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Abstract 

This study examined the effects of continuous reactive extrusion on the properties of vitrimerized thermoplastics 

derived from polybutylene terephthalate (PBT). PBT formulations were prepared using epoxy (crosslinker) and zinc 

acetylacetonate (transesterification catalyst) to form dynamic covalent networks. Reactive extrusion was performed 

at different screw rotation speeds (50, 100, 200rpm) with controlled residence times to compare the effects of the 

shear stress during the formation of crosslinks on the vitrimer properties. The rheological behavior of the extruded 

vitrimerized PBT suggests that competition between chain scission and branching occurs during the dynamic 

crosslinking of thermoplastics. Increasing the shear stress and/or time in the extruder was found to favor chain scission 

over crosslinking which makes gelation unattainable. In the case of injection molded specimens, tensile and X-ray 

diffraction tests of vitrimerized PBT extruded at different shear stress indicated a significant relationship between the 

degree of crosslinking, the orientation of crystallites, and the ability of the polymer network to withstand deformation 

at elevated temperatures. 
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1. Introduction 

Vitrimers represent a unique class of polymers that can 

undergo reversible structural modifications under specific 

conditions through associative dynamic exchange of covalent 

bonds.1,2 These characteristics enable the self-healing, 

reprocessing, and reshaping of crosslinked polymers. The concept 

of vitrimers was first introduced by Leibler and Coll. in 2011 and 

has attracted considerable interest within the scientific 

community.3 Initially, vitrimers were ester linked networks made 

from epoxy resin cured with dicarboxylic acids or acid anhydrides, 

enabling transesterification upon heating. Subsequent research 

has expanded this framework to include a variety of chemical 

reactions, such as transimination and transamination, thereby 

broadening the vitrimer toolkit.4–9 A range of activation 

mechanisms, including heat, light, and electricity, have been used 

to trigger the covalent bond exchanges in these materials.10–12 

The process of vitrimerization, defined in this study as the 

incorporation of associative dynamic covalent bonds into a 

polymer matrix, was rapidly applied to thermoplastic matrices. 

Various commodity thermoplastics have been successfully 

vitrimerized through the incorporation of functional groups 

present along the polymer chain via grafting or copolymerization, 

or through chain extension reactions.13–17  

Among thermoplastics, polybutylene terephthalate 

(PBT) is particularly suitable for studying the effect of 

vitrimerization because of the low reactivity of its hydroxyl end 

group, which minimizes the risk of undesirable side reactions 

(e.g., epoxy-hydroxyl addition) during mixing and 

crosslinking.15,18,19 PBT is commonly vitrimerized through the 

introduction of a crosslinker and a transesterification catalyst. 

These reactants are referred to as vitrimerizing agents in this 

work. The vitrimerization of PBT has been reported using 

methods such as reactive microcompounding14,15,20 and solid-

state crosslinking.21 In previous studies,15,16 reactive 

microcompounding was inaccurately conflated with reactive 

extrusion. However, they essentially differ, as the former is a 

discontinuous process and reactive extrusion is a continuous 

process. In reactive micro-compounding, the homogeneous 

melting and mixing of vitrimerizing agents with PBT is ensured by 

the presence of a recirculation channel, sending the reactive 

mixture back to the microcompounder screws. In continuous 

reactive extrusion (CRE), the screw profile and die are adjustable, 

allowing the conveying and mixing zones to be alternated. The 

conveying zones are used to transport solid and molten materials, 

such as the pristine polymer and its mixture with other products 

(reactive and/or fillers). In these zones, where the flow is laminar, 

there is very little mixing. To achieve homogenization of the 

extruded material, mixing zones comprising kneading blocks 

(often combined with a reverse-pitch element positioned 

downstream) are included. This reverse-pitch element ensures a 

100% filling of the mixing zones. The specific geometry of the 

mixing elements in CRE generates a high local shear stress,22 

which may significantly influence the morphology and final 

properties of the polymers and their blends.22,23  

The formation of dynamic crosslinks, which are 

indispensable for vitrimers formation, and the impact of shear 

rate during CRE on network formation are key areas of 

exploration. The formation of hydrogels24 of microgels25 under 

stress has been observed to impact their microstructure and 

subsequent properties, whereas competition between chain 

scission and branching have been reported for high density 

polyethylene during CRE.26 Although the adoption of vitrimerized 

thermoplastics at larger scale requires the use of continuous 

manufacturing processes such as CRE, the effect of the operating 

conditions on the properties of vitrimers remains under-

investigated. In a previous study, the feasibility of producing 

vitrimerized PBT by CRE was explored, maintaining a screw 

rotation speed of 60 rpm and a residence time of less than 5 

mins.20 This approach led to the concept of a 'pre-vitrimer,’ where 

dynamic crosslinking occurs during a post-extrusion step20 to limit 

the viscosification of the network and the potential risk of 

extrusion line plugging. Furthermore, a recent investigation 

indicated that PBT can experience significant thermal 

degradation during extrusion, even when exposed to an inert 

atmosphere.27 Hence, it is crucial to ascertain whether 

vitrimerization is a suitable option for short extrusion residence 

times. 

This study focuses on examining the influence of shear 

rate during continuous extrusion on the morphology and 

rheological properties of PBT ‘pre-vitrimers,’ obtained by adding 

1.8 wt. % of diepoxide to PBT. The screw rotation speed was 

varied between 50, 100, and 200 rpm to create different shear 

rates during extrusion, which took place within a controlled 

timeframe. The rheological behavior and thermomechanical 

properties of the resulting materials were analyzed, and WAXS 

measurements of the injection-molded samples were performed 

to investigate the influence of the rheological properties on the 

specific microstructures that develop during material shaping. 

2. Experimental section 

2.1 Materials 

Polybutylene terephthalate (PBT) Crastin® S600F40 

NC010 (Mn = 47 kg.mol-1)28 was purchased from DuPont. Before 

use, the PBT pellets were dried overnight at 120 °C. Zinc (II) 

acetylacetonate (Zn (II)), epoxy D.E.R 332 (epoxy equivalent 



weight: 178 g.mol-1), 1,1,2,2 tetrachloroethane, and Irganox 1010 

(pentaerythritol tetrakis(3,5-di-tert-butyl-4-hydroxyhydrocinna- 

mate)) were obtained from Merck. The Zn (II) catalyst is supplied 

as a powder that tends to aggregate during storage. To mitigate 

this issue, the powder was ground using a mortar and pestle, and 

dried in a vacuum oven overnight at 60°C. This process was 

performed to remove any adsorbed water from the powder 

surface.29 The FTIR spectra of the Zn(II) powder both before and 

after drying (see Figure S1) revealed a decrease in the broad peak 

in the range of 3200–3600 cm-1. It should be noted that all other 

chemicals used in this study were employed as received, without 

any modifications or alterations. 

2.2 Sample preparation 

2.2.1 Reactive solution (Epoxy, Zn (II) catalyst, and 

Irganox 1010)  

To ensure uniform preparation, the catalyst and thermal 

stabilizer (Irganox 1010) were initially dissolved at 70°C in epoxy 

for 15 mins. Visible fumes were observed throughout the 

dissolution process, which were thought to result from the 

evaporation of small water molecules remaining in the powder 

materials. Upon successful dissolution, a transparent yellow 

solution was obtained and referred to as the ‘reactive solution’. 

The reactive solution formulation was as follows: 100/20/10 

(mass of epoxy/catalyst/Irganox 1010). The potential hydrolysis 

of the epoxy by hot water30 was ruled out by comparing the FTIR 

spectrum of the reactive solution, as measured before and after 

dissolution, to the spectrum of the initial products (i.e., Zn(II), 

Epoxy DER 332, and Irganox 1010). The results of this comparison 

are shown in Figure S2. 

2.2.2 Microcompounding (MC) 

Reactive mixing 

In a previous study14,20, vitrimerized PBT samples that 

did not undergo the continuous extrusion process were prepared 

using procedures similar to those used in the present study: 10 g 

of PBT pellets were weighed and manually mixed with the 

corresponding amount of the reactive solution (0.234 g) for 3 

mins. The sticky pellets were then inserted into the DSM Xplore 

twin-screw micro-compounder under a nitrogen flux equipped 

with a recirculation channel to control the residence time (2 min 

30 s). Reference samples were prepared with three screw 

rotation speeds of: 50, 100, and 200 rpm, designated as Ref50nc, 

Ref100nc, and Ref200nc, respectively. The operating parameters, 

along with the product proportions, are presented in Table 1, and 

Figure 1A, which also includes a schematic of the preparation 

process. 

