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The cracking behavior of ferritic nodular cast iron subjected to multiaxial non-proportional cyclic loading was studied. Crack length increased logarithmically during cycling, with a slop (in µm/cycle) as high as the phase-shift angle (δ) was closing to 90°. A non-symmetrical behavior in terms of fatigue life and crack growth relative to δ = 90 was observed. The application of analytical method revealed that at all times of the fatigue cycle, the amplitude of principal stresses is much higher for δ < 90° than for δ > 90°c ontributing thereby to crack growth accelerating, and shortening finally the fatigue life. There were a vast range of critical crystallographic orientations undergoing maximum normal principal stress for δ < 90° than for δ > 90°. Microscopic studies revealed that fatigue cracks did not have strong preferential directions for high-phase angle loads due to the continues rotation of principal directions, so their propagation did not stop.

Introduction

The fatigue process can be successfully modeled based on fracture mechanics. A significant improvement of lifetime predictions for uniaxial and multiaxial proportional loading has been successfully achieved by applying critical plans criteria [START_REF] Braccesi | An equivalent uniaxial stress process for fatigue life estimation of mechanical components under multiaxial stress conditions[END_REF][START_REF] Li | A new multiaxial fatigue damage model for various metallic materials under the combination of tension and torsion loadings[END_REF][START_REF] Shang | Multiaxial fatigue damage parameter and life prediction for medium-carbon steel based on the critical plane approach[END_REF][START_REF] Varvani-Farahani | A new energy-critical plane parameter for fatigue life assessment of various metallic materials subjected to in-phase and out-of-phase multiaxial fatigue loading conditions[END_REF][START_REF] Jiang | An experimental evaluation of three critical plane multiaxial fatigue criteria[END_REF]. The fatigue criteria use proportional multiaxial constraints defined at the macroscopic scale. Proportional loading may provide better results than non-proportional, which is why it could be used to evaluate the capability of a critical plane approach for predicting cracking directions. Previous results [6 -8] show a low effect of the correlation factor between two variable amplitude load sequences in combined bending and torsion on life. All the simulated fatigue life calculation methods give good results for proportional loads, but their predictions are not good for non-proportional loads. In many engineering applications, structural elements encounter non-synchronous loading systems that result in out-of-phase straining conditions, in which case a reduction of fatigue life may be encountered, and the fatigue cracks mostly initiate on the maximum stress plane [START_REF] Fatemi | multi-axial fatigue: An overview and some approximation models for life estimation[END_REF]. Out-of-phase fatigue tests including a high mean stress compression have highlighted the limitations of multiaxial fatigue criteria. This can be attributed to a lack of physical basis in terms of mechanisms and chronology of the damage, the evolution of the microstructure of material when subjected to multiaxial cyclic loading, and the crack growth and orientation. For non-proportional loading, a sequence of Von Mises stresses does not have physical meaning [START_REF] Dumitru | the equivalent stress concept in multiaxial fatigue[END_REF]. In a cycle, its value has a non-zero mean, in spite of the negative values of the applied stresses, so it does not reflect the real load correctly [START_REF] Braccesi | An equivalent uniaxial stress process for fatigue life estimation of mechanical components under multiaxial stress conditions[END_REF][START_REF] Dumitru | the equivalent stress concept in multiaxial fatigue[END_REF]. In out-of-phase straining conditions, due to the rotation of the principal axis, a crack that initiates and propagates on the critical plane is usually subjected to shear mode and tensile mode loading. More than 100 hypotheses for lifetime prediction have been published [START_REF] Hoffmeyer | Deformation behaviour, short crack growth and fatigue lives under multiaxial non-proportional loading[END_REF]. The Tanaka criterion [START_REF] Tanaka | Small fatigue crack propagation in notched components under combined torsional and axial loading[END_REF] predicts the lifetime of materials containing defects and undergoing out-of-phase loading, but, usually, it is not highly accurate. Strain energy density (SED) was calculated to study the fatigue behavior of cast iron V-notched specimens under tension, torsion, and combined loading mode [START_REF] Livieri | On the notch sensitivity of cast iron under multi-axial fatigue loading[END_REF][START_REF] Berto | Multiaxial fatigue strength of severely notched cast iron specimens[END_REF]. SED was found to be lower for δ = 90 than for δ = 0. A set of uniaxial and multiaxial fatigue tests on ductile cast iron have been proceeded, and no effect of out-of-phase angle was observed [START_REF] Tovo | Experimental investigation of the multiaxial fatigue strength of ductile cast iron[END_REF]. S A survey of the state of the outof-phase behavior can be found in literature [START_REF] Borodii | Analysis of the experimental data on a low cycle fatigue under non-proportional straining[END_REF]. Crack initiation and propagation have been widely studied to develop significant improvements in lifetime predictions. Crack growth and mode depend on loading condition [16 -19] and material ductility [START_REF] Sonsino | Influence of material's ductility and local deformation mode on multiaxial fatigue response[END_REF]. The effect of loading condition on crack mode was widely studied in EN-GJS-400-18, undergoing nonproportional fatigue at different phase angles δ [START_REF] Kachit | Non-symmetrical fatigue life of nodular graphite cast iron under non-proportional cyclic loading[END_REF]. The fatigue cracks were initiated and propagated in Mode I and/or Mode II. The determination of crack mode became more and more difficult while increasing the phase-shift angle. For torsion and low out-of-phase loadings, Mode I cracks (oriented at ±45°) initiated at the nodules, whereas Mode II non-propagating cracks (oriented at 0° and ±90°) were observed in the matrix, increasing fatigue life. Moreover, for high out-of-phase loads, Mode I dominated the entire fatigue cycle, reducing thereby the fatigue life.

