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Abstract

:

Failure in 3D-printed composite parts is complex due to anisotropic properties, which are mainly governed by printing parameters, printing strategy, and materials. Understanding the failure behaviour of materials is crucial for the design calculations of parts. Effective computational methodologies are yet not available for accurately capturing the failure behaviour of 3D-printed parts. Therefore, we proposed two different computational methodologies for modelling the failure behaviour of 3D-printed parts. 3D-printed parts subjected to uniaxial tensile loading were considered for modelling. In the first method, the computational model employed nonlinear properties of virgin material, and the model predicted higher values than the experimental results. This method provided idealistic nonlinear behaviour of 3D-printed parts. The difference in the results of experimental and computational is significant, especially in the case of 3D-printed composites. In the second method, the computational model utilized nonlinear material data from mechanical testing results and the model predicted accurate nonlinear behaviour of 3D-printed parts. This method provided realistic material behaviour of 3D-printed parts. Therefore, for effective design and analysis, it is suggested to use the latter computational methodology to capture the failure behaviour of 3D-printed parts accurately.
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1. Introduction


Additive manufacturing (AM) technology, also known as 3D printing, usage is increasing for many engineering applications [1]. Material extrusion-based AM technology is rising in popularity for producing large-scale composite structures [2], and further, the technology is versatile and can even process metals [3]. However, this latest manufacturing technology has certain limitations and challenges while processing composite materials, including voids, weak bonding of reinforcements and matrix, process-oriented properties, and weak interfacial properties [4,5]. Furthermore, the material properties of the printed parts are not the same as those of virgin material, which is used for 3D printing and anisotropy is introduced in the properties [6]. Such variation in the properties of 3D-printed parts leads to complex failure behaviour, and further, it is crucial to understand design calculations. Therefore, our work is focused on developing an efficient computational methodology for accurately capturing the failure behaviour of 3D-printed composite parts.



Several experimental works have focused on investigating the performance of 3D-printed parts under different mechanical loadings and its relation to the factors associated with the 3D printing process. Investigation of 3D-printed parts revealed that the process parameters, such as printing direction and build orientation, significantly influenced impact behaviour [7] and compressive behaviour [8]. Further, printing conditions, such as the temperatures of the bed and extruder, influenced the fracture properties of 3D-printed composites [9]. The interfacial fracture toughness of bimaterial composites can be enhanced with increased extruder temperature, but the increase in bed temperature can negatively affect the toughness. It was found that the angle-ply printing strategy exhibited better toughness than that of the cross-ply. However, the fatigue behaviour of 3D-printed composites with an angle ply printing strategy showed early stiffness degradation compared to other printing strategies [10]. Anisotropic performance is typical in 3D-printed lattice structures due to the variation in printing direction [11]. Investigation [12], on the flexural behaviour of printed composite parts, revealed that the composite material’s distribution of reinforcements significantly influenced the parts’ flexural response. The printed parts exhibited linear and nonlinear behaviour before fracture. The above studies indicated that the material behaviour of the printed parts is significantly influenced by the printing conditions, process parameters, printing strategies, and materials.



Failure behaviour in 3D-printed parts is complex and is not a much-explored research topic. Understanding the failure of materials is important for the effective design of parts. Therefore, assessing the failure behaviour of the printed parts subjected to different mechanical loadings is gaining interest in recent times. Bouaziz et al. [13] employed fracture mechanics techniques, such as J integral and crack tip methods, to quantify the crack initiation and propagation in 3D-printed parts. Pan et al. [14] utilized acoustic emission technology to investigate the damage behaviour. The investigation revealed that matrix buckling and interface failure are the primary failure modes in 3D-printed composite parts subjected to flexural loading. Furthermore, microscopic examination using a micro-CT scanner revealed that the parts also have other damage modes, such as matrix buckling, debonding, delamination, and fibre breakage. On the other hand, the predominant failure modes in 3D-printed honeycomb sandwich structures are indentation, bending of face sheet and core, and core shear [15]. It is clear that different failure modes occur in 3D-printed parts, and no single failure mode is primarily responsible for the ultimate failure of parts. Investigation on 3D-printed parts revealed that they have directional properties as well as the material behaviour of the parts is similar to that of laminate composites [16]. Therefore, the mechanics of laminates and laminate theories were proposed for characterizing the mechanical behaviour of 3D-printed parts. Typically, classical first-ply failure criteria were used to assess the laminates’ strength. However, strength and safety-oriented failure criteria for design are a more difficult proposition. An alternative to assessing the structural performance of the printed parts is computational modelling.



