
1 

 

High-Performance Co-polyesters for Material-Extrusion 3D Printing:  

A Molecular Perspective of Weld Properties 

 

Andrea Costanzo1, Dario Cavallo*1, Claire McIlroy*2 

 

*joint corresponding authors 

 
1 Department of Chemistry and Industrial Chemistry, University of Genoa, Genova, Italy, 16146 
2 School of Mathematics & Physics, University of Lincoln, Lincoln, UK, LN4 7TS 

 

Key Words: Material-Extrusion, Co-polyester, Weld Strength, Constitutive modeling 

 

Abstract 

 

Broadening the range of materials available to 3D print accurately and reliably via extrusion-based 

printing techniques is key to diversifying into advanced applications. One leading aim is to achieve 

higher temperature resistance from material-extrusion (MatEx) printed parts, whilst maintaining 

strength. To this end, several feedstock filaments based on polyester have recently been 

commercialised, with one feedstock possessing a new comonomer base unit that significantly 

increases the glass transition of the material. Whilst the improvement in bulk properties is known, 

for the first time we investigate how this change is chemistry may affect the inter-diffusive welding 

process inherent to achieving structural integrity in MatEx. Although this change in chemistry 

modifies the temperature-dependent rheological behaviour in ways that are expected to be 

detrimental to the weld strength, by employing an established continuum polymer modeling 

approach we propose that the polymer chain stiffness is fundamental to ensuring that residual 

molecular anisotropy in the weld region is limited. We report that the weld strength of this new 

material is similar to another co-polyester with lower glass transition temperature, despite 

demonstrating an increased diffusive time scale and reduced weld times under typical conditions. 

 

1. Introduction 

 

Additive manufacturing techniques have become increasingly important over recent decades given 

the possibility of obtaining products without geometric limits in a relatively short time [1,2]. 

Among the different technologies, Material-Extrusion 3D printing (MatEx) is the cheapest and most 

accessible. It involves the extrusion of a filament at high temperature and subsequent layer-by-layer 

deposition onto a build plate [3-4]. Despite the ease of this technique, the number of materials 

available remains limited. This is because it is not always straightforward to identify an adequate 

range of processing conditions for each polymer, according to its intrinsic characteristics.  

 

Currently, the most used material and the one which guarantees the greatest efficiency is polylactide 

(PLA) [5-9]. One drawback of polylactide, however, is its poor thermal stability, which limits the 

maximum-use temperature of printed objects to below its glass transition temperature, i.e., about 60 

°C. Acrylonitrile-co-butadiene-co-styrene co-polymer (ABS) is also a widely used material, with 

higher thermal stability compared to PLA, but its tendency to warp means applications are also 

limited [10-12]. Current studies are therefore aimed at high-performance materials that can 

guarantee wide ranges of processability and, at the same time, good thermal and mechanical 

properties of the final products. An example of high-performance materials is PEEK, a semi-

crystalline polymer which, as demonstrated by Tian et al, guarantees excellent mechanical 



2 

 

properties after processing [13,14]. However, the high cost of this material limits its use to niche 

applications.  

 

Recently, co-polyesters have been proposed as a high-performance substitute for PLA and ABS. 

Eastman Amphora ™, among many, offers two copolyesters, commercially named HT and NGEN. 

With a glass transition temperature of 85 °C, NGEN is satisfactory for prototyping but lacks the 

temperature resistance required for high performance applications, e.g., in the aerospace sector. On 

the other hand, HT filament incorporates a contrasting comonomer that demonstrates superior 

durability, dimensional stability, toughness, and high temperature resistance having a glass 

transition temperature of 110 °C.  

 

The glass transition temperature represents a fundamental property for an amorphous polymer, 

since temperatures above 𝑇𝑔 allow large scale motion of the polymer chain segments. Thus, in the 

case of 3-D printing, the time above 𝑇𝑔 is fundamental, as it is strictly correlated to the quantity of 

material that can inter-diffuse between adjacent layers following their deposition [15-17]. This 

interdiffusion or “welding” process is key to building up interfacial strength between printed layers 

and is therefore essential to achieving structural integrity [18-20]. We will call the time above 𝑇𝑔 

the “weld time” [21]. By comparing the weld time to the polymers’ diffusive time scale, known as 

the reptation time, the degree of interdiffusion can be calculated; more interdiffusion is achieved for 

longer weld times and faster reptation times. Here we define the degree of interdiffusion by Χ =

𝜒/𝑅𝑔, where χ is the distance diffused by the polymer and 𝑅𝑔 is the polymers’ radius of gyration.  

 

If χ exceeds the polymers’ radius of gyration (i.e., Χ > 1), then it is classically assumed that full 

healing of the interface is achieved through the build-up of interfacial entanglements. However, 

there is further evidence that residual alignment (which may persist beyond X = 1) can lead to weak 

spots in the vicinity of the weld interface (not necessarily along interface itself). This is not related 

to interfacial entanglements, but rather the state of the polymer network in the bulk surrounding the 

weld interface.  

