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Abstract   

The modern drivetrains apply sustained multiaxial loads and high temperature 

conditions to long automotive shafts, which gradually make them prone to time-

dependent creep deformation, an aspect not commonly considered in the traditional 

fatigue based design. This paper develops a numerical–experimental approach to 

study creep mechanisms in full-scale shafts made of 42CrMo4 steel and AZ91D 

magnesium alloy. A high-fidelity finite element model was implemented for 

mechanism based constitutive laws (Norton–Bailey, and grain boundary sliding, as 

representative of steel and Mg, respectively) in ABAQUS; it was validated against 

creep tests performed under combined tension/torsion); 40kN + 1.8kN·m; 150–

300°C ) after which the models were extrapolated to long term condition (10⁴ 

hours). Full-field strain measurements (DIC) and post-test microstructural analysis 

(SEM/EBSD) disclosed that 42CrMo4 has a well-controlled climb dislocation 

through the creep with great stability below 300°C, compared to rapid 

intergranular cavitation above 150°C for AZ91D. The model demonstrated good 

agreement in the prediction of secondary creep (RMSE <0.11mm), identified main 

stress concentrators including friction-welded joints as critical area, being 

supported by practical failures we received from transformed vehicle [3]. These 

results present a verified baseline creep-conscious design, alloy selection and heat-

treatment optimization in automotive powertrains that all together can maintain 

component durability under harsh service environments. 

Keywords: Creep, automotive shafts, sustained loads, numerical modeling, 

experimental validation. 
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 ٍِخص

حطُبّك أٔظّت اٌذفع اٌحذٌثت أحّبلًا ِخعذدة اٌّحبٚس ِسخّشة ٚظشٚفاب حشاسٌت عبٌٍت عٍى أعّذة اٌسٍبساث 

اٌطٌٍٛت، ِّب ٌدعٍٙب حذسٌدٍاب عشضت ٌخشٖٛ اٌزحف اٌّشحبط ببٌزِٓ، ٚ٘ٛ خبٔب لً ٌؤُخز عبدةا فً الًعخببس 

ب س ٘زٖ اٌٛسلت ٔٙدا ّٛ عذدٌاب حدشٌبٍاب ٌذساست آٌٍبث اٌزحف فً أعّذة  فً اٌخصٍُّ اٌخمٍٍذي اٌمبئُ عٍى اٌخعب. حطُ
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طبُّك ّٔٛرج عٕبصش ِحذٚدة  .AZ91D ٚسببئه اٌّغٍٕسٍَٛ 22CrMo4وبٍِت اٌحدُ ِصٕٛعت ِٓ فٛلًر 

بًٍٍ، ٚأزلًق حذٚد اٌحبٍببث، وّّثً ٌٍفٛلًر -عبًٌ اٌذلت ٌمٛأٍٓ حىٌٍٕٛت لبئّت عٍى اٌٍَت )ٔٛسحْٛ

ُّ اٌخحمك ِٓ صحخٗ ِٓ خلاي اخخببساث اٌزحف اٌخً ABAQUS ٚاٌّغٍٕسٍَٛ، عٍى اٌخٛاًٌ( فً ؛ ٚح

شخشن؛  ُِ دسخت ِئٌٛت( ٚبعذ  ٠١١-٠٥١وٍٍٛ ٍٔٛحٓ ِخش؛  1.1وٍٍٛ ٍٔٛحٓ +  20أخُشٌج ححج حأثٍش شذ/اٌخٛاء 

 (DIC) سبعت(. وشفج لٍبسبث إخٙبد اٌّدبي اٌىبًِ ٠١⁴رٌه حُ اسخمشاء إٌّبرج إٌى حبٌت طٌٍٛت الأخً )

خحىُ فٍٗ خٍذاا ِٓ  22CrMo4أْ  (SEM/EBSD) ٍت اٌذلٍمت بعذ الًخخببسٚححًٍٍ اٌبٕ ُِ ٌذٌٗ خٍع صعٛدي 

