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Abstract 

This study utilized additively reinforced thermoforming (ART) to enhance the 

thermomechanical properties of polyethylene terephthalate glycol (PETG) sheets. ART 

materials were produced by overprinting PETG/carbon fiber filament (PETG/CF) on neat 

PETG sheets at varying conditions. The mechanical properties of the PETG sheet, PETG/CF, 

and ART materials were assessed, showing that ART exhibited superior tensile strength and 

modulus of elasticity. The tensile strength and modulus in the x-direction for ART at 265°C 

were 57.32 ± 2.9 MPa and 3.41 ± 0.4 GPa, respectively, compared to 49.1 ± 0.5 MPa and 1.92 

± 0.09 GPa for neat PETG. Microstructural analysis revealed strong interfacial adhesion 

between layers, while thermogravimetric analysis (TGA), differential scanning calorimetry 

(DSC), and heat deflection temperature analysis provided insights into the ART material's 

thermoforming behavior, aiding design optimization for enhanced stiffness, reduced necking, 

and improved customization. This information can be used to design for the thermoforming 

operation.  

 

Keywords: additive reinforcement, characterization, convergent manufacturing, polymer 

composite, thermoforming, thermoplastics. 

 

1. Introduction 

Thermoforming, a widely used manufacturing process, involves heating polymer sheets 

to a pliable temperature and shaping them using molds. This technique is valued for its 

efficiency in producing lightweight, durable components with complex geometries, making it 

integral to industries such as packaging, automotive, and consumer goods. In traditional 

thermoforming processes, polymer sheets like polyethylene terephthalate glycol (PETG) are 

commonly used due to their excellent formability, durability, and clarity [1-3]. However, 

bosses, snap-fits, inserts, or support structures such as ribs are often required to ensure 

structural integrity and achieve the desired geometrical stiffness [4]. This can be achieved 

through an overmolding process by injecting a complex feature directly onto the composite 

substrate for the purpose of structural or functional optimization [5, 6]. Although overmolding 

provides ability to incorporate such additional features, its high tooling costs and extended lead 

times limit its practicality to large-scale production runs. Moreover, due to the lack of flexibility 

of such support components, integration of additional features can only be done as a secondary 

operation. This limitation comes with increased complexity and costs [4]. Nowadays, 

thermoplastic composites are used due to their high strength-to-weight ratios, toughness, 

corrosion resistance, and recyclability [7-9]. 
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In recent years, additive manufacturing (AM) has emerged as advanced manufacturing, 

transforming the production landscape across diverse industries [10]. One particularly 

impactful application of AM lies in the fabrication of reinforced polymer composites with 

control over the distribution and alignment of reinforcement within the final product [11]. This 

manufacturing technique can be adopted as a cost-effective alternative to overmolding via a 

concept referred to as overprinting. This method utilizes material extrusion processes to 

fabricate complex features directly onto sheets that will be used for thermoforming operations 

[12]. A novel system known as additive reinforced thermoforming (ART) takes this concept 

further by integrating AM with traditional thermoforming. The ART allows the precise 

reinforcement of polymer sheets using AM, which enhances their structural integrity. By 

tailoring reinforcement for different geometries and application, ART enhances the final 

product's performance while preserving the cost-efficiency and material versatility of 

traditional thermoforming. This represents a more efficient and sustainable solution. Recent 

studies have also shown that modifying PETG with nanofillers can significantly enhance its 

mechanical properties and functional capabilities, indicating further opportunities for material 

optimization in ART [13, 14] 

ART presents an appealing proposition by merging the cost-efficiency of traditional 

composite manufacturing processes, such as thermoforming, with the design flexibility and 

material optimization of AM. This method enhances functionality, streamlines production, and 

supports shorter production cycles. It also enables the creation of tailored polymer sheets by 

directly printing various composites, providing precise control over performance 

characteristics. The additive, layer-by-layer process facilitates experimentation with 

reinforcement patterns and concentrations, ensuring adaptability to specific thermoforming 

needs. This innovation broadens the applications of polymers like PETG, enabling the 

development of multifunctional materials with optimized mechanical and thermal properties. 

