STRESS-DEPENDENT DISPERSION OF CORROSION–FATIGUE LIFE IN AA 7075-T651 UNDER MULTIAXIAL LOADING: A WEIBULL-BASED ANALYSIS
Abstract
Corrosion–fatigue of high-strength aluminium alloys is governed not only by reductions in mean fatigue life but, more critically, by systematic changes in fatigue-life dispersion that directly affect structural reliability. In this study, the corrosion–fatigue behaviour of AA 7075-T651 under multiaxial loading is analysed from a dispersion-centred statistical perspective using a Weibull-based framework to quantify how variability evolves with stress level, corrosion exposure, and loading mode. Fatigue data obtained under uncorroded conditions and after 7-day and 14-day NaCl exposure were analysed for bending and torsional loading. Stress-level binning was employed to ensure statistically robust parameter estimation without extrapolation beyond the experimentally tested domain.
Rather than treating scatter as experimental noise, the Weibull shape parameter is explicitly interpreted as a stress- and environment-dependent descriptor of fatigue-life variability. The results show that, under uncorroded conditions, fatigue-life dispersion increases significantly at lower stress levels for both bending and torsional loading, consistent with a transition toward initiation-controlled failure. Corrosion exposure produces a pronounced and persistent reduction in the Weibull shape parameter, indicating a fundamental broadening of the fatigue-life distribution that intensifies with increasing exposure duration. Loading mode is further shown to modulate this behaviour, with torsional loading exhibiting distinct dispersion characteristics relative to bending, particularly in corrosive environments.
These findings demonstrate that fatigue-life dispersion in AA 7075-T651 cannot be characterised using stress-independent statistical parameters or inferred reliably from mean-life trends alone. Instead, dispersion evolves systematically with stress level, environmental degradation, and loading mode, necessitating stress- and environment-dependent probabilistic descriptions. By explicitly quantifying these effects, the present study provides a statistical basis for advancing corrosion–fatigue assessment beyond conventional deterministic and mean-life-based approaches toward reliability-oriented evaluation under multiaxial loading.
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1. Introduction
Corrosion–fatigue of high-strength aluminium alloys is characterised not only by a reduction in fatigue life but also by a pronounced increase in life scatter. For alloys such as AA 7075-T651, this variability becomes particularly critical under multiaxial loading conditions, where complex stress states can substantially influence fatigue damage accumulation and failure probability [1]. Despite its direct relevance to structural reliability, fatigue-life scatter has traditionally received less attention than mean S–N behaviour, especially in corrosion–fatigue studies where design decisions are often based primarily on average trends.
Fatigue-life variability is increasingly recognised as a dominant factor in high-cycle and very-high-cycle fatigue regimes, where relatively small changes in stress level may lead to large differences in observed life [2]. In such regimes, deterministic descriptions based solely on mean behaviour become inadequate, particularly when multiaxial loading introduces non-proportional stress components, competing damage mechanisms, and heightened sensitivity to microstructural and surface-condition effects [3]–[5]. Under these conditions, scatter is no longer incidental but represents an intrinsic characteristic of the fatigue response, with direct implications for reliability-based design and assessment.
Probabilistic approaches provide a natural framework for capturing this behaviour. Among these, the Weibull distribution has been widely adopted for fatigue-life analysis due to its flexibility and its ability to represent the right-skewed life distributions commonly observed in metallic materials [6]. Importantly, several studies have demonstrated that Weibull parameters—particularly the shape parameter—are not constant material properties but exhibit systematic dependence on stress level, with fatigue-life dispersion often increasing as stress decreases [6], [7]. These findings indicate that variability itself evolves with loading conditions and should be treated as a stress-dependent response rather than as random experimental scatter.
For AA 7075-T651, extensive experimental investigations have been reported under uniaxial and multiaxial loading in non-corrosive environments, providing valuable insight into cyclic deformation behaviour, load-sequence effects, and fatigue damage mechanisms [8]–[10]. While these studies establish a robust understanding of baseline fatigue performance, they predominantly rely on deterministic or mean-life descriptions and do not explicitly quantify fatigue-life dispersion using probabilistic metrics. When corrosion is introduced, the interaction between environmental degradation and cyclic loading is expected to further amplify variability, making a systematic statistical characterisation of fatigue-life scatter particularly important.