 

We explore this concept in our previous works [22,49], where we do not explicitly consider 

interfacial entanglements, but instead the degree of interdiffusion X. Since we find reduced weld 

strength despite X > 1, and weld strength decreases with increased print speed and reduced print 

temperature, we seek another mechanism for reduced weld strength that is molecular in nature but 

beyond interdiffusion (and therefore interfacial entanglements). Our combination of modelling and 

birefringence measurement [22] shows that molecular alignment is frozen in at the glass transition 

in a localised region surrounding the weld interface despite X > 1 (since molecular orientation takes 

longer to relax). There is also evidence of this phenomenon in the literature, for instance molecular 

simulations of 3D printed samples [24] (where the weak spot is found to migrate from the original 

interface into the aligned material) and experiments on drawn samples [23], (where anisotropy in 

toughness relaxes by slower processes than expected by classic theory).  

 

We propose that it is this residual alignment within the weld region, rather that the interface itself, 

that results in reduced mechanical properties and that this effect can be avoided by increasing the 
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weld time and reducing the reptation time. Here, for the first time, we consider this phenomenon in 

copolyesters. 

 

Whilst it is known that adapting the comonomer building blocks of the polymer chain can increase 

the glass transition and therefore temperature resistance of the feedstock material, the effect that this 

change in chemistry has on the reptation time, the weld time and therefore the interfacial weld 

strength in 3D printing applications is yet to be considered. The aim of this work is to compare the 

printing behaviour of two co-polyesters, with particular attention to how the different glass 

transition temperatures and rheological properties can influence their processability, with reference 

to the measured weld times and final mechanical properties. 

 

2. Materials and methods   

 

This study compares the behavior of two co-polyesters feedstock materials, named commercially as 

NGEN and HT, respectively. As for NGEN is a copolyester which include typical monomers such 

as dimethyl terephthalate (DMT) and dimethyl isophthalate (DMI), while the dialcohol unit can 

include ethylene glycol (EG) and 1,4-cyclohexanedimethanol (CHDM), in agreement with the 

measured glass transition temperature value (see below). Its weight average molar mass is around 

19000 g/mol. HT, on the other hand, possesses a Mw of about 18000 g/mol and the constituent 

comonomers are CHDM and 2,2,4,4-Tetramethyl-1,3-cyclobutanediol (TMCD), while the diester 

unit is constituted by DMT. The structures of the monomers composing the different repeat units 

are shown in Figure 1. Since both materials are very hygroscopic, both filaments were kept drying 

at 55 °C for 4 hours before proceeding with the printing of the samples. Thermal characterizations 

obtained by differential scanning calorimetry (DSC) analysis is reported in the Appendix A and 

reveals that both samples are completely amorphous both before and after printing. 

 
 

Figure 1. Structures of the comonomers constituting the NGEN and HT copolyesters. Top row diesters, bottom row dialcohols. 

Rheological analysis was performed using a HR 10 rheometer from TA Instruments (New Castle, 

DE, USA). The materials were then prepared in the form of films with a compression molding press 

and subsequently subjected to frequency sweep tests at different temperatures, consistently with the 

respective recommended processing ranges. Specifically, the rheological measurements were 
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carried out in a range of angular frequencies from 0.1 to 50 rad/s, with an amplitude strain of 3% in 

the linear viscoelastic regime, repeating the measurement at six different temperatures for each 

material (from 190 to 240 ° C for NGEN and from 230 to 280 ° C for HT). The time-temperature 

superposition analysis to obtain the master curves and calculate the rheological shift factors was 

carried out using the TRIOS software from TA instruments. 

 

The specimens printed for measuring the thermal histories and subsequently for testing the strength 

of the weld were prepared by means of an Intamsys Funmat HT 3D printer (Shanghai, China), 

equipped with a 0.4 mm diameter nozzle. The chosen geometry is that of a self-supporting square 

tube (dimensions 4 cm × 4 cm × 4 cm) consisting of single layers of material deposited one on top 

of the other, with a layer height of 0.2 mm. This simple geometry is adopted commonly in the 

literature, especially to assess anisotropy in the printed specimen strength [25,26], however does not 

allow a comprehensive study of the dimensional accuracy of the samples. Although dimensional 

accuracy is outside the scope of this work, we note that we do not observe any warpage of the 

samples under the chosen printing conditions.  

 

The sample with the described geometry was designed with the software Tinkercad and saved in an 

STL format file for printing. The software Cura (Ultimaker, Utrecht, The Netherlands) was then 

used to convert the file into G-code format and to set the processing conditions through a slicing 

process of the original file [27]. Table 1 summarizes the explored printing conditions. 

 
Table 1. Printing parameters 

Parameter NGEN HT 

Nozzle temperature 210-240 °C 250-280 °C 

Print speed 20-120 mm/s 20-120 mm/s 

Build plate temperature 85 °C 85 °C 

Chamber temperature 40 °C 40 °C 

 

 

All the samples, for both materials, were printed maintaining the build plate and the printer chamber 

temperature at 85 °C and 40 °C respectively. The choice of the plate temperature is dictated by the 

fact that in this way both materials could remain above their glass transition temperature for a 

certain amount of time once deposited, to improve the adhesion with the build plate. 