Compared to other traditional reinforcement methods such as overmolding and fiber placement 

ART offered greater design flexibility, localized reinforcement control, and a more streamlined 

manufacturing approach. Unlike overmolding, which requires high tooling costs and secondary 

operations, ART enables direct integration of reinforcement with minimal additional 

processing. Similarly, compared to automated fiber placement, ART offers a cost-effective 

alternative for lightweight applications without the need for complex deposition systems. It has 

strong potential in sectors such as automotive, packaging, and consumer goods, where 

lightweighting and localized reinforcement are increasingly important. 

Some previous studies have investigated overprinting of polymers such as polyamides 

[15, 16], acrylonitrile butadiene styrene [17] and polylactic acid [18] on polymer substrates. 

Nevertheless, there is still a notable gap in understanding the specific application of 

overprinting in thermoforming operation. This study addresses this gap by investigating the 

effect of processing conditions during overprinting of PETG/carbon fiber filament (PETG/CF) 

onto PETG sheet intended for ART. The mechanical properties of the additively reinforced 

ART materials were also evaluated. By leveraging AM technique to reinforce PETG with 

PETG/CF the neat polymer strength and rigidity were enhanced. The investigations carried out 

in this study also provided information that can aid the thermoforming process. Future studies 

are expected to uncover more insights that will drive advancements in ART technology, moving 

the industry toward higher levels of innovation and efficiency in manufacturing processes and 

material utilization. 

 

 

2. Experimental techniques 
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The ART materials were produced using an ABB arm Orbital printer. The 1.5 mm thick 

PETG sheet was laid on a vacuum-assisted printing platform. Subsequently, the reinforcing 

composite (PETG/CF with 10 wt.% carbon fiber) was deposited (overprinted) onto the 

substrate polymer at 265 °C and 285 °C. These printing temperatures were selected to 

determine how changes in printing temperature influence the adhesion quality, material 

properties, and overall performance of the developed ART material. The printer maintained 

precise filament deposition along a predefined path, ensuring a controlled layer thickness of 

0.5 mm and a bead width of 1.2 mm throughout the printing. The printing progresses layer by 

layer until the desired thickness (1.5 mm) was achieved, resulting in parts measuring 140 x 140 

mm. As a reference, a 3 mm thick box measuring 140 x 140 mm was printed solely with 

PETG/CF at 265 °C and 285 °C to evaluate the printed structure properties. Table 1 provides 

information about the sample designations. 

Table 1: Information about samples designation 

Samples Designation*                 Description 

AM 

265x PETG/CF printed at 265 °C and analyzed in x-direction relative 

to printing direction 

265z PETG/CF printed at 265 °C and analyzed in z-direction relative 

to printing direction 

285x PETG/CF printed at 285 °C and analyzed in x-direction relative 

to printing direction 

285z PETG/CF printed at 285 °C and analyzed in z-direction to 

printing direction 

ART 

A265x ART material produced at 265 °C and analyzed in x-direction 

relative to printing direction 

A265z ART material produced at 265 °C and analyzed in z-direction 

relative to printing direction 

A285x ART material produced at 285 °C and analyzed in x-direction 

relative to printing direction 

A285z ART material produced at 285 °C and analyzed in z-direction 

relative to printing direction 

*The x-direction refers to the plane parallel to the printing surface and along the path of 

material deposition, while the z-direction represents the axis perpendicular to the printing 

layers, reflecting interlayer properties. ART- Additively Reinforced Thermoforming 

 

2.1 Thermal, Thermomechanical, Mechanical, Microstructural, and Adhesive 

Strength Analyses 

We characterized the materials using Differential Scanning Calorimetry (DSC) to 

evaluate the glass transition temperature (Tg) of the neat PETG sheet and the printed PETG/CF 

samples. This analysis provide insight into suitable thermoforming temperature, which is 

typically above the Tg but below the melting temperature. The measurement was conducted in 

a non-oxidizing environment using 100% nitrogen at a controlled flow rate of 50 cm³/min (TA 

Instruments DSC 2500). Each sample were subjected to a sequential thermal cycle involving 

heating at 2 °C/min from ambient to 30 °C, holding for 2 minutes, and then heating to 300 °C.  

