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Abstract

:

This paper describes the self-heating effects resulting from mechanical deformation in the additively manufactured aluminium alloy AlSi7Mg0.6. The material’s self-heating effect results from irreversible changes in the material’s microstructure that are directly coupled with the inelastic deformations. These processes are highly dissipative, which is reflected in the heat generation of the material. To describe such effects, a numerical framework that combines an elasto-viscoplastic Chaboche model with the Gurson Tvergaard Needleman damage approach is analysed and thermomechanically extended. This paper characterises the sample preparation, the experimental set-up, the development of the thermomechanical approach, and the material model. A user material subroutine applies the complete material model for the finite element software Abaqus 2022. To validate the material model and the parameters, a complex tensile test is performed. In order to check the finite element model, the energy transformation ratio is included in the evaluation. The numerical analyses of the mechanical stress evolution and the self-heating behaviour demonstrate good agreement with the experimental test. In addition, the calculation shows the expected behaviour of the void volume fraction that rises from the initial value of   0.0373 %   to a higher value under a complex mechanical load.
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1. Introduction


The microstructure of a metal strongly depends on the type of alloy. It depends on its chemical composition, processing method, and final post-processing treatment. These factors lead to wide variability in the microstructure and, in fact, in the properties of the material. For one type of material, e.g., steels, the microstructure can have a different matrix of phases and precipitations, even for the same chemical composition, but it depends on the applied processing technique [1].



Additive manufacturing processes enable a cost-efficient production of components and small series with complex structures and reduce the number of individual parts and assembly steps. Applications for this additive manufacturing include aerospace [2], medical technology [3], tool manufacturing [4], and energy technology [5]. In the field of metal component fabrication, the laser powder bed fusion of metals (PBF-LB/M) process and the direct energy deposition (DED) method are the most established techniques [6,7]. In comparison to the well-known conventional fabrication methods such as cast moulding, additive manufacturing, especially PBF-LB/M, results in an extremely fine-grained microstructure obtained for almost each processed material [8]. It is the result of a specific process with high heating/cooling rates and high temperature gradient. However, due to the above-mentioned factors, the material in the as-built state is characterised by a high level of residual stress, which, in turn, translates into mechanical properties [9]. Usually, PBF-LB materials are characterised by a high level of tensile strength and a middle/low level of plasticity. Therefore, it is highly recommended to use a post-process heat treatment to relax the residual stresses and make the properties uniform across the entire specimen [9]. The following factors influence the quality of the final product made by PBF-LB/M: microstructure, porosity, residual stresses, dimensional accuracy, and surface roughness [10,11]. Some of these factors are derived from the process parameters, while adding post-process thermal and/or mechanical treatments additionally affects the obtained material characteristics.



In the case of aluminium alloys, and especially, the series 4xxx, AM users and researchers are dealing with Al-Si eutectics, which exhibit good fluidity and allow for a crack-free PBF-LB/M solidification [12]. Compared to casting methods, AlSi7Mg0.6 alloy in the as-built state (PBF-LB) achieves a tensile strength of about 390 MPa, yield strength of 210 MPa, and an elongation of about 8% [12,13]. These values significantly exceed the characteristics obtained with casting [14] and result from rapid solidification in the PBF-LB/M process, which was mentioned above. Aluminium alloys in the as-built state have a similar microstructure as conventional materials after supersaturated solution heat treatment. It is highly possible that after ageing, those materials will achieve higher tensile strength, but with noticeable lower ductility [10].



To enable the additively manufactured materials as construction components, the behaviour of the material under mechanical loads needs to be predicted. The studies of [15] has shown that an elasto-viscoplastic thermomechanical material model [16] can represent the AlSi7Mg0.6 alloy behaviour with some limitations. Differences between the experiment and simulation are visible at two phenomena. The first is in the region of the yield point, where the material behaviour changed from elastic to inelastic. And the second limitation focuses on the phenomena of stress relaxation. Due to the presence of stress relaxation, a rate-dependent material behaviour of AlSi7Mg0.6 was detected. Consequently, rate-independent models, as in [17], are excluded for the numerical description. In order to reduce the limitations in the representation of the addressed phenomena, more complex rate-dependent models such as [18,19] can be implemented. Both models operate on the assumption of a nearly homogeneous material structure. In the case of additive manufacturing, the resulting inhomogeneous material structure has a significant influence on the mechanical properties. To include the influence of the microstructure on the mechanical properties of the material in numerical modelling, damage models exist that describe the defect in terms of pore phenomena. An example of modelling void growth, void nucleation, and void coalescence is provided by the Gurson–Tvergaard–Needleman (GTN) damage model [20,21,22]. This damage approach represents a rate-independent material behaviour but may be extended by modifications to the rate-dependent model. For polymers, an approach exists which combines a classical continuum mechanical model with consideration of damage effects [23]. In this study, the elasto-viscoplastic Chaboche model [19] was connected with the Gurson–Tvergaard–Needleman damage model. The authors of [23,24] investigated and verified the ability of the material model to predict the failure behaviour. A description of the material behaviour is performed by a system of differential equations. The solution of such numerical problems results in an optimisation task that describes the initial and boundary value challenge. In the classical approach, mechanical stress is considered as an objective. The temperature evolution on the sample surface can be integrated into the solution as a second objective function, as the system is thermodynamically enhanced. In conclusion, the thermomechanical analysis can provide a numerical optimisation task [15,25,26].