 

To measure the temperature history, we used a micro-thermocouple placed directly on the plate of 

the printer, in correspondence with the material deposition area. The thermocouple was linked 

directly to a Hi-Speed USB acquisition unit (NI USB-9162) (National Instruments) and the related 

software allowed to monitor the thermal profile in real time.  The measurement of thermal profiles 

in MatEx using micro-thermocouples is widely adopted in the literature to characterize cooling 

profiles and for modeling purposes [28-31].   

 

Samples were subjected to a tensile test (ASTMD1938) to determine the strength of the weld as a 

function of the printing conditions [32]. The printed shapes (square tubes) were first cut along the 

four side walls using scissors and subsequently four rectangular shaped tensile samples for each 

printing condition were die-cut from each sidewall using a pneumatic press. The deposition 
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direction of the layer was oriented at an angle of 90° with respect to the deformation direction. The 

tested samples had rectangular shape and the following dimensions: 40 mm in height, 13 mm in 

width and approximately 0.45 mm in thickness. Tensile tests were carried out using an Instron 5565 

S/NO H1505, with an initial distance between the clamps of 12 mm and a separation speed of 6 

mm/min.  

 

Figure 2 illustrates the failure of a printed specimen. We see that the fracture occurs completely 

along the weld line in a brittle manner, thus this mechanical test is considered a representative 

measurement of weld strength. For conditions where the weld strength becomes comparable to the 

bulk strength, failure along the weld lines is seldomly observed. Furthermore, it necessary to 

measure the thickness of the adhesion surface between the adjacent layers, to correctly evaluate the 

stress suffered by the sample. Figure 2c shows an example of a micrograph for a sample of NGEN 

obtained using a stereoscope. 

 

 

 
 
Figure 2. NGEN copolyester specimens after failure for samples printed at a) 210 °C and 80 mm/s and b) 240 °C and 20 mm/s 

respectively. c) An example of micrograph of the deposited layers for a sample printed at 260 °C and at a speed of 20 mm/s. 

 

To compare the weld strength to the bulk strength of the material, compression molded samples 

were also prepared and tested. Compression molding has been carried out at 235 and 250 °C for 

nGEN and HT, respectively. The high temperature has been kept for 5 minutes under an applied 

pressure of ca. 3.5 tons; the applied temperatures are suitable to obtain a good flowability of the 

amorphous polymer particles. We find that the molding conditions result in homogeneous samples, 

which do not show any apparent defects or weld lines. A representative example of the stress strain 

curves obtained for compression molded specimen are shown in Figure 3a. The behaviour is that 

typical of thermoplastic polymers, with a linear elastic region, a yield point, strain softening, cold 

drawing and very low strain hardening. Since the stress at break is typically lower than the stress at 

yield, we choose the maximum stress to represent the bulk strength of the material, as indicated in 

Figure 3a. 

 

a) b) 

c) 
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Figure 3.  (a) Stress-strain curves for NGEN and HT copolyester samples obtained by compression molding. Cross indicates 

representative value of bulk strength for each material. (b) Examples of stress/strain curves obtained from tensile tests on both 

compression molded and 3D-printed HT samples, with cross indicating the bulk strength and weld strength, respectively.  

Figure 3b shows some examples of stress/strain curves for different HT 3D-printed samples 

compared to the compression molded sample (black line). For 3D printed samples, which fail in a 

brittle manner, the maximum stress (stress at break) is taken as a measure of weld strength and 

compared to the maximum stress (stress at yield) of the compression molded sample, which 

corresponds to the bulk strength of the material. This example shows how the process conditions 

can affect the tensile strength and the elongation break, and ultimately how the weld strength is 

reduced compared to the bulk strength. 

 

3. Results and discussion 

 

3.1. Rheological Characterization 

 

Figure 4 shows the G’, G’’ master curves for the two materials at reference temperature 230 °C  

 (a) and the corresponding shift factors (b) used to obtain the master curve via time-temperature 

superposition. The shift factors are fitted according to the Williams-Landel-Ferry (WLF) equation 

(Equation 1): 

𝑎𝑇 =   exp (
−𝐶1(𝑇−𝑇𝑟)

𝐶2+(𝑇−𝑇𝑟)
)                                                    (1) 

 

where aT is the shift factor, T is the temperature, Tr is the reference temperature, and C1 and C2 are 

the fitting constants [33]. 

 

Due to the semi-crystalline nature of these co-polyester materials, the high-frequency and low 

temperature rheology data is inaccessible via traditional techniques. Thus, here we extrapolate to 

low temperatures via the WLF equation to calculate weld time, as is done broadly in the field [21, 

34]. We note that the WLF equation is known to be inaccurate in the vicinity of the glass transition 

temperature (e.g., see Ref [35,36]), thus here we report a qualitative comparison of the materials 

rather than an accurate prediction of the weld times; by comparing the two materials at the same 

print bed temperature the weld time of HT is limited compared to NGEN. Furthermore, we assume 

that the polymer time scales become so long in the vicinity of 𝑇𝑔 that the weld properties we are 

interested in, namely the degree of interdiffusion and residual anisotropy, are not significantly 

affected by this extrapolation. Importantly, we have an accurate measurement of the rheology in the 

a) b) 
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temperature region where polymers are most mobile, which we can employ in our continuum 

polymer model to compare molecular properties. 