Thermogravimetric analysis (TGA) was conducted to evaluate thermal degradation 

behavior, decomposition temperature, and overall thermal stability of those materials. Samples 
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were heated from 30 °C to 600 °C at 10 °C/min in an oxidizing environment (air) with a 50 

cm³/min flow rate (TA Instruments Q5500). 

Heat deflection temperature under load measurements were conducted using a 3-point 

bending mode (TA Instruments DMA 850) (Figure 1a). Following ASTM D648 standard, a 

constant force of 0.7 N was applied, while the temperature was increased at a rate of 2 °C/min 

to 200 °C. Heat deflection temperatures of the analyzed samples were then determined from 

the resulting curves. The effect of varying load (0.1, 0.3, and 0.7 N) and heating rates (2, 3, and 

5 °C/min) on the extent and pattern of deformation was also investigated. In each case, the 

experiment ended after reaching the maximum deformation capacity. 

Tensile specimens were prepared from the 140 x 140 mm PETG/CF box, 3 mm thick 

PETG sheet and the developed ART sheets through waterjet cutting (Figure 1b). The samples 

were dried (Grieve oven) at 25 °C for 4 hours. The tensile testing was conducted according to 

ASTM D638 (Type IV) standards at a crosshead speed of 5 mm/min with a signal sampling 

rate of 10 Hz. An Instru-Met Floor Universal Tensile Testing Machine equipped with 5000 lbs 

load cell was utilized to assess the mechanical properties of the samples. To ensure results’ 

accuracy and reliability, four repeatability tests were performed per each sample. The tensile 

strength (which correspond to the peak values at failure of the overprint layer for the ART 

material) and elastic modulus were measured in both the x and z-directions relative to printing 

direction. Regarding the ART material, the test was stopped when the reinforcing layer failed 

because the tensile stress dropped at this point while the substrate PETG continued to elongate 

until final failure. Moreover, the tensile properties of the PETG substrate were independently 

determined. 

A Zeiss Axio Imager.M2m microscope was used to obtained optical images of the 

interface between the base polymer sheet and the reinforcing layer to investigate the quality 

and characteristics of the interfacial bond. The images were captured using a 2.5x lens across 

8mm surface length. 

A single lap shear strength (SLS) testing was employed to assess the interfacial strength 

between the overprint (PETG/CF) and substrate (PETG) materials. This assessment is 

important to ensure effective load transfer between the reinforcing layer and to ensure the 

structural integrity and functionality of the ART material.  The measurements were carried out 

following ASTM D5868 standards using an Instru-Met Floor Universal Tensile Testing 

machine equipped with 5000 lbs load cell. PETG/CF was printed on top of two halves PETG 

sheets under similar conditions employed to manufacture the ART. To control adhesion, one of 

the sheets was entirely covered with Kapton tape, leaving only the lap region exposed to allow 

the reinforcing layer to bond. The PETG/CF was then overprinted across the top of both halves, 

as illustrated in Figure 1c. Subsequently, test samples were cut out using a waterjet cutting 

machine. The coupons were then dried in a Grieve oven at 25 °C for 8 hours before the test. 

The measurements were conducted at a pull rate of 13 mm/min with a replicate of four samples. 

The shear strength at failure was determined by dividing the maximum load at failure by the 

bonded area. The overprinting was also done on preheated PETG sheets at 55 °C to evaluate 

the impact of substrate preheating on adhesion between the reinforcing layer and substrate 

material. 

Figure 1d shows the image of a part demonstrating the application of additive 

reinforcement in thermoforming application 
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Figure 1: Images showing characterized samples and ART demonstration part: (a) HDT 

samples, (b) LSS sample and printing strategy, (c) PETG/CF and ART tensile samples, and 

(d) ART part [ART: Additive Reinforced Thermoforming; HDT: Heat Deflect Temperature; 

LSS: Lap Shear Strength]  

 

3. Results and Discussion 

3.1 Thermal and Thermomechanical Behavior of ART Materials and Their 

Components 

The DSC curves for PETG sheet and PETG/CF printed at 265 °C and 285 °C are shown 

in Figure 2a. The Tg of the substrate and reinforcing layer was determined to be approximately 