The continuum thermomechanics considers the entire deformation process as a thermodynamical system [27]. As a result of the dissipative hardening processes, the self-heating of the material is described by observing the first two laws of thermodynamics [28,29]. To calculate the change in the material surface, the dissipation energy can be separated into mechanical strain energy and the energy that is necessary to change the microstructure of the material [30]. The last energy part is known as the stored energy of cold work [31]. This provides a good approach, which results in an efficient optimisation task for the coupled field problem of stress behaviour and self-heating of the material [16,17,32,33].



This study focuses on the material description of the PBF-LB/M-manufactured AlSi7Mg0.6 alloy with respect to the rate-dependent material behaviour and damage effects. To create a more detailed analysis, a Chaboce-GTN model [23] is enhanced from the point problem to the three-dimensional FE-problem. The use of the damage approach results in a numerical consideration of the pore phenomena (growing, nucleation, and coalescence) [22]. To determine the initial parameters of the GTN model, the microstructure analysis is presented. For a more precise objective function in the optimisation task, the model is extended by the first and second law of thermodynamics. This approach results in the stress–strain, the temperature, and the energy transformation ration material characteristics for one experimental scenario. To develop the coupled stress–temperature field problem of thermomechanics for the optimisation task, concepts for combined experimental investigations and theoretical model extensions [34] are integrated into the research.




2. Materials and Methods


2.1. Additive Manufacturing of Aluminium Alloys


The test specimens were made from AlSi7Mg0.6 alloy powder with a fractional distribution of 20–63  μ m, supplied by the machine manufacturer, SLM 280 2.0 (SLM Solutions Group AG, Lübeck, Germany). The dog bone flat samples, with a thickness of 1.5 mm and dimensions according to DIN50125-H12.5 × 50, were printed in the vertical orientation, with a remelted powder layer thickness of 30  μ m. The set of process parameters recommended by the machine supplier was used to produce the samples. Therefore, the material relative density of no less than 99.8% is to be achieved. The total number of samples made per process was 16 pcs (Figure 1). The samples tested in the research were in the as-built condition, i.e., no post-process heat treatment was applied. A complete characterization of the powder used in this study and the material obtained from the PBF-LB/M process can be found in [35].




2.2. Microstructure Analysis


This study was performed using the X-ray computer tomography (XCT) system Waygate phoenix|v|tome|× 300 m (Baker Hughes Company Houston/Texas), scanning samples before and after the tensile test with the same measurement parameters. The voxel size was 7  μ m, the voltage and current of the X-ray tube were 220 kV and 30  μ A, respectively. For each scan, 2700 projections were collected with an integration time of 150 us, using a 0.5 mm copper filter. Porosity analysis was performed using software VG Studio MAX 3.3 (Volume Graphics GmbH, Heidelberg, Germany). The results show the mean value of six samples. In the case of the virgin samples, the initial void volume fraction    f ^  *   is   0.0373  %. After the thermomechanical experiments, ex situ analyses were performed on the damaged samples. This analyses leads to the critical damage void volume fraction    f ^  F   with   0.0385  %. For more details about the material’s porosity, see [35].




2.3. Thermomechanical Experiment


The determination of the mechanical and thermal material behaviour is performed by the thermomechanical experiment. To simplify the measurement configuration, a specific experimental set-up was used, as shown in Figure 2.



The complex tensile tests were conducted using a servo-hydraulic test machine from the company Zwick & Roell (Ulm, Germany) If country is USA, please provide state after city. with a maximum load cell of 25 kN. The deformation and temperature field were measured in a coupled process realised with the infrared camera ImageIR 8300 hs from InfraTec GmbH (Dresden, Germany). If country is USA, please provide state after city. Table 1 shows the technical specifications of the used IR-camera.



To measure the deformation field, a digital image correlation (DIC) is implemented. For a high-quality temperature measurement without reflections of the surrounding radiations, the samples are sprayed with a black matte varnish. The reference points for the DIC are created with a random dot pattern. This pattern is realised with a spray that includes metallic particles and generates local emissivity differences and creates reference points for the DIC. The resulting thermal contrast increases with an external continuous radiation heat source. Detailed specifications for the experimental set-up, the sample preparation, and the analysis are described in [15,34,36].



The deformation field was calculated using a post-processing tool from InfraTec. The user interface is shown in Figure 3. To begin the process, the user can define tracker points on a sub-surface for the DIC (Figure 3(d1)). The tool loads the original camera data first. In order to realise the temperature measurement, a motion compensation is implemented and an emissivity correction is performed. These steps eliminate the noise of the temperature signal. The tool uses an affine transformation to calculate the deformations. After processing, the user can choose between the longitudinal strain data in the tension direction and the transverse strain data. For more details about the post-processing tool, see [36]. In a final step, the result files are generated at defined points or as a mean value of a sub surface. In this paper, the following material curves are created in the midpoint of the detail d1 in Figure 3.