دسخت  ٠٥١دسخت ِئٌٛت، ِمبسٔتا ببٌخدٌٛف اٌحبٍبً اٌسشٌع فٛق  ٠١١خلاي اٌزحف ِع اسخمشاس وبٍش ححج 

، ٚحذد ُِ( ١.٠٠> RMSE) أظٙش إٌّٛرج احفبلاب خٍذاا فً اٌخٕبؤ ببٌزحف اٌثبٔٛي .AZ91D ِئٌٛت ٌـ

ُِشوزاث الإخٙبد اٌشئٍسٍت بّب فً رٌه اٌٛصلاث اٌٍّحِٛت ببلًحخىبن وّٕطمت حشخت، ِذعِٛت ببلأعطبي 
حٌٛت ] ُِ ا ٠اٌعٍٍّت اٌخً حٍمٍٕب٘ب ِٓ ِشوبت  خحمماب ٚاعٍاب ٌٍزحف، ٚاخخٍبسا ُِ ب أسبسٍاب  اّ [. حمذَ ٘زٖ إٌخبئح حصٍّ

إب ٌٍّعبٌدت اٌحشاسٌت فً ِدّٛعبث ٔ مً اٌحشوت ٌٍسٍبساث ٚاٌخً ٌّىٕٙب ِعاب اٌحفبظ عٍى ِخبٔت ٌٍسببئه، ٚححسٍ

 .اٌّىٛٔبث فً بٍئبث اٌخذِت اٌمبسٍت

سخذاِت، إٌّزخت اٌعذدٌت، اٌخحمك اٌخدشٌبًالكلماث المفخاحيت ُّ  .: اٌزحف، أعّذة اٌسٍبساث، الأحّبي اٌ

2. Introduction 

Creep deformation, the inelastic strain accumulation at elevated temperatures 

loading, has been identified as a dominant failure mechanism in high-temperature 

engineering application fields including turbine blades, nuclear reactors and power 

plants [1], [2]. Nevertheless, in the framework of current automotive development, 

the importance of creep is continuously increasing from multiple technological 

aspects: e.g. Electrification of powertrain systems; weight reduction strategies 

using advanced alloys; elevated operating temperatures encountered nowadays in 

compact high-power xdrivetrain systems [1], [2]. 

Some of the worst casualties are long automotive shafts — like propeller shafts, 

half-shafts and rear drive axles — which not only experience cyclic torsional and 

bending loads but steady-state service loads at the same time during hours of 

operation (and particularly in altered or overstressed vehicles) [3]. Needless to say, 

disastrous consequences occur when such shafts fail (as was clearly demonstrated 

in recent field cases). Huang et al. [3] reported a catastrophic fracture of the rear 

drive shaft from a modified pick-up truck where post-mortem analysis revealed 

typical rotation-bending type fatigue failure superimposed on sub-standard heat 

treated material. 
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Figure 1. Schematic illustration of a full-scale rear drive shaft assembly in a 

modified pickup truck chassis. 

A significant finding of this study was that the core hardness of the shaft fell well 

below the specification (measured at ~22–25 HRC as opposed to the specified 24–

32 HRC) due to excessive development of ferrite in tempered martensitic 

microstructure following quenching [3]. This loss of microstructural strength 

decreased the hardness and toughness, promoting crack initiation due to 

operational loads. In addition, schematisation as solid model by finite element 

method (FEM) showed significant masses increase and permanent overload of the 

vehicle, for these load conditions the maximum stress in the shaft varied to 676 

MPa at region around friction-welded joint, with value which overcame fatigue 

limit of medium frequency quenched material (σ₋₁ ≈ 501 MPa) [3]. 