According to previous studies, The number of loading cycles to failure (Nr) decreases nearly linearly in the interval δ = 0°-90°, and the behavior is quite symmetrical for out-of-phase angle of 90° (δ90) [START_REF] Tanaka | Small fatigue crack propagation in notched components under combined torsional and axial loading[END_REF]. Inversely, Kachit et al. [START_REF] Kachit | Non-symmetrical fatigue life of nodular graphite cast iron under non-proportional cyclic loading[END_REF] found that the curve is non-symmetrical for δ90 because more planes underwent maximum principal stress (tensile cracks mode) for δ < 90° than for δ > 90° loads. Due to the domination of Mode I cracks, it was found that the distribution of crack orientation increased while the phase-shift angle approaching 90°.

In nodular cast iron [16, 21 -24] subjected to an out-of-phase multiaxial load, cracks do not have strong preferential orientation and are free to propagate in any direction. Fatigue life was then lower than expected because of simple elasticity considerations, and the dispersion of crack orientation was higher, which impedes fatigue life modeling.

In spite of the abundant physical basis in terms of damage mechanisms, the previous studies, excepting Kachit and al. [16], did not highlight the non-symmetrical behavior of crack orientation and fatigue life relative to δ90. This project aims to point out and explain the non-symmetrical behavior of crack growth relative to δ90, and to contribute to more accurately predicting fatigue life. The fatigue crack growth under non-proportional multiaxial loading were experimentally and analytically investigated in this project. A spherical graphite ferritic cast iron (GS), for which the initiation and propagation mechanisms under cyclic uniaxial stress are now well understood, was studied. The GS fonts have the advantage of containing initiation sites of graphite nodules which are spherical and can be regarded as defective models. In addition, the volume fraction of nodules was approximately 15%, so the initiation sites are numerous and uniformly distributed within the material, thus satisfying a statistical study of initiation.

