crack propagation again a very interesting correlation between numerical and experimental results was obtained even if some further refinement are necessary with regards to the crack propagation times. It is to point out the extreme flexibility
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and efficiency of the methodology adopted, because, apart from the accuracy typical of the Boundary Element Method applied to fracture mechanics, the three dimensional crack propagation proceed in a fully automatic way. REFERENCES 1.
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ABSTRACT The influence of environment and microstructure is investigated on a high strength 7049 aluminium alloy sheet cold rolled and heat-treated. This aluminium alloy was artificially aged to underaged (UA) and overaged (OA) conditions, resulting in approximately the same yield strength, but different mode of slip deformation. The UA alloy deforms by planar slip while the OA alloy by wavy slip. Crack growth measurements were performed at constant load ratios between -1 and 0.8 in ambient air and vacuum. The influence of load ratio is discussed in terms of slip deformation mechanisms, microstructure and environmental effects using the two intrinsic parameters, dK and K-. The two parameters lead to two intrinsic thresholds that must be simultaneously exceeded for a fatigue crack growth. Mechanisms of nearthreshold crack growth are briefly discussed for several concurrent processes involving environmentally assisted cracking with intrinsic microstructural effects.



KEYWORDS Fatigue crack growth, near-threshold fatigue, environment, microstructure, AK,K, slip mode, load ratio effects, 7049 and 7075 aluminium alloys.