Motivated by the ASTM E328-20 standard [37], a modified complex load path   v 1   was selected for parameter identification, verification, and the resulting optimisation task. In this case, complex means that multiple holding times on different strain levels were integrated in the tensile test. There is an additional unloading path for the verification of the elastic material behaviour. This unloading means that the test ends without destroying the sample. In order to satisfy the assumptions of the thermomechanical approach, a displacement-controlled experiment with a strain rate of    ε ˙  = 7.7 ·  10  − 3       s  − 1    was performed. For the validation of the parameters determined by   v 1  , a second load path   v 2   is defined. This experiment involves a uniaxial tension to a maximum strain of   3.06  %, with a following holding time at this strain level of 6 s and a final unloading. The strain rate of   v 2   is the same as   v 1  . All experimental characteristics (strain, stress, and temperature evolution) shown in this work are the mean value curves of the six tested samples. A definition of both loading paths is shown in Figure 4.



The post-processing tool evaluates the thermomechanical experiments. This involves the local analysis of the material behaviour at the midpoint of the specimen (see detail d1 in Figure 3). Figure 5A,C present the thermomechanical material response for the load path of   v 1  . The diagrams show three test curves and the mean value curve for a better understanding. For the stress curve and the temperature curve, the standard deviation is    S σ  = ± 1.73 %   and    S Θ  = ± 0.58 %  . In the case of the load path   v 2  , the thermomechanical material response is presented in Figure 5B,D. The standard deviation of the stress curve amounts to    S σ  = ± 1.1 %   and of the temperature curve amounts to    S Θ  = ± 0.74 %  . Both test scenarios are finally employed for the optimisation task to determine the parameters of the selected material model.




2.4. Theoretical Framework


A large number of theoretical approaches are available for the numerical representation of mechanical material behaviour [27]. Some theoretical concepts differentiate between rate-dependent [16] and rate-independent [17] material behaviours [19] introduces a model that can represent a large number of material phenomena (like rate dependency, isotropic hardening, kinematic hardening, etc.). The increasing importance of additively manufactured components as construction materials leads to additional phenomena that are characterised by the damage of the material during the loading process. Consequently, mechanical properties are becoming important for the quality of the final microstructure [14]. For this reason, there are concepts that couple the Chaboche model with damage approaches [23]. This coupling leads to a complex model with a large number of determinable parameters. In order to obtain more information from a single test scenario, the model is extended thermomechanically. Based on the enhancement, the temperature curves generated by the material’s self-heating effects in addition to the stress–strain curves are used for parameter identification [15,25,26]. Motivated by this approach, the following sections explain the thermomechanical model.



2.4.1. Dissipation


Before the thermomechanical approach is discussed, the mechanical system is limited to the technically relevant range of small deformations. Consequently, the norm of the displacement gradient tensor is much smaller than 1, and the deformation can be described by the linearised deformation–displacement relation.



The theory describes the evolution of the internal variables of the chosen model in terms of the material hardening phenomenon [27]. Such inelastic effects are caused by changes in the microstructure, which describes a highly dissipative process. To define the problem of self-heating, an expression for dissipation energy is required first. This procedure assumes a homogeneous temperature distribution over the thickness of the sample, a fact that is given by the small thickness of the sample. Combining the first and second laws of thermodynamics results in dissipation inequality:


  Δ = Θ  s ˙  −  e ˙  +   1 ρ    σ  :   ε ˙  −   1  ρ Θ     q  :  g ≥ 0 ,  



(1)




where the internal dissipation is  Δ , the sample surface temperature is  Θ , the entropy rate is   s ˙  , the specific free energy rate is   e ˙  , the mass density is  ρ , the Cauchy stress tensor is  σ , the linearised Green-Lagrange strain tensor rate is   ε ˙  , the specific heat flux vector is  q , and the temperature gradient is  g .



The evolution of internal energy   e ˙   depends on changes in the entropy   s ˙   and the strain tensor   ε ˙  , as shown in Equation (1). The entropy is defined as a measure of the irreversibility of the system [27]. Because the challenges for the experimental evidence of entropy are very difficult, the system is described by a different thermodynamic potential. With the Legendre transformation   ψ = e − Θ s  , the system is considered as a function of free energy  ψ  as follows:


  Δ = − s  Θ ˙  −  ψ ˙  +   1 ρ   σ  :   ε ˙  −   1  ρ Θ    q  :  g ≥ 0 .  



(2)







Before discussing the dependencies of the free energy potential more in detail, two assumptions are defined:




	
Temperature strain   ε  t h    is negligible;



	
The viscoplastic strain is an internal variable [38].








The first assumption deals with the fact that the temperature changes resulting from self-heating are very small. For this reason, the temperature strain   ε  t h    compared with the mechanical strain is very small and negligible. With the restriction to small deformations, the strain tensor  ε  is described by the sum of the elastic strain tensor   ε  e l    and the viscoplastic strain tensor   ε  v p   .


    ε    =  ε  t h   +  ε  e l   +  ε  v p         ε  e l      = ε −  ε  v p    with   ε  t h   = 0 .     