Experiments

The studied material was a ferritic nodular cast iron obtained after austenitization at 950 °C for 48 h then cooling at very slow rate (< 0.01 °C.s -1 ) according to CCT curves of ductile iron. This treatment allowed to obtain ferrite-graphite-perlite structure and prevent the formation of ledeburite and cementite. Tensile tests were performed on the dog-bone specimen with a gauge length of 12 mm and section of 9 mm 2 at a strain rate of 10 -3 s -1 . Tensile properties were found as follows: E = 168 GPa (direct measurement by a clip gauge), 0.2% proof stress (fy) = 270 MPa, UTS = 500 MPa and engineering strain at fracture = 17%. The material designation was then close to EN-GJS-400-18. The fatigue specimens were cylindrical with a gage length of 25 mm and diameter 6 mm. The cylindrical surface was polished with paper grain 2400 (paper grain size 10 µm). Polishing with diamond pastes 3 μm, 1 μm, and 1/4 μm lubricated with ethanol was done longitudinally on the gauge length to have a flat narrow band (0.5×7 mm 2 ) allowing reliable SEM and in situ optical crack observations. Fatigue tests were conducted under stress-controlled multi-axial cyclic loading using servo-controlled hydraulic testing machine that performs tension-compression and torsion simultaneously. The variations in normal stress σ and torsional shear stress under combined loading were expressed by the 𝝉 equations 1 et 2 respectively: σ = σ0 sin(ωt) 𝝉 = 𝝉0 sin(ωt+δ) (Eq. 1) (Eq. 2) where σ0 and 𝝉0 were the amplitudes of axial and torsional stresses respectively, ω: the angular velocity, t: the time, and δ: the phase difference between the two stresses (out-of-phase angle). The tests were con -ducted at room temperature under controlled Von Mises stress amplitude (Eq. 3), and by varying the phase shift angle δ in the interval [0°-180°] (δ = 0°, 30°, 45°, 60°, 80°, 90°, 100°, 120°, 135°, 150° and 180°). Simple tension-compression and torsion tests were also conducted for comparison. A sinusoidal signal was imposed at a frequency of 10 Hz and R = -1. Seen that Von Mises criterion results in the same damage for in-phase and 90° out-of-phase loadings, and on all planes [START_REF] Sonsino | Influence of material's ductility and local deformation mode on multiaxial fatigue response[END_REF], The tests were performed in such a way that the axial stress σ, and the shear stress 𝝉 were equally damaging. According to the Von Mises distortion energy hypothesis (DEH) the amplitudes had the ratio σ /τ =√2 . Then the amplitude of Von Mises stress is:

σ VM =√σ 2 +2τ 2 (Eq. 3)

Table 1 shows the values of applied axial and shear stresses and controlled Von Mises stress amplitude, for which the same damage for simple (axial, torsion), in-phase and out-of-phase loads occurs: The main characteristics of the graphite nodules were determined by 2D optical microscopic images, taken at the flat narrow band before the fatigue tests. The size distribution and the sphericity of the nodules were determined for three samples (randomly selected). The total number of graphite nodules characterized on the flat surface evolved from 300 to 900 nodules, according to the zones and the samples studied. Based on these analyses, the mean values of the nodule size (20.1 μm) and sphericity (0.53) were determined. The test was interrupted periodically and fatigue crack length registered using the in-situ optical microscope (OM). An area of 600 μm × 7 mm was observed on the flat narrow band during cycling. Curves of the average apparent length of microcracks as a function of number of cycles and stress conditions were plotted. Fatigue cracks were also been investigated, after rupture, using OM and a scanning electron microscope (SEM). To enable reproducibility of results, two samples were tested for each loading condition.

Experimental Data

Number of cycles at failure

The number of cycles at failure (Nr) presented here (Figure 1a) was determined from three tests. It is displayed against the phase-shift angle. Different markers were used, so each two symmetrical loads relatively to δ90 had the same marker. The error bar was found to be nearly proportional to the measured value (of about 10%), and it has then no effect on the curve's behavior. Fatigue life for torsion and axial loads were 6.10 5 and 4.10 6 cycles respectively (data not presented on Figure 1). Figure 1b shows that just the lifetimes of small-phase angle loads approaching the theoretical values. The present findings apply only to this single amplitude (215MPa) and that further tests with other amplitudes are required to check the range of validity.