INTRODUCTION Microstructure and environment strongly influence the fatigue crack growth resistance of aluminium alloys and have been investigated for the last two decades [I-91. However, the nature of the underlying interactions between microstructure and environment is still not clearly understood. Synergetic effects of environment and loading make the understanding of the underlying mechanisms between microstructure and environment difficult. Since the mid-1970s, increasing demands for fail-safe designs and damage-tolerant constraints have given importance to the fracture toughness and fatigue crack growth resistance properties [10,1 I]. The significance of grain boundaries (GB) precipitations on
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toughness is clearly seen in commercial alloys when inadequate heat treatments are applied [12-141. The microstructure/aging condition is known to have a significant influence. The underaged (UA) microstructure has the maximum susceptibility and the overaged (OA) microstructure a susceptibility, which is decreasing with aging. The heat treatment clearly influences many metallurgical parameters and since the 1960s it was hypothesised that dislocation-precipitate interactions play an important role during stress corrosion cracking of the AI-Zn-Mg-Cu alloys 1151. Stress corrosion cracking of aluminium alloys is a complex phenomenon involving time-dependent interactions between alloy microstructure, mechanical deformation, and local environment conditions [16,171. Environment effects are timedependent and K,, is recognised as the characterising parameter. The mechanical behaviour of materials depends strongly on its microstructure and environment effect [ 18-24]. It is well-known that an aluminium alloy exhibits very different properties depending on whether it is cold rolled or heat treated under different temper conditions. Although a combination of the local microstructural features and the applied stress intensity range (AK) primarily governs the slip characteristics and the growth mechanisms, the resulting cyclic crack advance can be substantially changed by the presence of an environment. Kirby and Beevers [25], for example, demonstrated that even the seemingly innocuous environment of laboratory air can lead to a marked increase of crack propagation rates in the near-threshold fatigue regime of 7XXX series aluminium alloys, if compared to vacuum. Lin and Starke [26] showed that microstructure-environment interactions at low stress intensities could be completely different from those at higher growth rate levels. It has been recognised [27] that environment effects on slow fatigue crack growth in high-strength aluminium alloys strongly depend on alloy composition, heat treatment, moisture content of the surrounding air and the presence of certain embrittling species. The aim of this study is to examine the mechanisms governing the fatigue behaviour of commercial AI 7049 alloy under controlled microstructural and environment conditions, specifically involving an underaged (VA) and overaged (OA) alloy, having the same chemical composition, crystallographic texture and yield stress, but different precipitate features. The experimental work was designed to obtain the fatigue crack growth thresholds. Then, several mechanical tests were performed on both material conditions and both macroscopic and microscopic responses are compared. Near-threshold fatigue behaviour in room temperature environments is contrasted with that for vacuum for a range of load ratio values. Micromechanisms of fatigue crack growth are discussed in terms of the specific role of several concurrent processes involving crack closure, environmentally assisted crack growth, and intrinsic microstructural effects. Results are discussed on the basis of the main deformation mechanisms and microstructure, the embrittling influence of environment (ambient air and vacuum) and the two intrinsic parameters of crack growth: A&,, Kmx. ENVIRONMENT AND MICROSTRUCTURE INTERACTIONS Crack closure efects The near-threshold fatigue properties quite often are discussed in light of crack closure mechanisms. The concept of plasticity-induced closure was introduced by Elber [28], to explain decreasing crack growth rates with increasing crack length as a result of plastic deformation at the crack tip. Later, roughness of fatigue surfaces, oxides, etc. have been identified as additional reasons for reduced crack growth rates [29-321. The load ratio dependence was considered not as an intrinsic material property, but arising from changes in
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the stress intensity amplitude AK due to premature contact of crack surfaces. Vasudkvan and Sadananda claimed, however, that plasticity in the wake of a crack has a minor influence on crack closure [33-351 and argued that fatigue propagation in vacuum does show load-ratio effects. It has experimentally been observed that da/dN near the threshold up to higher growth rates is nearly independent of the R-ratios in a high vacuum [36,37], which leads to conclude that plasticity does not induce closure. They found that crack closure effects were less important when compared with microstructure and environment effects and do not influence the overall crack growth behaviour. Thus, crack growth rate data generated in laboratory should not be used to predict crack growth rates in a structure unless one has measured crack closure of the structure in service, which depends on the component geometry, load, environment, and crack length. Since crack closure is usually assumed as one of the major causes for retardation effects, the examination of the magnitude of crack closure and its relative role in crack growth processes is very important. The existence of plasticity-induced crack closure has been severely questioned by Vasudevan and Sadananda [33-351, while asperity-induced closure, which includes roughness due to crack tortuosity, oxide or chemical reaction debris, etc. is more accepted. Paris [38] have provided a theoretical justification for modified criteria for crack closure. According to Sadananda et al. all methods used to date for measuring crack closure, tend to overestimate the crack closure levels. Therefore they proposed a crack closure measurement based on the shape of the load-displacement-curve[39]. Keeping in mind that the role of environment in the near-threshold regime is strongly more significant than any mechanical contributions such as plasticity, roughness, oxide, etc. effects, one may conclude according to Vasudevan and Sadananda that AKth decreasing with R is an intrinsic fatigue property of the material for that environment. Overload effects have predominantly been attributed to either plasticity induced crack closure behind the crack tip, residual stresses ahead of a crack tip, or a combination of both. The mechanisms such as crack tip blunting, crack deflection, branching and secondary cracking, as well as crack tip strain hardening or residual stresses ahead of the crack tip, involve mainly transient conditions at or ahead of the crack tip [40]. Mechanisms such as plasticity-induced closure and roughness-induced closure operate behind the crack tip indirectly affecting the crack driving force. Vasudevan and Sadananda presented an 'Unified Approach to Fatigue" which considers closure as a minor factor for crack advance [40]. They modelled fatigue crack propagation for a wide variety of materials by assuming two stress intensity parameters, AK and Kmax,as the relevant crack tip driving forces. They showed that for most situations, the description in terms of AK and Kmx i s necessary and sufficient for fatigue crack growth without the need of crack closure. According to this Unified Approach to Fatigue, K,, and AK are two intrinsic parameters simultaneously required for quantifying fatigue crack growth data. These two driving forces are intrinsic parameters of each material and are valid for short or long cracks, having no anomalies between these two regimes [41]. The apparent different behaviour of short and long cracks is related to residual stresses. They claim that the residual stress cannot be crack closure. Crack closure exists only behind the crack tip and is induced by roughness, oxides, plastic deformation, etc. Crack tip plasticity can only produce compressive residual stresses at the crack tip and not crack closure effects according to Vasudkvan and Sadananda as consequence of overloads for instance. The two parameters AK and Kmx lead to two intrinsic thresholds that must be simultaneously exceeded for a fatigue crack to grow [41]. Crack retardation owing to residual stresses ahead of the crack tip is reported in [42,43]. Ling and Schijve [44] confirmed that residual stresses play a major role in the retardation by demonstrating that the effects can be eliminated by annealing after the overloads.
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Magnitude of AK*and K*- to a crack advance Schmidt and Paris [45]were the first who plotted AK& and K-, in terms of the R-ratio identified the two thresholds and interpreted this result with the crack closure concept. Later, Doker and Marci [46] plotted A K t h vs K,, to identi@ the two critical thresholds (AK'th and K*-) as minimum condition for crack growth. It was recognised that AK and K- provide two crack tip driving forces [47]. These two driving forces are required to specify the loads unambiguously. In the fatigue literature, the load ratio, R,is normally specified in addition to AK as the second parameter. But this is considered as a not appropriate load parameter since one does not have a critical R-ratio below which crack growth does not occur. Since crack closure contributions are considered as small or negligible for most cases, AK and K- alone can adequately explain the material response to fatigue loading, and crack closure is unnecessary. Figure 1 shows the interrelation between parameters mapping the regime where crack growth is permissible, according to Vasud6van and Sadananda [48]. 'l?x m a e t u d e of the limiting values for a given material, microstructure and environment, AK and K -, in Fig. 1 (a), depends on the material resistance to fatigue crack growth. The curve in e g . le@)can be path is considered as a trajectory corresponding to crack growth mechanisms; the AK = K characteristicof the pure-cycle controlled fatigue crack growth phenomenon.
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Fig.1. (a) Schematic illustration showing two limiting values, dK' and KOrnmfor each crack growth rate in the Unified Approach. (b) Trajectory map showing the variation of AK*and K*- with increasing crack growth rate. AK* = KOm, line represents ideal fatigue behaviour. represent the two limiting For a given crack growth rate, the two values, hlyI and K'values in terms of the two parameters, AK and K-, required for fatigue crack growth. According to this approach [49], these parameters, AK and K,,, are simultaneously required for qualifying fatigue crack growth data. Of the two, Kmax is the dominant parameter for all fracture phenomena. An additional parameter AK arises due to cyclic nature of the fatigue damage. Correspondingly there are two thresholds that must simultaneously be exceeded for a fatigue crack to grow. In addition, environmental interactions being time atd strefs-dependent process affect fatigue crack growth through the Kmm parameter. The AK =K,, line, Fig. 1
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(b), represents pure or ideal fatigue crack growth, and this forms the reference line for the ideal inert behaviour which is the basis for the environment contributions [48]. This ideal behaviour appears only if the vacuum is very high or impurities in the so-called inert environments are very low or the material is non-reactive to a given environment. Deviation from the ideal line occurs if the crack p w t h mechanism changes. In principle, K,,, or its non-linear equivalent is essential for all fracture process involving creation of two new surfaces. For monotonic fracture, this parameter reduces to KIC.For time dependent crack growth process involving stress corrosion, sustained load crack growth or creep crack growth, Kmax is the governing parameter [50,51]. However, due to the cyclic nature of loading in fatigue, an additional parameter is needed, which describes the amplitude. This is M. Therefore the requirement of two parameters is intrinsic to fatigue. Of the two parameters, it has been shown that the magnitude of K- is much larger than AK for crack growth, and hence is the more dominant parameter of the two. Thus, there are two corresponding thresholds that must be exceeded for a crack to grow, Fig. 2 (a). At the low end of R=Km,JKm, and especially when R is negative, Kmsx controls fatigue crack growth. Similarly at high R (as R approaches 1) AK controls the growth [52,53].



