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Abstract 

For many years, computational modelling and simulation studies have been used by developers to advance device design 

and have been reported in regulatory medical device submissions. However, cardiovascular stent materials in such 

computational models are typically assumed to behave as a continuum. This approach assumes that bulk material properties 

apply to the micro-sized structure, i.e. material behavior is scale independent. However, as size is reduced, mechanical 

size effects arise as the grain size to specimen width ratio drops below a critical value. These size effects cause material 

behavior to deviate significantly from bulk material behavior. If such a deviation in material behavior is to be captured 

within computational models, it is necessary to represent the crystalline structure of a metal and to capture the anisotropic 

behavior of individual grains within these models. This paper describes the development of such a modelling methodology 

to investigate the phenomenon of strain localization within grains of a 316L stainless steel specimen under fatigue loading 

conditions. Copyright © VBRI Press. 
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Introduction 

Advances in micro-manufacturing techniques have 

allowed for the development of micro-sized components, 

devices and machines. Micro-scaled devices are 

designed for a range of applications, most notably in the 

biomedical stent device industry. These components are 

typically of a size scale such that factors which can 

largely be ignored at the macro-level can change the 

material behavior considerably at the micro-level. As 

size is reduced there is a corresponding reduction in the 

grain size to specimen width ratio, which subsequently 

induce mechanical size effects. Therefore, bulk material 

properties may no longer be sufficient to fully describe 

material behavior in micro-scaled components such as 

stents due to such size effects. For stainless steels, the 

critical value for which size effects take affect ranges 

typically from when there are 4-6 grains across the width 

[1-6]. To specifically examine the potential size effect on 

the fatigue characteristics of coronary stents materials, 

experimental examination of stents made from 316L 

stainless steel were completed by Weiss et al., 2009 [2]. 

Such stents were expanded and cycled in a physiological 

solution for 50 million cycles at a frequency of 45 Hz. 

Post-expansion of the stents revealed regions of high 

deformation, with characteristic features such a slip lines 

on the surface, with apparent high dislocation densities 

near grain boundaries. It was observed that because of 

the small grain size/specimen size ratio, deformation 

behavior comparable to single crystal behavior occurred. 

Experimental work by the current authors also confirmed 

a size effect exists in the fatigue behavior of micro-

scaled 316L stainless steel stent-like specimens. Test 

specimens investigated had a strut width of 50, 75, 100 

and 150 µm with an average grain size of 10 ± 7µm. It 

was concluded that a size effect existed in the form of a 

reduced fatigue endurance limit of the smaller 50 µm 

specimens [7]. Due to the clear and detrimental impact 

of the size effect on device design and safety, it is 

necessary for continued investigation into this 

phenomenon.  

 The objective of this work is to establish if 

computational modelling can aid in the exploration of the 

main mechanisms involved in the mechanical size effect 

observed in the fatigue behavior of micro-scale 316L 

stainless steel components. Over the past three decades, 

a large class of research has been conducted to 

computationally link the grain level mechanical response 

to the response of a polycrystalline aggregate including 

developing a constrained hybrid model (Parks and Ahzi, 

1990) [8], generalized Taylor models (Asaro, 1983; 

Asaro and Needleman, 1985; Mathur et al., 1990; 

Kalidindi and Anand, 1992; Habraken and Duchene, 

2004) [9-13] and Greens function fast Fourier transform 

(FFT) models (Lebensohn et al., 2012; Eisenlohr et al., 

2013) [14, 15], constructing dislocation density-based 

crystal constitutive equations (Lee et al., 2010) [16], 
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application of statistical continuum mechanics to study 

polycrystals (Garmestani et al., 2001; Zhang et al., 2011) 