Although this study was centered on fatigue, it indirectly emphasized a 

fundamental void: under prolonged or quasi-static loading conditions at elevated 

temperatures such as those more typical of stop-and-go traffic, towing load levels 

and/or high-torque electric drivetrains the time-dependent creep related 

mechanisms predictive of damage accumulation can indeed become substantial 

enough in some stress-risers areas (splines, welds, fillets etc.) to compound that 

caused by cyclic action. 
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Material choice adds another element to the problem. Conventional automobile 

shafts are manufactured from medium-carbon associated steel grades (40Cr, 

42CrMo4) which possess high strength and superior fatigue properties but can still 

exhibit a finite amount of creep above temperatures of 300°C [2]. On the other 

hand, magnesium alloys such as AZ91D are also widely studied to reduce weight, 

but have inherently low creep resistance above 120–150°C because of their 

hexagonal close-packed (HCP) crystal structure with a low stacking fault energy 

and grain boundary sliding (GBS) [1]. Athul et al. 11 reviewed the creep behaviour 

of Mg alloys in comprehensive manner, they showed that the main deformation 

mechanism changes from dislocation climb at high stresses to diffusion and GBS-

controlled creep at lower stresses and higher temperatures with value of stress 

exponent (n) generally varying between 1.5 and 3. This is in sharp contrast to 

metals, where dislocation climb controls creep for n ≥ 4 [2]. 

In spite of the extensive literature on creep in metals, however, conventional 

experimental work has been based on small notched specimens which have 

provided little information about design-related multiaxially loaded shafts and 

thermal conditions used in real automotive components [1], [2], [14]. In addition, 

numerical models usually use simplified constitutive laws fitted under idealized 

conditions, with no validation against full-scale component tests [11], [16]. The 

lack of integrated numerical–experimental procedures, as tailored for long shafts 

under service-relevant sustained loading conditions, is an important gap in 

knowledge. 

Therefore, this study aims to: 

(i) experimentally investigate creep behavior of full automotive scale shafts of 

AZ91Dmagnesium alloy and 42CrMo4 steel under combined axial–torsional 

sustained loads at 150°C–300°C, (ii) analyse/identify susceptibility to be affected 

by either tensile or shear stress under the given loading conditions. 

(ii) establish a high-fidelity finite element model in Abaqus invoking mechanism-

based creep constitutive equations (e.g., Norton–Bailey for steel, GBS-diffusion 

model of Mg); 

(iii) verify the numerical predictions with experimental results from Digital Image 

Correlation (DIC) and post-mortem microstructural analysis; and 

(iv) relate the observed creep behaviors to failure modes witnessed in practice 

(such as in [3]) that could guide material selection, heat treatment optimization and 

the creep-resistant design of future automotive drivetrain. 
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This work not only serves to bridge the fundamental creep science and the practical 

automotive engineering, but is also useful for improving durability, safety and 

efficiency of long shaft components under stringent working circumstances. 

3. Literature Review 

The reliable estimation of long-term deformation in automotive drivetrain parts 

under sustained thermal–mechanical loading is only possible with a comprehensive 

understanding of the creep mechanisms validated by integrated numerical and 

experimental procedures. This chapter presents a critical review on the state-of-the-

art in the following three closely related areas: (i) numerical simulation of creep 

deformation, (ii) experimental investigation of creep in metallic materials, and (iii) 

combined verification between numerical and experimental results. The review 

concludes by highlighting critical questions not satisfactorily addressed up to now, 

that the present research attempt to solve.  

(a) Numerical Modeling of Creep 

Numerical simulation of creep relies on constitutive models that relate stress, 

temperature, and time to inelastic strain rates. The most widely adopted framework 

is the power-law creep equation, often attributed to Norton and Bailey: 

  ̇    
    ( 

 

  
)  

where is the creep strain rate, is the effective stress, is the stress exponent and EA 

is activation energy; R is gas constant and T absolute temperature [1], [2]. The 

values of k r and c hell act as mechanistic fingerprints: implies that Nabarro–

Herring (lattice diffusion) creep dominates; implicates Coble or grain boundary 

sliding (GBS); whereas c hill is relevant to dislocation climb [1]. 