Crack Growth Curves

Graphite nodules are the usual origins of microcracks in GS. Cracks were followed by the in-situ OM during cycling, and a serial of crack images of the same zone was registered. For all loading conditions, cracks coalescence could be observed during cycling (Figure 2 for δ80 as an illustration). The experimentally determined crack length curves were plotted for each individual crack (illustration shown in Figure 3). During the fatigue test, new microcracks appeared continuously, and most cracks underwent several stops during their propagation while others stopped completely after a certain number of cycles. From this figure, the average apparent crack length could be plotted against N (Figure 4a). Most of the microcracks could already be detected after approximately 1,000 cycles; beyond this number, the crack density was almost equivalent for all loading conditions. This suggested that the crack initiation phase was determining for cracking at an early stage of fatigue life. The effect of the propagation phase became more and more pronounced while cycling, starting from 1,000 cycles. The crack length increased logarithmically with a slope as high as the phase angle was closing to 90°. The curves for torsion represented the lower limit values, and those for the highest phase angle (90°) represented the upper one. A plateau was distinguished at a high number of cycles for torsion load, with signs of crack propagation halting and mode II cracking [START_REF] Kachit | Non-symmetrical fatigue life of nodular graphite cast iron under non-proportional cyclic loading[END_REF], which would explain the highest value of fatigue life in torsion load (> 4.10 -6 cycles). The average crack growth rate on the whole of fatigue life (calculated by Ls / Nr, Ls being the apparent length of crack) is reported in Figure 4b. This average was nearly eight times more important for high-phase-shifted loads (close to 90°) than for small-phase shift and simple axial and torsion loads. The curves highlighted the non-symmetrical crack growth relative to δ90, which corresponded to the nonsymmetrical behavior of fatigue life (cf. Figure 1a). The crack growth was higher for the phase angles situated in the range 0 < δ < 90 than for their symmetrical ones (in the range 90 < δ < 180). This original result could explain the non-symmetrical behavior of fatigue life, but its origin needed more investigation, as further explored with the use of an analytical method. Despite this unsymmetry is not very severe in the Figure 4b, but it could be supported in one hand by the reproducibility of results (two samples were tested for each loading condition), and in the other hand by the repeatability of the unsymmetric behavior for each pair of symmetricals lods. The data point out also a strong jump from δ=60° to δ=80°, this jump was symmetric to the other jump from δ=120° to δ=100°.

To neutralize the effect of the apparent nodule size (Wd) and to compare the results of different studied loadings, Ls/Wd instead of Ls was plotted versus N in Figure 5. The maximum Ls/Wd was observed for high-phase angles loads. The crack initiation stage represented by the value Ls/Wd ≈ 1 was situated close to the interval 0-1,000 cycles, and the first cracks detected were at 1,000 cycles (cf. Figure 4a) and of lengths comparable to nodule size. Cracking nodules were quantified in number and apparent size after rupture (Figure 6a). Cracks had initiated at graphite nodules whose typical apparent size was approximately 5-50 µm. The cracks had initiated on the equatorial plane (relative to the direction principal stress) of graphite nodules as a result of stress concentration. It was found that the percentage of cracking nodules decreased with increasing nodule apparent size. In fact, the nodules situated just below the surface appear small at the surface and induce a fort stress concentration in the region situated between the nodule and the surface. The cracks were observed more frequently in this region, as shown by Verdu [START_REF] Verdu | Three-dimensional shape of the early stages of fatigue cracks nucleated in nodular cast iron[END_REF].

The proportion of cracking nodules increased logarithmically with N and depended strongly on the loading condition (Figure 6b). The density of cracking nodules and the rate of cracking of the nodules (slope of curves) were as high as the phase shift was closing to 90°. While the cracking nodules proportion was less for axial load than for torsion load, the crack growth was comparable for the two loads (cf. Figure 5). The presence of a Mode II crack for torsion load [START_REF] Kachit | Non-symmetrical fatigue life of nodular graphite cast iron under non-proportional cyclic loading[END_REF] explains the large difference of fatigue life between these two modes (cf. Figure 1a). For torsion load, there were no new cracking nodules beyond one million cycles, and the curve presents a plateau at a large number of cycles. For high-phase angles loads, cracking nodule proportion and crack growth appeared to remain superior during the whole fatigue life. The cracking behavior in the matrix was presented as the ratio between the number of matrix cracks and the number of total cracks (sum of matrix and nodules cracks), as shown in Figure 7. The ratio was approximately 50-60% for pure torsion loads compared to 10-30% for the other loads. For all loads the ratio remained almost constant during fatigue life, independent of the number of cycles. 

OM and SEM Study of Crack Growth

OM and SEM observation were used alternatively to study crack behavior and the effect of microstructure on this behavior. The crack propagation direction at the level of the microstructure can be heavily affected by the shape and distribution of the graphite particles. But as mentioned in the introduction, the studied GS fonts have the advantage of containing initiation sites of graphite nodules which are spherical, numerous and uniformly distributed within the material, thus reducing the microstructure effect on crack propagation direction.