Fig. 2. Schematic illustration of A K t h -Kmx versus R-ratio for controlled region (a) and the two parametric crack driving force hK*th-K*- requirement for fatigue damage, with respective definition of the parameters. Threshold data, when represented in terms of a AK versus Kmx curve, typically show an Lshaped curve with two limiting values corresponding to two fundamental thresholds, Fig. 2(b). At any other crack growth rates, the L-shaped curve shifts with the asymptotic limiting values, AK and K*- increasing with crack growth rate, as shown in Fig. 1 (a). Taking into account to the minor effect of the mechanical contributions to the crack advance than the environment effect, Vasudkvan and Sadananda [40] have graphically systematised a wide variety of materials by assuming two independent loading parameters as the relevant crack tip driving forces: AK and K-. These critical threshold parameters should be satisfied simultaneously for a crack to grow and can be identified by plotting A&, (cyclic) and K,, (static). The threshold line resulting of graphic construction can map the region where crack growth is only possible for each material under fatigue conditions. These two parameters depend on the alloy microstructure (an intrinsic property of the material), slip mode and environment.
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MATERIAL AND EXPERIMENTAL PROCEDURES The chemical composition of A1 7049 alloy is shown in Table 1. This material is essentially similar to the 7075 alloy, but is more susceptible to corrosion fatigue due to a higher Zn content (7.1% instead of 5.1-6.1%). The specimens were obtained from a cold rolled sheet of a 7049 aluminium alloy with 10 mm thickness. The 10 mm thick sheets were underaged (UA) and overaged (OA) such that approximately the same yield strengths resulted. The overaged heat treatment was the standard temper treatment (T7351), and the UA treatment was carefully done to match the OA yield strength. The heat treatments are shown in Table 2. Table 1. Composition (wt pct) of 7049 aluminium alloy plate material Zn 7.1