Computational methods [17], such as the finite element (FE) method, are the alternate solutions to experimental work, and further, these computational methods eliminate the challenges associated with experimental work. Scapin et al. [18] conducted an FE analysis to investigate the structural performance of printed parts with different infill patterns. The investigations [19] revealed that the material behaviour of the parts is transversely isotropic. The influence of printing parameters on the elastic response of 3D printed arc structures was investigated using FE analysis [20] and found that overlap between the layers significantly influenced the performance of structures. Cerda-Avila et al. [21] proposed alternate analytical methods for the preliminary design and analysis of 3D-printed parts subjected to uniaxial loading. The vibrational characteristics of 3D-printed parts were assessed using the finite element method [22]. A new computational tool was developed to accurately capture the intricate details of microstructure, which is important in the computational material modelling of 3D-printed parts [23]. The above studies only focused on investigating the macro-level structural performance of 3D-printed parts subjected to different loading conditions and did not consider intricate details of microstructure, which primarily governs the final material behaviour of 3D-printed parts. Computational models based on micromechanical approach considers the microstructure of parts and are useful for determining the material properties and investigating the failure behaviour of 3D-printed parts.



Micromechanical computational models employ microstructure, which is built during 3D printing, and the intricate details of microstructure are represented in representative volume element (RVE) or unit-cell for material modelling to estimate the properties. Recently, Dialami et al. [24] developed a computational model based on the homogenization technique for investigating the influence of printing strategies on the properties of 3D-printed structures. Furthermore, the influence of change in microstructure in different sections of 3D-printed parts on the mechanical performance was assessed experimentally and computationally [25]. Several studies employed the computational homogenization method to predict the properties of the printed parts: for PLA material [26], for nanocomposite material [27], for different mechanical loadings [28], and for different printing strategies [29]. Sayyidmousavi et al. [30] developed a computationally efficient micromechanical model based on a unit-cell model to predict the properties of 3D-printed composites. Analytical homogenization was proposed to predict the influence of process parameters on the deformation of 3D-printed parts [31]. Monaldo et al. [32] developed a multiscale approach based on the nonlinear homogenization method and elastoplastic constitutive law to determine the material behaviour of 3D-printed parts under mechanical loadings. In another study, Wei et al. [33] applied an elastic-plastic homogenization model along with the von Mises failure criterion for investigating the material behaviour of 3D-printed parts. In composite materials, bonding between the fibre and matrix is critical for determining the material behaviour, and this interface is modelled with cohesive-zone modelling in RVEs of 3D-printed parts [34]. Intricate details of microstructure are crucial in computational models; thus, this novel mathematical model based on the volume-conserving model was proposed for investigating the dimensional quality of 3D-printed parts [35]. Hasanov et al. [36] proposed a numerical homogenization method to investigate 3D-printed functionally graded material with different printing strategies. The results based on the simulations agreed with the experimental results. Recently, authors [37] revealed that 3D-printed parts have inferior quality, and thus, lead to a significant difference in the results of computational and experimental work. Most of the above computational work is limited to only elastic (linear) modelling. Further, a more realistic approach to predict accurate failure behaviour is crucial for the design calculations since the printing strategy governs the microstructure of the parts. Moreover, experimental work is expensive and tedious, and it fails to provide deeper insights into the failure at the microstructure level of 3D-printed parts. Therefore, computational modelling is needed to capture the failure behaviour of the parts. The topic is not yet much explored for the printed parts and is addressed in this work.