Injection-molding of samples prepared by MC 

The samples were then injection molded into 60 mm × 

25 mm × 2 mm plates at 270°C for the barrel and 60 °C for the 

mold. This was performed using a DSM Xplore Micro 12 cc 

injection-molding machine. At a screw rotation speed of 100 rpm, 

the reactive mixture was left in the microcompounder for up to 8 

min before being injection molded into tensile and 40 mm × 10 

mm × 4 mm DMA specimens.  

2.2.3 Continuous reactive extrusion (CRE) 

Reactive mixing 

Vitrimerized PBT was prepared using a modular 

intermeshing co-rotating twin-screw extruder TSE 24 (Thermo 

Scientific™) with a screw diameter (D) of 24 mm and L/D ratio of 

40 (where L is the length of the screw). The extruder was 

equipped with a volumetric feeder (K-Tron, K2-MV-T35) and feed 

hopper. The calibration of the PBT exiting the volumetric feeder 

was performed by weighing the amount of PBT at the exit of the 

feeder at various feeder screw rotation speeds, and a calibration 

curve was obtained, allowing for the control of the PBT feed rate 

by weight. Additionally, prior to all the experiments, the weight 

of the PBT fed to the extruder was controlled to ensure that the 

correct quantity was fed to the extruder.  The extruder screw 

rotation speed was varied at 50, 100, and 200 rpm. The extruder 

screw profile is shown in Figure 1B. PBT pellets were fed through 

a conveying zone under nitrogen flow and then arrived in the 

mixing zone (composed of six orthogonal kneading blocks and a 

reverse pitch-element) which was maintained at 270°C to ensure 

complete PBT melting. It is important to note that for the 

experimental settings used in this work, the feed rates fell below 

the minimum recommended rate of 1.82 dm³/h as specified by 

the feeder manufacturer, equating to approximately 2.4 kg/h of 

PBT based on a density of 1.31 g/cm³ (source: campusplastic 

website). Although a calibration curve was used to control the 

feed rates during these conditions, and the feed rate was 

controlled before and after extrusion, this may have led to 

variability in the PBT feed rates, potentially affecting the material 

composition and properties. However, the impact of these 

possible variabilities on the overall conclusion of this study was 

deemed negligible; nonetheless, this point should be considered 

in studies requiring high formulation precision. The temperature 

of the extruder profile was set at 270°C to maintain parameters 

as close as possible to those used for the reference samples. A 

small amount of pristine PBT was extruded for 2 min 30 s at 100 

rpm and is labelled “PBTextru”. For vitrimerization of PBT, the 

reactive solution (epoxy, Zn (II) catalyst, and Irganox 1010) was 

added using a syringe pump (KDS 100 LEGACY, 60 mL syringe) at 

a controlled flow rate (quantities in grams are given in Table S2) 

after the first mixing zone, which ensured melting of the pristine 



PBT pellets. The melted PBT and reactive solution were then 

passed through five mixing zones before exiting the extruder die, 

cooled by nitrogen flow, and cut into pellets. The residence time 

after the injection of the reactive solution was determined using 

a colored tracer, and the PBT feed rate was adjusted according to 

the screw rotation speed to obtain two types of samples 

corresponding to 1) a short residence time (< 2 mins 30 s) and 2) 

a long residence time (> 8 mins) at each screw rotation speed, as 

indicated in Table 1. 

A) 

 

B) 

 

Figure 1 A) Schematic of the manufacturing process for the different samples of this study: Refxx refers to samples only 
prepared in the micro-compounder, Extru_xx refers to samples prepared at different shear in the extruder then injection-
molded.B) Extruder profile used for CRE of vitrimerized PBT. It comprised 5 mixing zones after feeding of the reactive 
solution; for these mixing zones, only the first, second and third were equipped with a reversed pitch element (from right 
to left) 

Injection molding of samples prepared by CRE 

Pellets obtained from continuous extrusion were injection 

molded with temperature similar to those described above 

(270°C for mixing in the DSM Xplore twin-screw 

microcompounder under nitrogen flow and 60°C in the mold). 

The use of the micro-compounder was an essential step in the 

process of melting the polymer, which was subsequently loaded 

into the injector barrel and injected into the corresponding molds 

for thermomechanical characterization tests. The pellets used in 

this process were prepared by extrusion the previous day and 

then stored in a sealed bag to minimize exposure to ambient air. 

Extruded formulations with short residence times (Extru_50, 

Extru_100, and Extru_200, as shown in Table 1) were left for a 

minimum of 5 mins in the micro-compounder at a screw rotation 

speed of 50 rpm to limit the impact of shear rate during this 



experimental step and to complete dynamic crosslinking. This 

was performed in preparation for tensile testing and 

thermomechanical analysis (differential scanning calorimetry and 

dynamic mechanical analysis). Samples for rheology (Extru_50nc, 

Extru_100nc, and Extru_200nc) were prepared without mixing for 

5 min, melted within the twin-screw micro-compounder at 270°C 

for allowing injection-molding into a plate sample (60 mm x 25 

mm x 2 mm) to measure the dynamic crosslinking of the extruded 

“pre-vitrimer” formulations. In the case involving the long 

residence time in the extruder (Extru_50long, Extru_100long, and 

Extru_200long, table 1), the extruded pellets were also melted 

using the micro-compounder and injection-molded with the same 

temperatures.  

Table 1 Formulation and processing conditions of samples – for samples left a maximum of 2 min30 s in the extruder dynamic 

crosslinking was finished in micro-compounder at 50 rpm for 5 min before injection. *a small amount of Pristine PBT in these 

conditions for rheological and DSC measurements, labelled “PBTextru”. NA: non-applicable 

Process Screws speed (rpm) Residence time Epoxy (wt. %) 
Zn (II) 

(wt. %) 

Irganox 

1010 

 (wt. %) 

Additional 

Mixing 

(50 rpm, MC) 

label 

Continuous 

Reactive 

Extrusion 

(CRE) 

50 
< 2 min 30 s 1.8 0.37 0.18 

< 15 s Extru_50nc 

5 min  Extru_50 

> 8 min 1.8 0.37 0.18 < 15 s Extru_50long 

100 
< 2 min 30 s 

0 0 0.18 NA PBTextru 

1.8 0.37 0.18 
< 15 s Extru_100nc 

5 min Extru_100 

> 8 min 1.8 0.37 0.18 < 15s Extru_100long 

200 
< 2 min 30 s 1.8 0.37 0.18 

< 15 s Extru_200nc 

5 min Extru_200 

> 8 min 1.8 0.37 0.18 < 15s Extru_200long 

Micro- 

Compounding 

(MC) 

50 < 2min 30 s 1.8 0.37 0.18 NA Ref50nc 

100 
< 2min 30 s  1.8 0.37 0.18 NA Ref100nc 

> 8 min 1.8 0.37 0.18 NA Ref100 

200 < 2min 30 s 1.8 0.37 0.18 NA Ref200nc 

 

2.2.4 Compression molding for X-ray diffraction 

samples 

Samples for X-Ray diffraction were prepared using a Carver press 

(model 4120) from Extru50nc, Extru100nc, and PBTextru. Rectangular 

samples (40 mm × 10 mm × 4 mm) were prepared by drying the 

pellets (80°C overnight under vacuum) of Extru50nc, Extru100nc, and 

PBTextru and pressing them at 270°C in the mold for 10 mins. The 

samples were then cut into thin slices of 2 mm thickness for 

further analysis along the depth of the sample. 

2.2.5 3D printing 

The preparation of a filament (diameter 1.9 mm) for the 

3D printing trials involved the use of well-dried Extru_100 pellets 

on a filament maker precision 3DEVO composer 450 extruder 

made up of four zones with adjustable temperatures. The 

temperature was set at 265°C in the first zone, where pellets were 

injected to ensure melting, and was gradually decreased in steps 

of 5°C to reach 250°C in the last heated zone, where the polymer 

exits. The fans were set between 8-10% power to cool the melted 

polymer and allow the formation of a filament with a regular 

diameter (1.7 mm ± 1 mm, > 1 m length). The use of the Extru_50 

formulation did not allow the formation of a filament, resulting in 

the blocking of the equipment, whereas filaments made with 

Extru_200 formulation had an irregular diameter which hindered 

its use in 3D printing through fused filament fabrication (FFF). 

