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Abstract 

This paper proposes a numerical approach for predicting residual stresses induced during the 

additive manufacturing (AM) of polymer composites and their effect on the deformation behavior 

of the composites. A finite element (FE) model was developed on Abaqus /Standard for 3D 

printing of layered polymer composite using three polymers: HDPE, PVC, and ABS. The material 

properties of pure polymers and their blends were measured through tensile testing of injection-

molded specimens. These properties were then used as input data in the FE model for the regions 

of pure polymers and their interfaces. An uncoupled thermo-mechanical analysis was performed, 

where a heat transfer analysis was realized first using elements birth (activation /deactivation) 

technique and a moving cylindrical volumetric heat source as a Fortran subroutine (DFLUX). With 

temperature input from thermal simulation, a mechanical analysis was carried out to deform the 
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polymer composites along and across the print direction, i.e., under isostrain and isostress 

conditions, respectively. It was observed that the theoretical models existing in the literature 

underestimate the material properties as they do not consider the residual stresses developed during 

fabrication. The FE simulations predicted that the estimated material properties were 10 to 50% 

different from those calculated by the theoretical models, depending upon the residual stress level 

and the print direction. 
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1. Introduction  

Additive manufacturing (AM) has become a popular manufacturing technique in recent years due 

to its flexibility and ease of operation. It can be conveniently applied to 3D print plastics, metals, 

ceramics, concretes, and many other materials. In comparison with conventional forming methods, 

3D printing has many advantages, including high precision, cost-effectiveness, minimum waste, 

and customized design [1]. Owing to the limited mechanical properties of 3D printed pure polymer 

parts, there is a need to develop high-performance printable polymer composites [2]. Techniques 

like fused deposition modeling (FDM), powder bed and inkjet head 3D printing, stereolithography 

(SLA), selective laser sintering (SLS), etc., are currently being used to print polymeric composites. 

Particle- and fiber-reinforced polymer composites, epoxy matrix composite and nanocomposites 

have been made and tested by many researchers using similar techniques [3-9]. 

Reinforced polymeric composites are widely used due to their low cost and improved mechanical 

properties [10-12]. It is a common practice to mix particles and fibers with polymers, either in 

powder form for SLS, or in liquid form for SLA, or for further extrusion into printable filaments 

for the FDM process [13,14]. Chung et al. [15] developed polymer-based composite of Nylon 11 

by adding glass beads through SLS, which improved tensile modulus of the composite. Nikzad et 

al. [16] investigated the thermal and mechanical properties of FDM printed metal-particle-filled 

acrylonitrile butadiene styrene (ABS) composites. They found that an inclusion of iron/copper 

particles of up to 40 % shows a significant improvement in thermal and mechanical properties of 

the ABS. Melchels et al. [17] and Boparai et al. [18] fabricated Nylon 6-Al-Al2O3 particle 

reinforced composite using the FDM and reported improved wear resistance of Nylon 6. Isakov et 

al. [19] manufactured a polymer-based micro-ceramic composite with controlled permittivity and 

directly printed two different filaments having ABS only and an ABS + 30 vol.% Ba0.64Sr0.36TiO3 
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through a dual-filament FDM technique. Zhong et al. [20] studied the effect of short glass fibers 

and plasticizer on various properties of ABS based 3D printed composite. Glass fibers significantly 

improved the strength of ABS filament but flexibility and handleability was reduced. Tian et al. 

[21] co-extruded PLA filaments and continuous carbon fibers and identified the effect of different 

parameters like deposition layer thickness, liquefier temperature, hatch spacing, and printing speed 

on the mechanical properties of the continuous fiber reinforced PLA composites. Lu et al. [22] 

analyzed shape memory polymer nanocomposite using carbon nanotube (CNT) and boron nitride 

and characterized their thermomechanical properties.  

Addition of nanoparticles such as CNT, graphene, graphite, ceramic, and metal nanoparticles was 

found to yield significant improvement in mechanical, electrical, and thermal properties of 3D 

printed polymer composites in several studies [23-28]. For instance, an addition of 5 wt.% nano-

titanium dioxide (TiO2) [10], 10 wt.% carbon nanofibers [29], and 10 wt.% multi-walled CNT [30] 

showed a 13.2%, 39%, and 7.5% increase in the tensile strength of printed composite parts 

compared with the unfilled polymer parts, respectively. Tambrallimath and co-workers [31] 

developed filaments of polycarbonate (PC) and ABS by mixing them together and then extruding 

the blend through a 1.75 mm diameter nozzle of an FDM 3D printer. Their findings showed that 

good interfacial strength and presence of graphene in the blend improves elastic modulus of the 

polymeric composite.  