The objective of the present study is therefore to quantitatively characterise corrosion–fatigue life dispersion in AA 7075-T651 using a Weibull-based statistical framework. Rather than focusing on mean-life degradation alone, this work examines how fatigue-life dispersion evolves as a function of stress level, corrosion duration, and loading mode under multiaxial loading conditions. Emphasis is placed on the interpretation of Weibull parameters as descriptors of variability, without recourse to mechanistic modelling of corrosion pits or crack initiation processes. By isolating stress-level-dependent dispersion effects, the study aims to provide a statistically grounded basis for reliability-oriented assessment of corrosion–fatigue behaviour that extends beyond conventional mean-life approaches.
2. Experimental Dataset
The fatigue data analysed in this study were obtained from an experimental programme previously reported in detail in the literature [11]. The material investigated is the high-strength aluminium alloy AA 7075-T651. Prior to fatigue testing, specimens were subjected to controlled corrosion exposure, including an uncorroded reference condition and immersion in a sodium chloride (NaCl) solution for durations of 7 days and 14 days.
Fatigue tests were conducted under different loading modes, namely bending, torsion, and combined bending–torsion, in order to capture the influence of multiaxial stress states on fatigue-life behaviour. Fatigue life was defined as the number of cycles to failure. Run-out data were identified and treated consistently within the statistical analysis framework, as described explicitly in the methodology, to ensure unbiased estimation of fatigue-life dispersion.
To enable a unified statistical treatment of results obtained under different loading modes, an equivalent stress parameter, was adopted. The definition of this parameter is deterministic and consistent with that employed in previous studies based on the same experimental dataset [11]. Detailed descriptions of specimen geometry, test rigs, corrosion procedures, and loading configurations are therefore not repeated here and can be found in the referenced work.
Although combined bending–torsion tests were included in the original experimental programme, the number of failed specimens under combined loading was insufficient to support statistically reliable Weibull parameter estimation. Consequently, combined loading data were intentionally excluded from the dispersion analysis. This restriction ensures that all reported Weibull parameters are based on adequately populated datasets and that subsequent statistical interpretations remain robust and defensible.
3. Methodology: Statistical Framework
3.1 Choice of Distribution
Fatigue-life data are typically characterised by right-skewed distributions and substantial scatter, particularly under multiaxial loading and in corrosive environments where damage mechanisms are inherently heterogeneous. To capture this variability in a statistically consistent and interpretable manner, the Weibull distribution is adopted in the present study. The Weibull model is widely used in fatigue reliability analysis due to its mathematical flexibility and its ability to represent a broad range of dispersion behaviours using a limited number of parameters [12].
From a statistical standpoint, the Weibull distribution is well suited to life data analysis because it can accommodate increasing, constant, or decreasing failure rates depending on the value of the shape parameter. This capability is especially relevant for fatigue problems, where governing damage processes and failure probabilities may evolve with stress level, loading mode, and environmental condition [13]. Consequently, the Weibull framework provides a natural basis for probabilistic assessment of fatigue life in metallic materials.
In fatigue applications, the Weibull distribution has been successfully employed to unify the description of characteristic behaviour and statistical scatter within a single formulation. Unified statistical methodologies for fatigue modelling have demonstrated that Weibull-based representations can effectively describe experimental fatigue data across different stress regimes without requiring explicit assumptions regarding underlying damage mechanisms [14]. This feature is particularly advantageous when the objective is to quantify variability rather than to infer physical processes.
Previous studies have further shown that scatter in S–N data is not constant but varies systematically with stress level, especially in the high-cycle fatigue regime. Such stress-dependent dispersion has been linked to changes in crack initiation dominance and microstructural sensitivity, effects that are naturally reflected through variations in Weibull parameters [15], [16]. The Weibull distribution therefore provides a statistically robust framework for analysing fatigue-life dispersion as a function of stress level, corrosion exposure, and loading mode.