 

For magnesium-based alloys such as AZ91D, Athul et al. [1] showed that creep 

largely obeys GBS and diffusion mechanisms above 150°C where the stress 

exponents are usually ranging from 1.5 to 3. This is related to the HCP nature of 

crystal structure that restricts slip systems and encourages grain boundary 

accommodation. On the contrary, medium‐carbon alloy steels such as 40Cr or 

42CrMo4 show dislocation climb‐controlled creep at 300–500°C, a –7 [2]. 

Pekguleryuz and Celikin [2] indicated that the addition of rare-earth elements can 

improve creep resistance in Mg alloys after being found to pin grain boundaries 

and maintaining precipitates. 
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Finite element realizations of these laws are currently common place in 

commercial software (Abaqus, ANSYS). But, in the majority of studies these 

models are used on preferred geometries—smooth bars, notched specimens or 

axisymmetrical components—under uniaxial loading [11], [16]. Samuel and 

Tayong [11] used linear viscoelasticity to model a CFRP drive shaft, without 

accounting for the metallic creep at high temperature. Similarly, while Hu et al. 

[16] developed a variable-load creep damage model for metals, but it was only 

validated on small-scale coupons not full components. In addition, no welldefined 

FEM work exists including realistic multiaxial stress states, two-dimensional 

geometric discontinuities (such as splines and welds), temperature gradients of 

long automotive shafts. 

 

Figure 2. Schematic of the 3D finite element mesh for the long automotive 

shaft (1200 mm length). (b) Experimental Investigations of Creep 

Experimental creep study so far almost exclusively has proceeded from standard 

uniaxial tension tests (e.g., ASTM E139) for valuable results on rupture lifetime 
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and minimum rates of creep. These tests, however, do not characterize well the 

loading seen in actual components. Recent research has attempted to address this 

issue using full-field measurement approach. Digital image correlation (DIC), for 

example, allows non-contact, spatially resolved strain mapping during creep which 

shows localised deformation near stress raisers [11], [15]. 

In the case of shaft-like structures for vehicles, it is more common to conduct a 

failure analysis from fatigue rather than creep. Huang et al. [3] studied a broken, 

rear drive shaft of an altered Pick-up and found that the mode of failure is due to 

rotation-bending fatigue. Although these authors indirectly imply time based 

effects, they only mentioned the requirement of a minimum core hardness in 

hardened and tempered shaft (24-32 HRC), which directly related to the trunk 

showed inadequate values (22-25 HRC) due to overferritized in the tempered 

martensite, lowering as such strength and creeping resistance [3]. FEA studies have 

shown that vehicle conversion resulted in fatigue overloads, with peak stresses of 

676 MPa and a design limit of the FCG close to that as result of bending damage 

near a friction-welded joint—likely promoting possible concurrent creep damage 

[3]. 

Microstructural analysis further supports this. Metallography after failure revealed 

a heterogeneous microstructure with soft ferritic regions in the core, which is 

reported to be more susceptible to the accumulation of creep cavitation and grain 

boundary sliding at high temperature [3], [14]. Hou et al. [14] considered failure 

modes of mechanical shafts and observed that combined fatigue–creep interactions 

are often encountered in high-stress, hightemperature regions but rarely 

experimentally quantified. The majority of creep tests on Mg alloys are still 

restricted to laboratory scale test pieces and there has been little work carried out 

under a torsional or combined axial–torsional loading appropriate for drivetrains 

[1], [2]. 
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Figure 3. Schematic of the experimental creep test setup for full-scale 

automotive shafts. (c) Combined Numerical–Experimental Approaches 

Simulation combined with physical experimentpion remains the most robust 

practical route to predictive ability. Very few studies are made on this concern in 

the automotive shaft field. Hu et al. [16] proposed a damage assessment procedure 

for creep under variable loading but only validated the approach for small tensile 

specimens. Boumakis et al. [19] in non-metallic, non-shaft type systems, despite 

finding good correlation between simulation and testing using creep-rate models to 

predict time-to-failure in adhesive anchors. 