3D printing was performed using a Raise3D Pro3 dual-

filament printer, with the bed temperature was set at 85°C, and 

the 3D printing head was set at 270°C. The printing speed was set 

to 30mm/min with a layer thickness of 0.2 mm. The Extru_100 

formulation was printed in the form of a hollow cube, a plain 

tensile specimen, and a Schwarz P (“primitive”) surface to 

demonstrate the possibility of printing versatile shapes with the 

FFF technique (See ESI). 

2.3 Sample characterization 

2.3.1 Rheology 

The rheological behavior of the samples was 

determined using an ARES G2 rotational rheometer equipped 

with a parallel plate geometry in a nitrogen atmosphere. Disk 

samples (diameter 20 mm, thickness 2mm) were cut from 

previously injection-molded plates samples (60mm x 25 mm x 2 



mm). The disks were placed within a rheometer that had been 

preheated to 270°C. The geometry was then brought into contact, 

and the samples were allowed to melt for 15 s before the gap was 

reduced to 1.5 mm to ensure that proper contact was established 

between the two parallel geometries and samples during the 

measurement. To prevent edge effects, any excess melted 

material was quickly and carefully removed using a spatula before 

initiating the acquisition process. A low-amplitude oscillatory 

shear was applied at 270°C at a frequency of 1 rad/s and a strain 

of 0.5% with no normal force applied for 15 mins on a 1.5 mm 

thick sample to observe the dynamic crosslinking reaction after 

extrusion. Following this test, an angular frequency test with no 

normal force applied was conducted on the same samples from 

240°C to 270°C at 5°C intervals ranging from 0.1 to 200 rad/s. 

2.3.2 Swelling tests 

To determine the gel fraction, 50 mg samples were immersed in 

5mL of 1,1,2,2tetrachloroethane for 8 h at 120°C. If gels were 

present, they were separated from the solution and washed with 

chloroform for 24h. Subsequently, the samples were dried for 

16h at 40°C, after which the residue was weighed. The gel fraction 

was determined as the ratio of the mass of the dried gel to the 

initial sample weight.  

2.3.3 Thermal analysis 

Dynamic mechanical analysis was carried out on a rectangular 

sample (40 mm x 10 mm x 4mm) in the tensile mode using a 

Metravib+300 analyzer under air atmosphere. The specimens 

were heated at a rate of 1°C.min-1 from room temperature to 

250°C at a frequency of 1 Hz and a strain amplitude of 0.25 x 10-

3. DSC analyses were performed using a Mettler Toledo DSC 1 

device under nitrogen atmosphere on samples weighing ~7-10 mg 

cut from an unused DMA specimen. An initial temperature ramp 

from -50°C to 250°C was used to erase the thermal history of the 

sample. The sample was then cooled to 50°C, followed by a 

second heating step to 270°C. The heating and cooling rates were 

set at 10°C.min-1. 

2.3.4 Mechanical testing 

Tensile tests were conducted using a Bose 3000 tensile 

testing machine equipped with a thermal chamber. The primary 

objective of this study was to investigate the effect of extrusion 

on the characteristics of vitrimerized PBT. To minimize the impact 

of uncontrollable factors such as humidity and potential PBT 

degradation over time, all formulations were extruded and 

injection-molded on the same day. Consequently, we opted to 

produce a limited number of specimens, leading to only one 

specimen being tested at 20°C and 120°C per screw rotation 

speed instead of conducting a comprehensive statistical analysis. 

Nevertheless, the disparities in mechanical behavior that we 

observed at the two distinct temperatures were substantial 

enough to be deemed significant and consistent with the rest of 

the study's findings. The ‘dog bone’ shaped specimens (Figure S3) 

had a section So = 4 x 4 mm2. They were specifically designed so 

that necking was always initiated in the center of the specimen, 

which ensures that the neck was always in the field of view of the 

cameras used for the strain measurement. The strain 

measurement was performed by 3D image correlation using the 

Aramis device provided by Gom®. To perform the image 

correlation, a random black speckle pattern was applied to the 

surface of the specimen using an airbrush. The measurement was 

conducted through a glass window placed on the front door of 

the temperature chamber. The relative speed of the testing 

machine's crosshead was 0.02 mm/s during the tests. The true 

longitudinal strain is defined as  = ln (/0) where 0 is a small 

length element taken in the specimen center along the tensile 

axis in the initial state,  is the current size of this length element 

during the tensile test. The definition of the true transverse strain 

(t) is the same, but for a length element taken along the 

specimen width. The nominal stress (𝜎𝑁 ) is given by 𝜎𝑁 = 𝐹/𝑆0, 

where F is the tensile force and 𝑆0 the initial cross-section. The 

true stress (𝜎𝑉 ) is given by 𝜎𝑉 = 𝐹/𝑆, where S is the actual cross-

section. Assuming that the transverse strains in the width and 

thickness directions are equal, it can be checked that: 𝜎𝑉 =

𝜎𝑁𝑒−2𝜀𝑡. Tensile testing was performed at two temperatures, 

20°C and 120°C. Since the material was in a glassy state at 20°C, 

all samples were tested at the point of rupture. For tests carried 

out at 120°C, above the glass transition temperature of PBT (Tg ≈ 

60°C), the materials did not exhibit brittle behavior and could 

undergo larger deformation. In this case, the tests were stopped 

when the upper limit of the testing machine for the relative 

crosshead displacement was reached (20 mm), with the 

exception of Ref100, which ruptured before reaching the upper 

limit. 

Creep experiments were performed on rectangular 

samples (50 x 10 x 4mm) with the Bose 3000 tensile equipment. 

A constant force (F = 164 N) was applied during 1 hour, and 

further recording was carried out 1 hour after unloading. A 

fluctuation of ±1N was observed during the loading phase.  

2.3.5 X-Ray diffraction 

Micro-diffraction measurements were then carried out 

on a home-made instrument,31 which was equipped with a 

microfocus rotating anode (model Micromax 007HF, Rigaku), 

using Cu Kα radiation (λ = 0.154 nm) monochromatized by 

multilayer W/Si optics (FOX CU 2D 25_25P, Xenocs). The beam 

size was defined by a pinhole of 50 µm diameter, which was 

placed at the tip of the collimator at 4 mm in front of the sample. 

Two motorized translation stages (lateral and vertical moves) 



with 1 µm step resolution enable the sample position in the X-ray 

microbeam to be precisely defined. X-ray diffraction signals were 

collected by an X-ray CCD camera (Quad-Ro:4096, Princeton 

Instruments) which was placed behind the sample. 

The crystal dimensions were calculated from the (010) and 

(100) reflections of the PBT 𝛼-crystal form using the Scherrer 

equation: 

𝑆ℎ𝑘𝑙 =  
𝐾𝜆

𝛽ℎ𝑘𝑙𝑐𝑜𝑠𝜃ℎ𝑘𝑙

 

where Shkl is the average crystal size along the dimensions 

perpendicular to the (ℎ𝑘𝑙) plans. 𝜆 (1.54 Å) is the X-ray radiation 

wavelength, 𝜃ℎ𝑘𝑙 is the Bragg angle, and 𝛽ℎ𝑘𝑙 = ∆(2𝜃ℎ𝑘𝑙) is the 

FWHM (Full Width at Half Maximum) of the diffraction peak. The 

Scherrer constant, denoted by K, is a value that is nearly equal to 

unity, although it depends on the morphology of the crystals, the 

nature of the crystalline lattice, and the Miller indices of the 

planes, as described by Langford.32 Comparisons between Atomic 

Force Microscopy (AFM) observations and WAXS measurements 

revealed that the sizes estimated using the Scherrer formula do 

not correspond to the dimensions of the lamellae but rather to 

those of the crystalline blocks that make up the lamellae.33,34 

Additionally, the broadening of the peaks, which is a result of the 

measuring instruments, has not been taken into account. In most 

published works, where the Scherrer formula has been applied to 

semi-crystalline polymers, K is typically set at 0.9, and the same 

value was chosen in this work. It is important to recognize that 

the Scherrer formula is associated with numerous 

approximations; as such, the sizes provided by this formula 

should be considered as rough estimates and can only be used for 

comparative purposes. The detailed method of signal 

decomposition is given in the supporting information. 

3. Results 

3.1 Melt rheology 

The evolution of G' and G" over time (Figure 2A) 

highlights the kinetics associated with the dynamic crosslinking 

process in the extruded vitrimer formulations (Extru_50nc, 

Extru_100nc, and Extru_200nc) at 270°C. The conversion from PBT 

to vitrimerized PBT is achieved through a two-step mechanism. 