In this work, we considered 3D-printed parts via material extrusion additive manufacturing (ME-AM) for computational damage modelling. In the computational models, we considered the representative volume element for material modelling. Initially, linear material modelling is done based on the homogenization technique to determine the linear material properties, as discussed in the authors’ previous work [38], and then followed the nonlinear material modelling for capturing the damage behaviour of 3D-printed parts. Two different computational methodologies are proposed for damage modelling: one is based on utilizing nonlinear material properties of polymeric material, and the other is based on utilizing mechanical testing data of unidirectionally 3D-printed parts. Then, the computational damage models are implemented for investigating the failure behaviour of 3D-printed composite parts subjected to uniaxial tensile loading.




2. Materials and Methods


2.1. Materials


The 3D-printed parts can be considered laminate structures since their behaviour is similar to that of traditional laminates [16]. Laminate behaviour in 3D-printed parts is mainly contributed by two factors: printing direction (raster angle) and materials used in 3D printing. Therefore, in this work, we investigated the effects of variation in the printing direction and materials on the nonlinear behaviour of the printed parts during failure.



We considered two different commercially available filament materials for failure modelling of 3D-printed parts; the first one is a pure Acrylonitrile butadiene styrene (ABS) polymer, an isotropic material. The second material is a composite material that comprises 20% short Carbon fibres (sCF) in the ABS matrix; the materials data is available in [6,16]. Further, two printing strategies were considered (See Table 1), one resembles the cross-ply lay-up architecture, and the other is the angle-ply lay-up architecture in 3D-printed parts. In cross-ply lay-up architecture, the printing direction is 0° and 90° in the subsequent layers, and in angle-ply architecture, the printing direction is 45° and −45° in subsequent layers. 3D-printed parts considered in this work are shown in Figure 1. The printing direction, which is a raster angle, indicates the orientation of deposited material in each layer with respect to the length of the part. In our damage modelling, tensile loading is applied along the length of 3D-printed tensile coupons, which means that the raster angle is with respect to the loading direction. The above two printing strategies produce bidirectionally parts, which means that the subsequent layers in 3D-printed parts have different printing directions. On the other hand, unidirectionally 3D-printed parts have the same printing direction for all layers, for example, 0° raster angle for all layers.



The 3D-printed parts’ behaviour of the aforementioned materials and printing strategies was assessed experimentally in the works [6,16]. Experimental data of unidirectionally 3D-printed parts are adopted in one of the computational models of the present work, and more details are discussed in the following section. Furthermore, experimental work on bidirectionally 3D-printed parts is utilized for validating the results obtained from the present computational damage modelling. The bidirectionally 3D-printed parts with printing strategies [0°/90°]2S and [45°/−45°]2S are discussed in the damage modelling.




2.2. Computational Modelling


In this work, we applied numerical homogenization techniques for linear material modelling and for nonlinear material modelling. Computational models for modelling linear material behaviour were recently developed by authors [38]. In the present work, we focused on developing the computational procedure for nonlinear material modelling of the printed parts. A multiscale designer tool by Altair Engineering Inc is utilized for computational modelling. In this work, two different computational methodologies are developed for damage modelling.



In the computational modelling of linear material behaviour of 3D-printed parts, a unit cell is taken from the single layers’ microstructure of the printed parts. The unit cell is also referred to as the representative volume element (RVE), and is shown in Figure 2 for a composite 3D part. The layers of printed parts are considered as orthotropic and therefore, the RVE is treated as an orthotropic material. The stress–strain relationship for an orthotropic material is


    [       C  11        C  12        C  13      0   0   0       C  12        C  22        C  23      0   0   0       C  13        C  23        C  33      0   0   0     0   0   0     C  44      0   0     0   0   0   0     C  55      0     0   0   0   0   0     C  66        ]   {       ε  11          ε  22          ε  33          γ  23          γ  13          γ  12        }    ;   or    { σ }  =  [ C ]   { ε }    



(1)




where C is a constitutive matrix. The compliance matrix (S) is obtained by inverting the above equation.
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(2)




the coefficients S matrix are


   S  11   =  1   E 1    ,    S  12   = −    ν  12      E 1    ,  S  13   = −    ν  13      E 1    ,  S  22   =  1   E 2    ,  S  23   = −    ν  23      E 2    ,  S  33   =  1   E 3    ,  S  44   =  1   G  23     ,  S  55   =  1   G  13     ,  S  66   =  1   G  12      



(3)