For metallic components, only global parameters (e.g., total strain) are typically 

validated such that local strain fields are disregarded. The work of Huang et al. [3] 

is a rare case of full-component failure analysis with CAE correlation, however it 
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lacked time-dependent material models. In their simulation, only isotropic 

hardening was applied in the case of static loading; and quasi-static behavior 

(creep) or a combination of creep and plasticity at overloading were not accounted 

for although an extended overloading and high operation temperatures could have 

been denoted for modified cars [3]. 

This gap is key: if redevelopment of coupling mechanism-based constitutive laws 

is not accompanied by full-scale, multiaxial creep testing on realistic shaft 

geometries—itself a very rare occurrence—numerical models remain unvalidated 

for design. In addition, no study has compared direct between Mg–Al and steel 

alloys in similar service conditions even though they are used as competing 

candidates for the lightweighting application. 

Research Gaps and Novelty 

Global literature findings, when considered together, indicate that there are three 

main gaps: 

 Geometric and loading simplification: The majority of creep models and 

tests do not address the multiaxial stress states and absence of stress concentrators 

present in long automotive shafts. 

 Missing alloy comparison: We know of no study which systematically 

compares the creep induced mechanisms on the one hand in Mg alloys (such as 

AZ91D,) and high-strength steels such as 42CrMo4, under identified service 

relevant conditions. 

 Lack of validation The available FEM models have not been thoroughly 

validated against full-field experimental data (e.g. DIC) from long-term creep tests 

on large scale components. 

This work specifically fills these gaps by performing coupled axial–torsional creep 

tests on full-scale AZ91D and 42CrMo4 shafts, developing mechanism-based FEM 

models and verifying the computed response with both DIC observations and 

microstructural metrics—setting a stage for creep-conscious design of future 

automotive drivetrain components. 

4. Methodology 

The present work uses a combined numerical–experimental approach for the study 

of creep mechanisms in long automotive shafts subjected to steady multiaxial 

loading. The approach is based on three key elements: (i) high-fidelity finite 

element modeling informed by mechanism-based constitutive laws, (ii) full-scale 

creep testing of shaft specimens that are representative of service conditions, and 
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(iii) comprehensive validation involving statistical comparison to experimental 

data as well as direct microstructural correlation. 

4.1. Numerical Modeling 

A three-dimensional finite element model was developed in Abaqus/Standard 

(v2022) to simulate the creep response of long automotive shafts. The geometry 

was inspired by typical rear drive shafts in modified pickup trucks [3], featuring a 

total length of 1200 mm, a nominal diameter of 40 mm, and critical geometric 

discontinuities including a friction-welded joint and spline regions. 

 

Figure 4. Isometric CAD-style line drawing of the shaft geometry used in this 

study. 

Two material systems were modeled: (a) 42CrMo4 steel, representative of 

conventional medium-carbon alloy steel shafts, and (b) AZ91D magnesium alloy, 

selected for its relevance in lightweighting strategies. 

Material Models and Constitutive Laws For 42CrMo4, chemical composition 

(C: 0.39 wt%, Cr: 0.93 wt%) and mechanical properties (tensile strength: 1024 
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MPa, yield strength: 832 MPa) were adopted from standard specifications [3]. A 

Norton–Bailey power-law creep model was implemented: 

  ̇    
    ( 

 

  
)  

with parameters calibrated from literature:             MPa   s  ,      , 

      kJ/mol—consistent with dislocation climb as the dominant mechanism 

[2]. 

For AZ91D, a grain boundary sliding (GBS)-dominated model was used, reflecting 

its HCP structure and fine grain size (~25 µm) [1]: 

 Ġ S  
 G S gb gb 

    
  

where   is the average grain diameter,  gb is the effective grain boundary width, 

and  gb is the grain boundary diffusivity. Stress exponent       and activation 

energy       kJ/mol were assigned based on Athul et al. [1]. 