On this basis, the Weibull distribution is selected in the present study as the primary statistical model for quantifying corrosion–fatigue life dispersion in AA 7075-T651. The analysis focuses on comparative evaluation of Weibull parameters under different conditions, rather than on absolute reliability prediction or mechanistic interpretation, in full alignment with the defined scope of the work.
3.2 Weibull Parameters (β and η)
Within the Weibull framework, fatigue-life behaviour is characterised using two primary parameters: the shape parameter β and the scale parameter η. Together, these parameters provide a compact statistical description of both fatigue-life dispersion and characteristic life, with β governing the degree of scatter and η representing a characteristic fatigue life corresponding to a defined survival probability.
The Weibull shape parameter β is widely interpreted as a quantitative indicator of fatigue-life dispersion. Lower values of β correspond to broader life distributions and increased variability, whereas higher values indicate more concentrated fatigue-life data with reduced scatter. Importantly, β is not a fixed material constant but has been shown to depend on loading conditions, stress level, and failure probability, particularly when fatigue behaviour is examined at low probabilities of failure [6]. This sensitivity makes β especially suitable for assessing how corrosion exposure and multiaxial loading influence fatigue-life variability.
Recent developments in Weibull-based fatigue modelling have further emphasised the importance of appropriate parameter formulation for accurately representing experimental scatter. Modified Weibull parameterisations have been proposed to improve the fidelity of probability density functions and to reduce discretisation-related errors in fatigue applications, particularly when stress levels vary across test conditions [7]. Such formulations reinforce the interpretation of β as a physically meaningful descriptor of dispersion rather than a purely statistical fitting parameter.
The Weibull scale parameter η represents the characteristic fatigue life at which approximately 63.2% of specimens are expected to fail. In the present study, η is employed primarily as a reference quantity for comparing fatigue-life levels across different corrosion conditions and loading modes. Emphasis is placed on relative changes in η rather than absolute life prediction, in order to maintain consistency with the statistical focus of the analysis and to avoid extrapolation beyond the experimentally tested stress ranges.
In corrosion–fatigue applications, Weibull parameters have been successfully used to characterise reliability trends and life variability under environmentally assisted degradation. Previous Weibull-based reliability studies have demonstrated that both β and η can be significantly influenced by corrosion exposure, reflecting increased uncertainty and reduced characteristic life as environmental severity increases [14], [15]. These findings support the use of Weibull parameters as effective descriptors for analysing corrosion-induced changes in fatigue-life dispersion.
Accordingly, Weibull parameters are extracted in this study for each combination of stress level, corrosion condition, and loading mode. Their interpretation is intentionally restricted to comparative statistical behaviour within the tested domain, without extrapolation to untested stress ranges or attribution to specific microstructural or mechanistic processes, in full agreement with the defined scope of the work.
3.3 Stress-Level Binning Strategy
To examine the dependence of fatigue-life dispersion on stress level in a statistically consistent manner, the experimental data were grouped into discrete stress-level bins. This binning strategy enables Weibull parameters to be evaluated within comparable stress ranges while avoiding excessive fragmentation of the dataset, which can lead to unstable parameter estimation. Stress-level grouping is particularly important in fatigue analyses, as Weibull parameters—especially the shape parameter β—are known to vary systematically with applied stress level rather than remaining constant across the full S–N domain [6].
In the present study, the data were categorised according to corrosion condition, loading mode, and stress level. For each corrosion and loading configuration, stress levels were initially divided into low, medium, and high ranges. To ensure statistically meaningful estimation of Weibull parameters and to limit sensitivity to individual data points, a minimum of eight failure events per stress bin was targeted. Comparable binning strategies have been employed successfully in previous Weibull-based fatigue studies to capture stress-dependent dispersion while avoiding artificial trends associated with over-parameterisation [7].
Where the initial three-bin division resulted in insufficient failure counts for robust statistical inference, adjacent stress bins were merged to satisfy the minimum sample-size requirement. Consequently, uncorroded conditions were analysed using two stress groups (low and high), while corroded conditions were analysed using a single aggregated stress group. This adaptive binning procedure reflects a data-driven compromise between stress resolution and statistical reliability, ensuring that estimated Weibull parameters remain stable and interpretable.