First, a chain extension reaction occurs with the diepoxy 

monomer, followed by the exchange of covalent bonds, which 

results in branching of the extended PBT chains between each 

other, ultimately leading to the formation of a three-dimensional 

(3D) dynamic crosslinked network.15,20 Branching in thermoplastic 

polymers is commonly indicated by a significant increase in the 

melt storage modulus (G') while, the crossover point between G' 

and G‘’ indicates that the melt is transitioning from a viscoelastic 

liquid to a viscoelastic solid behavior. This crossover was used to 

determine the formation of the 3D dynamic crosslinked network 

through branching in previous vitrimers prepared from PBT.14,20 

Sample Extru_50nc exhibited this crossover characteristic of 

dynamic crosslinking reactions (Figure 2A).35 On the other hand, 

Sample Extru_100nc did not display this feature, but there was a 

significant increase in G' from 75 Pa to 900 Pa. Yet, this highest 

value is nearly three times lower than the value measured at the 

end of the test for Extru_50nc (2,675 Pa). This decrease in the final 

value of G' continued as the screw rotation speed increased. 

Extru_200nc had a value of G' = 250 Pa and the difference between 

G' and G" (G' > G") was accentuated, indicating a decrease in the 

material's resistance to deformation. 

The variables G' and G'' were also measured as a 

function of the angular frequency for the same samples used for 

the time sweep experiments. Measurements were performed 

from 240°C to 270°C in 5°C increments (raw data are shown in 

Figure S4a-c every 10°C). Figure 2B shows the G' and G'' values for 

the extruded formulations at the final test temperature of 270°C. 

In Figure 2B, Extru_50nc exhibits dominant elasticity (G’ > G’’), 

which indicates a viscoelastic solid behavior. However, 

Extru_100nc and Extru_200nc both behave like viscoelastic liquids 

(G’ < G’’). At 250°C (Figure 2C), the Extru_100nc sample displayed 

a unique feature, exhibiting G’ and G’’ nearly equal over the 

whole frequency range. Extru_200nc did not exhibit this behavior; 

at any temperature (see Figure S4c), the loss modulus remained 

consistently higher than the storage modulus, similar to that of 

pristine PBT (as shown in Figures 2A, S5e, and S5f). The extrusion 

process did not induce any significant changes in the viscoelastic 

behavior (G” > G’ at any time, and similar slope with increasing 

frequency) of PBTextru compared to its pristine form (see Figures 

S2d-e and S3e-f). However, it is important to note that the 

complex viscosity of PBTextru was significantly reduced by a factor 

of approximately 4 at 270°C, and this difference increased with 

both time and temperature. This degradation is likely attributable 

to the previously reported thermal degradation,36 caused by the 

high processing and testing temperature used in this study 

(270°C). 
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Figure 2 Filled symbols: storage modulus, hollow symbols: loss modulus: A) Dynamic crosslinking of Extru_50nc, Extru_100nc and 
Extru_200nc at 270°C and 1 rad.s-1, B) angular frequency test at 270°C for Extru_50nc, Extru_100nc and Extru_200nc, C) angular 
frequency test at 250°C for Extru_50nc, Extru_100nc and Extru_200nc, D) angular frequency test at 270°C for Ref50nc, Ref100nc, and 
Ref200nc. 

Similar behavior was observed for formulations with 

longer residence times (Extru_50long, Extru_100long, and 

Extru_200long, as shown in Figure S5a-c). The modulus G' 

increased until it reached a plateau. Figures S5b and S3c show 

that the moduli G' and G'' were further reduced concomitantly 

with an increase in screw rotation speed. Starting with 

Extru_50long, the rheological properties switched from a 

viscoelastic solid to a viscoelastic liquid behavior. However, the 

Extru_50long formulation still showed a crossover of G’ and G’’, 

indicating the formation of a crosslinked network. The results of 

extruded vitrimerized PBT formulations indicate that (i) 

increasing the screw rotation speed (and thereby the shear rate 

applied during vitrimerization) affects and limits the dynamic 

crosslinking, and (ii) a longer residence time at similar shear 

forces tends to decrease the viscoelastic properties (G’, G’’ and 

complex viscosity) of the materials. 

Rheological measurements were performed on 

reference samples prepared using micro-compounding (ref50nc, 

ref100nc, and ref200nc), and the results are reported in Figures 2D 

and S3d. A minor decrease in G’’ was observed at higher screw 

rotation speeds. However, all the formulations were well 

crosslinked with G' > G'' at any frequency. These results highlight 

the difference originating from the operating conditions between 

microcompounding and continuous reactive extrusion, 

emphasizing a limiting factor for the processing of these 

materials. 

To focus on the effect of the continuous extrusion 

process, Ref100, Extru_50, Extru_100, and Extru_200 samples 

were selected for further analysis. The samples extruded with 

longer residence times exhibited a similar behavior to those 

extruded with shorter residence times. For the samples prepared 

using the microcompounder, the lack of meaningful differences 

for materials synthesized at 50, 100, and 200 rpm led us to focus 

on Ref100.  



3.2 Thermal analysis 

3.2.1 Differential scanning calorimetry (DSC) 

The thermal analysis of the samples is illustrated in 

Figure 3. DSC measurements of the second heating ramp 

between 200°C and 240°C are depicted in Figure 3A while Figure 

S6a-e displays the second heating cycle with area of integration 

used to calculate crystallinity. Upon vitrimerization, an increase 

in the melting temperature of PBT was observed (from 218°C for 

pristine PBT to 226°C for Ref100). The melting temperatures (peak 

maximum in Figure S6) were comparable for Extru_50 and Ref100 

(226°C and 225°C, respectively) and for Pristine PBT and PBTextru 

(218°C and 219°C respectively, as shown in Figure S6f). Increasing 

the screw rotation speed slightly decreased the Tm from 226°C to 

224° and 223°C for Extru_100 and Extru_200, respectively. The 

shape of the peak changed; pristine and PBTextru exhibited two 

peaks associated with the first melting of small crystals, followed 

by the general melting of PBT crystals.37 In the case of the 

vitrimerized PBT Ref100 and Extru_50, this double peak 

disappeared, resulting in a broadened single peak. In the case of 

Extru_100 and Extru_200, a double peak reappeared, while 

maintaining a higher melting temperature than unmodified PBT. 

The degree of crystallization of the samples was calculated using 

Equation 1: 

𝛸𝑐 =
∆𝐻𝑠𝑎𝑚𝑝𝑙𝑒

∆𝐻∞
 𝑥 100                                              (1) 

Where 𝛸𝑐  is the degree of crystallization, ∆𝐻𝑠𝑎𝑚𝑝𝑙𝑒  is the 

enthalpy of melting, and ∆𝐻∞ is the enthalpy of 100% crystalline 

PBT (140 J.g-1).15,38 Numerical values for Tm, 𝛸𝑐, and ∆𝐻𝑠𝑎𝑚𝑝𝑙𝑒  are 

given in Table 2, with the measurements shown in Figure S6a-f. A 

decrease in 2% of pristine PBT crystallinity is observed when 

vitrimerization occurred in the micro-compounder (Ref100), while 

the extruded PBT and vitrimerized PBT showed a degree of 

crystallinity between 4 to 9% lower than the microcompounded 

formulations. The extruded vitrimerized samples show a slightly 

lower degree of crystallization than PBTextru while evolving non-

monotonically with the screw rotation speeds.

Table 2 Measurement by DSC: Maximum melting temperature Tm, Enthalpy ΔH, and crystallinity Χc calculated with ΔH100% = 140 J.g-1
 and 

integral between 100°C and 245°C. 

Sample 
Pristine 

PBT 
Ref100 PBTextru Extru_50 Extru_100 Extru_200 

Tm (°C) 218 225 219 226 224 223 

ΔH (W.g-1) 61 58 54 51 53 49 

Χc (%) 43 41 39 37 38 35 

3.2.2 Dynamical mechanical analysis (DMA) 

As depicted in Figure 3B, DMA measurements between 

210°C and 240°C for the vitrimerized PBT samples showed a 

plateau at 240°C. Ref100 exhibited the highest storage modulus E’ 

at 240°C (600 kPa) followed by Extru_50 (500 kPa). Extru_100 

showed a rubbery plateau that was five times lower than that of 

Extru_50, with a G’ value of approximately 100 kPa while 

Extru_200 showed a plateau at approximately 15 kPa, i.e., just at 

the sensitivity limit of the machine. A rubbery plateau in the melt 

storage modulus (G’) of thermoplastics owing to chain 

entanglements has been previously reported.39 However, to the 

best of our knowledge, no experiments using DMA have reported 

such features. The G’ value (E’≈3G’), as measured by rheometry 

in the molten state, was less than 10 Pa (as shown in Figure 2A). 