[17, 18], and so on. A review paper by Roters et al., 2010 

[19] thoroughly evaluates continuum-based variational 

formulations for describing the elastic–plastic 

deformation of anisotropic heterogeneous crystalline 

matter. These approaches, commonly referred to as 

crystal plasticity finite-element models (CPFEM), are 

important both for basic microstructure-based 

mechanical predictions as well as for engineering design 

and performance simulations involving anisotropic 

materials. CPFEM has been used in simulations of strain 

heterogeneity at grain and sub-grain scale, which is 

associated with intrinsic size effect in polycrystalline 

metals Yalcinkaya et al., 2017 [20], and in capturing the 

influence of loading orientations, sample textures and 

material’s constants, such as hardening and strain rate 

sensitivity on the strain at which the plastic localization 

and surface roughening initiates (Zhao et al., 2008; 

Zhang et al., 2009; Iadicola et al., 2012) [21-23] or shear 

band development (Inal et al., 2002; Kuroda and 

Tvergaard, 2007; Lim et al., 2014; Wu et al., 2016) [24-

27]. The general framework supplied by CPFEM 

formulations provides an attractive vehicle for 

developing a comprehensive theory of plasticity that 

incorporates existing knowledge of the physics of 

deformation processes into the computational tools of 

continuum mechanics with the aim of developing 

advanced and physically based design methods for 

engineering applications. In crystal plasticity theory, 

plastic flow is calculated in terms of continuum plastic 

shear strains on the individual slip systems, which are 

then summed across all the available slip systems to give 

the total deformation. As there are many hundreds of 

grains in even the simplest of strut models, such an 

approach, while potentially very accurate, is not suited 

to fatigue modelling in polycrystalline solids due to the 

excessive computational requirements imposed by such 

a model. To circumvent this issue, a method known as 

the ‘microstructural-J2’ method was developed. In this 

paper, applying this methodology, finite element models 

designed to approximately represent the structure and 

anisotropic material behavior of the grains were 

developed for a series of specimen sizes; specimens of 

widths of 14 µm, 19 µm, 28 µm, 75 µm, and 150 µm 

were examined. These models aim to shed further light 

on the potential size effect in micro-scale 316L stainless 

steel specimens, particularly focusing on the process of 

strain localization. 

Finite element modelling  

Finite element model design 

The numerical models developed in this paper are 

designed to approximately represent the microstructure 

of a 316L stainless steel experimental stent-like 

specimen. As shown in Fig. 1(a), the grains and grain 

boundaries are clearly visible in a polished and etched 

sample of 316L stainless steel. The strut in this image is 

traversed by six, approximately equi-axed, grains giving 

a grain size to specimen width ratio of 6. Such grains are 

represented in the models by an idealized, hexagonal 

grain geometry as illustrated in Fig. 1(b). A series of  

2-D struts of length 500 µm, with varying aspect ratios 

were created. The aspect ratio was changed by increasing 

the strut width through the addition of more through-

thickness grains (i.e. keeping the grain size constant). 

Ten models were created for each series of specimen 

sizes, namely, a 14 µm, 19 µm, 28 µm, 75 µm series and 

a symmetric boundary applied to the 75 µm model to 

represent a 150 µm series while still taking account of 

the Poisson’s ratio effect. The strut geometries were 

completed by adding half hexagons to the upper and 

lower surfaces. The 2-D finite element mesh was 

generated with pre-processing/finite element software 

MSC Patran 2003. For additional accuracy a through-

thickness component of constraint was afforded to the  

2-D structure using 8-noded quadrilateral CPEG8R 

generalised plane strain elements. Completed input files 

were then processed and post-processed by ABAQUS® 

V 6.5 on a 24 CPU super computer.  

 

 
Each hexagon represent an individual grain 

Fig. 1. (a) Micrograph of a polished and etched sample of 316L 

stainless steel (courtesy Helen Cuddy, NCBES, NUI Galway) and  

(b) section of strut model showing both the geometry and the 
arrangement of the hexagonal grains. 