 

 
 
Figure 4. a) Master curves for NGEN and HT obtained at the reference temperatures of 230 °C and b) rheological shift factors as a 

function of T-Tg.  

 

Figure 4a demonstrates distinct differences in the rheology of the two materials, with the HT master 

curve shifted to higher frequencies compared the NGEN. Since the molecular weights of the two 

materials are similar, this indicates that HT polymers have longer rheological time scales than 

NGEN; specifically, a longer polymer reptation time, which governs the inter-diffusive welding 

process that we are interested in here. Furthermore, for both co-polyesters, we were not able to 

observe the crossover frequency between the two moduli, which is therefore located at higher 

angular frequencies.  

 

To interpret the rheology master curve and extract the material parameters required for our 

modeling approach, we employ the Likhtman-McLeish model for entangled polymer melts [37] 

using RepTate software [38]. Although this analysis should be used with caution for short 

molecules, the method yields an entanglement molecular weight of 𝑀𝑒 = 8 000 g/mol for both 

materials, in line with other model predictions for polyesters [39-40]. In terms of classical tube 

theory, this gives 𝑍 = 2 for the number of entanglements in the melt and corresponding 

entanglement time scales τ𝑒(𝑇 = 𝑇𝑟) = τ𝑒
0 = 1 × 10−3s and 5 × 10−3s, for NGEN and HT, 

respectively. The polymer reptation time is related to this entanglement time via 

τ𝑑(T = Tr) = τd
0 ≈ 3τ𝑒

0𝑍3,                                                                                                      (2) 

and the temperature-dependence of the reptation time is obtained by applying the WLF equation 

τ𝑑(𝑇) = τ𝑑
0 𝑎(𝑇).                                                                                                                     (3) 

Thus, for both materials, the reptation time diverges at the respective glass transition temperature, 

as determined by the WLF equation (Figure 4b). Physically, this means that interdiffusion occurs on 

such long-time scales near to 𝑇𝑔 that welding is practically arrested, and the material can be 

considered solid.  

 

Compared to NGEN, the entanglement time scale, τ𝑒
0 of the HT polymer is increased by a factor of 

5; this means that the reptation time at the reference temperature (i.e., when 𝑎𝑇 = 1) is increased by 

a factor of five. Changes in temperature profile, 𝑇, will create additional differences in the 
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magnitude of the reptation time of the two materials across the temperature range via the WLF 

equation (Fig 4b). These factors will have a considerable effect on the amount of interdiffusion that 

occurs during cooling. 

 

3.2. Weld Time Characterization 

 

Only the time-temperature superposition behavior of the polymer is required to calculate the 

available weld time. The weld time is given by 

 

𝑡𝑤𝑒𝑙𝑑 = ∫
1

𝑎(𝑇(𝑡))
𝑑𝑡

∞

0
,                                                                                            (4) 

 

where 𝑎(𝑇) is given by the WLF equation (Eq.(1)), as in previous literature [41]; the weld times are 

thus specific to the reference temperature 𝑇𝑟 = 230 oC. Since temperature is time-dependent in the 

material extrusion process, it is essential to measure the temperature evolution to calculate the weld 

time.  

  

It is well known that the thermal history can vary throughout the build (e.g., see Refs 28,42-44). 

Since the purpose of our analysis is to qualitatively compare two materials, rather than give an 

accurate prediction of weld time, here we take the cooling profile at the surface of the first filament 

to represent the thermal history of the two materials. This gives the most extreme cooling profile 

that the specimens will experience and therefore the shortest weld time. Note that this approach 

may not fully represent the thermal history at the point of failure and gives only a local 

measurement of the temperature. Despite the clear limitations of this method (foremost the lack of 

spatially dependent data), this provides a qualitative comparison of weld time, as well as a 

temperature profile to employ in our modelling approach discussed in Section 4. 

 

Figure 5 shows two thermal profiles for NGEN at the same nozzle temperature (230 °C) and 

different printing speeds (20 and 80 mm/s). Each temperature peak corresponds to a passage of the 

nozzle at the region of the plate where the thermocouple is fixed. It can be seen how, as the printing 

speed increases, the number of peaks in the same time interval increases proportionally. It can also 

be noted that the temperature recorded at the end of each decay never goes below the one set for the 

build plate (85 °C). The successive maxima in the profile are found at decreasing temperature, due 

to the insulating effect of the deposited layers. The acquisition of the thermal profiles proceeds until 

the complete deposition of three layers for each analyzed condition.  
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Figure 4. Thermal profiles of the first layer of NGEN deposited on the build plate at the nozzle temperature of 230 °C and indicated 

printing speeds. 

 

Since welding occurs predominantly during the first pass of the nozzle, we assume that subsequent 

heating/cooling cycles have a negligible effect on welding; thus, we restrict our thermal 

measurement to the first decay in temperature following the first peak. As required by our modeling 

approach, we convert the discrete temperature measurements to a continuous function, by fitting the 

data to the following exponential decay:  

 

𝑇(𝑡) = 𝑇𝑒𝑛𝑣 + (𝑇0 − 𝑇𝑒𝑛𝑣) ∗ exp (
−(𝑡−𝑡0)

τ𝑐
)                                                                                                                    

(5) 

 

where Tenv is the environment temperature, T0 is the average between nozzle temperature and bed 

temperature, t0 is the time corresponding to the start of cooling while τ𝑐 is the cooling time scale. In 

Eq.(5) the cooling rate 𝜏𝑐 governs the behaviour. For instance, we see how the filament cools faster 

for faster printing speeds, which ultimately leads to the decrease in weld time we observe with print 

speed (Fig 7). 