As a result, the absence of a plateau in the PBT storage modulus 

curve above the melting temperature is likely due to the 

resolution limit of the DMA measurement for E’ (250 Pa). 

Furthermore, in DMA, an increase in entanglement leads to a 

longer rubbery plateau before abruptly dropping,40,41 which is the 

opposite of the situation depicted in Figure 3B. Although this 

phenomenon may have been caused by a decrease in the 

crystallinity percentage of the vitrimerized formulation, it 

suggests that dynamic crosslinking of the network occurred for 

any processing parameter, despite the extruded polymers 

exhibiting progressively more thermoplastic behavior as the 

extrusion screw rotation speed increased (as indicated by the DSC 

data).  



 

 

A) 

 

B)  

 

Figure 3 (Color online) A) DSC thermogram (second heating cycle), 
B) storage modulus of sample from DMA measurements 

3.2.3 Swelling  

The swelling results are shown in Table 3. Only the Extru_50 

sample showed the formation of a gel, whereas Extru_100 and 

Extru_200 were completely dissolved. This suggests that although 

some degree of crosslinking was observed in the Extru_100 and 

Extru_200 samples, as indicated by the rheology and DMA data, 

the formation of an infinite 3D network, or gel, was not be 

possible. 

Table 3 Gel fraction calculated from swelling tests on Ref100, 

Extru_50, Extru_100, and Extru_200 

Sample Ref100 Extru_50 Extru_100 Extru_200 

Gel 

fraction 

(%) 

45% 38% x x 

 

3.3 Mechanical testing 

3.3.1 Tensile testing 

The nominal stress-true strain curves (N()) for 

Extru_50, Extru_100, Extru_200, pristine PBT, and Ref100, 

measured at room temperature (below Tg, Figure 4A) and 120° 

(above Tg, Figure 4B), are depicted in Figure 4. The corresponding 

true stress-true strain curves (V()) are shown in Figure S7. 

Tables 4 presents the Young's moduli (E), yield stresses (y), and 

yield strains (y) for each material, as determined from the stress-

strain curves (see Figure 4). At 120°, the yield stresses and strains 

could not be measured for Extru_50 and Ref100, owing to the 

absence of a ‘necking’ behavior in their corresponding nominal 

stress-true strain curves.14,20 The strains and stresses at rupture 

((R, and R) for the specimens that failed during the test are also 

provided in Table 4, as shown in Figure 4A. 

A) 

 

B) 

 

Figure 4 (Color online) Nominal stress-True strain curves A) N() 

curves measured at room temperature v() curves measured at 
120°C 



Table 4 Tensile property measurements at room temperature (20°C) and 120°C. N/A: Not Applicable, “-“ indicates that these values were above 

the upper limit of the measurement set-up used in this (> 20 mm), see section 2.3.4 for details. 

  Pristine PBT Extru_200 Extru_100 Extru_50 Ref100 

E (MPa) 
20°C 2300 2600 3000 3200 3200 

120°C 332 357 374 538 522 

y (MPa) 
20°C 38 60 61 69 74 

120°C NM 22 24 N/A N/A 

y 
20°C 0.19 0.15 0.16 0.19 0.20 

120°C NM 0.29 0.4 N/A N/A 

R 
20°C 29 44 51 64 68 

120°C - - - - 37.6 

R 

20°C 1.23 1.20 1.13 0.67 0.5 

120°C - - - - 0.6 

Gr 120°C 3.8 5.3 6.6 13.3 14.2 

The mechanical properties (E, y and R) of the 

vitrimerized materials (Extru_50, Extru_100, Extru_200, and 

Ref100) were found to be superior to those of pristine PBT at room 

temperature. Furthermore, the effect of the extruder screw 

rotation speed on the mechanical properties was clearly 

demonstrated, with the stress, Young's modulus, yield stress, and 

stress at rupture being higher at lower screw rotation speeds. At 

the lowest screw rotation speed (Extru_50), the tensile behavior 

was comparable to that of the reference vitrimer (Ref100). 

Additionally, it was observed that the smaller the R value, the 

larger was the strain at rupture (R). The results from the 

experiments conducted at room temperature (Figure 4A, Table 4) 

were applicable to those conducted at 120°C (Figure 4B, Table 4), 

except that measurements for y, y, R, and R could not be 

obtained at 120°C. 

In the plastic regime (above a threshold value of  = 0.3), 

the extruder screw speed had a significant effect on the strain 

hardening for measurements conducted above the glass 

transition temperature (120°C). The slope of the stress-true strain 

curves was greater when the screw speed was lower, as 

evidenced by the Haward-Thackray plot in Fig S6.42 The Haward-

Thackray model assumes that the Gaussian chain approximation 

can be used for describing the stretching of the macromolecular 

network during plastic flow. To use the Haward-Tackray model, it 

is necessary to assume an isochoric deformation process. This 

assumption seems valid in the present case, as the absence of 

whitening shows that the polymer does not cavitate. Moreover, 

the stress-induced α → β transition leads to only very limited 

density changes as it is detailed in the supporting information of 

a recent paper.43 Beyond the yield point, the variations of the true 

stress (
v ) can then be described using a rubber elasticity 

spring: ( )2

v rG e e  − = − , where 
rG  is the strain hardening 

modulus. The strain-hardening modulus, Gr, can be calculated 

using this method (see Table 4). As expected, pristine non-

crosslinked PBT exhibited the lowest Gr value. Furthermore, the 

effect of the extruder screw rotation speed on strain hardening 

was confirmed as slower screw rotation speeds resulted in higher 

Gr values. 

In conclusion, increasing the screw speed in the 

extruder reduces the mechanical performance of the extruded 

polymers, as evidenced by a decrease in Young's modulus, strain 

hardening modulus, yield stress, and stress at break. 

3.3.2 Creep experiment 

The creep behavior of the extruded formulations and 

pristine PBT at 160°C, 180°C and 200°C are depicted in Figure S9a-

d. Figure 5 depicts the creep rate and creep strain, while Figure 

S9e-f illustrates the instantaneous strain recovery and permanent 

strain calculated following the schematic shown in Figure S10. 

Pristine PBT exhibited the highest flowability under the applied 

load. Furthermore, it was found that creep resistance, in terms of 

rate, strain and permanent deformation, increased with a 

decrease in the shear forces applied during vitrimerization. 

However, there is no specific trend associated to the extrusion 

flow rate for instantaneous recovery. Notably, at 160°C, the 

vitrimerized formulations recovered less when the load was 

removed. 

  



A) 

 

B) 

 

Figure 5 (Color online) Creep results (constant applied force: 
167 N for 1h) of extruded PBT and vitrimerized PBT: A) creep 
rate, B), creep strain. 

3.4 WAXS 

The injection molding stage is prone to cause polymer 

orientation.44,45 During this stage, the velocity profile (v(x)) of the 

polymer along the mold thickness is approximately parabolic, For 

unidirectional flow (Figure 6A), the shear strain rate is given by 

v

x



=


. The shear stress is expressed by Equation 2:  

 =     (2) 

Where the shear strain rate ( )x  and stress (x) vary 

linearly (Figure 6A) with the maximum values in the skin regions 

(near the mold walls) and minimum values in the core, the shear 

stress   is oriented along the flow direction., This can result in 

polymer chain orientation in the direction of flow near the skin, 

leading to the development of an oriented microstructure known 

as “shish-kebab” morphology during the 

solidification/crystallization stage.44,45 

 

Figure 6 Polymer orientation during injection molding: a) Schematic 
representation of the velocity and shear stress profiles along the 
specimen thickness during injection molding, b) WAXS patterns 
measured in the skin and in the core regions for Extru_100 and c) 
WAXS patterns measured in the skin and in the core regions for 
Extru_50. The indexation corresponding to the 4 more intense 
reflections is also indicated in the left pattern (figure 6B) 

WAXS measurements were performed along the 

specimen thickness, and the patterns obtained in the core and 

skin regions are shown in Figure 6B and 6C for the Extru_50 and 

Extru_100 samples, respectively. To take advantage of the 

patterns’ symmetry, only half of the diffraction rings are shown. 

