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SUMMARY  

Multiscale microstructural and micromechanical modeling has arisen as 
a candidate to improve upon the classical methodologies for evaluation 
of fatigue crack initiation and propagation, both concerning improving 
our understanding of the fundamental material deformation and damage 
processes as well as in establishing more accurate design rules for 
engineering purposes. By exploiting methodologies of multiscale 
materials modeling, the vision is that engineering material properties 
can be directly computed based on microstructural scale analysis of 
single crystal plasticity and damage evolution. The models can then be 
further used to simulate the various dependencies affiliated with fatigue 
damage arising from material microstructure, such as the effects of 
stress triaxiality, compressive loading, and overall complex stress 
states. The overall goal of these efforts is the general decrease in 
empiricism, inaccuracy and affiliated uncertainty in the fatigue modeling 
and design chain. Current work utilizes novel crystal plasticity coupled 
damage model to evaluate the inclusion of steel microstructure 
interactions with the objective of better understanding and quantifying 
the role inclusions play concerning nucleation and growth of 
microstructure scale fatigue cracks. The approach is microstructural, 
i.e., material characteristics such as microstructural morphologies, 
individual phases, and inclusions are included explicitly in the numerical 
finite element models, and the subsequent behavior concerns single 
crystal deformation and initiation of fatigue. The analysis uses a 
micromechanical model where crystal plasticity and damage directly 
couple. A case study is carried out for primarily martensitic quenched 
and tempered steel for machine construction. The results suggest 
potential ways of exploiting multiscale materials modeling in the design 
of fatigue resistant microstructures, optimization of material solutions 
and improved fatigue design of products and components. 
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1: Introduction   

This paper describes the methodology of micromechanical modeling 
(Sippola et al. 2017) of the high cycle fatigue test bars (Väntänen et al., 
2017). The researchers prepared representative microstructural models 
of a quenched and tempered steel containing a non-metallic inclusion, 
and the deformation and damage response under cyclic loading solved 
utilizing crystal plasticity based micromechanical damage models.  

High cycle fatigue and the deleterious role inclusions play about the 
fatigue limit of a fatigue crack is summarized in (Vaara et al. 2017), and 
rules the dimensioning of medium speed crankshafts (Väisänen et al. 
2017; Frondelius et al. 2016). Another high cycle fatigue related 
phenomena are fretting fatigue (Hintikka et al., 2017(1); 2017(2)), which 
is one of the main dimensioning features of connecting rod (Mäntylä et 
al., 2017). Another, maybe more complex, related phenomena is 
thermomechanical fatigue (Leppänen et al., 2017; Kumpula et al., 
2017).  

In current work micromechanical model where crystal plasticity and 
damage directly couple is employed in the analysis of fatigue along with 
fatigue performance indicators. As such, the appearance of material 
damage during cyclic loading at microstructural cleavage planes can be 
observed based on single crystal slip as well as interactions arising 
from the stress-strain states of the inclusion and the metallic 
microstructure. A case study is carried out for primarily martensitic 
quenched and tempered steel for machine construction. The study 
addresses the role of inclusion properties and its size relative to the 
martensitic microstructure. The results suggest potential ways of 
exploiting multiscale materials modeling in the design of fatigue 
resistant microstructures, optimization of material solutions and 
improved fatigue design of products and components. 

2: Microstructural modeling 

Analyses utilize models incorporating a stochastically generated 
microstructure, inclusions of differing characteristics and grain flow. 
Figure 1 presents examples of these models. They were created 
considering different aspect ratio and property inclusions as well as 
clusters of inclusions with sharp geometric features to consider typical 
occurrences as a result of material processing. The details of the model 
generation procedure are provided in (Laukkanen et al., 2016). 
Analyses utilize a phenomenological crystal plasticity model as a basis 
of the micromechanical model, the outline of similar models provided in 
(Lindroos et al., 2017).  
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Figure 1: Geometric models of Q&T microstructures containing inclusions 
(top) and respective representative volume element finite element 

meshes (bottom).  

3: Results 

Figure 2 presents results for an inclusion cluster exhibiting loading ratio 
of R=0 and strain amplitude of =1e-3. Regarding cumulative plastic 
slip, the researcher observed that the influence of inclusions acting as 
likely initiation sites for microstructural scale cracks. The favorably 
oriented and morphologically complex microstructural features 
experience the greatest slip due to the presence of the mismatching 
inclusions. Interactions between inclusions are also visible in amplifying 
the field. Coupled damage modeling yields an estimate of probable 
initiation locations within the microstructure. The findings for different 
models are summarized in Figure 3 utilizing fatigue performance 
indicators for extracting the fatigue limit or cycles to initiation criterion to 
plastic slip and stress state relationship, see (Andersson et al., 2015) 
for details on the methodology. Hard inclusion clusters in the present 
analyses yield the lowest estimates of the fatigue limit.     

 

Figure 2: Contours of cumulative plastic slip (left) and damage (right) in 
analysis case with inclusion cluster. 
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Figure 3: Estimation of fatigue limit for different inclusion cases. 

4: Summary and Conclusions 

The researchers developed and applied the micromechanical model to 
study the role of inclusions concerning high cycle fatigue damage 
initiation and short crack growth. The results can be summarized as 
follows:  

 The developed means can incorporate the hierarchical nature of 
complex microstructures such as martensite. Also, features such 
as grain flow, initial damage and inclusions can be directly 
inputted to the model generation procedure and their influences 
systematically studied.  

 Coupled micromechanical damage modeling presents a potential 
methodology to track the whole crack nucleation process all the 
way to the microstructural crack size limit.  

 The micromechanical approach with the appropriate modeling 
techniques and necessary microstructure scale refinement is 
capable of yielding trends in line with experimental observations.  

 The results imply potential ways of exploiting micromechanical 
modeling in the design of fatigue resistant microstructures, 
optimization of material solutions and improved fatigue design of 
products and components.  
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