Material property assessment of polymer blends printed through FDM is critical to their successful 

exploitation in various applications [32-36]. Mostly standard mechanical tests such as impact, 

tensile, and compression tests are realized for this purpose on 3D printed products [37-41]. The 

mechanical properties, however, vary greatly depending upon the printing parameters, including 

but not limited to melt temperature, interfacial strength, infill density, etc. In their works, Carrera 

https://www.sciencedirect.com/topics/materials-science/glass-fiber-reinforced-plastic
https://www.sciencedirect.com/topics/materials-science/plasticizer
https://www.sciencedirect.com/topics/materials-science/shape-memory-polymer
https://www.sciencedirect.com/topics/materials-science/nanotubes
https://www.sciencedirect.com/topics/materials-science/boron-nitride
https://www.sciencedirect.com/topics/materials-science/thermomechanical-property
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and Miguel [42-45] used FE analyses to model the stress behavior of layered composite structures. 

Although many research works have been published over the last couple of decades that are 

dedicated to the material properties characterization of 3D printed polymer layered composites, 

numerical models to predict these properties are still rare to be found in literature. In this work, a 

novel experimental and numerical approach is being proposed to estimate and predict the 

mechanical properties of 3D printed layered polymer composites along and across the print 

direction using 3 different polymers.  

2. Materials and Methods 

2.1. Modeling Approach 

AM of a polymer composite through FDM requires the deposition of polymer layers next to each 

other. As each layer is printed in melt state, it fuses with the adjacent layer deposited previously, 

leading to the formation of an interfacial zone. This zone plays an important role in determining 

the overall properties of the material, particularly when the adjacent layers are of different 

polymers. Figure 1 depicts a generalized 3D model of layered polymer composite that contains 

three different polymers, labeled as P1, P2 and P3. Furthermore, the interfacial zones between 

adjacent layers are represented as P1+P2, P2+P3 and P3+P1. 

In the present work, three different polymers viz. high-density polyethylene (HDPE), polyvinyl 

chloride (PVC) elastomer and ABS, and their combinations were injection molded before 

performing mechanical testing. The material properties, so obtained, furnished the database for 

pure polymers and interfacial zones of the numerical model. Finite element (FE) simulations for 

3D printing of the whole model (Figure 1) were performed to calculate thermal histories and the 

resulting residual stresses. The material properties of the printed model were then predicted by 

applying the stress along and across the print direction, i.e., under isostrain and isostress 
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conditions, respectively. For a two-phase fibre-matrix composite, a generalized form to estimate 

thermal and mechanical properties under the isostrain (along the fibre axis) and isostress (across 

the fibre axis) conditions may be stated as: 

𝛷𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒
𝑖𝑠𝑜𝑠𝑡𝑟𝑎𝑖𝑛 = 𝑣𝑓𝑖𝑏𝑟𝑒𝜙𝑓𝑖𝑏𝑟𝑒 + 𝑣𝑚𝑎𝑡𝑟𝑖𝑥𝜙𝑚𝑎𝑡𝑟𝑖𝑥     (1) 

𝛷𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒
𝑖𝑠𝑜𝑠𝑡𝑟𝑒𝑠𝑠 =

𝜙𝑓𝑖𝑏𝑟𝑒𝜙𝑚𝑎𝑡𝑟𝑖𝑥

𝑣𝑓𝑖𝑏𝑟𝑒𝜙𝑚𝑎𝑡𝑟𝑖𝑥+𝑣𝑚𝑎𝑡𝑟𝑖𝑥𝜙𝑓𝑖𝑏𝑟𝑒
      (2) 

where, 𝜙 refers to the material property, such as thermal conductivity, elastic modulus, yield 

strength, etc., and 𝑣 denotes the volume fraction. These equations may be modified to include 

more than two ingredients in a composite. However, they do not take into account the effect of 

residual stresses. Unlike the theoretical isostrain and isostress models (Eqs. (1) and (2)), the 

resulting simulated properties in the present investigation showed the effect of interfacial zones 

and thermal history experienced by the polymer composite during AM. 