For the Extru_100 sample, the intensity was uniform along the 

diffraction rings in the measurements obtained from the 

specimen core, indicating an isotropic crystalline microstructure. 

However, in the skin region where the shear stress was higher, 

the intensity was not uniformly distributed along the rings, 

indicating that the polymer crystallites were oriented in this area. 

In contrast, the intensity of the Extru_50 sample was highly 

concentrated in certain parts of the diffraction rings, indicating a 

more pronounced polymer crystallite orientation in the skin 

region compared to that of the Extru_100 sample. The 

microstructure of the Extru_50 sample is moderately oriented in 

the core region. Therefore, to eliminate the influence of the 

injection process (anisotropy), vitrimerized PBT samples 

(Extru_50nc and Extru_100nc) and a PBTextru sample prepared by 

compression molding were used for the crystal size 

measurements. The resulting WAXS patterns measured along the 

specimen thickness show that crystallization occurred in an 

isotropic manner for both vitrimerized materials (see Figures S9). 

The intensity profile versus 2 (: diffraction angle) and 

the decomposed peaks are shown in Figure 7 for Extru_50nc and 



in Figure S11 for the other formulations. The decomposition 

procedure is detailed and illustrated in the SI (Figure S12). In 

Figure 7, the normalized intensities of the (010) and (100) lattice 

planes of both materials are presented in the same plot. The 

Extru_100 sample exhibited broader peaks than those of 

Extru_50nc. As can be deduced from the Scherrer formula, the 

broader the peaks, the smaller the crystal dimensions. The crystal 

dimensions along the direction perpendicular to the (010) and 

(100) planes are listed in Table 5. Peak broadening was observed 

in all Extru_100nc peaks of the raw signal and their fitting (Figure 

S13) compared to Extru_50nc. Upon comparison with the PBTextru 

signals (Figure S13), the (010) lattice plane peak of Extru_50nc did 

not show any particular change, whereas the (100) peak was 

broader. The (010) lattice plane diffraction peak of Extru_100nc 

was sharper than that of PBTextru, whereas the (100) diffraction 

peak almost perfectly fitted the PBTextru signal. 

A) 

 
B) 

 
Figure 7 WAXS measurements for material A: Measured intensity 
profiles, fitted intensity profiles and decomposed peaks. Peak 
broadening at high extrusion speed. (010) and (100) reflections for 
Extru_50nc and Extru_100nc. 

Table 5 Crystal sizes calculated using the Scherrer method for 
Extru_50 and Extru_100 samples 

 hkl Miller Indices  
(010) (100) 

PBTextru 11 nm 6nm 

Extru_50nc 13 nm 10 nm 

Extru_100nc 9 nm 6 nm 

 
In Figure S14, we show the X-ray intensity profiles 

measured along the (010) ring (see ring indexation in Figure 6B). 

The normal vector of the corresponding planes is perpendicular 

to the chain average direction in crystals (c axis of the triclinic 

cell).46 Using these profiles, we calculated the Hermans 

orientation parameters47 (f010) associated with the (010) 

reflection. When the polymer chains in the crystals were 

randomly distributed, this parameter was zero. When the chains 

were oriented along the flow direction, f010 tends towards -0.5. 

The normal vector associated with the (010) planes is then 

situated in a plane perpendicular to the flow direction and, on the 

WAXS pattern, the X-ray intensity corresponding to this reflection 

becomes concentrated along the equatorial axis (see the green 

arrow in Figure 6C). In the case of Extru_100, we obtained f010=-

0.02 (≈0) in the specimen core and f010=-0.10 in the specimen skin. 

For Extru_50, the core and skin values are -0.09 and -0.2 

respectively. 

The results of XRD analysis show that crosslinking in PBT 

leads to the formation of a core-shell structure in injection-

molded parts, which likely affects the mechanical properties in 

unidirectional tensile loading. As the crosslinking density is 

reduced, this orientation effect decreases, suggesting a direct 

relationship between crosslinking degree and the structural 

orientation within the PBT matrix. Further analysis reveals that a 

high degree of crosslinking, corresponding to a solid-like 

viscoelastic behavior in the melt, results in crystals of larger 

average size. Conversely, when the crosslinking is less 

pronounced, resulting in a liquid-like viscoelastic behavior of the 

melt, the crystals tend to be closer in size to those found in 

unmodified PBT. This indicates that the crosslinking density not 

only affects the macroscopic mechanical properties but also has 

a profound effect on the microstructural level, influencing crystal 

size and distribution within the polymer. 

4. Discussion 

The extrusion process and operating conditions 

significantly impacted the properties of the vitrimerized PBT. A 

higher shear intensity (controlled by screw rotation speed in this 

study) led to an impossibility to achieve effective crosslinking in 

vitrimerized PBT prepared with the same amount of vitrimerizing 

agent. Gelation is typically indicative of successful vitrimerization 

in thermoplastics.13,15,20,48 This is particularly true when a diepoxy 

monomer is used as a vitrimerizing agent. The epoxy reacts via 

polyaddition with PBT end-chain carboxyl groups to produce 

hydroxyesters, and crosslinking can occur through 

transesterification between one hydroxyester (resulting from 

epoxy-carboxyl polyaddition) and a free hydroxyl group.49 When 

the PBT was vitrimerized through microcompounding or extruded 

at 50 rpm using CRE (Extru_50), effective crosslinking and gel 

formation were achieved, confirming that these formulations 



were vitrimerized through dynamic crosslinking. This leads to the 

question for materials extruded at 100 and 200 rpm. Time sweep 

measurements of Extru_100nc and Extru_200nc (Figure 2A) 

showed signs of increasing G’ modulus, which is typical of 

branching reactions.15,26,50 However, gelation (the formation of a 

gel with infinite molar mass) was not attainable for these samples 

extruded at higher shear stress. The DMA plateau values for 

different samples at 240°C are given in Table 6, along with the 

average molecular weight 𝑀𝑐  between crosslinks, calculated from 

the theory of rubber elasticity (𝑀𝑐 =
3𝑅𝑇𝑑

𝐸𝑟𝑢𝑏𝑏𝑒𝑟𝑦
′  where R is the 

universal gas constant, T is the absolute temperature in Kelvin 

and d = 1110 kg.m-3 the melt density of PBT taken from the 

manufacturer’s data, source: campusplastics website)51–53. The 

crosslink density was then calculated by 𝜈𝑐 =  
𝑀𝑃𝐵𝑇

𝑀𝑐
, with MPBT = 

47 kg.mol-1.28 The crosslinking densities of Ref100 and Extru_50 

were respectively 2 and 1.65, whereas the crosslinking density of 

Extru_100 was 0.36 (five time lower). The crosslinking density of 

Extru_200 was 0.05. Only Ref100 and Extru_50 had a crosslinking 

density greater than 1, indicating that all PBT chains were 

connected to at least one diepoxy molecule and could form an 

infinite gel. Considering that, in presence of a transesterification 

catalyst, the equivalent molecular weight of epoxy is Mepoxy/4 = 

89 g.mol-1 (as the diepoxy is tetrafunctional is these conditions). 

On the other hand, the PBT has an average functionality 

comprised between 1 and 2 (as the PBT chain can be terminated 

by either a COOH and a OH group or by two COOH groups)54,55. 

This means that the theoretical weight ratio of PBT to epoxy to 

get 𝑣𝑒 =
𝑀𝑒𝑒𝑤_𝑃𝐵𝑇

𝑀𝑒𝑒𝑤_𝑒𝑝𝑜𝑥𝑦
= 1 is comprised between 264:1 (for Meew_PBT 

= 23.5 kg.mol-1 and Meew-epoxy= 89 g.mol-1) and 528:1 (for Meew_PBT 

= 47 kg.mol-1 and Meew-epoxy= 89 g.mol-1). 

Table 6 Elastic modulus E' at 240°C from DMA measurement, 𝑣𝑐: 

𝑡ℎ𝑒 𝑐𝑟𝑜𝑠𝑠𝑙𝑖𝑛𝑘 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 

 Ref100 Extru_50 Extru_100 Extru_200 

E (kPa) 

@240°C 
613 500 108 15 

𝑴𝒄 (kg.mol-1) 23 28 132 947 

𝝂𝒄 2 1.65 0.36 0.05 

 

In this study, the weight ratio was fixed at 54:1. This 

represents a high excess of epoxy compared with the theoretical 

minimum required to form a 3D network. The maximum 𝜈𝑐 value 

obtained was 2 (Ref100 sample) which would correspond, in the 

case of a 100% conversion without production of by-products and 

secondary reactions or chain scissions, to a weight ratio PBT to 

epoxy of 258:1 (with MPBT = 47 kg.mol-1). This value was lower 

when the material was extruded at a higher screw rotation speed. 