Beyond facilitating parameter estimation, the stress-level binning strategy also defines the scope of statistical inference in the present work. By restricting the analysis to experimentally tested stress ranges and avoiding extrapolation beyond the available data, the study does not attempt to infer endurance limits, threshold stresses, or long-term service behaviour. Instead, Weibull parameters are interpreted as local descriptors of fatigue-life variability within defined stress groups, fully consistent with the objective of statistically characterising dispersion rather than predicting fatigue performance outside the experimental domain.
4. Fatigue-Life Dispersion under Uncorroded Conditions
The uncorroded fatigue data provide a necessary statistical reference for assessing fatigue-life dispersion in AA 7075-T651 prior to the influence of environmental degradation. Weibull shape (β) and scale (η) parameters obtained for bending and torsional loading under uncorroded conditions are summarised in Table 1 and serve as a baseline for evaluating corrosion-induced changes in variability.

Table 1. Weibull parameters for fatigue-life dispersion of AA 7075-T651
	Corrosion condition
	Loading mode
	Stress group
	β (shape)
	η (cycles)
	n

	initial
	bending
	low
	0.613
	1.48×10⁶
	10

	initial
	bending
	high
	1.244
	6.08×10⁴
	9

	initial
	torsion
	low
	1.361
	1.34×10⁶
	9

	initial
	torsion
	high
	1.633
	1.20×10⁵
	8

	7days
	bending
	all
	0.672
	1.27×10⁵
	9

	7days
	torsion
	all
	0.497
	3.53×10⁵
	12

	14days
	bending
	all
	0.703
	8.38×10⁴
	11

	14days
	torsion
	all
	0.516
	3.79×10⁵
	11



As shown in Table 1, uncorroded bending exhibits a pronounced dependence of fatigue-life dispersion on stress level. The Weibull shape parameter decreases from β ≈ 1.24 at high stress to β ≈ 0.61 at low stress, indicating a substantial broadening of the fatigue-life distribution in the low-stress regime. This increase in dispersion at lower stress levels reflects enhanced sensitivity to initiation-controlled fatigue processes, where local material heterogeneities and surface condition play a more dominant role than deterministic crack propagation. Similar stress-dependent increases in scatter have been reported in probabilistic fatigue studies employing Weibull statistics, particularly in high-cycle fatigue regimes [6], [16].
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Figure 1: Variation of the Weibull shape parameter β with corrosion exposure for bending and torsional loading of AA 7075-T651.
In contrast, uncorroded torsional loading yields consistently higher Weibull shape parameters at both stress levels, with β ≈ 1.63 at high stress and β ≈ 1.36 at low stress. These values indicate comparatively narrower fatigue-life distributions and reduced scatter relative to bending. The reduced dispersion under torsional loading suggests a more stable fatigue response, likely associated with differences in stress state and damage accumulation mechanisms compared with bending-dominated loading. This observation is consistent with previous multiaxial fatigue investigations on AA 7075-T651, which reported more uniform fatigue behaviour under torsional loading conditions [1].
The variation of the Weibull shape parameter with loading mode under uncorroded conditions highlights that fatigue-life dispersion is inherently influenced by stress state, even in the absence of corrosion. As illustrated in Fig. 1, torsional loading consistently exhibits higher β values than bending across the investigated stress range, confirming lower intrinsic variability under torsion. Together, these results establish a quantitative statistical baseline for AA 7075-T651, against which the effects of corrosion exposure and loading-mode complexity on fatigue-life dispersion are examined in the subsequent sections.
5.1 Effect of Seven-Day Corrosion Exposure on Fatigue-Life Dispersion
The influence of short-term corrosion exposure on fatigue-life dispersion was evaluated using data obtained after seven days of NaCl exposure. The corresponding Weibull shape (β) and scale (η) parameters are reported in Table 1, while overall trends relative to the uncorroded condition are illustrated in Fig. 1, enabling assessment of the early statistical effects of environmental degradation on fatigue behaviour.