Mg 2.8



Cu 1.7



Cr 0.06



Fe 0.3



Si 0.1



Mn 0.06



Ti 0.05



Ga 0.01



Zr 0.1



A1 Bal.



Table 2. Heat treatment properties of the AI 7049 alloy Solution heat treatment Temper



4 7 0 W 45mid water quench overage (OA) T735 1: 107 "C/8 hours + 163 "C I65 hours



underage (UA) liquid nitrogedl 5 min + S O "C/lOmin + 117 'CY90 min



Table 3. Room temperature mechanical properties of 7049 aluminium alloy alloy/ temper 7049-UA 7049-OA



yield strength (MPa) Rp0..2 445 44 1



UTS (MPa) 578 497



elongation % 17.2



8.8



area reduction I9 % 23 %



kc (MPaJm)



--32.0



The mechanical properties of the two materials are listed in Table 3. Their yield strengths are identical ( 4 4 0 MPa); the tensile strength of the UA material is 16% higher and its ductility is 100% higher. The underaged material contains extremely fine GP zones and q' intermetallic precipitates, whereas the overaged structure contains predominantly coarse q as well as q' precipitates. The 7049-UA and 7049-OA are two materials exhibiting the same crystallographic texture and grain morphology, but differing in precipitate microstructure. Any difference in the mechanical behaviour of 7049-UA and 7049-OA can then be attributed to these different precipitate microstructures. The UA alloy specimens were stored at -20 "C prior to fatigue testing to prevent further room temperature aging. After the heat treatments, 6 2 . 5 ~ 6 0 ~ 1mm 0 compact tension (CT) specimens were machined, and notches were introduced parallel to the longitudinal direction so that crack propagation took place in the rolling direction.
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The fatigue experiments were performed on a servo-hydraulic testing machine under constant load control with 30 Hz sine wave loading, in ambient air at 20 "C, 50% HR or in vacuum (2.6~10"Pa). The fatigue crack growth curves were obtained by shedding the load in steps of 7% until a crack growth rate approximately 1.3xlO-" dcycle was obtained. In the threshold regime the load was reduced 3.5 % only and Aa was less than 0.04 mm during 3x106 cycles at the crack growth rate of 1.3x10-" dcycle. After reaching the threshold, the load was increased again to obtain higher crack growth rates. This procedure allowed to get the entire crack growth curve from one specimen. Crack propagation was detected by observing the polished specimen surfaces with a microscope at a magnification of 50x. Calculations of the SIF and dddN were performed according to the ASTM E-674 standard.



EXPERIMENTAL RESULTS Fatigue crack propagation rates (dddN) versus the stress intensity factor ranges (AK) are shown in Fig. 3. for the underaged (7049-UA) and overaged (7049-OA) alloy, respectively, in ambient air (20 "C, 50% HR) and in Fig. 4 under vacuum conditions (-2.6~10'~Pa) at R valuesof-1, -0.5,0.05, 0.5 andO.8.