The RVE is considered macroscopically homogeneous in the homogenization technique, and the average stresses      σ ¯    i j     and average strains      ε ¯    i j     are calculated using the following equations


      σ ¯    i j   =  1   V  RVE       ∫  V   σ  i j    (   x 1  ,  x 2  ,  x 3   )  d V   ,      ε ¯    i j   =  1   V  RVE       ∫  V   ε  i j    (   x 1  ,  x 2  ,  x 3   )  d V   



(4)







The average stress and strain fields for fibre and matrix in an RVE are written as


     ε ¯    i j   =  v f     ε ¯    i j  f  +  v m     ε ¯    i j  m   



(5)






   σ ¯  =  v f     σ ¯    i j  f  +  v m     σ ¯    i j  m   



(6)




where f denotes fibre, and m denotes matrix material, respectively. The elastic constitutive relation for homogenized RVE is given as


   {   σ ¯   }  =  [ C ]   {   ε ¯   }   



(7)







From Equation (7) the constitutive matrix C is calculated by following the procedure as described in [39]. The finite element models of RVE are developed in order to apply a numerical homogenization method for determining the coefficients of effective stiffness matrix C for the layers of 3D-printed parts. More details on the computational models for linear material modelling are provided in [39]. Similar RVE models are developed in the present work for computational modelling of nonlinear behaviour of the parts.



Experimental investigations [6] revealed two types of macro failures in 3D-printed parts; these are breakages of extrudates and the debonding between adjacent extrudates. As well as the above two failure modes, fibre pullout is also observed in the case of composite 3D-printed parts [16]. Experimental work also revealed that the failure in 3D-printed parts is not brittle, but the printed parts experienced both linear and nonlinear behaviour which are seen in the stress–strain graphs of bidirectionally 3D-printed parts. Furthermore, experimental works uncovered that the polymeric material mainly contributes to the nonlinear behaviour in the parts, although the material used in the 3D printing is composite. It was also observed that the fibre reinforcements in the composites do not undergo deformation. Therefore, only ABS polymer’s nonlinear material behaviour is considered in the present work on damage modelling of 3D-printed parts. Further, the fibre reinforcement material is treated to remain elastic during the deformation. The following computational methodologies are developed for nonlinear material modelling of 3D-printed parts.



2.2.1. Computational Methodology-1


In the first computational methodology (CM-1), nonlinear properties of ABS polymer from Table 2 are employed for modelling. This method is based on isotropic damage and plasticity law. The finite element models of RVE are developed for this computational method. The finite element RVE models of 3D-printed parts for this computational method are shown in Figure 3. In these finite element models of RVE, the bonding at the interface of extrudates is assumed to be perfect. Furthermore, FE models of RVE of printed composite material have the following additional assumptions: perfect bonding between fibres and matrix, fibres are perfectly in line with the direction of the extrudate, and sCF reinforcements are positioned sparsely. These assumptions in the RVE FE models make the computational model idealistic. Material properties for ABS polymer from Table 2 and for Carbon fibre reinforcements from Table 3 are employed in the computational models.



Where the nonlinear material parameters in Table 2 represent    σ Y   -yield strength,    σ U   -ultimate strength,  δ -exponent for the damage evolution law, H-linear term for hardening law,    ε  p 0    -equivalent plastic strain at which damage begins,    ε  p 1    -equivalent plastic strain at which damage causes zero stress,    σ  m e a n    -mean stress at damage initiation, J1-volumetric strain to failure. More details about the damage law are available in the manual of the Multiscale designer tool by Altair [40]. The values of nonlinear parameters are obtained from the tensile testing data of ABS polymer, which is used for 3D printing.



This computational method is based on isotropic damage and plasticity law, which is commonly used for the damage modelling of polymers. Computational modelling for 3D-printed parts involves the following sequence of steps; firstly, linear material modelling using the homogenization technique for estimating linear material properties. Then, nonlinear material modelling uses the damage criterion and damage progression law to predict the failure of parts.




2.2.2. Computational Methodology-2


In the second computational method (CM-2), the tensile testing data of 3D-printed test coupons are utilized for modelling. The tensile test data of unidirectionally 3D-printed parts are shown in Figure 4. The FE models of RVEs for this computational method are shown in Figure 5a for the parts made of ABS material and Figure 5b for 3D-printed parts made of ABS + sCF composite material.