As shown in Table 1, seven-day corrosion exposure results in a pronounced reduction in the Weibull shape parameter for both bending and torsional loading compared with the uncorroded baseline. For bending, the estimated β value decreases to approximately 0.67, indicating a substantially broader fatigue-life distribution relative to uncorroded bending at comparable stress levels. This reduction in β demonstrates that corrosion-induced variability emerges rapidly, even over relatively short exposure durations, and cannot be regarded as a secondary or long-term effect.
An even more pronounced increase in dispersion is observed under torsional loading. After seven days of corrosion exposure, the Weibull shape parameter decreases to approximately β ≈ 0.50 (Table 1), representing the lowest β value obtained among all investigated conditions. Such a low shape parameter indicates severe fatigue-life variability and highlights the strong sensitivity of shear-dominated stress states to early-stage corrosion damage. This behaviour is clearly reflected in Fig. 1, where the seven-day torsional data lie well below the corresponding uncorroded values across the investigated stress range.
The observed increase in dispersion with short-term corrosion exposure is consistent with previous corrosion–fatigue reliability studies, which have shown that environmental degradation amplifies fatigue-life variability by increasing sensitivity to surface condition, stress distribution, and local damage accumulation [2], [11]. Probabilistic analyses based on Weibull statistics further indicate that corrosion effects often manifest more strongly through increased scatter than through reductions in mean fatigue life alone [13]. The present results reinforce this observation by demonstrating that dispersion responds rapidly to corrosion exposure, even before longer-term degradation mechanisms develop.
Although the present study does not explicitly account for corrosion pit geometry or crack initiation mechanisms, the statistical trends observed after seven days of exposure are consistent with reported stress–corrosion interactions in fatigue, where corrosion-induced damage enhances life scatter across different stress states [12]. Taken together, these findings indicate that even limited corrosion exposure fundamentally alters the statistical distribution of fatigue life, underscoring the need to treat dispersion as a primary consideration in corrosion–fatigue assessment rather than as a secondary consequence of life reduction.
5.2 Effect of Fourteen-Day Corrosion Exposure on Fatigue-Life Dispersion
The effect of extended corrosion exposure on fatigue-life dispersion was assessed using data obtained after fourteen days of NaCl exposure. The corresponding Weibull parameters are summarised in Table 1, while comparative trends across corrosion conditions are illustrated in Fig. 1, enabling direct evaluation of how prolonged environmental degradation alters the statistical distribution of fatigue life.
As shown in Table 1, fourteen-day corrosion exposure results in persistently low Weibull shape parameters for both bending and torsional loading, indicating a sustained and pronounced increase in fatigue-life dispersion relative to the uncorroded condition. For bending, the estimated shape parameter decreases to β ≈ 0.70, remaining well below values obtained under uncorroded loading. This confirms that the increase in scatter observed after seven days of corrosion exposure is not transient, but instead reflects a stable shift toward broader fatigue-life distributions with increasing exposure duration.
Under torsional loading, the amplification of dispersion is even more pronounced. The Weibull shape parameter decreases further to β ≈ 0.52 after fourteen days of corrosion (Table 1), indicating a highly dispersed fatigue-life distribution. As illustrated in Fig. 1, torsional loading consistently exhibits lower β values than bending under corroded conditions, demonstrating that shear-dominated stress states are particularly sensitive to corrosion-induced variability. This behaviour highlights a strong interaction between loading mode and environmental degradation in governing fatigue-life dispersion.
The observed persistence and amplification of dispersion with increased corrosion duration are consistent with probabilistic corrosion–fatigue studies based on Weibull statistics, which report systematic reductions in the shape parameter as environmental severity increases [17], [18]. Importantly, similar trends have also been identified in data-driven fatigue-life analyses of aluminium alloys, where increased surface degradation leads to broader life distributions and reduced predictability even when mean-life trends remain comparatively smooth [7]. These findings indicate that prolonged corrosion exposure primarily degrades the predictability of fatigue performance rather than merely reducing characteristic life.
