
Mathematical Modelling of Weld Phenomena 13 

407 

 

MICROSTRUCTURE EVOLUTION 

SUBROUTINE FOR FINITE ELEMENT 

ANALYSIS  

Y. V. SHAN*, B. VIERNSTEIN*, E. KOZESCHNIK* 

*Institute of Materials Science and Technology, TU Wien, 1060 Vienna, Austria, 0000-0002-1254-1117 

DOI 10.3217/978-3-85125-968-1-22 

ABSTRACT 

Existing Finite Element Method software can be used in a broad field of material characterization, such 

as heat conduction, plasticity, electric conductivity or fluid mechanics. However, in terms of 

microstructure, there is a lack of sophisticated packages to thoroughly model the evolution of these 

parameters. In the present work, a simple but extensive subroutine is presented, to express the kinetics of 

precipitation and grain growth on the one hand, and the evolution of structural defects, such as 

dislocation density and vacancy concentration, on the other hand, in dependence of temperature and 

deformation rate. As a result, further technologically important material properties, such as yield 

strength, can be derived with the knowledge of aforementioned parameters. The basic functionality of 

the subroutine is outlined and the handling of the state parameters, which are used during calculation, 

are explicated. 
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INTRODUCTION  

In the field of manufacturing, it is crucial to understand residual stress and distortions that 

may occur during production. This helps in optimizing both, component design and 

processing parameters. The complete manufacturing process, starting from solidification, 

must be considered to simulate stress evolution that depends on temperature and strain 

rate. An accurate material model is necessary to link flow stress to plastic strain, and 

various models have been developed over the years [1-5]. Nowadays, empirical models or 

data table methods are standard and integrated into most Finite Element (FE) software 

tools such as ANSYS or ABAQUS. 

The present work is based on the "simple MicroStructure Evolution" (sMSE) model, 

which has been introduced by Viernstein et al. [6], in which the treatment of the yield 

strength and precipitates is thoroughly described. The current work can be seen as a 

supplement for the aforementioned work. Instead of focusing on strengthening 

mechanisms, the structure of the subroutine is rolled up from a microstructural point of 

view. The focus will be on lattice defects, namely point defects (vacancies), line defects 

(dislocations), planar defects (grain boundaries) and bulk defects (precipitates). A short 
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overview is also given of all defect evolution equations with particular emphasis on their 

interdependence. A brief overview on the usage of the subroutine is presented as well. 

MICROSTRUCTURE EVOLUTION 

VACANCIES 

The evolution of the vacancy concentration, XVa, is described using the FSAK framework 

introduced by Fischer et al. [7]. Vacancies can form and annihilate at dislocation jogs 
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where 𝑋Va,eq is the equilibrium vacancy concentration, 𝐷m the effective matrix diffusion 

coefficient, 𝑓 a geometrical correlation factor (0.7815 for fcc and 0.7272 for bcc), 𝜌 the 

dislocation density, 𝑋j,eq the jog fraction at equilibrium (estimated to be around 0.02) and 

𝑅 the grain radius. 

Excess vacancies form during quenching and can accelerate the effective matrix 

diffusion of elements, 𝐷eff, by several orders of magnitude until their annihilation 

𝐷eff = 𝐷𝑚
𝑋Va

𝑋Va,eq
.      (3) 

The vacancy concentration has no direct influence on the evaluation of stresses. However, 

it has a severe influence on all long-range diffusion processes, especially precipitation 

kinetics. 

DISLOCATIONS 

The evolution of the dislocation density 𝜌 is described by a simple modified Kocks and 

Mecking model [8] 
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where 𝑀 is the Taylor factor, 𝜀̇ the strain rate, 𝑏 the Burger’s vector, 𝑑crit the critical 

annihilation distance between dislocations, 𝐷𝑑 the diffusion coefficient along dislocations, 

𝐺 the shear modulus, 𝑘B the Boltzmann constant, 𝜌eq the equilibrium dislocation density 

and 𝐴, 𝐵 and 𝐶 material parameters. These material parameters can be either defined as 

user input or calculated with the initial hardening rate 𝜃 and the saturation stress 𝜎 
according to the model introduced by Kreyca et al. [9]. 
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The dislocation density contribution to the stress is evaluated by the Taylor equation 

[10] 

𝜎d = 𝛼𝑀𝑏𝐺√𝜌,       (5) 

with 𝛼 being the dislocation strengthening coefficient. Furthermore, dislocations act as 

sources and sinks for vacancies, as mentioned above, or can be seen as possible 

nucleation sites for precipitates. 

GRAIN BOUNDARIES 

Grain boundaries are described by the average grain radius 𝑅 and their evolution by the 

formula for ideal grain growth [11] 

∆𝑅 = 2𝑘D𝑀
𝛾

𝑅
,       (6) 

where 𝑘D is the proportionality factor, 𝑀 the mobility of the grain boundary and 𝛾 the 

grain boundary energy. Their contribution to the stress is described by the Hall-Petch 

equation for fine grain hardening [12,13] 

𝜎FG =
𝐾

√2𝑅
,       (7) 

where 𝐾 is the Hall-Petch coefficient. 