Generally, cracks continued growing in a specific plane without distinct kinks for axial torsion and small-phase angle loads, whereas they grew into several directions for the close to 90° phase-shift loads. The crack orientation behavior was well explained in previous study [START_REF] Kachit | Non-symmetrical fatigue life of nodular graphite cast iron under non-proportional cyclic loading[END_REF]. For axial load, cracks initiated at the interface matrix/nodules and propagated globally, perpendicular to the specimen axis (ϕ = 0°) (cf. Figure 11e for the definition of the crack orientation angle ϕ), as seen in Figure 8a and b , and rarely in the matrix (Figures 8 and10c). The specimens then broke perpendicular to the specimen axis (Figure 8d). similar cracking behavior were observed in previous studies [START_REF] Hoffmeyer | Deformation behaviour, short crack growth and fatigue lives under multiaxial non-proportional loading[END_REF][START_REF] Tanaka | Small fatigue crack propagation in notched components under combined torsional and axial loading[END_REF][START_REF] Verdu | Three-dimensional shape of the early stages of fatigue cracks nucleated in nodular cast iron[END_REF] For torsion, cracks initiated and propagated at the nodules ±45° in the form of a cross (Figure 9a b andc). They were developing and coalescing until rupture (Figure 9d). The surface of the rupture has the features of static torsion loading (Figure 9e). Localization zones represented by 0°-oriented slip bands were observed regularly in the matrix. They developed during cycling (Figure 9a -c) and represented initiation sites for the matrix cracks. The 0°-oriented microbands developed during cycling to reach, during final phase of cycling, approximately 30 μm in length and 5 μm in interdistance (Figure 10). They caused the intrusion-extrusion phenomenon, which increased the stress concentration at the intrusion bottom and generated 0°-oriented transgranular cracks. Certain cracks were intergranular, initiated and propagated at the boundary of two differently deformed adjacent grains (Figure 10b andf), where the stress is normally higher and more complex. In this case, the microbands seem to be cut (impeded) on one side of the boundary grain and grew freely on the other side during cycling (Figure 10a ande). Unlike for torsion and small-phase angle loads, the occasionally observed matrix cracks were not accompanied by local plastic zone for the other loads, and so it seems that they initiated due to nodules situated just below the surface, not due to repetitive shear in the matrix. Although this hypothesis is a speculation, but it may be supported by the absence of local plastic zone and slips bands the matrix.