 

Eq.(5) is substituted into Eq.(4) for the weld time, which is solved numerically using Wolfram 

Mathematica to determine the time interval from the beginning of the temperature decay until the 

glass transition temperature is reached – or equivalently the available “weld time” during the first 

cooling cycle. Figure 6 shows an example of this weld time calculation in the case of a HT co-

polyester sample printed at a nozzle temperature 250 °C and 20 mm/s of printing speed. The 

calculation was performed for all the printing conditions explored for the two materials.  
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Figure 5. Weld time function and temperature as a function of time for the first cooling segment for a HT sample printed at 250 °C 

and at 20 mm/s. The fitted temperature profile is also reported. The weld time is calculated as the integral with respect to the time, 

corresponding to the highlighted area under the 1/at red curve. The Tg is indicated with a horizontal dashed line.  

 

Figure 7 shows the weld time values obtained for all the considered printing conditions. 

 

 
Figure 6. Calculated weld time as a function of print speed at different nozzle temperatures for a) NGEN and b) HT. 

 

For both materials, the weld time increases using a higher nozzle temperature, in agreement with 

previous literature results [21]. By printing at higher temperatures, in fact, the polymer remains 

above the glass transition temperature, where the rheological relaxation times are faster, for a longer 

time interval, thus increasing the degree of interdiffusion. The increase in speed leads to a slight 

decrease the weld time. Moreover, the range of weld times for the respective processing conditions 

are significantly lower for the HT co-polyester than for NGEN. This reduced weld time, together 

with a much slower reptation time, suggests more efficient welding for NGEN. Thus, we expect to 

observe dramatic differences in the weld strength achieved for each of the materials. 
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3.3 Weld Strength Measurements 

 

Figure 8 shows the weld strength values for different nozzle temperatures for NGEN (a) and HT 

(b), as the printing speed varies. The shaded area corresponds to the range of bulk strength values 

measured using dog-bone shaped specimens obtained by compression molding, as discussed in 

Section 2. As it can be seen, for most of the printing conditions the strength perpendicular to the 

print direction remain lower than the reference values, which are about 52 and 50 MPa for NGEN 

and HT, respectively. 

 

             
 

Figure 7. Trend of the weld strength as a function of the different printing conditions for NGEN (a) and HT (b). The shaded yellow 

area of the bulk strength indicates a 95% confidence interval, the same highlighted by the error bars of the weld strength 

measurements. 

For both materials, the weld strength decreases as the printing speed increases, with a less marked 

decrease at higher nozzle temperatures. Despite the difference in weld time and reptation time 

between the two materials, the weld strength values are very similar to each other. In this respect, 

Figure 9 shows the weld strength normalized with respect to the value of compression molded 

specimen as a function of weld time for all the considered printed conditions for the two materials. 

For both co-polyesters, the bond strength between the layers increases as the weld time increases, 

with a slightly steeper slope for the HT co-polyester. It can also be noted that, despite the lower 

weld times for HT, the reduction of weld strength is comparable to that of NGEN, which has weld 

times almost three times larger. 

 

For both materials we observe that the weld strength is proportional to the weld time to the power 

¼, as is seen in the literature [45-47], suggesting that strength can be attributed to molecular 

properties. We note that there is some scatter in the data, particularly at high deposition speed and 

low extrusion temperature. The reason for this discrepancy could be due to the presence of 

molecular orientation at the interfaces between the layers, generated due to the characteristics of the 

deposition process [22]. 
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Figure 8. Weld strength as a function of the weld time to the power ¼ for NGEN and HT for all analyzed printing conditions. Lines 

joining the data serve to guide the eyes. 

 

4. Continuum polymer modeling 

 

Compared to NGEN, we have shown  

1. the HT polymer entanglement time is increased (by a factor of 5), as determined from the 

rheology master curve (Fig.4a), with τ𝑒(𝑇 = 𝑇𝑟) = τ𝑒
0 = 1 × 10−3s and 5 × 10−3s, for 

NGEN and HT, respectively, and 

2. the weld time is reduced, as shown in Fig.7, given that the materials have different time-

temperature superposition behaviour (Fig.4b) due to the distinct glass transition 

temperatures, and different cooling time scales, τ𝑐, as determined by the thermal 

measurements.  

These factors distinguish between the two materials in our modelling approach. Due to these 

factors, we expect to observe a decrease in weld strength because of reduced interdiffusion and 

more residual alignment trapped in the vicinity of the weld. However, we have shown that the weld 

strength of HT is in fact comparable to NGEN.  