The evolution of the grain radius is, like the dislocation density, not dependent on other 

defect types (in the current version of the subroutine, pinning of grain boundaries by 

precipitates is not yet considered). However, they influence the generation and 

annihilation of vacancies and can act as potential nucleation sites for precipitates. 

PRECIPITATES 

The kinetics of precipitation and their influence on stress is described in detail in the 

original work of Viernstein et al. [6]. Here, a short summary of the key aspects and an 

emphasis on the interdependence with the other defect types is presented. The nucleation 

rate of precipitates, 𝐽, is given by classical nucleation theory [14] 

𝐽 =  𝑁0𝑍𝛽𝑒
−
𝐺∗

𝑘B𝑇,      (8) 

where 𝑁0 is the number of available nucleation sites, 𝑍 the Zeldovich factor, 𝛽 the 

atomic attachment rate and 𝐺∗ the critical nucleation energy. 𝑁0 is calculated depending 

on the type of nucleation site 

𝑁0,d = 𝑃d
𝜌

𝑏
,       (9) 

𝑁0,gb = 𝑃gb
𝐴𝑛

𝑏2
,      (10) 

where 𝑃d and 𝑃gb are the efficiencies of dislocation and, respectively, grain boundary 

nucleation sites, 𝜌 the dislocation density, 𝑏 the Burger’s vector, 𝐴 the area of one grain 
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and 𝑛 the number of grains per unit volume. The atomic attachment rate is proportional to 

the effective diffusion coefficient in the matrix and, therefore, influenced by the vacancy 

concentration. As a result, a higher supersaturation of vacancies leads to a faster 

precipitate nucleation process. 

The growth of precipitates is described by the original SFFK growth by Svoboda et al. 

[15] 

∆𝑟 = 
𝑑
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𝑟
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where 𝑑 is the driving force. Similar to the nucleation process, the growth is also 

directly affected by the vacancies. 

SUBROUTINE 

The subroutine is written in C code and consists of a single function ‘myuserfunc_’ taking 

9 arguments, which are described in Table 1. During the FE simulation, all relevant 

variables are saved in the state variable vector (see Table 2 for the structure), which 

consists of 222 lines. The subroutine covers 4 modes of execution, which can be set by 

the call mode. The first call mode (1) initializes the material parameters in the state 

variable vector based on the default settings and should be run once before the FE 

calculation. An initialization from external is also possible with call mode (2). The main 

call mode (3) is used for the iteration process during the FE simulation. The subroutine 

evaluates the evolution of the current state variables (lines 123 to 170 in the state vector) 

for the given timestep, temperature, and strain rate and saves it without overwriting the 

current state variables (lines 171-218). The first state variable is the time and is always 

compared to the calculated time from the last iteration. If the current time (line 123) is set 

to the calculated time (line 171), the last iteration process is counted as accepted and the 

calculated state variables will be transferred into the lines of the current ones. The last call 

mode (4) is reserved for the final call and writes the results of the evaluated stress and its 

derivatives into the output variables. 

Table 1 Arguments for SMSE subroutine 

argument C type I/O description 

piCallMode int* input call mode of subroutine (1-4) 

pdTimeIncrement double* input time increment for current iteration 

pdTemp double* input temperature 

pdTempIncrement double* input temperature increment for current iteration 

pdStrainRate double* input strain rate 

vStateVec double[222] input/output state variable vector 

pdSigma double* output evaluated stress 

pdJacStrain double* output derivative of evaluated stress according to temperature 

pdJacStrain double* output derivative of evaluated stress according to strain rate 
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Table 2 Structure of the state variable vector ‘vStateVec’ 

index variables I/O description 

0-38 material parameter input basic material properties 

39-66 material parameter input dislocation evolution 

67-71 material parameter input solid solution strengthening 

72-82 material parameter input cross core diffusion 

83-118 material parameter input precipitate evolution 

119-122 material parameter input vacancy evolution 

123-170 state variable input state variables at beginning of current time step 

171-218 state variable output calculated state variables for time step 

219-221 numerical parameter input switches for numerical methods 

SUMMARY  

A compendium of formulas describing the evolution of lattice defects, such as vacancies 

(point defects), dislocations (line defects), grain boundaries (planar defects) as well as 

precipitates (bulk defects) during thermo mechanical treatments is presented. While the 

dislocation density evolution is mainly dependent on the strain rate, grain growth follows 

from material properties. The vacancy evolution follows from the dislocation density and 

grain size. Precipitation kinetics is finally derived by the former parameters. The focus is 

laid on efficient processing for computationally demanding calculations without losing 

the interdependence of microstructural properties and their influence on the mechanical 

properties of the material. 
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