(3)







The second assumption introduces the viscoplastic strain as an internal variable [38]. With these aspects, the free energy applies the following:


  Ψ = Ψ   ε  e l   , Θ , g ,  a 1  , … ,  a n   ,  



(4)




where    a 1  , … ,  a n    are thermodynamic displacements, which represent the mechanical strain type internal variables in the thermomechanical framework. Considering Equations (3) and (4) in Equation (2) leads to the following:


     Δ =    1 ρ   σ −    ∂ ψ   ∂  ε  e l        ε ˙  +  − s −    ∂ ψ   ∂ Θ      Θ ˙  +    ∂ ψ   ∂  ε  e l        ε ˙   v p         −  ∑  j = 1  n      ∂ ψ   ∂  a j       a ˙  j   −    ∂ ψ   ∂ g     g ˙  −   1  ρ Θ    q  :  g ≥ 0 .     



(5)







To analyse the dissipation inequality (5), the meaning of the equation first needs to be explained. The thermodynamic system is reversible when this expression is equal to zero. Reversible means that the system can return to its initial state [27]. An example of this are adiabatic elastic processes. When the inequality is greater than zero, the process is irreversible. Consequently, the system is unable to return to its initial state. This condition is characterised by inelastic deformation processes and heat conduction. In order to evaluate Equation (5), it is common practice to focus on reversible processes first [39]. The dissipation inequality results in the following:


     Δ =    1 ρ   σ −    ∂ ψ   ∂  ε  e l         ε ˙   e l   +  − s −    ∂ ψ   ∂ Θ      Θ ˙  −    ∂ ψ   ∂ g     g ˙  −   1  ρ Θ    q  :  g = 0 .     



(6)







Equation (6) is thermomechanically consistent when each sum and satisfies the mathematical expression [39]. For the last sum and Equation (6), the Fourier equation of the heat flow  g  can be used [16]:


  q = − k  g ,  



(7)




where the thermal conductivity is k. Considering Equation (7) and in the case of adiabatic boundary conditions, the temperature gradient  g  becomes zero, and Equation (6) is satisfied. All other summands solve the equation whenever the following is valid:


  σ = ρ    ∂ ψ   ∂  ε  e l      ,  s = −    ∂ ψ   ∂ Θ     and     ∂ ψ   ∂ g    = 0 .  



(8)







The Coleman and Noll approach (Equation (8)) has been established for irreversible processes to [38]. Embedding Equation (8) in Equation (5) results in the following:


  Δ =      1 ρ   σ  :    ε ˙   v p    ︸   e  v p    −     ∑  j = 1  n     ∂ ψ   ∂  a j      :    a ˙  j   ︸   e s   −   1  ρ Θ    q  :  g ≥ 0 .  



(9)







Equation (9) describes the dissipation structure for an inelastic system. The inelastic deformation process introduces a viscoplastic stress power   e  v p    into the system. As the material hardening in the inelastic range results in a change in the material’s microstructure [27], the entire stress power is not dissipated. The stored energy of cold work   e s   defines the energy part that is responsible for the changes in the microstructure. These two terms are often called intrinsic dissipation   δ  i n t r   . The third term of Equation (9) is known as the thermal dissipation   δ  t h    [38]. The chosen material model [23] describes the evolution of the internal variables in the stress area. As the free energy in Equation (4) is a function of strain space values, it is more consistent to describe the thermomechanical system in terms of the free enthalpy G [17]. With the Legendre transformation   Ψ =   1 ρ   σ  :   ε  e l   − G  , the dissipation inequality (2) reads to the following:


  Δ = −   1 ρ    ε  e l    :  σ ˙  +  G ˙  − s  Θ ˙  +   1 ρ   σ  :    ε ˙   v p   −   1  ρ Θ    q  :  g ≥ 0 .  



(10)







Now, the following dependencies take effect for the free enthalpy as follows:


  G = G  σ , Θ , g ,  A 1  , … ,  A n   ,  



(11)




where    A 1  , … ,  A n    are the thermodynamic forces. With Equation (11), the dissipation inequality (10) follows the below equation:


     Δ =     ∂ G   ∂ σ    −   1 ρ    ε  e l     σ ˙  +     ∂ G   ∂ Θ    − s   Θ ˙  +   1 ρ   σ  :    ε ˙   v p         +  ∑  j = 1  n     ∂ G   ∂  A j       A ˙  j  −    ∂ G   ∂ g     g ˙  −   1 Θ   q  :  g ≥ 0 .     



(12)







After the evaluation of Equation (12) for reversible processes, the potential relationships are determined by the Coleman Noll procedure:


   ε  e l   = ρ    ∂ G   ∂ σ    ,  s =    ∂ G   ∂ Θ    ,     ∂ G   ∂ g    = 0 .  



(13)







Implementing Equation (13) in Equation (12) results in the dissipation inequality for irreversible processes as follows [27]:


  Δ =      1 ρ   σ  :    ε ˙   v p    ︸   e  v p    −     ∑  j = 1  n     ∂ ψ   ∂  A j      :    A ˙  j   ︸   e s   −   1  ρ Θ    q  :  g ≥ 0 .  



(14)








2.4.2. Energy Transformation Ratio


It is possible to characterise the dissipative behaviour of the materials in terms of the energy transformation ratio (etr). To derive this quantity, the consideration of dividing the intrinsic dissipation   δ  i n t r    into a ratio of the viscoplastic stress power   e  v p    and a ratio of the stored energy of cold work   e s   leads to the determination of energy ratios based on the system [17]. For this case, the viscoplastic work   w  v p    is defined as follows:


   w  v p   =  ∫   t 0   t   e  v p    d  t ¯  .  