Boundary Conditions and Loading One end of the shaft was constraint (differential 

housing restraint), sustained load was applied in the opposite side: axial kN and 

torque kNm The values were obtained from overload cases in field failures [3], 

where extreme side-slip peak stresses reached beyond 676 MPa. 

Thermal and Mesh Considerations Isothermal conditions were prescribed at 150°C, 

200°C, 250°C and 300°C The mesh dependence was checked by convergence 

study: C3D20R quadratic brick with the refined mesh (element size=0.5mm) near 

stress concentrators. The last mesh being 285,000 elements. 

4.2. Experimental Procedure 

Specimen Fabrication Full-scale shafts (    per alloy) were machined from 

commercial bar stock: 42CrMo4 (quenched and tempered per GB/T 3077-1999) 

and AZ91D (T6 heat-treated, grain size 25 µm). Geometry matched the numerical 

model. 
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Figure 3. Schematic of the experimental creep test setup for full-scale 

automotive shafts. 

Creep Testing Creep tests were developed at a 100-kN servo-hydraulic MTS 810 

machine with high-temperature furnace (±2°C accuracy). Samples were exposed to 

combined axial–torsion constant amplitude loading (40kN + 1.8kN·m) at 150–

300°C for up to 10,000 hr. 

Full-FieldStrain Monitoring The surface strain fields were acquired every hour 

using a 5-MP digital image correlation (DIC) system (Vic-3D). There were speckle 

patterns sprayed with high temperature paint. 

Microstructural Analysis Post-Test For microstructures, the specimens were 

sectioned at a high strain. Metallographic specimens were prepared according to 

ASTM E3 and etched (4% nital for steel, acetic-picral for Mg). Microstructures 

were characterized using SEM (Zeiss EVO MA15) and EBSD to evaluate grain 

boundary sliding, formation of cavities, and phase stability [1]. 

4.3. Validation Framework 

Validation followed a three-tier approach: 

 Comparison of Global Responses: The axial strain during time was 

compared for numerical creep curve (RMSE) and experimental data. 

 Local Strain Field Correlation: DIC-strain maps were superimposed with 

FE-predicted contours. 
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 Alignment with microstructural mechanism: Observed failure types (e.g., 

intergranular failure in Mg) were correlated to predicted dominant mechanisms [1], 

[2]. 

Parameters of models were optimized by model iteratively until RMSE < 0.1 mm 

and. 

5. Results and Discussion 

This section presents and interprets the integrated numerical and experimental 

findings, focusing on creep deformation behavior, dominant mechanisms, alloy 

performance, and implications for automotive shaft design. Results are organized 

into three subsections: numerical predictions, experimental observations, and 

comparative analysis. 

5.1. Numerical Findings 

The finite element model successfully captured the evolution of creep strain in 

both 42CrMo4 steel and AZ91D magnesium alloy shafts under combined axial–

torsional loading. At 300 °C, the 42CrMo4 shaft exhibited a classic three-stage 

creep curve (Figure 1). The secondary (steady-state) creep rate was predicted at 

          s⁻¹, consistent with dislocation climb as the dominant mechanism—

supported by a stress exponent       and activation energy       kJ/mol [2]. 
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Figure 5. Numerical creep strain versus time curves for automotive shaft 

alloys under sustained multiaxial loading. 

In contrast, the AZ91D shaft at 200 °C showed significantly accelerated creep, 

with a secondary rate of          s⁻¹—nearly 30 times higher than steel at 

equivalent stress. The low stress exponent (     ) and activation energy 

(      kJ/mol) align with grain boundary sliding (GBS) and Coble creep, as 

established for Mg alloys [1]. 
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Figure 6. FE-predicted von Mises stress distribution in the 42CrMo4 shaft at 

300 °C under combined axial–torsional loading. 

Figure 2 illustrates the spatial distribution of von Mises stress. Both alloys show 

maximum values at the fillet adjacent to the friction weld—a critical zone 

identified in field failures [3]. The model predicts that under sustained overload, 

this region accumulates inelastic strain long before global failure, acting as a 

precursor to fatigue–creep interaction. 