70 °C. This similarity in Tg offers benefits that include processing compatibility, uniform 

thermal behavior, minimized stress during bonding and improved bond strength. The 

exothermic peak at 220 °C was not detected when DSC measurement was conducted using a 

faster heating rate of 10 °C/min (Figure 2ai). This peak may be attributed to localized crystalline 

regions formed due to the slow heating rate during the DSC measurement. PET and PETG share 

similar chemical structures, with PETG being modified by the inclusion of glycol to reduce 

crystallinity and improve processing. However, under certain condition like a slow heating rate 

or inclusion of nucleating agent, PETG can exhibit a cold crystallization peak [19-22]. At the 

faster heating rate, the Tg also shifted to 120.3 °C. This upward shift in Tg is attributable to 

thermal lag and reduced relaxation time available for polymer chains to rearrange their 

molecular configurations as temperature increases rapidly [23, 24]. 

The thermogravimetric profiles, which offer valuable insights into the thermal 

responses of PETG sheet and PETG/CF samples, are shown in Figure 2b. Both the PETG sheet 

and PETG/CF samples exhibited a similar maximum degradation temperature of approximately 

404 °C and 401 °C, respectively [1]. These values indicate that the selected printing 

temperatures did not degrade either material. The PETG/CF composite showed a better overall 

thermal stability compared to the PETG sheet due to the presence of carbon fiber. The 

reinforcing layer had a residual mass approximately 10% higher than the substrate material. 

Consequently, the ART materials would possess enhanced overall thermal stability compared 

to the individual base polymer. Moreover, changes in printing temperature did not have a 
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significant impact on the overall thermal stability of the PETG/CF. The TGA profiles align with 

existing literature that attributes the degradation mechanisms of PETG to chain scission and 

hydrolysis at elevated temperatures [25, 26]. 

The deformation pattern of PETG/CF under various conditions are shown in Figure 2c-

2e. Under constant load (450 Pa/0.7 N), the deposition material exhibited successive heat 

deflection temperature points under load (DTUL) with increasing temperature (Figure 2c). This 

is due to increased molecular mobility of the polymer chains, which causes the material to 

undergo plastic deformation. Irrespective of the printing temperature, the PETG/CF starts to 

deform at ~70 °C until ~80 °C at which point the deformation pattern changes as the material 

developed decreased resistance to deformation. The onset of deformation corresponds to the Tg 

of the neat polymer and therefore can be associated with PETG (see the DSC curves). At this 

stage, the PETG sheet exhibited the lowest resistance to deformation, indicated by a 

displacement value of 2.44 mm at 74 °C, which is the end point of the initial deformation phase. 

Generally, polymer chains have increased mobility at higher temperatures, which allow them 

to rearrange and slide past one another more easily [27]. Above the Tg, the matrix soften 

significantly, facilitating a more rapid plastic flow, which enable the polymer to deform under 

applied stress as indicated in the curved profiles. By comparing the overall heat deflection curve 

of the PETG sheet and reinforicing layer, the former exhibited increased deformation under 

similar conditions. Considering sustained maximum deformation temperature, the reinforced 

layer can withstand deformation at a temperature 14.7°C higher than the neat polymer, 

representing a 14.1% increase. The increased resistance to deformation by the reinforcing layer 

can be attributed to the presence of carbon fiber, which provided a higher stiffness. This is 

beneficial to the ART material considering the need for deep draw during thermoforming and 

improved rigidity of parts. The sequential pattern of the DTUL curves arises from the 

viscoelastic nature of the polymer matrix and contributory effect of the carbon fiber. This 

characteristic can influence the choice of forming temperatures, heating rate, and cooling 

processes. Understanding these properties will help to tailor the thermoforming parameters 

(heating and cooling rate) to ensure the thermoforming operation is carried out at a temperature 

that promote sustained deformation under specific thermoforming conditions. Similar to earlier 

observation, the printing temperature did not t have a significant impact on the deformation 

pattern (see Figure 2b). 