(15)







According to the same procedure, the cold work of stored energy   w s   is defined as follows:


   w s  =  ∫   t 0   t   e s   d  t ¯  .  



(16)







As a result, the dissipative character of the material can be represented by the etr  φ  due to the ratio between the cold work of stored energy   w s   and the viscoplastic work   w  v p    [16] as follows:


  φ =    w s   w  v p     .  



(17)








2.4.3. Heat Equation


Heat equation is an important part of thermomechanics, as well as the calculation of system’s dissipation. For this purpose, the first law of thermodynamics is formulated according to the following:


   e ˙  = −   1 ρ    q  + r +   1 ρ    σ  :   ε ˙  .  



(18)







In order to represent the increase in temperature as a result of dissipation, the entropy balance of the system is generally analysed. To define the entropy balance for free enthalpy, the Gibbs relation is used [27]:


   G ˙  =   1 ρ   ε  :   σ ˙  + s  Θ ˙  .  



(19)







With the Legendre transformations of free enthalpy G in free energy  ψ  to internal energy e and the implementation in Equation (18), the entropy balance follows the below equation:


  Θ  s ˙  = −   1 ρ    ( q )  + r .  



(20)







Evaluating the potential of entropy based on Coleman Noll’s consequences, Equation (13) results in the following heat conduction equation:


     Θ     ∂ 2   G  e l     ∂  Θ 2      ︸   c σ    Θ ˙  = −    Θ     ∂ 2   G  e l     ∂ Θ ∂ σ     ︸   e  e l     σ ˙  +      1 ρ   σ  :    ε ˙   v p    ︸   e  v p    −    Θ  ∑  j = 1  n       ∂ 2  G   ∂ Θ ∂  A j          ∂ G   ∂  A j      .    ︸   e s   −      1 ρ    q  + r  ︸   e Q   ,  



(21)




where   G  e l    is the elastic part of the free enthalpy,   c σ   is the specific heat for the constant stress case [27],   e  e l    describes the thermoelastic effect, and   e Q   defines the heat conduction process, including the heating by an external heat source. For the determination of elasto-plastic material behaviour, the thermoelastic effect is defined more accurately. In the case of tension, the sample cools down; and in the case of compression, the sample heats up [16]. To describe this effect numerically, a linear Hooke’s thermoelasticity is applied as follows [38]:


  ρ  G  e l   =   1 2     1  2 μ     σ D   :   σ D  +   1 2     1  9 κ      tr ( σ )  2  +  α 0   tr ( σ )   Θ −  Θ 0   +   ρ 2      c σ   Θ 0      Θ −  Θ 0   2  ,  



(22)




where the shear modulus is  μ , the bulk modulus is  κ , the thermal expansion coefficient is   α 0  , the elastic strain deviator is   ε  e l D   , and the reference temperature is   Θ 0  .




2.4.4. Material Model


The combined Chaboche-GTN model was selected to describe the material behaviour numerically. In previous investigations, it shows a high degree of accuracy for the prediction of material failure [23,24].



Consequent to the restriction to small deformations (Equation (3)), the mechanical stress evolution results in the following:


   σ ˙  = E  :   ε ˙  −   ε ˙   v p    ,  



(23)




where  E  is the fourth order elasticity tensor. The viscoplastic strain tensor   ε  v p    is calculated by the viscoplastic multiplicator  λ  and the flow direction    ∂ f  /  ∂ σ    as follows [40]:


    ε ˙   v p   = λ    ∂ f   ∂ σ    =     f K    n      ∂ f   ∂  σ v     N +   1 3      ∂ f   ∂  σ H     I  ,  



(24)




where the flow function is f, the viscosity factor is K, the viscosity exponent is n, the second order identity tensor is  I , and the second order normal tensor is  N , which is calculated by including the stress deviator  S  and the equilibrium stress   σ v   as follows:


  N =   3  2  σ v     S .  



(25)







The Chaboche model [19] works with a separation between the elastic and plastic domain. The following flow function f is implemented to realise this separation [22]:


  f =       σ v  −  1 −   f ^  *    X v    σ M     2  − 1 + 2  q 1    f ^  *   cos h      3  q 2   2      σ H   σ M     −  q 1 2    (   f ^  *  )  2  ≥ 0 ,  



(26)




where    f ^  *   is the effective void volume fraction,   X v   is the equivalent back stress,   σ M   is the non-linear isotropic hardening,   σ H   is the hydrostatic stress, and    q 1  ,   q 2    are GTN damage model coefficients. When the flow function Equation (26) is greater than zero, the evolution of the hardening variables in the material model begins. The non-linear isotropic hardening   σ M   results from the following:


   σ M  =  σ y  +  Q ∞   1 − e x p  − b   ε ¯   v p     + K   (    ε ¯  ˙    v p   )   1 / n   ,  



(27)




where the yield stress is   σ y  , the hardening parameters are    Q ∞  , b  , and the accumulated plastic strain rate is     ε ¯  ˙   v p   :


     ε ¯  ˙   v p   =    σ  :    ε ˙   v p      1 −   f ^  *    σ M     .  