2.2. Experimental Work 

Commercially available PVC elastomer, HDPE and ABS in granular form were used as raw 

materials to manufacture the tensile test specimens. The composition of the ‘as-received’ polymer 

powders was verified at first using a PerkinElmer-ATR instrument for Fourier transform infrared 

(FTIR) spectroscopy. The powders were scanned from 400 to 4000 cm-1 wavenumber at a rate of 

2 mm/s and a resolution of 4 cm-1. The FTIR results were compared to the standard curves of the 

polymers (see Figure 2). 

A semi-automatic injection molding machine was used to prepare samples of pure polymer and 

polymer blends. Polymer powders of predetermined compositions were heated within the nozzle 

to a prescribed temperature. Upon reaching the desired temperature, the melt was injected through 
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the nozzle into a die placed underneath. Figure 3 shows the schematics of the die-design and 

specimen geometry. A control circuit with a relay maintained the processing temperature during 

injection within an accuracy of ±1C, and a steady pressure was applied to ensure laminar flow of 

the polymer. The tensile test samples were retrieved from the die upon cooling. Table 1 

summarizes the compositions of the various polymer combinations and their corresponding 

processing temperatures. Polymer blends were prepared to identify the properties of interfaces 

between the respective polymers. Tensile tests for each composition were carried out on a 10 kN 

universal testing machine TIRAtest2810 (Schalkau, Germany). The machine was operated in the 

displacement mode, while the crosshead speed was maintained at 10 mm/min. Each test was 

conducted at least three times to ensure repeatability. 

2.3. Finite Element Modeling 

Commercially available FE software Abaqus /Standard was used to develop a 3D model of 

polymer composite (dimensions: 6 mm x 6 mm x 1 mm) as shown in Figure 1. Polymer layers 

were added successively along the print direction in the form of element sets, each of size 1 mm x 

1 mm x 1 mm. Each element set was activated using Abaqus’s built-in ‘Model Change’ option. 

This requires all the elements to be deactivated at the beginning of the analysis and then activated 

at the prescribed time as determined by the printing speed. During activation thermal boundary 

conditions are also applied at the newly appearing surfaces that are exposed to the ambient.  

The FE mesh consisted of 8 nodes 3D linear brick elements, namely DC3D8 and C3D8R for 

thermal and mechanical analyses, respectively. The smallest element size was 0.25 mm x 0.25 mm 

x 0.25 mm. Note that one fourth of the width of each polymer layer contributed to the interfacial 

zone, where two adjacent layers were assumed to create a polymer blend of 50 vol. % of each 

polymer. It is to be mentioned that the choice of element size is dependent on the application of 
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the heat source such that each activating element set appears at melt temperature. Increasing mesh 

density beyond this point would lead to increase in computation time without any appreciable 

difference in the results. 

Since mechanical dissipation involved in AM is too little to generate any appreciable amount of 

heat, a sequentially coupled temperature-displacement analysis was deemed sufficient to obtain 

residual stress state in the printed composite model. Once the pre-stressed state was achieved, a 

uniaxial stress was applied in the plane of the specimen under the isostress and isostrain conditions.  

2.3.1. Heat Transfer Analysis 

Heat transfer analysis was performed initially to identify the heat source parameters and the 

corresponding transient temperature (T) distribution in space (x, y, z) and time (t). This requires 

the solution of the following equation: 

𝜕

𝜕𝑥
(𝑘

𝜕𝑇

𝜕𝑥
) +

𝜕

𝜕𝑦
(𝑘

𝜕𝑇

𝜕𝑦
) +

𝜕

𝜕𝑧
(𝑘

𝜕𝑇

𝜕𝑧
) + 𝑄𝑣 = 𝜌𝐶𝑝 (

𝜕𝑇

𝜕𝑡
)     (3) 

where, k, , Cp, and Qv are the thermal conductivity (W.m−1.K−1), density (kg.m−3), specific heat 

capacity (J.kg−1.K−1) and the volumetric heat flux (W.m−3), respectively. Since FDM involves 

deposition of polymer melt on the printer platform that subsequently solidifies at room 

temperature, a volumetric heat source travelling on top of the activating element sets at the printing 

speed must be modeled to ensure the addition of elements at melt temperature. Such a movable 

heat source can be programmed as a Fortran subroutine, called DFLUX. Solidification / cooling 

of the printed specimen generally takes place in the air, hence a heat transfer coefficient for free 

convection (~10 W.m−2.K−1) needs to be applied at the surfaces exposed to the ambience.  
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2.3.2. Heat Source Model 