The combined influence of corrosion duration and loading mode on fatigue-life dispersion aligns with reliability-based corrosion–fatigue frameworks that emphasise the dominant role of statistical variability under sustained environmental exposure [2]. Within this context, the fourteen-day corrosion condition represents a regime in which variability becomes a controlling factor in fatigue behaviour, reinforcing the necessity of explicitly accounting for environment- and loading-dependent dispersion in probabilistic assessment of corrosion–fatigue performance.

6. Influence of Loading Mode
The influence of loading mode on fatigue-life dispersion was assessed through a statistical comparison of bending and torsional loading under uncorroded and corroded conditions. Weibull shape (β) parameters obtained for each loading mode are summarised in Table 1, while comparative trends across corrosion conditions are illustrated in Fig. 1, enabling direct evaluation of how stress state affects fatigue-life variability.
Under uncorroded conditions, torsional loading exhibits consistently higher Weibull shape parameters than bending at comparable stress levels, indicating narrower fatigue-life distributions and reduced scatter under torsion. This demonstrates that loading mode alone governs fatigue-life dispersion even in the absence of environmental degradation. The observed distinction reflects differences in stress state and damage accumulation associated with bending- and torsion-dominated loading. Similar loading-mode-dependent variability has been reported in probabilistic multiaxial fatigue studies of AA 7075-T651, where torsional loading was shown to exhibit more stable fatigue behaviour relative to bending [19].
Following corrosion exposure, the influence of loading mode on fatigue-life dispersion becomes more pronounced. Both seven-day and fourteen-day corrosion conditions result in systematically lower Weibull shape parameters for torsional loading compared with bending. As illustrated in Fig. 1, torsional data points lie consistently below those for bending under corroded conditions, indicating a broader fatigue-life distribution. This suggests that torsional loading is particularly sensitive to corrosion-induced variability, likely due to the interaction between shear-dominated stress states and surface degradation effects.
The observed loading-mode dependence of fatigue-life dispersion is consistent with Weibull-based probabilistic frameworks developed for multiaxial and notched fatigue problems, which demonstrate that variations in stress state and load path significantly influence the statistical distribution of fatigue life [20], [21]. Energy-based multiaxial fatigue approaches combined with probabilistic formulations further support the conclusion that loading mode plays a critical role in controlling fatigue-life scatter, even when mean-life predictions across loading configurations remain comparable [22], [23].
Within the scope of the present study, these results confirm that loading mode is a governing parameter in fatigue-life dispersion for AA 7075-T651. The systematically lower Weibull shape parameters obtained under torsional loading—particularly in corrosive environments—highlight that loading mode not only affects characteristic fatigue life but also fundamentally alters the uncertainty associated with fatigue performance. This underscores the importance of explicitly incorporating loading-mode effects in statistical and reliability-based assessments of corrosion–fatigue behaviour.
7. Stress-Level Dependence of Weibull Parameters
The dependence of fatigue-life dispersion on stress level was evaluated through the variation of the Weibull shape parameter β across stress groups, corrosion conditions, and loading modes. The estimated Weibull parameters summarised in Table 1, together with the trends illustrated in Fig. 1, provide a direct basis for assessing how variability evolves within the experimentally tested stress ranges under both uncorroded and corrosive environments.
Under uncorroded conditions, a clear and systematic stress-level dependence of the Weibull shape parameter is observed for both bending and torsional loading. As shown in Table 1, β decreases consistently from high to low stress levels, indicating a progressive increase in fatigue-life dispersion as stress decreases. This behaviour is consistent with Weibull-based fatigue studies reporting enhanced variability in regimes where fatigue life transitions from being dominated by relatively deterministic crack growth to initiation-controlled processes that are more sensitive to local material and surface heterogeneities [24]. In this context, the observed stress dependence of β reflects a fundamental change in the statistical nature of fatigue failure rather than random experimental scatter.
The influence of stress level on dispersion is further modified by corrosion exposure. Following both seven-day and fourteen-day corrosion, the Weibull shape parameters remain below unity for bending and torsional loading, indicating highly dispersed fatigue-life distributions across the investigated stress ranges. As illustrated in Fig. 1, corrosion exposure markedly suppresses the distinction between stress levels observed under uncorroded conditions, suggesting that corrosion-induced damage introduces an additional source of uncertainty that dominates fatigue-life variability across the stress domain.