The 𝜈𝑐 values calculated from E’ for Extru_50, Extru_100, and 

Extru_200 would correspond to a weight ratio respectively of 

315:1, 1,483:1, and 10,640:1 (with MPBT = 47 kg.mol-1). The 

decrease in the measured 𝜈𝑐 value during the extrusion process, 

despite the initial proportion of epoxy being held constant, raises 

questions on how the crosslink density is affected by the 

extrusion process. 

As mentioned earlier, the geometry of the mixing zone 

in continuous extrusion can induce high local shear rates. This is 

useful to ensure the homogeneity of the extruded product, but 

this type of process is only well suited to thermoplastics or 

materials able to flow like viscoelastic liquids. Vitrimers, by 

definition, are crosslinked materials and therefore do not follow 

viscoelastic liquid behavior, behaving instead like viscoelastic 

solid materials.3,56–58 In this study, the rheological results (Figure 

2) demonstrate this point. Vitrimerization greatly increases the 

melt viscosity through branching and generates higher shear 

stresses; if the shear rate increases as well (higher screw rotation 

speed), this leads to shear-induced chain scissions.26 The gelation 

of the vitrimer is then hindered by the high level of scissions, a 

phenomenon similar to the way in which shear forces can limit 

gelation or change the morphology of hydrogels24 and change the 

microstructure of microgels.25 In the context of continuous 

reactive extrusion, this phenomenon has been described for the 

branching of high-density polyethylene.26 Competition between 

branching and shear-induced chain scission has been reported, 

with chain scission becoming predominant at high molecular 

mobility (high temperature, high shear rate, and low molecular 

mass). This was indeed what occurred in our case - at 50 rpm, the 

shear intensity was not high enough for shear-induced chain 

scission to become prevalent. The PBT chains extended with the 

diepoxy monomers, and branching occurred through 

transesterification with limited chain scission through the 

extrusion line until the die. At higher screws rotation speed, the 

shear intensity was greater, causing chain scission to become 

predominant (Extru_100 and Extru_200).  

 Some other degradation mechanisms are possible, such as 

the thermal degradation of PBT, its hydrolysis and the formation 

of irreversible bonds through secondary reactions (through 

hydroxyl-epoxy addition or epoxy homopolymerization).15,35,49,59 

Thermal degradation in PBT or its hydrolysis during the extrusion 

process could lead to the formation of more carboxyl groups18,27,54 

which could participate in transesterification reaction to form a 

vitrimer. Moreover, all vitrimerized samples were mixed at 270°C 

during a similar period of time. Hence, thermal degradation or 

hydrolysis between vitrimerized samples are likely equivalent, 

therefore differences in Extru_50, Extru_100 and Extru_200 are 

due to the different shear intensities applied during extrusion.  



As the number of scissions increases due to the shear 

stress, the PBT molecular weight decreases concomitantly. Thus, 

with shorter chains, a higher epoxy to PBT ratio would be 

required. However, in this study, even with the initial presence of 

epoxy excess (~ 10 times higher), shear-induced chain scissions 

led to materials not being able to form a gel when the screw 

rotation speed was fixed at 100 or 200 rpm. Excess of epoxy has 

been reported to homopolymerized in vitrimer formulation 

leading to the formation of ether bond.49,59,60 This is likely what 

occurs during the extrusion process at 270°C, after polyaddition 

between PBT carboxyl group and oxirane, the excess of epoxy 

forms short ether molecules through homopolymerization in all 

the samples presented in this study (Ref100, Extru_50, etc.). This 

reaction makes further crosslinking impossible once a high level 

of shear scission occurred. 

Samples extruded for a longer residence time 

(Extru_xxlong, Figure S5a) showed signs of thermal degradation, as 

the moduli were lower compared to formulations with short 

residence times (Figure 2A). Thermal degradation is unlikely to be 

a determining factor for the effective crosslinking of the vitrimer 

if the residence is limited to 8 min as it is the case in this study as 

samples Extru_50long shows also a viscoelastic solid behavior.   

The increase in G’ for samples prepared with long 

residence time (Extru_xxlong) was unexpected, as it was reported 

that dynamic crosslinking of similar formulations was achieved in 

approximately 8 mins.15,20 It is likely that during extrusion, the 

polymer broke at random locations along the chains, either on 

the hydroxyester bonds or on the PBT chains. However, when the 

temperature is reapplied at a low deformation rate, vitrimer 

bonds can (re)form through transesterification, which leads to an 

important increase in the moduli (by at least one order of 

magnitude) and the plateau after the melting of PBT crystals 

(Figure 3B). On the other hand, PBT chains cannot be repaired, so 

the gelation can no longer occur. This leads to a transition from a 

single infinitely connected gel (Ref100 or Extru_50), to a final 

polymer composed of a large number of finite vitrimer microgels 

that are not connected to each other (Extru_100 and Extru_200). 

The changes in the melting temperature from the DSC 

data are similar to those reported in ref [15] for similar amounts 

of vitrimerizing agents.15 However, the degree of crystallization 

was lower at all screw rotation speeds than that of PBTextru. The 

results comparing PBTextru to Pristine PBT (Table 3), indicate that 

the CRE process does decreases the degree of crystallization of 

PBT probably by thermal and/or hydrolytic degradation and even 

at short extrusion times.61 For vitrimerized PBT, branching and 

crosslinking increase the thermal stability of the network 

(increase in melting temperature) while limiting regular packing 

of the polymer chains during cooling (decrease in the degree of 

crystallization). The transition from a double peak in PBT to a 

single broader peak in Extru_50, followed by a double peak for 

Extru_100 and Extru_200, can be combined with the increase in 

the size of the granular crystal layer perpendicular to the (010) 

planes followed by its decrease. As explained in the experimental 

section, the calculated size represents the average size that is 

useful for qualitative comparison. When crosslinking is effective 

(Extru_50), the formation of smaller crystallites is likely to be 

hindered, which increases the overall measured size crystalline 

blocks that make up the lamellae. Once the molecular mobility is 

increased by decreasing the crosslinking density, smaller 

crystallites might reform, again displaying the double peak 

characteristic of PBT. Also, the average crystalline blocks 

measured approximately return to the value measured for PBT 

(Table 5). 

Creep experiments also confirmed that branching 

occurred in samples Extru_100 and Extru_200, which explains of 

the improvement in creep resistance. The calculated activation 

energy of the samples, as presented in the SI and Table 7, 

indicates a lower value for the pristine PBT sample (28.8 kJ.mol-1) 

compared to the Extru_50 sample (58.7 kJ.mol-1). This suggests 

that a greater amount of energy is required for solid vitrimerized 

PBT to flow. The Extru_100 and Extru_200 samples exhibited 

progressively lower activation energies, with the extrusion at 200 

rpm approaching the PBT (33.8 kJ.mol-1). This suggests that 

gelation was hindered during extrusion, and some improvement 

in the rheological properties was observed due to vitrimerization. 

The higher the crosslink density, the better the creep resistance 

and the lower the permanent deformation. Additionally, the 

instantaneous strain recovery of vitrimerized formulations has 

been observed to be lower than that of pristine PBT at 160°C. 

However, at 180°C or 200°C, the instantaneous strain recovery 

became equivalent to that of pristine PBT. This is probably due to 

the activation of bond exchanges, which, in the case of 

vitrimerized networks, occurs at a rate fast enough to be detected 

at the measurement time scale.3,62,63 

Table 7 Activation energies calculated from creep data 

 Ea (kJ.mol-1) - creep 

PBT 28.8 

50rpm 58.7 

100 rpm 41.7 

200 rpm 33.8 

 
The last point to be addressed from the experimental 

data analysis was the effect of the screw rotation speed on the 

mechanical properties of the samples. As shown by the WAXS 

data, a crystal orientation was detected at the skin mold 



predominantly in Extru_50 but also in Extru_100 prepared by 

injection. The injection time (1.2 s) was the same for all specimens 

used for the WAXS measurements (shown in Figure 6B and Figure 

66C). Therefore, it can be reasonably assumed that the velocity 

and shear strain rate profiles (𝑣(𝑥) and �̇�(𝑥)) are also identical. 