The main differences between the previous computational method and this method are the FE modelling of RVEs and nonlinear material data. In this case, the FE models of RVE have a different material (red region) for the interface of extrudates, and this considers the debonding failure mode. For nonlinear material data, it employs tensile testing data of unidirectionally 3D-printed parts (with 0° printing direction) for extrudates and the test data of printed parts (with 90° printing direction) for the interface material. The tensile testing data is considered to account for the predominant failure modes, debonding and breakage of extrudates in 3D-printed parts. 3D-printed parts with 0° printing direction experienced only breakage of extrudates, and in the case of the parts with 90° printing direction, they experienced only debonding at the interface of extrudates. The tensile test data of the above two cases can capture the actual failure behaviour of 3D-printed parts. The tensile testing data of unidirectionally 3D-printed parts from Figure 4a is utilized for computational modelling of the parts made of ABS polymer, and Figure 4b for modelling the parts made of composite material. Furthermore, implementing actual test data in the computational models eliminates several assumptions made in the previous case, including imperfect bonding at the interface and no pores within extrudates. This procedure makes the computational model realistic. Further, the method allows for the prediction of the nonlinear behaviour of 3D-printed parts accurately.






3. Results and Discussion


The material behaviour of 3D-printed parts subjected to tensile loading is characterized using two computational methodologies (CM-1 and CM-2) described in the previous section. Further, the computational models are applied for investigating the nonlinear material behaviour of 3D-printed parts made of two different materials (ABS and ABS + sCF) and with two different printing strategies: cross-ply and angle-ply.



3.1. Isotropic Material (ABS Polymer)


In this section, 3D-printed parts with ABS polymer are considered. The developed computational models are applied for damage modelling four different test coupons subjected to uniaxial tensile loading. The stress–strain curves are obtained using the present computational models and are then compared with existing experimental work.



The simulation results based on the computations models of CM-1 and CM-2 are in good agreement with the stress–strain curves of experimental work. Figure 6 shows the comparison of results for the printed parts with cross-ply and angle-ply printing strategies. The results obtained from the computational model of CM-1 are higher than those of other computational models and experimental work [6]. However, the stress–strain curve obtained from the results of CM-2 is comparable with the experimental results. The above discrepancy in the computational models is due to the CM-1 utilizing the virgin material properties for damage modelling. In contrast, the CM-2 utilizes testing data of 3D-printed parts for modelling nonlinear behaviour. Further, the difference in the experimental and computational models is due to the assumptions made in the finite element models.



Further, the results of the present computational models are compared with Tsai–Hill ply-based failure theory. For this, we calculated Ut-strength, Ex-stiffness along the x-axis, and εt-strain to failure from the results of computational models. Then, these properties are then compared with both experimental work and Tsai–Hill ply failure theory in Table 4. The Tsai–Hill failure criterion predicted lower stiffness and strength for 3D-printed parts. This difference in the results is due that the failure criterion employing the properties that were obtained from the mechanical testing results of uniaxially 3D-printed test coupons. The present computational models estimated higher results because of the assumptions in the FE models. However, the computational model based on CM-2 predicted accurate values because the nonlinear data for this is obtained from the mechanical testing data of uniaxially 3D-printed test coupons. The difference between the computational results of the two printing strategies (cross-ply, angle-ply) is not significant, but from the experimental work, it is observed that the angle-ply 3D-printed parts sustained higher strain before undergoing a complete fracture when compared to the cross-ply 3D-printed parts.




3.2. Composite Material (ABS + sCF)


In this section, we considered 3D-printed parts made of composite material for characterizing the nonlinear behaviour using computational models. The computational models are applied for four different test coupons as described in the previous section.



Experimental work on 3D-printed test coupons revealed that the nonlinearity during the deformation of the printed composites is attributed to only the ABS polymer. Therefore, the nonlinear behaviour of ABS materials alone is accounted for in the modelling of the 3D-printed composites. In contrast, the sCF reinforcements material’s behaviour remains linear while the printed composites are subjected to deformation. Finite element model preparation of RVE for 3D-printed composites was followed as explained in this work [37]. The results of the present computational models of CM-1 and CM-2 are compared with the stress–strain curves of experimental work [16]. The comparisons of results are presented in Figure 7a for cross-ply 3D-printed parts and Figure 7b for angle-ply 3D-printed parts.