 

 Cyclic loading of the strut was simulated by 

constraining the left-hand surface of the model in the 

horizontal (x-axis) direction while a negative pressure 

load (450 MPa tensile stress) was applied to the right-

hand surface, also in the horizontal direction. Sinusoidal 

cyclic loading, with an load ratio (R-ratio) of 0.1, was 

applied to the models utilizing the *AMPLITUDE 

command [28] which allows variable loading patterns to 

be prescribed using a Fourier series as follows: 

𝐹(𝑥) = 0.55 + 0.45𝑆𝑖𝑛(𝑥)                       (1) 

 Rigid body motion was prevented by constraining 

the node at the bottom left-hand corner in both the 

horizontal and the vertical (y-axis) direction. The bottom 
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right-hand corner node was also constrained in the 

vertical direction. This was necessary to prevent 

buckling from occurring for the low width struts, high 

aspect ratio struts (e.g. an aspect of 35:1 exists in the case 

of the 14µm strut). Symmetry boundary conditions were 

applied to the 75µm series of models, in order to increase 

the apparent width to 150µm, in the form of an additional 

boundary condition on the bottom surface of the model 

constraining motion in the vertical direction. Given the 

experimental loading profile, where an initially high 

strain amplitude is followed by potentially millions of 

applications of cycles of a lower strain amplitude, it was 

hypothesized that the microstructural conditions that 

lead ultimately to fatigue failure and hence to the size 

effect, would be established very early on in the life of 

the fatigue test. During finite element simulation of a 

fatigue test, the maximum load is achieved on the first 

cycle. Differences in plastic strain levels within grains 

will therefore be evident at the end of this initial cycle. 

A small number of additional cycles are required to 

establish if the rate of strain accumulation after the first 

cycle is greater for grains with initially higher strain 

levels, therefore each model was subjected to 20 loading 

cycles during the finite element simulations. 

Modelling methodology 

Microstructural – J2 (M-J2) modelling methodology 

The Microstructural-J2 (M-J2) modelling method seeks 

to combine the relevant elements of crystal plasticity (i.e. 

its ability to describe single grain behavior) with the 

computational efficiency of continuum mechanics. This 

can be achieved by assigning to each grain in the strut its 

own material property derived from the mechanical 

behavior of a single crystal with its dependence on its 

orientation with respect to the global loading direction 

[29]. In this paper, this calibration is achieved by using 

the crystal plasticity method to generate stress-strain 

curves for all possible loading orientations of a single 

anisotropic grain subjected to a standard load. This 

approach resulted in a selection of 43 unique stress-strain 

curves, representing the behavior of each grain with 

respect to its orientation to the loading direction. These 

curves were then randomly assigned to the grains within 

the ten strut models for each specimen size series using 

a random number generator [30]. While a significant 

element of accuracy is sacrificed with the M-J2 method, 

the general behavior of a polycrystalline material can be 

described. As the grains behave in a pre-determined 

manner, influenced only by the level of constraint and 

applied load, solution times are much faster than for an 

equivalent model incorporating the crystal plasticity 

constitutive behavior. 

 It must be stated that the purpose of the modelling 

work in this paper is not to develop a fatigue failure 

predictive capability but rather to elucidate the strain 

localization mechanisms involved in the experimentally 

observed size effect. Simulations were performed for 20 

loading cycles only, and while material property data 

was generated by a crystal plasticity model of face centre 

cubic 316L stainless steel, the data was not calibrated 

against actual test specimens. No damage mechanisms 

other than plasticity were incorporated into the models 

and, consequently, no failure mechanisms are 

represented. While the modelling methodology adopted 

in this paper is limited in its applicability, it is sufficient 

to describe the evolution of plastic strain within the first 

few cycles. Such is the nature of a high cycle fatigue test, 

in that, differences in strain localization which become 

apparent at such an early stage will undoubtedly result 

in, or contribute significantly to, failure of the test 

specimen. 

