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1. Introduction 

Additive Manufacturing (AM) process is a very fast and promising technique to build various very complex 

prototypes and components directly in the industry. One can choose different techniques of AM like 

Selective Laser Sintering (SLS), Fused Filament Fabrication (FFF) dedicated for thermoplastic materials or 

Direct Laser Metal Sintering (DMLS) for powder metals, or Stereolitography Apparatus (SLA) for 

thermosets. One of the most common techniques in AM are SLS and FFF for thermoplastic materials. The 

complexity of the processes and the behaviour of the materials in specific environment have a strong 

influence on the quality, strength and warpage of the obtained structures. The state of the art of the studies 

indicates that morphology of the material and the crystallization processes influence the aforementioned 

characteristics of the created components. The knowledge on the crystallization kinetics of polymers is 

known since many years but it is still developing in order to get an adequate description of the behaviour of 

the materials in isothermal and non-isothermal conditions. Furthermore, it is needed to predict the warpage 

of manufactured components based on the virtual AM process in order to decrease the costs. The available 

tools dedicated for FE analyses allow to increase functionality and implementation of own material models 

and techniques to perform the customize simulations. Based on the theory and Differential Scanning 

Calorimetry (DSC) results it is possible to predict the behaviour of the materials and start working on 

simulation of the virtual AM process [1-4]. The extracted curves of the velocity of material crystallization in 

temperature domain with different cooling rate obtained in FE simulations are shown in Fig. 1. The 

simulated curves are confronted with the DSC experimental results. 

2. Theoretical and experimental background 

The crystallization kinetics theory describes the evolution of the degree of crystallization α(t) as a function of 

time t and time-dependent temperature T(t). The models of crystallinity evolution include information on the 

crystal nucleation and growth kinetics in the bulk of material. The general Avrami equation for the 

isothermal crystallization reads [1]. 
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The Avrami exponent n is equal to the growth dimensionality in the case of heterogeneous nucleation or to 

the dimensionality increased by unity in the case of sporadic homogeneous nucleation, k(T) is the isothermal 

crystallization rate constant dependent on temperature and the geometry of crystal growth [1-3]. Nakamura 

expanded the isothermal Avrami equation for non-isothermal crystallization [2, 3]. 
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Where K(T) is a crystallization rate function. The Nakamura and Avrami theories can be directly related to 

the crystallization half time t1/2 expressed by the Hoffman-Lauritzen theory [5]. The material parameters 

needed to be implemented in the crystallization model, such as the constants present in the function K(T), 

glass transition and equilibrium melting temperatures, specific heat of melting, heat capacity and other are 

determined from the DSC tests.  

Based on the theoretical and empirical models of the crystallization kinetics and DSC results one can 

implement the crystallization process of each of the analysed materials in the FE approach. The method is the 

first step to predict structure formation during the AM process. The example of the curves of the velocity of 
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crystallization obtained for the considered Polyamide 2200 at several constant cooling rates in FE 

simulations is presented in Figure 1. 

 
Figure 1: The simulated numerically curves of the velocity of crystallization of Polyamide 2200 at several 

constant cooling rates. 

3. Implementation of polymer crystallization in the FE method 

Available commercial finite element (FE) tools like Abaqus/SIMULIA offer to perform customization by 

expanding the solver. The user-subroutines can be written and implemented to standard analysis in order to 

calculate non-standard cases. The software dedicated to the prediction of the residual stresses and 

temperature distributions is available on the market but it is limited to metallic materials. The user-

subroutines in Abaqus system offer good alternative and allow to create models for various non-metallic 

materials used in simulations of the AM processes. 

In order to model the AM process for polymers and predict the progress of crystallization, the following 

evolution equation proposed by Nakamura for non-isothermal crystallization [2, 3] is used. 
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4. Further investigations 

Crystallization of polymers has a strong influence on the strength and warpage structure obtained at the AM 

process. Furthermore, the complexity of the material behaviour at crystallization under non-isothermal 

conditions causes that the AM process is difficult to control and optimize. One has also to underline that after 

addition of new layers during the component manufacturing, the last built layer is partially melted in order to 

merge a new layer. It causes locally the change of material properties. The implementation of the 

crystallization process in the FE computations makes the first step in the analyses of the residual stresses and 

strength of the structures obtained during the technological tests. 
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