Comparing the results of computational models with the results of experimental work reveals that the computational model based on CM-1 predicted higher values. However, the computational model based on CM-2 predicted accurate damage behaviour, and this is because this model employed actual mechanical testing data as described earlier. The difference between experimental and computational models of CM-1 is significant, mainly due to the process of inherited defects such as voids and misalignment of reinforcements’ orientation in the printed parts is not accounted for in the FE modelling of RVEs.



It is important to note from the stress–strain curves of 3D-printed3D-printed composites that during deformation, the printed parts initially follow linear behaviour and then exhibited hardening behaviour, and then the parts fail suddenly. On the contrary, 3D-printed ABS material has seen softening behaviour before the fracture. The hardening material behaviour in 3D-printed composites is mainly because of the presence of sCF reinforcements. Further, nonlinearity behaviour starts when the strength of the bonding between the ABS matrix and the sCF starts degrading during the deformation. After the hardening behaviour, the parts undergo sudden failure. This is due to the formation of larger discontinuity in the material and is caused by the coalescence of enclosed voids in the printed composites. This failure behaviour in the printed composites can be replicated in the computational models by considering mechanical testing data of the materials. The computational model, CM-2, that considered the mechanical testing results of the unidirectionally 3D-printed parts predicted the actual nonlinear behaviour of the parts.



Further, the present computational result is also compared with Tsai–Hill ply-based failure theory and existing experimental work. For this, we calculated material properties Ex, Ut, and εt from the simulation results. A comparison of the results is provided in Table 5 for cross-ply as well as angle-ply 3D-printed composite structures. The difference between experimental and computational results is up to 50% for properties, such as strength and strain to failure. The stiffness and strength of parts with the cross-ply printing strategy were higher than that of parts with the angle-ply printing strategy, but the angle-ply printed structures sustained higher strain to failure.





4. Conclusions


In this research work, we proposed two different computational methodologies for the failure modelling of 3D-printed parts. The computational models were then applied to investigate the nonlinear behaviour of 3D-printed parts subjected to tensile loading. The computational models based on CM-1 predicted higher values, and it is because the models employed the nonlinear material data of virgin material for modelling nonlinear behaviour. These computational models provided idealistic material behaviour of the parts. The computational models based on CM-2 predicted accurate damage behaviour of the printed parts, and this is because the models utilized the tensile testing data of uniaxially 3D-printed parts for the modelling of nonlinear behaviour. Computational models based on CM-2 provided realistic behaviour of the printed parts. The computational models were applied for 3D-printed parts and subjected to tensile loadings, only, to demonstrate the efficacy of the present computational models, and the models can be further applied to different mechanical loading cases. The following points are concluded from the research work:




	
The significant difference in the computational and experimental results indicates that the 3D-printed parts have inferior quality, and such parts can be further improved with proper selection of printing conditions and printing strategies.



	
The material behaviour of 3D-printed parts with an ABS polymer displayed linear behaviour followed by nonlinear softening behaviour before fracture. In contrast, 3D-printed3D-printed composite parts exhibited linear behaviour followed by nonlinear hardening behaviour before the sudden fracture. The hardening behaviour is mainly attributed to sCF in the composite parts.



	
Nonlinear behaviour in 3D-printed3D-printed composites is mainly attributed to matrix material (ABS polymer). Therefore, nonlinear data of ABS materials are considered for damage modelling, and the sCF reinforcements remain elastic during deformation.