Hardening curves 

In this study, the Bauschinger effect [31, 32] provides an 

explanation for the lowering of yield stress on reverse 

loading of a specimen that was previously plastically 

deformed in the opposite loading direction. A hardening 

model capable of describing this effect is necessary to 

model the accumulation of plastic strain that 

accompanies cyclic loading (and leads ultimately to 

fatigue crack initiation and growth). Therefore, a simple 

linear kinematic hardening model was adopted in this 

work as the hardening model. This constitutive model, 

though rather basic and limited in its range of 

application, is sufficient to describe the accumulation of 

plastic strain in the initial stages of a fatigue test (cycles 

1 – 20). In this study, the Bauschinger effect is described 

by allowing the yield surface to translate in the direction 

of loading. An increment of plastic strain will occur if 

the maximum stress in the cycle is sufficient to raise the 

yield point for reverse loading above the minimum stress 

in the fatigue cycle. Plastic strain accumulation with the 

linear kinematic hardening model is therefore reliant 

upon concordant values of the load ratio (R-ratio), 

maximum stress and yield point. The 43 different linear 

hardening curves are displayed in Fig. 2. One of the 

major limitations of the linear kinematic hardening 

method is that within the plastic regime, the material will 

continue to deform infinitely. This is unrealistic, 

however, and limits the range of application of the 

method to a small number of cycles beginning with a 

state of zero plasticity.  

 
Fig. 2. Hardening curves for 43 different crystal orientations used in 

this study. 

Results and discussion 

Equivalent plastic strain (PEEQ) contour plots 

A total of 20 loading cycles, at a common R-ratio and 

maximum stress, were applied to the various strut 
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models; namely, 14 µm, 19 µm, 28 µm, 75 µm and 150 

µm strut width sizes. The equivalent plastic strain 

(PEEQ) contour plots of 14 µm and 150 µm models (Fig. 

3) reveal a difference between the relatively small and 

large struts, with the smaller struts appearing to undergo 

a more localized trend of PEEQ accumulation. This 

difference in simulated behavior can be attributed to a 

reduction in constraint experienced by the thinner 

models. As the grain size to specimen width ratio is 

reduced, the mechanical behavior of individual grains 

assumes a greater role in determining the behavior of the 

entire strut. From this work it can be concluded that it is 

not the orientation of a single grain that is of importance, 

rather the orientation of a group of neighbouring grains 

that combine to create a ‘soft region’. In a situation of 

reduced constraint, when this soft region is loaded to a 

level sufficient to cause plastic deformation, localization 

of plastic strain will occur within this region. It is 

proposed that the wider strut contains sufficient numbers 

of grains to ensure that homogeneous material behavior 

is approximated and dominates over the more localized 

inhomogeneous material behavior Fig. 3(a). Reducing 

the strut width subsequently reduces the level of 

constraint experienced by regions within the strut  

Fig. 3(b). Softer regions will be exposed as the grain size 

to specimen width ratio is reduced. Without the 

reinforcing effect of the harder grain network, strain 

distribution becomes increasingly inhomogeneous, with 

the consequent localization of strain within softer bands 

of grains occurring in the narrower specimens (as seen in 

Fig. 3(b)).  

 
Fig. 3. Contour plots of equivalent plastic strain (PEEQ) for struts with 

(a) 14 μm, and (b) 150 μm width.  

History plot of equivalent plastic strain (PEEQ) 

accumulation 

As mentioned, from the equivalent plastic strain (PEEQ) 

contour plots following loading of the samples 

computationally, it is proposed that PEEQ localization 

occurs in the narrower strut models. The validity of this 

observation was investigated by selecting grains of a 

particular orientation in each of the five models and 

outputting the PEEQ accumulation history of these 

grains. Utilizing this, an average value for each series 

was subsequently calculated (as illustrated in Fig. 4). 