For applications similar to AM, such as welding, several heat source models, ranging from conical 

to spherical to double-ellipsoidal, exist in the literature [46-48] that can successfully apply moving 

volumetric heat flux (Qv). During welding, however, the heat flux distribution differs from that of 

AM in a way that it assumes maximum heat flux at the top surface while decreasing heat intensity 

in the thickness direction. FDM based AM, on the other hand, introduces droplets of molten 

material, wherein it is safe to assume that the heat distribution remains constant at the time of 

deposition. This necessitates programming of a cylindrical, rather than a conical or ellipsoidal, 

distribution of heat flux in the thickness direction. Figure 4 presents the schematics of one such 

heat source, adopted from [49]. The volumetric heat flux (Qv) with Gaussian distribution may be 

evaluated in cylindrical coordinates as: 

𝑄𝑣 = ∫ ∫ ∫ 𝑄𝑜 exp (−
3𝑟2

𝑟𝑐
2 ) 𝑟 𝑑𝑟 𝑑𝜃 𝑑𝑧

𝑟𝑐

0

2𝜋

0

𝑧𝑒

𝑧𝑖
      (4) 

where, Qo is the maximum heat flux (W) that is proportional to the peak temperature reached 

during 3D printing, rc is the parameter for the flux distribution within the cylindrical region as a 

function of height (z), and r is the current radius within the xy-plane. Solution of the eq. (4) gives,   

𝑄𝑣 = 𝑄𝑜 ∙
9 exp(3)

𝜋(exp(3)−1)
∙

1

(𝑧𝑒−𝑧𝑖)(𝑟𝑒
2+𝑟𝑒𝑟𝑖+𝑟𝑖

2)
exp (−

3𝑟2

𝑟𝑐
2 )    (5) 

With, 𝑟𝑐 = 𝑟𝑖 + (𝑟𝑒 − 𝑟𝑖)
𝑧−𝑧𝑖

𝑧𝑒−𝑧𝑖
  

Here, the parameters re and ri are the radii at the top and bottom of the cylinder at the locations ze 

and zi, respectively. While the height (ze – zi) of the cylindrical zone is equal to the thickness of 

the elements layer, re and ri may be adjusted to ensure uniform temperature at the beginning of the 

deposition. 
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2.3.3. Stress analysis  

The thermal history calculated during the heat transfer simulation was read by the mechanical 

analysis as a predefined field. The material properties were assumed to have an elastic-perfectly-

plastic behavior, where the total strain () may be represented as a combination of elastic (e), 

plastic (p) and thermal (t) strains. 

 = 𝑒 + 𝑝 + 𝑡         (6) 

The elastic strain (𝑒) tensor in Eq. (6) is related to the stress (𝜎) tensor through a compliance (𝑺) 

tensor as 𝑒 = 𝑺: 𝜎; where 𝑺 depends upon the material’s Young’s modulus (E) and the Poisson’s 

ratio (𝜈). The plastic term (𝑝) is defined by the yield function (𝑓) such that 𝑓(𝜎) < 0, where 𝜎 =

𝜎𝑦 is the material’s yield strength. Finally, the thermal strain (𝑡) is determined by the thermal 

expansion coefficient (α) and a reference temperature (𝑇𝑜).  

Finally, it was assumed that the deposition of consecutive polymer layers produced polymer blend 

at the interfaces, and hence, a perfect contact was modeled between the layers. This allowed 

modeling of the whole composite as a single ‘part’ in Abaqus with different material properties in 

different regions without the need for contact formulation, thereby saving considerable 

computation time.  