	
For realistic failure modelling of 3D-printed parts, it is recommended to use the mechanical testing data of unidirectionally 3D-printed parts in the computational models. Further, consider the mechanical testing data to replicate the predominant failure modes in the computational models.
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Figure 1. 3D-Printed parts for tensile testing (a) cross−ply (b) angle−ply printed laminates. 
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Figure 2. Unit cell or representative volume element (RVE) of 3D-printed composite part [38]. 
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Figure 3. Finite element models of RVEs of 3D-printed parts for computational methodology-1 (CM-1): (a) ABS polymer, (b) ABS + sCF composite material. 
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Figure 4. Tensile test data of uniaxially 3D-printed parts: (a) for ABS polymer [6], (b) ABS + sCF composite material [16]. 
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Figure 5. Finite element models of RVEs of 3D-printed parts for computational methodology-2 (CM-2) (a) ABS polymer, (b) ABS + sCF composite material. 
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Figure 6. Stress–strain relation for 3D-printed parts made of ABS material for: (a) cross-ply and (b) angle-ply printing strategies. 






Figure 6. Stress–strain relation for 3D-printed parts made of ABS material for: (a) cross-ply and (b) angle-ply printing strategies.



[image: Applsci 12 10724 g006]







[image: Applsci 12 10724 g007 550] 





Figure 7. Stress–strain relation for 3D-printed parts made of ABS-SCF material for: (a) cross-ply and (b) angle-ply printing strategies. 
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Table 1. Materials and printing strategies of 3D-printed parts.






Table 1. Materials and printing strategies of 3D-printed parts.





	
Printing Strategy

	
Materials




	

	
ABS Polymer

	
ABS + sCF Composite






	
Cross-ply

	
Cross-ply_ABS

	
Cross-ply_ABS + sCF




	
Angle-ply

	
Angle-ply_ABS

	
Angle-ply_ABS + sCF
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Table 2. Material properties of ABS polymer for nonlinear material modelling.
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	Property
	E,

in MPa
	   v   
	    σ Y    

in MPa
	    σ U    

in MPa
	   δ   
	   H   
	     ε  p 0      
	     ε  p 1      
	     σ  m e a n      
	     J 1     





	Value
	2230
	0.34
	30
	40
	200
	−100
	0.07
	0.10
	36
	0.10
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Table 3. Material properties of short Carbon fiber (sCF) reinforcements for damage modelling [38].
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	Property
	E1, in GPa
	E2, in GPa
	G12, in GPa
	G23, in GPa
	ν12





	Value
	225
	15
	15
	7
	0.02
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Table 4. Comparison of computational results with the results of Tsai–Hill failure criterion and experimental work for 3D-printed parts made of ABS material and subjected to uniaxial tensile loading.
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Experimental [6]

	
CLT and Tsai–Hill [6]

	
Computational Modelling




	
CM-1

	
CM-2






	
Cross-ply

	

	

	

	




	
Ex, in MPa

	
1783.9 ± 2.7

	
1673.0

	
1865.7

	
1751.1




	
Ut, in MPa

	
29.7 ± 0.7

	
25.2

	
34.5

	
33.3




	
εt

	
0.0367 ± 0.0135

	
0.0135

	
0.09

	
0.07




	
Angle-ply

	

	

	

	




	
Ex, in MPa

	
1728.7 ± 16.4

	
1645.6

	
1810.2

	
1720.2




	
Ut, in MPa

	
28.0 ± 1.3

	
25.5

	
35.4

	
33.8




	
εt

	
0.0435 ± 0.0049

	
0.0143

	
0.09

	
0.069
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Table 5. Comparison of computational results with Tsai–Hill failure criterion results and experimental work for 3D-printed parts made of ABS + sCF composite material and subjected to uniaxial tensile loading.
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Experimental [16]

	
CLT and Tsai–Hill [16]

	
Computational Modelling




	
CM-1

	
CM-2






	
Cross-ply

	

	

	

	




	
Ex, in MPa

	
2863.9 ± 78.7

	
2125.9

	
3704.2

	
2974.5




	
Ut, in MPa

	
23.5 ± 0.5

	
26.0

	
61.6

	
33.6




	
εt

	
0.0158 ± 0.0006

	
0.0097

	
0.05

	
0.022




	
Angle-ply

	

	

	

	




	
Ex, in MPa

	
2094.6 ± 43.5

	
1733.3

	
2594.0

	
2053.9




	
Ut, in MPa

	
21.7 ± 0.5

	
22.7

	
43.52

	
24.3




	
εt

	
0.0243 ± 0.0011

	
0.0105

	
0.07

	
0.028
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