For small-phase shifted loads, the fracture surface was quite flat and inclined to the specimen axis by an angle which was approximately +28° for close to 0 loads (Figure 11e) and -28° for close to 180°o nes. As in the case of torsion, the small-phase shifted loads presented two types of cracks: on the one hand cracks initiated from the slip bands in the matrix (Figure 11d), with low density relatively to torsion, and on the other hand at the nodules in the form of a cross (Figure 11c). Unlike torsion loading, the cross here was not symmetrical; its branches were oriented at approximately +28° and -62° for close to 0° phase angle (Figure 11a andb) and +62° and -28° for close to 180° phase angle (Figure 11c). It was found that +28° crack orientation was more developed (crack length was longer) for close to 0° phase angle; and -28°c rack orientation was more developed for close to 180° phase angle. For high-phase angle loads, there were several directions of fracture facies (Figure 12c), which correlated with the crack coalescence and propagation at differently oriented plans (Figure 12a andb). Thus, it was difficult to mention a global crack orientation, and the corresponding rupture of the sample had no defined direction. For these loads, major cracks were observed at the final stage of fatigue (Figures 12 and14). Under out-of-phase loading, additional cyclic hardening of materials was observed. On the one hand, the rotation of mean stresses [START_REF] Kachit | Non-symmetrical fatigue life of nodular graphite cast iron under non-proportional cyclic loading[END_REF] allowed more grains to undergo their most favorable orientation for slip, which leads to more active slip systems in producing intrusion-extrusion phenomena (Figure 13c). On the other hand, the interactions between the adjacent grains was increased while cycling (Figure 13a andb), resulting in intergranular cracking. Matrix cracks were not accompanied with locale plastic zones (Figure 13a), and it seems that they initiated due to nodules situated just below the surface, not due to the repetitive shear in the matrix (Figure 13c). At high-phase shifted load, black spots were observed by OM at the crack path (Figures 14a and12b); appearing to intensify as the crack grew. They were difficult to distinguish from the black graphite nodules by light microscopy, and they disappeared among the ferritic matrix by etching (Figure 14b). That suggested that they were not perlite (weakly present in the material). These spots appeared in white with the use of the (Figure 14c), and the conclusion was that they were ferritic debris formed due to the cracks rubbing during crack growth. Certain cracks that were narrower did not have ferritic debris (Figure 14d). In addition, rims (rings) of ferrite were noted at the matrix/nodule interface (Figure 15) and appeared intensively at a high number of cycles. These rims appear in the figure as rings surrounding the graphite nodules. It seems that this ferrite was formed at the matrix/nodule interface during the austenization heat treatment [START_REF] Kachit | Non-symmetrical fatigue life of nodular graphite cast iron under non-proportional cyclic loading[END_REF], and they favored crack initiation at this interface. Graphite nodules were then partially or completely surrounded by cracking rims. These rims were observed for all loading conditions but were noted particularly for high-phase angle and torsion loads. Nodules completely surrounded by cracks were observed at high stress concentration zones where the cracks were wide open (Figure 15b). Intergranular cracking was observed due to the incompatibility of plastic deformation and complexity of the stress fields at the grain boundaries. The grains in these zones were then disconnected and surrounded by the crack at their boundary (Figure 16). The microstructure seems to have a regular effect on crack propagation, consisting of surrounding the microstructural barriers as grain boundaries and graphite nodules. For further investigation, the specimens were etched after rupture, and a small percentage of perlite phase (in gray) appeared (Figure 17). Cracks did not follow the intergranular perlite/ferrite regions and propagated in intergranular rather than transgranular mode, which depended the relative crystallographic orientation of grains and phaseshift angle. The path chosen by cracks (inter or transgranular) seemed to have minimal crack propagation energy with respect to loading condition. For out-of-phase loading, the fatigue cracks did not have a strong preferential direction, its propagation did not stop, and the cracks were free to propagate in any direction surrounding the microstructure barriers (grain boundary and graphite nodules). For this reason, the fatigue limit was further reduced and was lower than expected from simple elasticity considerations.

Analysis and Discussion

Analytical method [START_REF] Kouhia | Brief introduction to continuum mechanics[END_REF] was applied to explain the experimental results concerning, on the one hand, the non-symmetrical behavior relative to δ = 90° of both crack growth and fatigue life, and, on the other hand, their dependence on the phase-shift angle. Given the complexity of the stress fields applied to the specimen, it was necessary to calculate the values of the principal stresses on the critical planes. Crack initiation and propagation behavior depend particularly on principal normal stresses σI and σII,. The principal stresses were the values of stresses tensor which must be diagonalized. One of the three roots (λi of the polynomial det (σ -λi)) was zero, meaning that, in the database considered (cylindrical coordinate system {r, θ, z}), the state was biaxial loading. Therefore, more than two non-zero values were obtained, which were the solutions of trinomial:

λ 3 -I λ 2 -II λ-III =0 (Eq. 4)
Where the coefficients I(σij), II(σij) and III(σij) are certain functions of the components σij of the tensor σ expressed in the coordinate system {r, θ, z}. The main stresses and the principal directions then were:

σ I = σ ZZ 2 + √ σ ZZ 2 + σ θ Z 2 2 ; σ II = σ ZZ 2 -√ σ ZZ 2 + σ θ Z 2 2 ;ϕ = arctan ( -2 σ θz σ zz + √ σ zz 2 + 4 σ θz 2 ) (Eq. 5)
To visualize the rotation of principals axes, Eq. 5 (ɸ) allows to provide a graph of the evolution of direction and magnitude of principl stresses over a single load cycle for different phase angle (Figure 18). The evolution of ϕ (Figure 18) showed, for δ90, a quasi-linear behavior during which crack driving forces were high, while a slowing down appeared for the other phase shifted, consequently, the whole crystallographic orientations were preferential cracking orientations for δ90 load. It is clear that this figure could not explain the non symmetric behavior of both fatigue life and crack growth. From the Eq. 5 the relationship σI versus σI/σII ratio could be plotted for all studied loads (Figure 19a). The maximum value attained for σI/σII was ∞, but for clarity of presentation, one set σI/σII at 10 only. For torsion, the σI /σII ratio was constant and equal to -1 (positive value of σI /σII ratio were presented on the graph to simplify the presentation), which means that initiation and propagation of both crack modes were equivalent. In this case, as long as σI/σII = -1, the damage was done by pure shear (cracks in the matrix) and normal stress (cracks at nodules) equally. For axial load, on the contrary, one cracking mode dominated (mode I) as long as the ratio σI/σII was infinite. For in-phase loading, the ratio σI/σII was 2.6, which did not favor Mode II cracking. The σI/σII ratio for out-of-phase load did not have a fixed value; it oscillated above 1 during cycling. When the phase angle increased from 0 to 90, the maximum value of the σ I/σII ratio changed from 2.6 to ∞. For small-phase-shift angles, the σI/σII ratio had limited maximum values, which corresponded to a limited number of critical crystallographic orientations and led to particular crack orientations (Mode I) and combined Mode I and II cracks. Cracking stopped during cycling, either because of reduced driving force at the crack tip in the region of stress concentration and/or because of microstructural barriers. Inversely, under high out-of-phase loading, σVM mean remained maximum (Figure 19b), the σI/σII ratio reached very high values during the whole fatigue cycle, and there were a vast range of critical crystallographic orientations undergoing maximum normal principal stress. Mode I cracks then initiated at the whole crystallographic planes, and driving force cracking was almost equivalent in all crystallographic directions. The damage was, therefore, not due to the initiation and propagation of cracks on specific planes, but cracks could propagate freely without preferred orientation. Following this behavior, it was normal to assume that cracking did not stop and could easily propagate around microstructural barriers (grain boundaries and graphite nodules) and coalesce among themselves; the crack growth was then increased, and fatigue life was, consequently, significantly shortened.

Furthermore, the analytical method also revealed non-symmetrical behaviors of both σI relative to δ = 90°. At all times of the fatigue test, the amplitude of σI is about 100 % higher for δ < 90° than for δ > 90° contributing thereby to crack growth accelerating for δ < 90°, shortening finally the fatigue life (cf. Figure 1a). This non-symmetrical behavior was supported by the results of finite elements published by KACHIT [START_REF] Kachit | Non-symmetrical fatigue life of nodular graphite cast iron under non-proportional cyclic loading[END_REF]. It was found that, the more the planes were exposed to maximum principal stress (tensile cracks mode) for δ < 90° than for δ > 90° loads, the more crack growth accelerated in the range δ < 90°( cf. Figure 4b), shortening fatigue life. Otherwise, crack growth was a function of σI and Von Mises mean stress and not a function of Von Mises amplitude stress (Figure 19b). For δ90, mean Von Mises equivalent stress was maximum and constant during the whole of one cycle, increasing crack growth and shortening fatigue life. When Von Mises mean stress was increased, σI and SIF (stress intensity factor) at the crack tips and nodules were increased. This maximal concentration appeared periodically for small-phase angle loads, but remained constant during the whole fatigue cycle for high-phase angle loads. However, when the critical plans were fixed in space, the cracks propagated in well-defined plans where they could be blocked by microstructural barriers; moreover, these plans underwent maximum normal principal stress during just a small fraction of the fatigue cycle.