 

To investigate this counter-intuitive behaviour, we employ the established continuum polymer 

modeling approach of McIlroy et al. [22,48,49,50]. We refer the reader to references [48,49] for full 

details of the model and comment here only on the constitutive model. This model relies on the 

Rolie-Poly constitutive model [41] for which the polymer behaviour is described using a 

configuration tensor, 𝑨, satisfying the Rolie-Poly equation: 

 

𝑑𝑨

𝑑𝑡
= 𝑲 ∙ 𝑨 + (𝑨 ∙ 𝑲)𝑇 +

1

𝜏𝑑(𝑇)
(𝑨 − 𝑰) +

𝑓

𝜏𝑅(𝑇)
(2 −

1

Λ
) (𝑨 +

𝛽

Λ
(𝑨 − 𝑰)).                                       (6) 

 

The velocity gradient tensor is denoted 𝑲, which captures the printing flow. Importantly, in 

cylindrical polar coordinates the 𝐴𝑟𝑠 component of the configuration tensor describes how the 

polymer is aligned with respect to the flow direction, 𝑠, and  

Λ = √
tr𝐀

3
,                                                                                                                                              

(7) 
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describes the degree of polymer stretch; 𝑨 = 𝑰 indicates a polymer at equilibrium. The polymer 

reptation time, 𝜏𝑑, governs interdiffusion and polymer orientation, whereas the polymer Rouse time, 

τ𝑅, governs polymer stretch. Both relaxation times depend on the temperature profile via Eq.5. The 

convective constraint release parameter is set to β =  0.5 and 𝑓 denotes a finite-extensibility 

parameter to be discussed.  

 

Here the key model parameters that distinguish between different materials and printing conditions 

are the entanglement time scale τ0
e, as determined from the rheology measurements (since we model 

HT and NGEN having the same entanglement number, Z), the time-temperature superposition 

behaviour, as given by the WLF equation (Eq.1), and the cooling time scale, τc, as determined from 

the thermal measurements. These parameters define both the reptation and the Rouse times in Eq.6; 

note that the cooling time scale from Eq.5 appears in Eq.3 for the reptation time through the WLF 

equation (Eq.1). Furthermore, we will show that the finite extensibility parameter, f, also differs 

between the two materials. 

 

This constitutive model is employed to predict how the polymer molecules deform when subjected 

to steady-state flow through a heated axisymmetric printing nozzle, followed by deposition into an 

elliptically shaped filament onto a build plate. This flow-induced deformation then provides an 

initial condition to calculate how the polymers diffuse and relax as the deposited filament cools in 

the surrounding air. In the model, cooling is dictated by the measured thermal profile, which is 

employed as an axisymmetric boundary condition to solve the heat equation. Once the glass 

transition temperature is reached, for modeling purposes we assume that diffusion and relaxation of 

the polymer are arrested, and the filament can be considered solid. We infer that the properties at 

the filament surface correspond to properties within the weld region of an assembled single-

filament wall. Here we probe the following weld properties: 

- The degree of interdiffusion, in relation to the polymer’s radius of gyration, 

- The degree of residual alignment, 

- The degree of residual stretch. 

Notably, these weld properties are dominated by the polymer relaxation time, τ𝑒
0,  the entanglement 

number, 𝑍, and the cooling time scale, τ𝑐. Recall that whilst we model NGEN and HT having the 

same 𝑍, the relaxation and cooling time scales of the two materials are very different.  

 

Owing to a larger weld time and shorter reptation time, NGEN demonstrates a greater degree of 

interdiffusion than HT across all print conditions, as shown in Figure 10. Moreover, despite the 

more severe WLF curve as discussed in Section 3.1, there remains sufficient weld time for the HT 

polymers to diffuse a distance that is greater than or equal to their size. As is a recurring theme 

across different printing materials [22], we must probe the polymer configuration in the weld region 

rather than the degree of interdiffusion (which suggests full healing), to better understand molecular 

contributions that may be responsible for reduced weld strength.  
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Figure 9. Degree of interdiffusion, 𝛸 = 𝜒/𝑅𝑔, calculated at different temperatures as a function of 

the print speed for a) NGEN and b) HT. 

 

Since we wish to quantitatively compare the molecular stretch and orientation of two co-polymer 

materials comprised of several monomers, we must account for the effect of finite extension of the 

polymer chain (Previous studies of simpler homopolymers assumed infinite extensibility.). Here we 

incorporate a finite-extensibility factor into our Rolie-poly equation defined by a typical Langevin 

function [51] 

𝑓 =
(3−Λ2/Λ𝑚𝑎𝑥

2 )(1−1/Λ𝑚𝑎𝑥
2 )

(1−Λ2/Λ𝑚𝑎𝑥
2 )(3−1/Λ𝑚𝑎𝑥

2 )
.                                                                                              (8) 

 

The finite extensibility limit, Λ𝑚𝑎𝑥, is defined by [52] 

 

Λ𝑚𝑎𝑥
2 =

𝑀𝑒

𝐶∞𝑀0
,                                                                                                                    (9) 

 

for characteristic ratio 𝐶∞ and 𝑀0 the average molecular weight of a repeat polymer unit; 𝐶∞ = 1 

corresponds to a freely jointed chain. Thus, to proceed we must consider the chemistry of our two 

co-polyester materials.  

 

Recall that Fig.1 illustrates the structure of the monomers present in a repeat unit of NGEN and HT. 