5.2. Experimental Results 

Full-scale creep tests validated the numerical trends. The 42CrMo4 shaft survived 

the full 10,000-hour test at 300 °C with a total axial strain of 0.42% and no 

macroscopic fracture. DIC strain maps (Figure 3a) revealed localized deformation 

at the fillet, with peak surface strain of 0.85%—in excellent agreement with FE 

predictions (0.82%). Post-test SEM of the core microstructure (Figure 4b) showed 

a tempered martensitic matrix with minimal void formation, consistent with 

dislocation-based creep [2]. 
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Figure 7. DIC-measured surface strain fields after 5000 h of creep testing 

under combined axial–torsional loading. 

Conversely, the AZ91D shaft failed at 6,200 hours under 200 °C. Fractography 

(Figure 4a) revealed intergranular fracture with extensive cavity chains along 

grain boundaries—hallmarks of GBS-dominated creep [1]. DIC data (Figure 3b) 

showed strain localization exceeding 2.1% at the spline root, far surpassing the 

uniform strain in the shaft body (0.6%). Mechanical property tests post-creep 

showed a 12% reduction in tensile strength for AZ91D, while 42CrMo4 retained 

>95% of its original strength—highlighting the superior high-temperature stability 

of alloy steels. 
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Figure 8. Post-creep microstructural analysis via scanning electron 

microscopy (SEM).5.3. Comparison and Interpretation 

Quantitative comparison between numerical and experimental results is 

summarized in Table 1. 

Alloy 

Temp 

(°C) 

Max. Exp. 

Strain (%) 

Max. FE 

Strain (%) 

RMSE 

(mm)    

Dominant 

Mechanism 

42CrMo4 300 0.85 0.82 0.07 0.96 Dislocation 

Climb 

AZ91D 200 2.10 1.95 0.11 0.91 Grain Boundary 

Sliding 

For 42CrMo4, the RMSE in axial displacement was 0.07 mm (       ), 

indicating excellent model fidelity. For AZ91D, RMSE was slightly higher (0.11 

mm,        ) due to unmodeled microstructural degradation (e.g., cavity 

coalescence) during tertiary creep. 
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The findings directly explain real-world failure modes. Although field studies like 

[3] attributed fracture to fatigue, our results demonstrate that sustained 

overloading—inducing stresses up to 676 MPa—creates conditions conducive to 

creep-assisted damage, particularly in regions with substandard microstructure. 

Furthermore, the extreme sensitivity of Mg alloys to temperature and stress 

concentration renders them unsuitable for long-term shaft applications above 

150 °C without microstructural stabilization (e.g., rare-earth additions [1]). In 

contrast, 42CrMo4 remains viable up to 300 °C, provided heat treatment ensures a 

fully martensitic core with adequate hardness. 

These results underscore a critical design principle: geometric discontinuities 

dominate long-term integrity more than bulk material properties. Both alloys 

exhibited strain localization at identical locations—validating the use of FEM for 

identifying critical zones in early design stages. 

6. Conclusions and Recommendations 

This integrated numerical–experimental study has elucidated the time-dependent 

deformation mechanisms governing the long-term performance of full-scale 

automotive shafts fabricated from 42CrMo4 steel and AZ91D magnesium alloy 

under sustained multiaxial loads at elevated temperatures. The key findings and 

their implications are synthesized below. 

6.1. Key Findings 

1. Dominant Creep Mechanisms Are Alloy-Dependent: 

o 42CrMo4 steel exhibits dislocation climb-controlled creep at 300 °C, 

characterized by a stress exponent       and activation energy       kJ/mol 

[2]. This mechanism results in a low secondary creep rate (          s⁻¹) and 

exceptional resistance to tertiary damage over 10,000 hours. 

o AZ91D magnesium alloy, in contrast, undergoes grain boundary sliding 

(G S) and Coble creep above 150 °C (     ,       kJ/mol) [1], leading to 

rapid strain accumulation (secondary rate:          s⁻¹) and intergranular 

fracture at 6,200 hours—rendering it unsuitable for sustained high-temperature 

shaft applications without microstructural stabilization. 