Clear differences between struts of different widths can 

be identified, with narrower struts having higher levels 

of PEEQ accumulation than wider struts. More 

specifically, the differences indicate that for a given 

stress, the magnitude of PEEQ within grains is 

dependent upon the size of the strut relative to the size of 

the grain (the specimen width to grain size ratio). In 

conclusion, the process of strain localization occurring 

as a result of cyclic loading, as identified initially by the 

contour plots of PEEQ, has been confirmed as being a 

size dependent effect. Relative to the wider strut series, 

the 14 μm and 19 μm series struts accumulate higher 

levels of average PEEQ, have higher maximum PEEQ 

values, greater range of PEEQ values and greater 

standard deviation within the values under conditions of 

cyclic loading (Fig. 4). On the other hand, the relatively 

wider 28 μm, 75 μm and 150 μm struts behave in a 

manner akin to that of a bulk material; a lower range of 

PEEQ values, with lower levels of scatter, within grains 

indicates uniformity of plastic strain accumulation. In 

addition, the total elongation and apparent surface 

roughness of the narrow struts was found to be greater 

than that of the wider struts in the finite element models. 

This trend can also be attributed to conditions of reduced 

constraint due to a reduction in specimen width and 

consequent reduction in the strut width to grain size ratio. 

In conclusion, the narrower samples (14 μm and 19 μm) 

experience higher average levels of PEEQ, combined 

with the irregular distribution of plastic strain within 

grains, suggesting strongly that strain localization is 

taking place.  

 
Fig. 4. Average equivalent plastic strain (PEEQ) accumulation for  
strut series and associated specimen width to grain size ratio with trend 

line.  

 

Concluding remarks 

Finite element models representing a range of strut 

thicknesses, namely 14 µm, 19 µm, 28 µm, 75 µm and 

150 µm were used to elucidate the mechanisms that 

contribute to size-dependent material behavior; in 

particular, fatigue damage initiation in the form of strain 

localization. The strut specimens were modelled using an 

(a) 

(b) 
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idealized crystalline structure, thus describing in a 

simple manner the inhomogeneous nature of strain 

distribution. A small number of cyclic loads at a common 

load ratio (R-ratio) and maximum stress were applied to 

the various strut models. A size effect was found to occur 

within a few cycles of fatigue loading in the thinner struts 

in a manner which would, in reality, likely lead to a 

longer term accumulation of localized plastic strain and 

fatigue damage with an overall reduction in the fatigue 

performance of such components. It was found that the 

mechanical behavior of narrower struts is entirely 

dependent upon the orientation and arrangement of its 

constituent grains. In addition, the statistics of plastic 

strain magnitude distributions in the smaller strut 

specimens have higher mean values and higher standard 

deviations than in larger struts. Therefore, the narrower 

the strut the greater the influence a softer region will 

have, and consequently, the more random its material 

behavior. These results suggest that statistical methods 

may offer assistance in the design and reliability of very 

small stents.  

 In the future scope of this work, experimental 

fatigue testing on a range of suitable 316L specimens are 

to be completed. From the results of this paper, it would 

be expected that a size effect will be evident in the 

fatigue performance of smaller specimens. In order to 

experimentally determine the cause of this size effect, 

the outer surfaces and fracture surfaces of failed test 

specimens will be examined using scanning electron 

microscopy (SEM). These SEM studies may collaborate 

and thus strengthen the results presented in this paper by 

providing evidence that the process of strain localization 

is indeed occurring and is most pronounced in the 

smaller specimens. The surface roughness of the test 

specimens will also be measured in order to further 

confirm SEM observations using white light 

interferometry. 

 In summary, it was found there occurs a higher 

general level of deformation within the thinner samples 

in addition to a greater degree of strain localization, 

higher maximum and lower minimum values of plastic 

strain, higher levels of total deformation, higher 

incremental strain accumulation values and higher  

levels of surface roughness. It is a combination  

of these factors that may lead to a reduction in fatigue 

life of such components as early crack initiation would 

be more probable with a quicker propagation rate under 

load control cyclic loading. In conclusion, under 

conditions of fatigue loading, the finite element  

models employed in this paper suggest that the material 

behavior of thin struts differs from that of the wider 

struts, due to a size effect, in a manner which is likely to 

result in a decrease in the fatigue life of the thin 

specimens.  
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