This combined effect of stress level and environmental degradation aligns with modified Weibull parameterisations proposed for fatigue reliability analysis, in which the shape parameter is explicitly treated as stress-dependent rather than constant [25]. Similar stress-sensitive behaviour has also been reported in multiaxial fatigue probability models employing three-parameter Weibull formulations, particularly when local damage mechanisms amplify scatter at lower stress levels and under complex stress states [26]. The present results extend these observations by demonstrating that such stress-dependent dispersion persists under corrosion–fatigue conditions.
In the presence of corrosion, the interaction between stress level and dispersion becomes more pronounced. Probabilistic corrosion–fatigue studies have shown that Weibull shape parameters are highly sensitive to both stress range and environmental severity, resulting in broader fatigue-life distributions even when characteristic life trends remain monotonic [27], [28]. The agreement between the present results and these findings confirms that corrosion fundamentally alters the statistical structure of fatigue-life data, reinforcing the need for stress-resolved probabilistic descriptions.
Overall, the results demonstrate that fatigue-life dispersion in AA 7075-T651 cannot be adequately characterised using a single Weibull shape parameter across stress levels. Instead, stress-dependent Weibull parameters are required to capture the evolving variability associated with changes in stress level, corrosion exposure, and loading mode. This reinforces the necessity of treating dispersion as an intrinsic, stress-dependent response in probabilistic corrosion–fatigue assessment rather than as a secondary or constant property.
8. Discussion
The present study provides a statistical characterisation of fatigue-life dispersion in AA 7075-T651 under multiaxial loading and corrosion exposure, with particular emphasis on the stress-level dependence of the Weibull shape parameter. By analysing dispersion explicitly rather than treating it as experimental scatter, the estimated Weibull parameters summarised in Table 1 and the trends illustrated in Fig. 1 enable direct comparison with probabilistic fatigue frameworks that aim to support reliability-based assessment.
Under uncorroded conditions, the systematic reduction of the Weibull shape parameter at lower stress levels confirms that fatigue-life dispersion increases as stress decreases. This trend is consistent with Weibull-based fatigue analyses reporting enhanced variability in regimes where fatigue life becomes increasingly governed by initiation sensitivity rather than deterministic crack propagation [29]. In such regimes, small variations in microstructural features or surface condition can lead to large differences in observed life. The agreement between the present results and reported stress-dependent dispersion trends in multiaxial fatigue studies of AA 7075-T651 further supports the validity of the statistical interpretation adopted here [30].
Corrosion exposure introduces an additional and dominant source of variability, leading to sustained reductions in the Weibull shape parameter for both bending and torsional loading. As shown in Table 1 and Fig. 1, even short-term corrosion exposure significantly broadens the fatigue-life distribution, while extended exposure maintains or intensifies this elevated dispersion. These observations are consistent with corrosion–fatigue reliability studies demonstrating that environmental degradation often manifests more strongly through increased scatter than through mean-life reduction alone [25]–[27]. From a probabilistic standpoint, this indicates that corrosion primarily degrades predictability, increasing uncertainty in fatigue performance even when characteristic life trends remain monotonic.
The coupled influence of stress level, corrosion exposure, and loading mode further highlights the limitations of deterministic fatigue models for corrosion–fatigue assessment, particularly under multiaxial stress states [31]. The present results demonstrate that dispersion varies systematically with stress level and is amplified by both environmental degradation and loading-mode complexity. In this context, probabilistic models that assume stress-independent scatter or constant Weibull parameters are unlikely to provide reliable descriptions of corrosion–fatigue behaviour. Instead, modified Weibull formulations that allow the shape parameter to vary with stress offer a more appropriate framework for capturing the observed evolution of fatigue-life variability [32].