3. Results and Discussions 

3.1. Mechanical Properties 

Figure 5 compares elastic modulus, yield strength, and tensile strength of HDPE, ABS, and PVC 

elastomer in various combinations. For example, Fig 5a demonstrates difference in properties 

between HDPE and ABS, as well as a 50 vol. % combination of both. Likewise, Figs. 5b and 5c 
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represent the comparison between ABS-PVC and PVC-HDPE, respectively. Figure 5d shows the 

sequence of the layers in which different polymers would be printed. Notice that the 50 vol. % 

combinations of polymers furnish the properties of the interfaces between the corresponding 

adjacent polymers. It may be observed that ABS, being the stiffest and strongest of all the 

materials, is likely to increase the overall strength of the material. On the other hand, PVC 

elastomer, being the least stiff and having low strength, is expected to enhance the ductility of the 

printed composite. Additionally, the interface material with intermediate properties of the adjacent 

polymers may serve the purpose of a smooth transition of stresses and strains across the interface, 

which, in turn, can prevent sudden sharp increase in stresses and corresponding catastrophic failure 

due to stress raisers. It is worth mentioning that these interfacial properties were determined 

experimentally with the help of injection molded tensile test specimens, and hence, the 50 vol. % 

composite samples behaved as homogeneous materials and depicted no effect of directionality. 

Estimating these properties using isostrain and isostress formulations from equations (1) and (2), 

respectively, could have led to a significant difference in material properties, which might also 

have influenced the numerical simulation results.  

3.2. Printing Simulation 

3D printing in Abaqus is typically accomplished by time-dependent activation and deactivation. 

Figure 6 illustrates activation / element birth of cube-shaped element sets of HDPE, PVC, and 

ABS layers starting from an initially deactivated 3D model. A second set of HDPE, PVC and ABS 

layers was deposited in the same manner to ensure the presence of ABS and HDPE next to each 

other, and in the middle of the specimen. The direction of elements birth indicates the printing 

direction and the direction of the heart source movement through the DFLUX subroutine. It is 

noteworthy that the heat source ‘hot spot’ is always present at the location of the newly born 
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element set, which confirms that the rate at which the heat source advances is identical to the 

printing speed. Additionally, it should also be noted that the peak temperature of the hot spot never 

exceeds 200 ºC, which is in fact the print temperature where all the polymers would be in melt 

state (see Table 1). Furthermore, the through-thickness temperature distribution shows negligible 

difference in temperatures. This observation is consistent with the cylindrical distribution of the 

volumetric heat flux. Cooling of the printed specimen in reality varies greatly in the thickness 

direction because of the difference in heat loss by conduction through the printing platform and by 

convection in the air. In the current model, however, only the effect of free convection in the air 

on all surfaces is visible from the temperature contours of Figure 6.  It may be observed that the 

deposition of each next layer preheats the previous adjacent layer to a temperature as high as 100 

ºC, which is high enough to cause considerable repeated expansion and contraction. This is the 

source of residual stresses in 3D printed parts, and the effect is even more pronounced when a 

heterogeneous polymer composite is printed due to the difference in thermal expansion 

coefficients. 

3.3. Thermal Histories 

Figure 7 demonstrates the temperature vs. time curve for the very first layer of HDPE. A total of 

6 cube-shaped element sets were deposited during the first 6 seconds of the simulation run. 

Although the ‘birth’ temperature of each element set was maintained at 200 ºC, yet it surpassed to 

as high as 220 ºC at the beginning of the analysis for the first element set due to excessive heat 

flux accumulation and no active cooling surface for convection to be effective. For all other 

element sets from the second to the sixth, however, the initial temperature remained at the 

prescribed temperature of 200 ºC. As soon as the heat source moved to the second element set, 

cooling of the first set started immediately since its newly activated surfaces were then exposed to 
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the ambient temperature. Similarly, when the heat source advanced, more element sets appeared, 

and the number of external surfaces kept on increasing. This led to a rapid drop in temperature as 

the newer elements experienced quenching in air and conduction with trailing colder elements. 

Once the deposition of elements was complete, further decrease in temperature was only a 

consequence of heat transfer in the surrounding due to free convection.  

It may be noticed that the cooling curve showed serrations even after the deposition of the complete 

layer. This was simply a numerical approximation during the addition of subsequent layers of ABS 

and PVC elastomer. It is at this point conceivable that the subsequent layers would experience a 

similar cooling pattern for cooling is a surface phenomenon dependent upon the initial and sink 

temperatures as well as the heat transfer coefficient, and not the intrinsic material properties. Since 

all these factors are identical for the subsequent layers, no noticeable difference in the cooling rate 

was observed.  