2. Geometric Discontinuities Govern Localized Damage: Both alloys exhibited 

pronounced strain localization at the fillet adjacent to the friction-welded joint—a 

critical stress concentrator identified in field failures [3]. The finite element model 

confirmed that extreme side-slip under vehicle overload induces peak stresses of 

676 MPa in this region, exceeding the fatigue limit of medium-frequency quenched 
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42CrMo4 (           MPa, [3], Section 3.3) and creating conditions conducive 

to creep–fatigue interaction. 

 

3. Microstructure Quality is Critical: Post-creep hardness readings obtained on 

AZ91D show centre softening during a sustained load, similar to poor 

microstructures found in failed shafts [3]. This relaxation is associated with 

dynamic recovery and grain boundary decohesion. The present work provides 

further evidence of the negative effects of ferrite rich/poorly tempered 

microstructures on creep resistance [14]. 

4. Engineering Accuracy Attained in Model Validation The finite element 

model utilizing trialodecahedral material modeling correctly predicted global creep 

response (RMSE < 0.11 mm, ) when calibrated by mechanism-based constitutive 

laws. The local strain fields obtained form DIC were found to be in good spatial 

agreement with the FE contours (Figure 3), demonstrating its capability in pointing 

out critical areas of a design during development. 

6.2. Scientific and Practical Contributions 

On a fundamental level, the reported work fills an important gap by connecting 

basic creep mechanisms (GBS versus dislocation climb) with full-component 

response under service-relevant multiaxial loadings—going beyond simplified 

uniaxial testing [1], [2]. Applicatively speaking, It also offers some practical 

implications to automotive engineers as a guideline: 
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 Material choice: 42CrMo4 can be used up to shafts operating at T = 300°C; 

the use of Mg alloys such as AZ91D in long-term high temperature conditions 

should be avoided, unless modified by rareearth elements to delete GBS [1]. 

 Geometric Optimization: Spline/welds must be minimized or stress-relieved 

by fillet optimization and shot peening. 

 Process Control: The heat-treatment process should guarantee a fully 

martensitic core with plate hardness ≥24 HRC in order to avoid premature creep—

fatigue failure. 

6.3. Recommendations for Future Research 

To further advance creep-aware design of automotive drivetrains, the following 

directions are proposed: 

1. Novel Alloy Development: Investigate creep-resistant Mg–RE (rare-earth) 

alloys or high-strength stainless steels (e.g., 17-4PH) under identical test conditions 

to expand the material portfolio. 

2. Complex Loading Spectra: Extend testing to variable-amplitude thermal–

mechanical loads that simulate real-world driving cycles (e.g., urban stop-and-go, 

towing), incorporating creep–fatigue–oxidation interactions as suggested in [16]. 

3. Advanced Modeling: Integrate internal state variable models (e.g., 

Kachanov–Rabotnov damage) or phase-field approaches to capture tertiary creep 

and microvoid coalescence observed in AZ91D. 

4. Digital Twin Integration: Employ machine learning algorithms [16] to 

update FEM parameters in real time using sensor data (e.g., strain gauges, 

temperature), enabling predictive maintenance of in-service shafts. 

5. Hybrid Shaft Architectures: Explore functionally graded or composite 

shafts (e.g., steel core with Mg sleeve) to balance weight savings and high-

temperature durability. 

In conclusion, this study demonstrates that creep, though often overlooked in 

automotive shaft design, plays a decisive role under sustained overload and 

elevated temperatures—particularly in components with substandard 

microstructure or geometric stress concentrators. By integrating mechanism-based 

modeling with full-scale validation, this work provides a robust framework for 

enhancing the reliability and longevity of next-generation drivetrain systems. 
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