From an engineering perspective, these findings underscore that reliability-based design and assessment of corrosion–fatigue behaviour must explicitly account for stress-dependent variability. Reliance on a single characteristic fatigue life or a fixed Weibull shape parameter is insufficient to represent the level of uncertainty observed under corrosive and multiaxial loading conditions. Incorporating stress- and environment-dependent dispersion into probabilistic models is therefore essential for realistic assessment of failure probability and structural safety.
Within the defined scope of this study, the discussion is intentionally restricted to statistical trends in fatigue-life dispersion. Physical mechanisms such as corrosion pit development, pit-to-crack transition, and crack initiation processes are not explicitly addressed, as these would require additional experimental characterisation beyond the available dataset. Nevertheless, the statistical trends identified here provide a necessary foundation for future work aimed at linking mechanistic understanding with reliability-oriented probabilistic modelling.


9. Limitations
The findings of this study should be interpreted within the boundaries defined by the available experimental data and the adopted statistical framework. First, the number of failed specimens within individual stress–corrosion–loading combinations was moderate, necessitating adaptive stress-level binning to ensure statistically stable Weibull parameter estimation. While this strategy enhances robustness of the fitted parameters and avoids overfitting, it inevitably limits resolution of dispersion trends within narrowly defined stress intervals.
Second, fatigue-life dispersion under combined bending–torsion loading could not be quantified using Weibull statistics due to an insufficient number of failure events for statistically meaningful analysis. Consequently, the dispersion analysis was intentionally restricted to bending and torsional loading modes, for which reliable parameter estimation could be achieved. This restriction reflects a data-driven methodological choice rather than a limitation of the statistical approach itself.
Third, the statistical characterisation presented here is based exclusively on fatigue life data and does not explicitly incorporate corrosion kinetics, pit morphology, or crack initiation measurements. As a result, the analysis describes statistical manifestations of variability rather than underlying physical mechanisms governing corrosion–fatigue interaction. Linking the observed dispersion trends to mechanistic descriptors would require additional experimental characterisation beyond the scope of the present dataset.
Finally, the reported Weibull parameters are valid only within the experimentally tested stress ranges and corrosion durations. No extrapolation to endurance limits, threshold stresses, or long-term service conditions is attempted. Such restrictions are inherent to probabilistic fatigue analyses based on finite experimental datasets and are essential to preserve the reliability of statistical inference. These limitations should therefore be considered when applying the present results in broader reliability assessments or design contexts [33], [34].
10. Conclusions
This study has presented a statistical characterisation of fatigue-life dispersion in AA 7075-T651 under uncorroded and corroded conditions using a Weibull-based framework. The results demonstrate that fatigue-life variability is not a secondary effect that can be treated as constant, but a governing response that evolves systematically with stress level, corrosion exposure, and loading mode.
Under uncorroded conditions, the Weibull shape parameter exhibits a clear dependence on stress level, with increased dispersion observed at lower stresses for both bending and torsional loading. Torsional loading consistently shows narrower fatigue-life distributions than bending, establishing a statistically robust baseline against which corrosion-induced changes in variability can be assessed.
Corrosion exposure is shown to significantly amplify fatigue-life dispersion. Both seven-day and fourteen-day corrosion conditions result in sustained reductions in the Weibull shape parameter, indicating fundamental broadening of fatigue-life distributions relative to the uncorroded state. This effect is particularly pronounced under torsional loading, highlighting the coupled influence of loading mode and environmental degradation on fatigue-life variability.
The findings confirm that stress-level-dependent Weibull parameters are required to represent fatigue-life dispersion accurately. Approaches based on a single, stress-independent shape parameter are insufficient for describing corrosion–fatigue behaviour under multiaxial loading conditions. Instead, variability must be treated as a stress- and environment-dependent quantity within probabilistic fatigue models.
Overall, the study demonstrates that statistically meaningful trends in fatigue-life dispersion can be extracted from existing experimental datasets without overfitting, provided that stress-level binning and sample-size constraints are handled rigorously. By explicitly quantifying how dispersion evolves with stress, corrosion duration, and loading mode, the present work provides a statistical basis for reliability-oriented assessment of corrosion–fatigue behaviour in high-strength aluminium alloys that extends beyond conventional mean-life approaches.
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