(28)







The flow function Equation (26) illustrates that the Chaboche model is dependent on non-linear kinematic hardening  X  in addition to non-linear isotropic hardening   σ M  . This non-linear kinematic hardening  X  is characterised through the two internal kinematic hardening variables,   X  1    and   X  2   , which are expressed as follows:


   X ˙  =  ∑  i = 1  2     2 3    C  ( i )     ε ˙   v p   −  γ  ( i )    φ  ( i )    X  ( i )      ε ¯  ˙   v p   −  R  kin ( i )    X  ( i )     



(29)




and


  φ =  ∑  i = 1  2    φ ∞  ( i )   +  ( 1 −  φ ∞  ( i )   )  exp  ( −  ω  ( i )     ε ¯   v p   )   .  



(30)







The new quantities are the strain hardening parameter C, the dynamic recovery factor  γ , the static recovery factor   R  k i n   , the decay constant  ω , and the saturation parameter   φ ∞  .



The damage model is introduced into the system through various cases. As an initial condition, the system considers the initial porosity of the material    f ^  0  . When mechanical stress is introduced, an increase in the total void volume fraction   f ^   is achieved. Reaching the coalescence limit    f ^  c  , this model simulates the linking of voids.


    f ^  *  =       f ^  0     if    t 0  = 0       f ^     if    f ^  ≤   f ^  c          f ^  c  +     1  q 1   −   f ^  c      f ^  F  −   f ^  c      (  f ^  −   f ^  c  )      if     f ^  c  <  f ^  ≤   f ^  F        



(31)







An evolution of the total void volume   f ^   is described in terms of void growth    f ^  gr   and nucleation    f ^  nuc  , as shown in the following equations [22]:


    f ^  ˙  =    f ^  ˙  gr  +    f ^  ˙  nuc  ,  



(32)




with


     f ^  ˙  gr  =  ( 1 −   f ^  *  )  tr  (   ε ˙   v p   )   



(33)




and


     f ^  ˙  nuc  =      f ^  N     ε ¯  ˙   v p      S N    2 π      e x p  −   1 2          ε ¯   v p   −  ε N    S N     2   .  



(34)







Equation (34) is based on the Gaussian normal distribution of the void nucleation and introduces the mean value   ε N  , the standard deviation   S N  , and the void nucleation volume fraction    f ^  N   as additional material parameters.



To calculate the self-heating material behaviour, an expression for the intrinsic dissipation of the presented model is derived first. For this purpose, the energy ratios of the internal variables in the kinematic  X  and isotropic   σ M   hardening representations are formulated. According to Chaboche’s energy observations [41], the intrinsic dissipation is defined as follows:


   Δ  i n t r   ρ = σ  :    ε ˙   v p   +   1 b    R ˙  −   3 2   X  :   X ˙   



(35)




and


  R = −   σ y  −  Q ∞   exp  − b    ε ¯  ˙   v p    .  



(36)







The presented approach differentiates from existing models [23] through thermomechanical enhancement. Despite the high number of parameters, (29), the coupled solution of the deformation field and the temperature field provides a higher physical significance to the set of identified parameters [16,17,25]. Another reason for the high number of parameters is that the model can represent many mechanical phenomena. In the case of the static tests carried out in this study, the parameters like the dynamic recovery factor  γ , the static recovery factor   R  k i n   , the decay constant  ω , and the saturation parameter   φ ∞   of Equation (29) are eliminated, and the model is simplified. Consequently, this simplification leads to nine parameters for the numerical description of the elasto-viscoplastic material behaviour and eight parameters for the description of the damage behaviour. For detailed information on the sensitivities of the mechanical parameters, see the study of [23].




2.4.5. Concept for Thermomechanic FE-Analysis


The presented thermomechanical material model is transferred to the FE-software Abaqus 2022 for the three-dimensional case applying the user subroutine UMAT. In order to generate a realistic simulation, the geometry from Figure 1 was modelled. The coupled temperature displacement calculation is realised with eight-node thermally coupled, trilinear displacement and temperature elements (C3D8T). To realise the mechanical load, all displacements of the lower clamp are blocked, and the displacement of the upper clamp in the y-direction is released (Figure 6A, blue and orange arrows). As the experimental set-up includes the external radiator (Figure 2), it is considered in the FE-model (Figure 6A, green arrows). The effect of the radiator is analysed from the difference in the temperature evolution at the thermoelastic effect and the beginning of the holding times between the experiment and simulation. This influence is included in the model by a linear increase function with a final value of   r = 0.065  J   s  − 1     m  − 2    . The convective interaction between the clamp areas and the machine jaws (Figure 2) is modelled with a surface film condition with the constant value   h = 2.9  J   s  − 1     m  − 2      ° C   − 1     [42] and a sink temperature    Θ s  = 20   ° C    (Figure 6B, red rectangles). Another boundary condition represents the convective interaction between the sample and the surrounding air. This condition is attached by a surface film condition on the outside of the sample with the constant value   h = 2  J   s  − 1     m  − 2      ° C   − 1     [42] and a sink temperature    Θ s  = 20   ° C    (Figure 6C, red marked area with red rectangles). The consideration of the air surface film is motivated by the differences in the temperature evolution of the experimental and the numerical curve during the second and the third holding time. As the film boundary condition through the clamping area did not remove enough heat from the system at these times, this additional boundary condition generated a more accurate result.