Table 2 indicates the average molecular weight of a repeat unit in each co-polyester. Since NGEN 

contains monomers that all have rotational freedom, we assume that the characteristic ratio is 

similar to that of the most commonly occurring polyester PET (𝐶∞ = 4) [53]. On the other hand, 

the TMCD monomer present in HT is much stiffer due to a non-planar carbon ring (see Fig. 1). In 

fact, the increased heat resistance and toughness demonstrated by HT (compared to NGEN) is 

attributed to this monomer.  Since 𝑀0 is very similar for the two materials, a change in stiffness 

comes from the characteristic ratio; here, we assume that the characteristic ratio of HT is larger by a 

factor of two. By Equation 9 this gives slightly different finite extensibility limits of Λ𝑚𝑎𝑥 = 3 for 

NGEN and Λ𝑚𝑎𝑥 = 2 for HT.  
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Table 2. Model parameters to predict extensibility of copolyester chains  

Material NGEN HT 

𝑀𝑒 8 000 g/mol 8 000 g/mol 

Average 𝑀0 233.24 g/mol 274.31 g/mol 

𝐶∞ 4 8 

Λ𝑚𝑎𝑥 ~3 ~2 

 

Figure 11-12 show the predicted degree of residual molecular alignment and stretch in the weld 

region upon solidification for NGEN and HT, respectively. As observed for other polymer melts 

used in MatEx, residual alignment increases with increasing print speed and reduced print 

temperature. This is due to a greater initial flow-induced polymer orientation, which relaxes more 

slowly due to an increased polymer reptation time resulting from the thermal profile. Note that 

faster printing speeds yield faster cooling rates. The residual stretch shows similar trends since the 

two control parameters - print speed and print temperature - have similar effects on the initial 

stretch and the Rouse relaxation time.  

 

 
Figure 10. Degree of alignment calculated at different temperatures as a function of the print speed for a) NGEN and b) HT. 

 
Figure 11. Degree of stretch calculated at different temperatures as a function of the print speed for a) NGEN and b) HT. 
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Nonetheless, both materials exhibit quantitatively similar molecular properties in the weld region. 

Thus, we would expect a comparable mechanical response for NGEN and HT as we have seen in 

our weld strength investigation. Importantly, we have shown that despite having an increased 

reptation time and reduced weld time, which should exacerbate molecular features known to reduce 

weld strength, it is the increased stiffness of the HT monomer TCMD that reduces the extensibility 

of the polymer chains and therefore limits the ultimate degree of stretch and alignment found in the 

weld.  

 

For model predictions neglecting the effect of chain extensibility, we refer the reader to Appendix 

B, Figures B1 and B2. Here we compare NGEN and HT for 𝑓 = 1 i.e., assuming that the chains of 

both materials are infinitely extensible.  Importantly, the rheology of the chains differs, with HT 

demonstrating a longer reptation time. Without the limit of finite extension, this ultimately leads to 

a greater degree of deformation (stretch and alignment) of the HT polymers compared to the NGEN 

polymers under similar printing conditions. Introducing a finite extensibility limit to represent 

stiffness of the chain has little effect on the NGEN polymer dynamics, but significantly restricts the 

deformation in HT polymers. Hence, the degree of deformation that persists at solidification 

becomes comparable, as shown in Fig 11 and 12. 

 

Whilst the benefits of the TCMD monomer are known in terms of the bulk properties of the co-

polyester, for the first time we confirm that this chemistry does not affect the welding behaviour 

during MatEx and the residual molecular properties within the weld region (in comparison to the 

NGEN feedstock) due to the increased stiffness of the HT polymer.    

 

In Figure 13 we plot the degree of residual alignment versus the degree of residual stretch. Whilst 

the relationship between these model parameters is inherent to the Rolie-Poly model, colour-coding 

the points to correspond to the reduction in the experimentally measured weld strength and reveals 

subtle correlations between the molecular and mechanical properties in the weld. As discussed 

earlier, the quantitative reduction in weld strength is similar for the two materials across all printing 

conditions.  

 
Figure 13. Degree of residual alignment and degree of strength as a function of degree of alignment for NGEN (a) and HT (b). 

 

However, by applying our molecular perspective, we reveal two qualitative regimes that may be 

overlooked in the experimental data: 
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I. Weld strength is moderately affected (𝐺𝑤𝑒𝑙𝑑/𝐺𝑏𝑢𝑙𝑘~ 90 - 100%, red points) due to the 

persistence of polymer alignment in the weld 

II. Weld strength is affected more severely (𝐺𝑤𝑒𝑙𝑑/𝐺𝑏𝑢𝑙𝑘~ 60-90%, blue-green-orange 

points) due polymers being both aligned and stretched in the weld region.  

The bubbles in Figure 13 indicate the data points we believe to lie in each regime (although we note 

there are some outliers) and the polymer configuration for regimes I and II is shown schematically 

in Figure 14. 

 

 
 

Figure 14. Schematization of the polymer configuration for regimes I and II purposed in the model.4 

 

Figure 13 shows that NGEN spans both regime I and II: at high print temperatures and slow 

printing speeds, there is sufficient time for polymer stretch to fully relax prior to solidification, 

while polymer alignment persists (since τ𝑑 > τ𝑅). As can be seen in Figure 8a, this regime results 

in a moderate decrease in weld strength, which appears to plateau with increasing print speed. 