Fig. 3. Influence of R-ratio on FCGR in overaged (OA) and underaged (UA) A1 7049 alloy in air.
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Fig. 4. Influence of R-ratio on FCGR in (OA) and (UA) A1 7049 alloy in vacuum. The threshold values, Kmx, and C and m of Paris regime are summarised in Table 1 and Table 5, respectively, for different R-ratios.
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AL7049 [MPam] R -1 -0.5 +0.05 +0.50 +0.80



AL 7049 [dcycle] R -1 - 0. 5 +0.05 +0.50 +o.80



UA



OA



K,,



x i h



air 8.24 10.53 7.45 4.46 2.80



vacuum 11.0 10.67 6.07 4.35



air 4.12 7.02 7.84 8.92 15.10



vacuum



5.5



air 9.04



vacuum 14.90



air 4.52



vacuum 7.45



11.2 12.14 21.75



4.50 2.72 1.90



5.40 3.04 2.91



4.90 5.44 9.49



5.68 6.08 14.55



dddN =C (AK) rn air vacuum air vacuum 1 ~ 1 0 . ~ ' l x l 0 ~ l y 7.0 8.9 3x10-" 7,3 4 ~ 1 0 " ~ 1 ~ 1 0 ~7.3~ 9.0 4x10-" SxlO-'* 8.0 9.0 3xio-'3 ix1o-l7 8.1 9.0 UA
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K,,



M t h



da/dN = C (AK) m air vacuum air vacuum 4x10-1~ i x ~ o - ~ ~5.0 6.2 OA
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Figure 5 shows the dependence of thresholds h K t h on R and the h K t h and K, relationship at different R-ratios for UA and OA 7049 A1 alloy in ambient air and in vacuum, respectively. An L-shape curve is obtained for the OA alloy over the entire R range for air as well as for vacuum. An increasing h K t h with decreasing R is necessary in order to accomplish crack growth, even at a negative R-ratio = -1, whereas no further increase of h K t h is observed for the UA alloy below R=O.O5.



tc,[MPamlR] Fig. 5. Threshold h K t h versus R-ratio (a) and K,,,,,. (b) for the UA and OA A1 7049 alloy in air and vacuum.
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In Figures 6 (a) and (b), the threshold values of and K ,, are plotted for different Rratios in ambient air and vacuum, respectively. They show that at low (and negative) R-ratios IC- is the crack growth governing process, whereas it is A&, at higher R-values. This is the case for both environments, ambient air as well as vacuum.



Fig. 6. Thresholds d K t h - KmaXvalues of UA and OA alloy for different stress ratios R in ambient air (a) and in vacuum (b).
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Figures 7 (a) and (b) show the dependence of on R for specified constant fatigue crack growth rates in vacuum for OA and UA A1 7049 alloy, respectively. These figures again demonstrate the different deformation features of the two microstructures.
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Fig. 7. h K t h values for different FCGR at different R-ratios for (a)OA alloy and (b) UA alloy, in vacuum. Vasudevan and Sadananda [48,49] have pointed out that two critical threshold values, are the necessary requirements for a crack to advance. Likewise two namely A&, and K, critical values above the threshold regime are necessary to obtain specified constant fatigue crack growth rates. This is shown in principle in Fig. 1 (a). In order to obtain defined crack growth rates of (dalcW),, (daldN)~. ..the critical values & , I , & h a . . .and Kmx,l,Kmax,z...are needed. As a result, the values, which have been reconstructed from data of the OA alloy as in
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Fig. 3 and Fig. 4 are plotted in Fig. 8 (a) and (b). The A K ~..., J etc. values have been obtained for several specified constant crack growth rates from the R=0.8 curve (assuming that 0.8 approximates R=l well enough) and the Kmax,lK-,z ...values from the R=0.05 curve. This has been done for both environments. The results (Fig. 8 (a)) show that for the same K-, higher AK are needed to obtain the same dddN in vacuum than in air. For comparison, the data of Kirby and Beevers for 7075 alloy [25] are plotted as dashed lines. The plot shows that crack propagation took place at lower K,, values than in the present study. The vacuum curve of Kirby et al. results shows a slope of 1, and lower K, are needed (for identical AK) in order to obtain identical dddN values. In Fig. 8 (b) are plotted the results only for UA alloy in ambient air and vacuum. The deviation from slope of 1 may be explained by not high vacuum. 9
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Fig. 8. dK vs. K, results, plotted according to Fig. 1 (a), for OA 7049 alloy (this study) and 7075 alloy (Kirby et al.) in air; (b) for UA 7049 alloy in vacuum
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FRACTOGRAPHY Characterisations of the fracture surface morphology were made by scanning electron microscopy (SEM). Fig. 9 shows the different crack growth surfaces for two UA-OA alloys at R=-1. The (a)-(b) and (c)-(d) pictures represent the OA and UA alloys, respectively, under ambient air and vacuum conditions. The (e)-(f) pictures show the different microstructures for UA and OA alloys in vacuum, respectively. The OA alloy shows a transcrystalline fracture mode, homogeneous and wavy slip, but more brittle in ambient air than in vacuum, probably induced by hydrogen. The UA alloy shows a planar and localised slip microstructure, with crack branching.