3. Results and Discussion


3.1. Parameter Determination


In order to determine the model parameters, some of them are estimated directly by the experimental curves   v 1  . These include Young’s modulus E, the yield strength   σ y  , and the Poisson value  ν . In particular, the elastic loading and unloading path (Figure 4) are helpful in the determination of Young’s modulus. Considering the microstructure analysis, the GTN parameters    f ^  0   and    f ^  F   are determined directly. The thermal parameters   α 0  ,   c σ   and k are based on the material’s data sheet [13]. For the experimental identification of the material’s mass density  ρ , the weight of ten specimen is measured by the analytical balance ABJ220-4NM from the company Kern (Hamburg, Germany). With the volume of the samples, the mass density  ρ  is calculated by the mass-to-volume ratio. Based on this direct identification method, the number of the unknown parameters decrease to six parameters for the elasto-viscoplastic material behaviour and to six parameters for the damage behaviour. All other parameters are identified using Matlab’s optimisation toolbox. The stress evolution and the temperature change in the sample surface are defined as objective functions with equal weighting. A MultiStart function based on creating random starting points in the parameter space and searching for a minima with the lsqnonlin algorithm [43] was chosen for parameter identification. The determined parameters for the description of the material behaviour are presented in Table 2.




3.2. Numerical Results


Based on the determined parameters, numerical calculations were performed to verify the model. The experimental curves were generated in the centre of the sample; consequently, the region of interest is located in this area (Figure 7A, red dot). In the third load range after around 26 s (Figure 4), a plausibility check of the stress distribution (Figure 7B) and the temperature distribution (Figure 7C) was performed.



With respect to the boundary conditions of the system (Figure 6), an analysis of the thermomechanical response (Figure 7B,C) looks reasonable. In order to obtain a more detailed evaluation of the numerical model, its behaviour at the point (Figure 7A) is evaluated and compared with the experiments (Figure 8).



The identified material parameters of the selected model can represent the material behaviour with a high degree of accuracy. The highest difference in the stress behaviour of 10 MPa is located in the first holding time between 1 and 11 s. This error of 4% is in an acceptable range and the numerical simulation displays the main relaxation phenomena of the material. In the case of temperature characteristics, significant errors of max.   0.05   K are present during the holding times. One reason for this error of 1% is the modelling of the thermal boundary conditions. To check these boundary conditions, the energy characteristics can be added to the analysis. To obtain the inelastic work   w  v p   , the area of the strain-hardening curve can be analysed based on the mechanical stress–strain characteristics. The dissipated heat is located by the self-heating phenomena. With this information, the stored energy   w s   is calculated as the difference in the inelastic work and the dissipated heat [44]. This additional information leads to the determination of the etr according to Equation (17).



Figure 9 illustrates the error between measured and simulated etr. This error is explained with the help of the stored energy evolution (Figure 9). The reason why there is a difference between the numerical simulation and experiment is that an adiabatic test was not performed. The radiator for the DIC (Figure 2) supplies the system with additional heat energy. This means that the experimentally determined curves show the stored energy, which is influenced by the radiator energy. Figure 9 demonstrates that the modelling of the radiator in the FE model is necessary. In addition, both energy distributions show that the dissipative character of the material is represented in an acceptable way.



As evidence of material damage, the void volume fraction    f ^  *   evolution as a result of the void growing and void nucleation effects is presented in Figure 10. No void coalescence is considered because the void volume fraction    f ^  *   is clearly below the coalescence criterion    f ^  c  . During elastic deformation, a constant void volume fraction is achieved at the initial porosity    f ^  0  . When the inelastic material behaviour begins, an increase in void volume fraction is observed until the start of the holding time at 1.4 s. A small non-linear increase in the void volume fraction follows at the beginning of the holding time, which can be linked to the initiation of relaxation in the stress behaviour (Figure 8). This phenomenon disappears after   0.5   s and results in a constant void volume fraction value. The behaviour described is repeated until the end of the third holding time and looks plausible according to the rules of the GTN model (Equation (31)). With the unloading process at 32 s, a non-linear increase in void volume fraction is achieved. This phenomenon characterises the residual viscoplasticity, which is caused by the load reversal and reflected in the experimental stress evolution. An elastic behaviour of the material is achieved after the relaxation part, representing a reversible process. As a result of this reversibility, the microstructure is not changed, and the void volume fraction stays constant.



After the complex tensile test with multiple holding times   v 1   was extensively analysed, the simple tensile test with holding time   v 2   was intended to validate the identified material parameters. The differences in the etr characteristics do not depend on the selected material parameters; therefore, the stress and temperature characteristics in Figure 11 are sufficient for validation. Experiment v2 provides a more precise assessment of the material’s hardening behaviour than experiment v1. Test v2 is intended to also validate the ability to reproduce the hardening behaviour with the identified parameters. The comparison of the stress characteristics shows good agreement between the experiment and numerical simulation. The highest difference of 17 MPa is detected at the beginning of the holding time after 4 s. This corresponds to an acceptable relative error of 5%. The coupled field problem is clearly represented in the temperature characteristic. A small difference between the two curves is visible in the thermoelastic range up to 0.8 s, as already seen in the stress characteristics. Exceeding the yield point results in the beginning of highly dissipative inelastic deformations, characterised by the hardening and self-heating of the material. As the hardening in the simulation causes a higher stress at the start of the holding time, the calculated self-heating is also higher. Through this effect and the consideration of thermal boundary conditions, the calculated curve of the temperature characteristic exceeds the experiment. A clear deficit is given by the thermal behaviour during the holding time. The difference between the calculation and experiment is   0.24   K and represents a relative error of   1.1  %. This phenomenon requires more detailed observation and consideration of the thermal boundary conditions.