Under more severe conditions - at low print temperatures and fast printing speeds - stretch 

relaxation is also prohibited by the glass transition. We propose that this second regime leads to a 

more dramatic reduction in the weld strength (as seen in Figure 8b). On the other hand, HT appears 

to be predominantly affected by regime II. This is due to a combination of increased relaxation 

time, reduced weld time and stiffer chains.  

 

Thus, using our modeling approach we have shown that whilst the reduction in weld strength may 

be quantitatively similar for different materials, there lies subtle and intricate differences in the 

molecular features within the weld region that are reflected in the weld strength measurements. 

These observations allude to some of the difficulties in deriving a theoretical model to predict 

mechanical properties based on the molecular features.  

 

5. Conclusion 

 

Exploitation of material extrusion 3D printing for advanced applications remains limited. One 

reason for this is the narrow range of materials available, particularly those with high-temperature 

resistance, that will print reliably and accurately. Here we investigate two grades of polyester, 
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namely NGEN and HT, with 3D printing capability. Due to a new comonomer which increases the 

glass transition of the material by ~20 °C, HT demonstrates superior temperature-resistance 

properties.  

 

Whilst improvement in the bulk properties is known, here we investigate for the first time how this 

change in chemistry may affect the molecular inter-diffusive welding process inherent to the layer-

by-layer MatEx technique. Previous studies have highlighted the detrimental effect that insufficient 

interdiffusion, as well as residual molecular anisotropy [22,23,24], can have on the inter-filament 

weld strength and thus the structural integrity of a printed part. Our measurements show a reduction 

in weld strength with increasing print speed and reducing print temperature, which we attribute to 

this residual anisotropy effect that we have seen previously [22]. Through rheological 

characterization and in-situ temperature measurements, we show that HT exhibits longer polymer 

relaxation times and decreased weld times, compared to NGEN. Thus, we expected HT to exhibit a 

greater degree of residual anisotropy compared to NGEN, and the reduction in weld strength to be 

exacerbated. However, our mechanical analysis finds that this is not the case; NGEN and HT 

demonstrate comparable mechanical properties (Fig 8). 

 

To understand this counter-intuitive behaviour, we employ an established continuum polymer 

modeling approach to predict the degree of interdiffusion achieved at solidification, as well as any 

residual anisotropy that may be trapped in the weld region. Due to the nature of these co-polyester 

materials, for the first time we incorporate finite extensibility into our modeling approach. We show 

that all printing conditions permit interdiffusion of the order of the polymer size in both materials, 

despite the increased reptation time and reduced weld time of HT compared to NGEN. 

Furthermore, we show that both materials demonstrate similar molecular properties (residual 

polymer stretch and alignment) within the weld region (Figure 11-12); due to the stiffness of the HT 

chain, the degree of molecular orientation is limited. Thus, our modeling suggests that it is the 

increased stiffness (and therefore reduced extensibility) of the HT polymers that mitigates residual 

anisotropy and therefore any effect increased anisotropy may have on weld strength, in agreement 

with our measured weld strength across a range of printing conditions.  
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Appendix A. 

 

 

 
Figure A.1. a) Second heating ramps at 10 °C/min for the two materials obtained by DSC calorimetric analysis; b) Heating ramp at 

10 °C min at DSC for two materials samples after printing. 

 

Figure A shows the thermal characterization obtained by differential scanning calorimetry (DSC) 

analysis for the two materials, carried out using a DSC 250 from TA Instruments (New Castle, DE, 

USA). The ramps in heating at 10 °C/min show how no traces of crystallization are detected for the 

two co-polyesters and at the same time highlight clearly their two different glass transition 

temperatures (85 °C for NGEN; 111 °C for HT). The same heating ramp carried out on the same 

samples after printing shows a similar trend, indicating a non-development of crystallinity 

following deposition. 
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Figure B1. Degree of alignment calculated at different temperatures as a function of the print speed for a) NGEN and b) HT in the 

case of infinite extensibility (𝑓=1). 

 

 

 
Figure B2. Degree of stretch calculated at different temperatures as a function of the print speed for a) NGEN and b) HT in the case 

of infinite extensibility (𝑓=1). 

 

In Appendix B we show the model predictions for the degree of residual alignment and stretch in 

the weld region for NGEN and HT in the case of infinite extensibility (see Figs. B1 and B2). This 

corresponds to Λ𝑚𝑎𝑥 → ∞ and thus taking 𝑓 = 1 in the Rolie-Poly constitutive equation (Eq. 6). 

With unlimited extension we find that the molecular properties in the weld region predicted for 

NGEN and HT are quantitatively different; the longer relaxation times and faster cooling rates in 

HT lead to greater molecular anisotropy (stretch and alignment) being trapped in the weld region at 

solidification. In this case, and in line with previous work [22], we would expect HT to exhibit a 

significantly weaker weld compared to NGEN. This in contrast to the results plotted in Figs 8 and 9 

that account for the stiffness of the chains via the extensibility parameter; finite Λ𝑚𝑎𝑥, as calculated 

from the chemical composition of a repeat unit, leads to quantitatively similar weld properties for 

both NGEN and HT in agreement with of our weld strength measurements.  

 