3.4. Residual Stresses 

The heating and cooling cycles experienced by the polymer composite model are not the only 

sources of residual stresses during AM. There are, in fact, two additional sources of induced 

residual stresses in the model under investigation. The first of these is the difference in material 

properties of the adjacent layers, while the second one is the activation / deactivation of the element 

sets being printed. Although the material properties remain present throughout the analysis, they 

are only activated when the corresponding elements are born. The element set that appears at the 

beginning of the analysis experiences more heating / cooling cycles due to heat conduction within 

the model from the moving heat source and the heat loss in the surrounding compared to the one 

born towards the end of analysis. Therefore, the first element set has got the longest thermal history 

relative to the last one and is expected to have a different stress level. 
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Figure 8 illustrates contours of the longitudinal (along the print direction) residual stress and their 

distribution on the top surface in the transverse direction. Similar to the residual stresses induced 

during welding [50], the AM also yields maximum stress level along the direction of the heat 

source movement, while all other stress components remain trivial. The longitudinal residual stress 

is also plotted as a function of transverse distance in Fig 8. It can be observed that both the tensile 

and compressive zones exist across the length. However, a relatively smooth transition in stress 

distribution was noticed instead of a discontinuous change at the interface. Figure 8 also indicates 

that the maximum tensile and minimum compressive residual stresses are present within first three 

layers of HDPE, PVC, and ABS, from 0 to 3 mm, yet a lower level of stresses was recorded, from 

3 to 6 mm, within the next three layers of the same combination of polymers. This is consistent 

with the above discussed phenomenon that the material deposited earlier experiences repeated 

heating and cooling during the process, and is, therefore, prone to higher level of residual stresses. 

Nevertheless, the nature of these stresses, tensile or compressive, did not change for the same 

material, i.e., tensile stresses in HDPE and ABS, and compressive stresses in PVC. It is evident 

that changing the polymers as well as the sequence of layers will influence the stress distribution, 

but a complete absence of residual stresses is out of the question.  

3.5. Isostrain and Isostress Properties 

The isostrain and isostress conditions applied to the prestressed 3D printed model are shown 

schematically in Figure 9. It should be pointed out that the isostrain condition, where stress is 

applied along the print direction, gives maximum stiffness and strength values. On the contrary, 

the isostress condition with stress applied across the print direction results in a minimum value of 

elastic modulus and yield and tensile strengths. Figure 9 demonstrates the theoretical true stress-

true strain curves for isostrain and isostress conditions, obtained from equations (1) and (2), 
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respectively, for equal volume fractions of HDPE, ABS and PVC. These curves are frequently 

referred to as upper and lower bounds in the literature, or Wiener bounds after [51], as they 

determine the envelope of possible values of material properties for a given material. However, 

Wiener bounds do not consider any residual stresses that may have developed in a composite 

sample during manufacturing.  

Recall that the samples of HDPE, PVC, and ABS blend containing 33.3 vol. % of each, were also 

injection-molded and tested to obtain the stress-strain response of a composite with equal volume 

fraction. The curve highlighted as an experimental result in Fig 9 represents this composite. Given 

that the equal volume fraction composite samples were injection-molded from powdered state, 

they were expected to behave like isotropic material with a stress-strain curve lying midway within 

the Wiener bounds. Although the experimental results do not appear to favor either the upper or 

lower bound, the curve seems to be reflecting degradation of the strength values in particular. For 

instance, the maximum experimental tensile strength of almost 8 MPa was closer to the theoretical 

minimum tensile strength of 5 MPa than the theoretical maximum of 22 MPa. A possible reason 

for this behavior could be associated with some other factor such as degree of crystallinity, which 

could be improved by merely controlling the cooling rate of the sample. However, this discussion 

is beyond the scope of the current investigation. 