4. Conclusions


This study demonstrates the thermomechanical enhancement of the Chaboche GTN model in representing the material stress and self-heating behaviour under complex loading scenarios. It is shown that the integration of the temperature characteristic into the parameter identification leads to a limited parameter determination and to a result with a high accuracy. The validation with the tensile test   v 2   supports this result. This paper demonstrates that the number of experiments for parameter identification can be reduced by a coupled analysis of the deformation and temperature field. For the next research steps, the experiment needs to be approximated to an adiabatic state. This concept can result in the integration of etr characteristics into the parameter identification process. In order to generate an nearly adiabatic process, a change in the measurement methodology as in [44] can be implemented. Additionally, the heat conduction effects can be minimised by significantly increasing the velocity as suggested in [45]. In case these modifications to the experimental set-up show a significant difference between the experimental and the calculated etr curve, the energetic approaches for the internal variables can be modified. An excellent study on this topic shows this difference [16]. The consideration of the void volume fraction shows an interesting initial effect at load reversal after inelastic material loading. This behaviour can be validated with the help of in situ tests and included in the parameter identification process. This study demonstrates access to the three-dimensional FE of the Chaboche-GTN model created in Abaqus. As a result, more complex geometry-related loading conditions can be analysed.
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Figure 1. (A) Sample orientation during the manufacturing process (B) Sample geometry. 
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Figure 2. Concept of a thermomechanical experimental set-up. 
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Figure 3. User interface of the post−processing tool. 
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Figure 4. Input strain path.   v 1  : complex load path with multiple holding times and an unloading step.   v 2  : tension test with one holing time and an unloading step. 
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Figure 5. Results of the thermomechanical experiments: (A) the material’s stress response for the strain rate   v 1  ; (B) the material’s stress response for the strain rate   v 2  ; (C) the material’s temperature response for the strain rate   v 1  ; (D) the material’s temperature response for the strain rate   v 2  . 
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Figure 6. Boundary conditions: (A) displacement boundary conditions and radiator, (B) surface film condition on clamped area, and (C) surface film condition for air convection. 
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Figure 7. FE−Results at t = 26 s: (A) region of interest, (B) stress distribution in the y-direction, and (C) temperature distribution. 
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Figure 8. Thermomechanical material behaviour for loading path   v 1   (A) Mechanical behaviour (B) Temperature behaviour. 
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Figure 9. Energy behaviour for loading path   v 1   (A) Energy transformation ratio (B) Stored energy of cold work. 
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Figure 10. Numerical void volume fraction    f ^  *   for loading path   v 1  . 
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Figure 11. Thermomechanical material behaviour for the loading path   v 2   (A) Mechanical behaviour (B) Temperature behaviour. 
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Table 1. Specifications of the ImageIR 8300 hs.
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	Property/Parameter
	Unit
	Specification





	Sensor
	
	T2SLS with Hot

Long-Life-Technologie



	Detector format
	(px) × (px)
	640 × 512



	Pitch size
	 μ m
	25



	Spectral region
	 μ m
	   1.5 … 5.5   



	Temperature resolution at 30 °C measuring range
	mK
	20



	Measuring range
	°C
	   − 40 … 1500   



	IR frame rate
	Hz
	125



	Distance to Specimen
	mm
	300










 





Table 2. Model parameters.
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Symbol

	
Unit

	
Value

	
Symbol

	
Unit

	
Value

	
Symbol

	
Unit

	
Value






	
Chaboche  Parameters




	
  ν  

	

	
0.34

	
E

	
MPa

	
47,998

	
   σ y   

	
MPa

	
213




	
K

	
MPa

	
1.4

	
n

	

	
4

	
   C 1   

	
MPa

	
1791




	
   C 2   

	
MPa

	
1432

	
   γ 1   

	

	
56

	
   γ 2   

	

	
5




	
   Q ∞   

	

	
75

	
b

	

	
75

	
   R  k i n 1    

	
   s  − 1    

	
0




	
   R  k i n 2    

	
   s  − 1    

	
0

	
   φ ∞ 1   

	

	
0

	
   φ ∞ 2   

	

	
0




	
   ω 1   

	

	
0

	
   ω 2   

	

	
0

	

	

	




	
GTN  Parameters




	
    f ^  0   

	

	
0.0373

	
   q 1   

	

	
1.3

	
   q 2   

	

	
1




	
    f ^  F   

	

	
0.0385

	
    f ^  N   

	

	
0.001

	
   s N   

	

	
0.1




	
   ε N   

	

	
0.3

	
    f ^  C   

	

	
0.0382

	

	

	




	
Thermal  Parameters




	
  ρ  

	
g   cm  − 3   

	
2.66

	
   α 0   

	
   K  − 1    

	
   2 ·  10  − 5     

	
   c σ   

	
J   kg  − 1      K  − 1   

	
850




	
k

	
W   m  − 1      K  − 1   

	
150
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