This means that the difference in shear stress causing the 

difference in polymer orientation observed in Figures 6B and 6C 

is due to the viscosity magnitude in Equation 1. As shown in the 

melt rheology (Figure2A), the modulus values of these materials 

were significantly different at both the extruder outlet (t=0 in 

Figure 2A) and after crosslinking in the micro-compounder before 

injection (t=5 mins in figure 2A). All these formulations presented 

higher viscosity and therefore, upon injection, the polymer chains 

tended to align in the injection direction. This suggests that the 

anisotropy identified through XRD has a significant influence on 

the reinforcement of the vitrimer mechanical properties, which 

would thus be an ‘indirect’ effect of vitrimerization. To confirm 

this, samples (from the Extru_50 formulation) were injection-

molded at different speed rates (injection time = 2.6s). In this 

case, the material is the same in the molten state and the terms 

that changes in equation 1 is �̇�(𝑥) related to the injection speed. 

Figure 8 shows that the injection speed has a significant influence 

on the mechanical properties of the specimen. The Young’s 

modulus and the strain hardening modulus measured for an 

injection time of 2.6s are E=383 MPa and Gr=6.45 MPa while for 

an injection time of 1.2s they are 538 MPa and 13.5 MPa. This is 

due to the increase in shear rate �̇� that causes higher degree of 

polymer orientation. 

  

Figure 8 (Color online) N () curves measured at 120°C for extru_50 
at injection times of 1.2 s and 2.6 s respectively. 

Hence, the degree of polymer orientation had a 

significant effect on the tensile properties of the vitrimerized PBT 

above the glass transition temperature of the network (120°C). 

This effect, combined with the increase of strain hardening 

related to the presence of dynamic crosslinks in PBT matrices,14,20 

makes the tensile properties of PBT at high temperature 

significantly higher after vitrimerization. However, for the data at 

20°C (Figure 4A), all vitrimerized samples exhibit a higher yield 

stress (𝜎𝑦 ≈ 60𝑀𝑃𝑎 vs. 𝜎𝑦 ≈ 38𝑀𝑃𝑎 for pristine PBT at 

equivalent strain). In terms of testing, when the amorphous 

phase of PBT was not mobile (below its glass transition 

temperature), a clear effect of the formation of a 

branched/crosslinked network was observed. The 3D network 

reduces the mobility of the polymer chains within the amorphous 

phase of PBT, making it more resilient to tensile deformation in 

its glassy state. This behavior does not seem to be significantly 

affected by the anisotropy of the material, as the difference 

between the vitrimerized samples is much less pronounced that 

when testing is carried out at 120°C.  

In terms of vitrimers, it is relatively important to 

consider how the networks extruded at 100 rpm and 200 rpm can 

be categorized, and whether there is any interest in developing 

such networks. From the tensile test conducted at T = 20°C, the 

work of fracture (Wf) was determined by integrating the area 

under the nominal stress-strain curve (Figure S15);64 the results 

are summarized in Table S4. For the crosslinked samples (Ref100 

and Extru_50), the Wf was noticeably lower than that of the 

unaltered PBT, at 61% and 84% of the initial Wf of the unaltered 

PBT, respectively. This decrease in Wf suggests that the higher 

crosslink density in these samples contributes to increased 

material rigidity and brittleness, which are associated with a 

reduced ability to absorb energy prior to fracture. The samples 

where the extrusion process hampered crosslinking (Extru_100 

and Extru_200) showed a significant increase in Wf, with 43% and 

51% increases, respectively, compared to the pristine PBT. This 

increase in Wf suggests that the network formed during the 

extrusion process effectively enhanced the resistance of the 

material to deformation. This behavior is similar to the effects 

observed in chain-extended polymers, where increased 

molecular weight or alterations in the polymer architecture can 

lead to improved mechanical properties. In our case, the absence 

of gelation led to increased mobility of the extended and/or 

branched molecular chains, leading to an improved ability to 

withstand deformation rendering vitrimerized PBT interesting in 

term of resistance to fracture. Additionally, the minimal 

difference in Wf between Extru_100 and Extru_200 suggests that 

the degree of chain scission occurring during the extrusion 

process does not significantly impact Wf, provided that gelation 

of the network remains incomplete. This observation highlights 

the delicate balance between the crosslinking and chain scission 



processes in determining the mechanical performance of the 

vitrimerized PBT materials.  

It should also be noted that those specimen (Extru_100 

and Extru_200) can undergo some branching through 

transesterification, hence, vitrimerized PBT extruded at high 

shear rates still retains certain properties of the vitrimerized 

thermoplastics. The increase in the moduli (G’ and G’’, Figures 2 

and S3) of the molten polymer and the improved creep resistance 

are typical of dynamic crosslinking. Despite not being fully 

crosslinked, these formulations possess dynamic covalent bonds 

in the form of a branched micro-vitrimers, with rheological and 

morphological differences compared to the PBT polymer. In this 

sense, Extru_100 exhibits interesting properties that make it 

capable of holding its shape upon small deformation, while 

flowing like a liquid during processing at high speed or higher 

temperature. To demonstrate the interest of such a formulation, 

Extru_100 was used to produce a 3D printed complex structure 

by fused filament fabrication. Usually, the crosslinking of in 

vitrimers renders the material too viscous to be formed as a filler 

or 3D printed by such a technique, while the high melt flow index 

of PBT necessitates blending with other thermoplastics or fillers 

to render it printable.36 However, the properties of Extru_100 

make the material perfectly suitable for this application, allowing 

the printing of complex structures such as Schwarz P without the 

use of solvent or other complexifying procedures (Figure S16). 

Recent studies on processable vitrimers have focused on the use 

of blends with different chemistries, which can be complex to 

prepare.65–67 In this study, only the mechanical parameters during 

the processes controlled the final flow properties of the 

materials. 

5. Conclusion 

The vitrimerization of thermoplastics is often portrayed as a 

straightforward process that is compatible with classical 

thermoplastics processing methods. However, vitrimerization 

fundamentally alters the rheological behavior of thermoplastic 

polymers, changing the manner in which the polymer network 

flows. Once crosslinking is achieved, the fluidity of the 

thermoplastic switches from viscous to a more elastic behavior, 

increasing the energy and time required for processing. In 

addition, vitrimerization at a high shear rate results in 

competition between the branching/crosslinking reaction and 

the shear-induced chain scissions. A higher shear stress increases 

the prevalence of shear-induced chain scissions, resulting in the 

inability to form a 3D network required to get a vitrimer. Instead, 

the network processed at a high shear stress will be formed of 

small micro-vitrimers that are not connected as a whole. The 

network can recover some of its connectivity through 

transesterification, leading to an increase in the viscosity and 

mechanical properties. This is a promising approach for recycling 

end-of-life thermoplastics by applying a vitrimerizing process that 

is suitable to high-volume processes. However, a trade-off must 

be considered between the extrusion rate and the crosslink 

density. Further studies could lead to the determination of the 

limiting shear stress factor for each type of polymer used relative 

to the entanglement level and crosslink density. 

With this type of parameter, it is possible to control the 

decrease in the crosslink density and predict the rheological 

behavior of the polymer network. This mechanism of degradation 

(chain scission) leads to a transition from a polymer network with 

typical vitrimer properties to a branched non-crosslinked polymer 

comprising exchangeable covalent bonds with flow properties of 

a thermoplastics. Depending on the degree of chain scission, the 

structural integrity of the melted polymer can be retained at a 

low strain rate (viscoelastic solid) and behaves like a viscoelastic 

liquid at a higher strain rate. This demonstrates the potential of 

these materials for extending the range of processing techniques 

in which vitrimerized polymers can be used. A partially 

crosslinked network (here Extru_100) still shows interesting 

potential, exhibiting solid behavior above the melting of crystals 

when no deformation is applied and good flowability upon 

application of stress, making them compatible with techniques 

such as fused filament fabrication. However, further studies are 

needed to confirm that this new composition is not sensitive to 

long-term degradation, such as exposure to moisture, or is more 

prone to thermal degradation. The current study shows that 

properties can be tuned using only mechanical parameters, and 

that the improvement of mechanical properties by 

vitrimerization should not be considered strictly from 

crosslinking, but also from the possible development of 

anisotropy induced by viscosity evolution during processes, which 

offers interesting perspectives for designing material properties. 
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