 The effect of varying load and heating rate on the heat deflection temperature curve 

was investigated using PETG/CF produced with a printing temperature of 265 °C. The resulting 

curves are shown in Figure 2d and 2e. Figure 2d shows the effect of load on the deformation of 

the PETG/CF under increasing temperature. The initial maximum deformation temperature 

changes from 88 °C to 70 °C and 73 °C as the load increased from 0.1 N to 0.3 N and 0.7 N, 

respectively. This represent a decreased by 20.45% and 17.05% when the load increased from 

0.1 N to 0.3 N and 0.7 N, respectively. The observed decrease in the maximum deformation 

temperature with increasing load is due to stress-induced enhancement of molecular mobility 

within the polymer chain. The increased stress can induce chain relaxation, making the chains 

more mobile at lower temperatures. Overall, the curve shows that actual forming temperature 

and process time will depend on pressure (applied vacuum) during thermoforming. The lower 

the vacuum pressure, the higher the forming temperature and process time that will be required. 

Moreover, the investigated heating rates do not have any significant effect on the onset of 

deformation but still influence the overall deformation pattern (Figure 2e). Generally, the 

temperature at which sustained deformation occurs increased with increasing heating rate.  The 

temperatures for sustained maximum deformation are 143.1°C, 148.3 °C, and 163.5 °C for 

heating rates of 2°C/min, 5°C/min, and 10°C/min, respectively. Consequently, both the vacuum 

pressure and heating rate should be optimized to attain good formability. This results agrees 
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with the observation by Leite et al. [28] that heating time and heating power are significant 

factors in vacuum thermoforming. 

 
Figure 2: Thermal and thermomechanical analysis of PETG and PETG/CF 

composites: (a) DSC curves of PETG sheet, PETG/CF printed at 265 °C and 285 °C; (b) 

Thermogravimetric profiles of PETG sheet, PETG/CF printed at 265 °C and 285 °C; (c-e) 

Heat deflection behavior of PETG sheet and8 printed PETG/CF: (c) Comparison of PETG 

sheet vs PETG/CF printed at different temperatures, (d) Effect of varying load at a constant 

heating rate of 2 °C/min, and (e) Effect of varying heating rate at a constant load of 1 °C/min. 

3.2 Mechanical Properties and Interfacial Characteristics 

The tensile strength and modulus of elasticity of the PETG/CF (overprint material), 

PETG sheets (base polymer), and ART materials were determined in both the x and z-directions 

(Figure 3).  
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The overprint material produced at 265 °C has a tensile strength of 68.1 ± 1.9 MPa in 

the x-direction, whereas the sample produced at 285 °C exhibited a higher value of 73.9 ± 1.1 

MPa (Figure 3a). The results showed that increased printing temperature favored improved 

tensile strength by 8.5%. In the z-direction, the tensile strength values were 16.2 ± 2.1 MPa 

and 20.2 ± 2.1 MPa relative to the printing temperature of 265 °C and 285 °C, respectively. 

This observation remains consistent regardless of the testing direction. Compared to these 

values, the tensile strength of the neat polymer was 49.1 ± 0.5 MPa, which is approximately 

35.1% and 31.1% lower than the overprint material produced at 265 °C and 285 °C, 

respectively. These results align with previous studies that higher printing temperatures can 

enhance fluidity, fusion, and interlayer bonding, which is favorable to improved strength [29, 

30]. 

The modulus of elasticity in the x-direction of the overprint material was higher than 

that of the PETG sheet (1.92 ± 0.09 GPa). The PETG/CF produced at 265°C and 285°C 

exhibited increases of 295% and 257%, respectively (Figure 3f). In the x-direction, rigidity 

decreased with increasing printing temperature, dropping from 7.59 ± 0.34 GPa to 6.86 ± 0.67 

GPa [31]. This can be attributed to the observed increased in porosity of PETG/CF at higher 

printing temperature (see Figure 3f). Porosity can significantly disrupt continuous load transfer 

within the material, reducing its stiffness [32]. In the z-direction, a slight increase in material 

stiffness was also observed relative to the neat PETG. At this instance, the modulus of elasticity 

increased with higher printing temperatures, rising from 2.45 ± 0.29 GPa to 2.59 ± 0.16 GPa.  