Figure 9 also compares the envelope of theoretical stress-strain curves with those obtained from 

FE simulations. It should be noted that FE simulated curves also include both the isostrain and 

isostress cases, and therefore, develop an envelope of their own that apparently underestimates the 

theoretical curves. The reason for this difference is quite obvious from the above discussion, where 

it was argued that the presence of residual stresses would influence the stress-strain behavior of 

the layered composite. It is clear from Fig 9 that the simulated and theoretical isostrain curves do 
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not differ significantly, at least during the elastic deformation. The maximum tensile strength, 

however, was almost 10% more for the former than for the latter. The effect of residual stress on 

the simulated and theoretical curves was found to be more pronounced for the isostress conditions. 

The FE simulations predicted 50% lower elastic modulus and the tensile strength of the layered 

composite relative to the theoretical lower bound. This may be justified based on the longitudinal 

stress distribution (see Figure 8). As the longitudinal stresses were predominant during the 

mechanical simulation, the model showed more resistance to deformation along the print direction 

leading to somewhat higher level of tensile strength. Across the print direction, however, the 

longitudinal stresses had little to no role to play in improving the strength. Instead, the 

discontinuity in the material properties coupled with residual stresses across the interface led to a 

quick elastic and plastic deformation of the composite, thereby resulting in smaller values of elastic 

modulus, and tensile strength. 

4. Conclusions 

With the aim of evaluating stress-strain behavior of 3D printed layered polymer composite under 

isostrain and isostress conditions, uncoupled thermo-mechanical analysis was performed. The 

following conclusions can be drawn: 

 Theoretical models to calculate the elastic modulus, yield strength and tensile strength of 

polymer composite have the tendency to underestimate the deformation behavior. 

 To accurately predict the stress-strain behavior of the polymer composite, the residual 

stresses developed during fabrication may not be ignored. 

 AM-induced longitudinal residual stresses play a significant role in determining the 

mechanical properties of the composite along and across the print directions. 
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 The proposed FE modelling and simulation approach can help predict the structural 

integrity of 3D printed parts, and tailor the characteristics of finished printed components 

with respect to the combination, sequence, and directionality of polymeric materials.  
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Table 1. Polymers and polymer blends composition and molding temperatures 

Polymer 

Composition 

(vol. %) 

 

100%  

PVC 

 

100% 

ABS 

 

100% 

HDPE 

50% PVC 

+ 

50% ABS 

50% PVC 

+ 

50% 

HDPE 

50% 

HDPE 

+ 

50% ABS 

33.3% PVC 

+ 

33.3% HDPE 

+ 

33.3% ABS 

Processing 

temperature 

(ºC) 

120 190 180 150 160 180 160 
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Figure 1. Generalized 3D model of layered polymer composite 
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Figure 2. Comparison of standard and experimental FTIR curves of HDPE, ABS and PVC 
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Figure 3. Injection molding die and tensile test specimen design (all dimensions are in mm) 
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Figure 4. Conical volumetric heat source model with Gaussian distribution [49] 
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Figure 5. Comparison of mechanical properties of polymers: (a) HDPE, ABS, and 50 vol.% 

HDPE/50 vol.% ABS, (b) PVC, ABS, and 50 vol.% PVC/50 vol.% ABS, (c) HDPE, PVC, and 

50 vol.% HDPE/50 vol.% PVC, (d) Sequence of the polymer layers and their interfaces 
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Figure 6. Temperature contours and element birth (activation) during 3D printing of polymer 

layered composite 
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Figure 7. Temperature as a function of time graph for the deposition of first six element sets of 

HDPE 
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Figure 8. Longitudinal (along the print direction) residual stress contours and distribution as a 

function of transverse distance 
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Figure 9. Comparison of experimental, FE simulation and theoretical true stress-true strain 

curves for equal volume fraction HDPE-PVC-ABS composite 
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HDPE/50 vol.% ABS, (b) PVC, ABS, and 50 vol.% PVC/50 vol.% ABS, (c) HDPE, PVC, and 

50 vol.% HDPE/50 vol.% PVC, (d) Sequence of the polymer layers and their interfaces 

Figure 6. Temperature contours and element birth (activation) during 3D printing of polymer 

layered composite 

Figure 7. Temperature as a function of time graph for the deposition of first six element sets of 

HDPE 

Figure 8. Longitudinal (along the print direction) residual stress contours and distribution as a 

function of transverse distance 

Figure 9. Comparison of experimental, FE simulation and theoretical true stress-true strain 

curves for equal volume fraction HDPE-PVC-ABS composite 
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