Conclusion

A good correlation was obtained between fatigue life and crack growth. Fatigue life decreased while phase shift was closing to 90°. That is due to high values of σI and the σI/σII ratio and the domination of Mode I cracking, which was increasing crack growth. The specimens of axial load broke perpendicular to the specimen axis and cracks initiated and propagated at the interface matrix/nodules and rarely in the matrix. Inversely of torsion, the fracture surface for in-phase multi-axial load was quite flat, and it was inclined to the specimen axis by an angle which was approximately +28° for close to 0° phase shifted loads and approximately -28° for close to 180° loads. There was no defined direction of fracturing for high out-ofphase angle loads, due to the continuous rotation of maximum principal stress direction. In this case, the fatigue crack did not have a strong preferential direction, its propagation did not stop, and it was free to propagate in any direction surrounding the grains and graphite nodules. Several cracking mechanisms were observed, particularly for the following loads: transgranular cracking due to slip repetition and intergranular cracking due to strain incompatibility between adjacent grains. The crack growth was, furthermore, increased, and, subsequently, fatigue life was reduced. The study essentially revealed the non-symmetric al behavior of the crack growth, which was higher in the interval δ = 0° -90° than in δ = 90° -180°. The analytical method revealed a non-symmetrical behavior of σI elative to δ = 90°. It was found that the amplitude of σI is about 100 % higher for δ < 90° than for δ > 90° contrubuting thereby to crack growth accelerating for δ < 90°, shortening finally the fatigue life. σI/σII ratio curve revealed that more planes underwent maximum principal stress (tensile cracks mode) for δ < 90° than for δ > 90° loads, which accelerated the crack growth and shortening furthermore fatigue life.
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 1 Fig. 1: Fatigue life in function of out-of-phase angle (a). Lifetimes results located on EN-GJS-400-18 S-N curve (b)
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 2 Fig. 2: Crack growth and coalescence during cycling for δ80 load (as an example)

Fig. 3 :

 3 Fig. 3: Apparent lengths of certain individual cracks vs N for δ90° (as an illustration)
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 4 Fig.4: Average apparent crack length curves for all loading conditions (a). Average apparent crack growth vs loading condition (b)
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 5 Fig. 5: Average apparent crack length relative to cracking nodule size vs N
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 6 Fig. 6: Distribution of apparent size of cracked nodules at rupture (a). Proportion of cracked nodules vs N (b)
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 7 Fig. 7: Matrix cracks/total cracks ratio vs N
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 8 Fig. 8: Axial loading. Cracks initiated and propagated perpendicular at nodules (a and b) and in the matrix (c) and the corresponding rupture of the sample (d).

Fig. 9 :

 9 Fig. 9: Crack growth during cycling (a -c), crack coalescence (d), and corresponding rupture of the sample (e) for torsion loading
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 10 Fig. 10: SEM (a, c, d and e) and OM (b and f) image of trans and intergranular cracks initiated at slip microbands and grain boundary respectively
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 11 Fig. 11: Cracks at nodules in form of cross for 0° phase angle load (a and b) and 180° phase angle load (c). Slip bands in the matrix (d) and rupture of the sample (e) for 0° phase angle load.

Fig. 12 :

 12 Fig. 12: Crack propagation at differently oriented plans (a), coalescence of cracks in very important crack (b) and corresponding rupture of the sample (c) for δ90.

Fig. 13 :

 13 Fig. 13: Matrix cracks (a) active slip bands producing intrusion-extrusion phenomena (b and c)

Fig. 14 :

 14 Fig. 14: Ferritic debris formed during crack growth for δ80 load. OM observation (a notched and b not notched), SEM observation (c and d)

Fig. 15 :

 15 Fig. 15: SEM image of coincidence of ferritic rim and crack path at matrix/nodule interface (a), completely crack surrounded nodule and wide open crack (b) for δ100 load.

Fig. 16 :

 16 Fig. 16: SEM (a) and OM (b) observations of intergranular cracks and SEM zoom observation (c) for δ80 load

Fig. 17 :

 17 Fig. 17: OM image of mixed inter-and transgranular crack propagation, for δ80 load.

Fig. 18 :

 18 Fig. 18: The evolution of magnitude and angle of principle stresses over a single load cycle for different loads

Fig. 19 :

 19 Fig. 19: σI/σII ratio versus σI. (a). Evolution of amplitude and mean of Von Mises stress (b)

Table 1 :

 1 Values of applied tensile and shear stress amplitudes and controlled Von Mises stress amplitude (according to Eq. 3)

	Load type	Applied tensile stress am-plitudes (MPa)	Applied shear stress amplitudes (MPa)	Controlled Von Mises maxi-mum stress (MPa)
	simple Axial	215	0	
	simple Torsional	0	152	
	δ0	152	107.5	
	δ30	157.5	111.4	
	δ45	164.5	116.3	
	δ60	175.5	124.1	
	δ80	198	140	215
	δ90	215	152	
	δ100	198	140	
	δ120	175.5	124.1	
	δ135	164.5	116.3	
	δ150	157.5	111.4	
	δ180	152	107.5	
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