Figure 3c shows the tensile strength of the ART materials (1.5 mm thick polymer sheet 

and 1.5 mm thick reinforcing layers) produced by overprinting the composite material on 

PETG sheets. The tensile strength in the x-direction of the additively reinforced PETG sheet 

was higher than the equivalent neat 3 mm sheet (49.1 ± 0.5 MPa). The tensile strength values 

correspond to 57.32 ± 2.9 MPa and 53.18 ± 2.48 MPa for the ART material produced at 265 

°C and 285 °C, respectively. A significant increase in modulus of elasticity was observed in the 

x-direction for the overprint material compared to the neat PETG (1.92 ± 0.09 GPa). The 265x 

and 285x samples exhibited moduli of elasticity of 3.41 ± 0.4 GPa and 3.53 ± 0.06 GPa, 

respectively, representing increases of approximately 78% and 84%. The reinforcing layer of 

the 285°C ART material exhibited higher porosity, while the substrate layer, produced at 265°C, 

showed a higher degree of porosity, suggesting that off-gassing from the substrate material may 

be a contributing factor to porosity formation, particularly at higher temperatures [33]. For the 

developed ART material, the slight decrease in tensile strength can be attributed to increased 

porosity in the reinforcing. The optical microscope images also show good interfacial bonding 

between the reinforcing layer and substrate polymer. There was unidentifiable transition 

between both materials, which suggest the existence of a good fusion/bonding between the 

PETG sheet and the overprinted PETG/CF. 

The SLS remained consistent for both 265x and 285x samples, regardless of whether 

the sheet was preheated or not (Figure 3f). The SLS was approximately 7.5 MPa for 265x and 

7.8 MPa for 285x samples. These results indicate that the investigated printing temperatures 

had no significant impact on interfacial strength between layers. Similar results were obtained 

for the tensile properties with no significant difference in performance regardless of preheating 

the sheet before overprinting. The lack of significant effect of preheating the sheet may be 

attributed to the relatively low preheating temperature (55 °C), which is below the sheet's glass 

transition temperature (70 °C). While preheating above Tg could potentially enhance interfacial 

bonding by increasing molecular mobility, it may also introduce challenges such as sheet 

warping and loss of dimensional stability during printing [34]. 3.60 ± 0.33 GPa and 3.35 ± 0.07 

GPa. 

 

Jo
ur

na
l P

re
-p

ro
of



 

 

 

Figure 3: (a) Tensile strength of the unreinforced PETG sheet and PETG/CF materials, (b) 

Modulus of elasticity of the unreinforced PETG sheet and PETG/CF materials, (c) Tensile 

strength of the overprinted PETG ART materials, (d) Modulus of elasticity of the ART 

materials, and (e) Lap shear strength of the ART materials as a function of processing 

parameters. (f) Microstructure of the ART material produced at 265 °C and 285 °C, showing 

good interfacial bonding between the base polymer sheet and the reinforcing layer. [ART: 

Additive Reinforced Thermoforming]  

 

 

4. Conclusion 

In this study, PETG sheets were additively reinforced with PETG/CF for application in 

thermoforming operation. The investigated properties provided insights into the materials' 

thermal stability, deformation behavior, viscoelasticity, mechanical performance, and 

interfacial adhesion. In the x-direction, the tensile strength of PETG/CF increased with printing 
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temperature, reaching 68.1 MPa at 265°C and 73.9 MPa at 285°C, which is significantly higher 

than the tensile strength of neat PETG (49.1 MPa). In the z-direction, tensile strength rose from 

16.2 MPa to 20.2 MPa with increasing printing temperature. Compared to neat PETG (which 

has a modulus of elasticity of 1.92 ± 0.09 GPa), the modulus of elasticity of the overprint 

material increased significantly in the x-direction, exhibiting increases of 295% and 257% for 

the PETG/CF produced at 265°C and 285°C, respectively. A slight increase in stiffness was 

also observed in the z-direction, rising from 2.45 to 2.59 GPa with higher printing temperatures. 

The improvement in materials properties of the reinforcing layer was translated to the 

significant performance of the ART material relative to the neat PETG. The ART materials 

demonstrated an improved tensile strength (up to 57.32 MPa), representing a 16.74% increase, 

and a significantly improved stiffness (up to 3.60 GPa), representing an 87.50% increase. 

Interfacial strength, as evidenced by lap shear strength values around 7.5 MPa and 7.8 MPa for 

both 265x and 285x samples, respectively, was not significantly influenced by preheating or 

printing temperatures. These results show ART's potential to enhance thermoformable 

substrates, enabling lightweight, high-performance components with improved strength, 

stiffness, and stability over neat thermoplastics. 
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