(b) OA, in vacuum



(a) OA, in ambient air



a



I



I



(c) UA, in ambient air



(d) UA, in vacuum



(e) UA, in vacuum



(t) UA, in vacuum



Fig. 9. SEM fracture surfaces after fatigue loading of UA-OA alloy, in air and vacuum.
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DISCUSSION Studies of the mechanisms governing fatigue behaviour in aluminium alloys rationalised accelerated crack growth rates in moist media (as compared to those in vacuum or inert environments) in terms of conventional corrosion fatigue processes such anodic dissolution and/or hydrogen embrittlement [26,50,]. Apart from environmental effects, certain intrinsic metallurgical phenomena, in particular those related to slip characteristics, are also considered to cause pronounced differences in near-threshold crack growth behaviour between different alloys. In addition to environment and microstructurally influenced growth mechanisms, crack closure processes can significantly affect fatigue behaviour in the near-threshold regime [8,18,32]. Microstructural features directly influence material properties. The toughness, for example, may be reduced by large fractions of GB precipitates produced by inefficient quenching and by aging [14,18,19,22]. The concept of strain localisation in planar slip bands appears to be significant in both monotonic and fatigue testing. Environment and microstructure also strongly influence the fatigue crack growth resistance of high strength aluminium alloys [57] with crack deflection and branching leading to important consequences for the mechanical behaviour [ 101. Local microstructure and the applied AK primarily control the slip mode being responsible for crack propagation. In addition, crack advance can be significantly altered by the presence of the environment [Sl]. As a result, both microstructural and environmental factors have a strong effect on the near threshold fatigue crack growth behaviour. Aiming to contribute for the understanding of these phenomena, the discussion will lay in these two areas: (a) environment and (b) microstructure via slip characteristics. First of all one needs to compare the fatigue results in ambient air to the results in vacuum, in order to distinguish the role of microstructure and environment. In vacuum, the planar slip alloy exhibits a significant fatigue resistance in comparison with to the wavy slip OA alloy microstructure shown by the increased threshold in both d K * , h and x ",. Moreover, due to slip reversibility in the UA alloy, both m * t h and , d can have independently different contributions to the crack growth process: crack branching e.g. can occur in planar slip materials and the crack path can be tortuous, in zigzag, with crystallographic facets. Figures 5 (a) shows the AKh versus R-ratio relationship of the OA and UA alloy with decreasing of R-ratios. The resulting curve is similar to the systematic curve in Fig. 2 (a) [49] for the OA alloy. In compression (R=-1), the UA alloy looses its fatigue resistance in contrast to the OA alloy. This anomalous behaviour of the UA alloy could be due to compressive parts of loading, causing shear loads that induce tensile stresses, which result in secondary cracks parallel to the compression axis. The hKth versus Kmax plot in Fig.5 (b) shows the expected Lshaped curves [52,53] according to Fig. 1 (a) and Fig. 2 (b). It may be seen again that the UA alloy looses the expected L-shape under compression loading probably due to shear loads which can induce tensile stresses. Figures 6 (a) and (b), AK versus R, show that dala is mainly controlled by K,, at Rvalues up to -0.5 and by AK above R=0.5, see also Fig. 2 (a). However, this behaviour is not as pronounced for the UA alloy, with a fatigue resistance at negative R-ratios, which results in almost constant AK values and slightly increasing K- values at negative R-ratios. These results are in principle similar for both environments, although the magnitudes differ. Figures 7 (a) and (b) show a similar dependence of AK on R of the OA alloy for specified constant crack growth rates as in the threshold regime for tests in vacuum. Therefore, again Lshaped curves result, which points to a class IIIa behaviour according to Vasud6van and
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Sadananda [40,48]. The UA alloy shows an L-shape at positive R-ratios too, whereas a loss of fatigue crack propagation resistance may be recognised at negative R-ratios again. AK reaches a plateau for R 
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