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Abstract 

This work investigates the effect of flame-retardant additives on the thermo-mechanical and 

dynamic properties of poly(butylene terephthalate) (PBT) vitrimers. The vitrimers were synthesized 

and compounded in a single step by reactive extrusion from commercially available PBT, an epoxy 

resin, a zinc-based transesterification catalyst, and aluminum phosphinate (AlPi) as a conventional 

flame retardant additive. We demonstrated that the presence of AlPi in relatively large amount (20 

wt.-%) is compatible with the formation of the vitrimer network and does even play the role of a 

transesterification (co)catalyst accelerating the exchange reactions and improving the processability 

of the vitrimer. UL-94 flammability tests also confirm the effective role of AlPi as flame retardant in 

vitrimer. 

Key words: Vitrimer, reactive extrusion, PBT, flame retardancy, phosphinate 

 

I. INTRODUCTION 

Poly(butylene terephthalate) is a semi-crystalline thermoplastic polyester commonly used for 

electrical and electrotechnical applications (E&E).[1] This polymer has several drawbacks. Firstly, its 

chains are barely entangled due to both a high critical entanglement molecular weight (Mc about 60 

kg.mol-1) [2] and the difficulty to synthesize PBT with very high molecular weight.[3–7] Consequently, 

around the melting point, the low viscosity of the unfilled polymer may induce a loss of the 

dimensional stability of PBT materials [7] as well as dripping. In addition, this polymer is flammable. 

The commercial grades PBT employed for E&E parts production are consequently generally 
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formulated with specific additives such glass fibres and flame-retardants to reach acceptable level of 

mechanical and fire performances.  

Converting a thermoplastic polymer into a vitrimer is an approach actually under investigation by 

academics to improve their performances. The term vitrimer describes a new class of polymers 

introduced in 2011 by Leibler et al. [8].  This family consists in dynamic, covalently cross-linked 

polymer networks having interesting properties thanks to the exchangeable links present in their 

structure. Under a thermal stimulation, associative bond exchange reactions are triggered enabling 

topology rearrangement leading to polymer malleability without decrease of the cross-linking 

density. Self-healing, recyclability and improved mechanical performances are common features of 

vitrimers.[9] During the last decade, numerous bond exchange reactions potentially applicable to 

vitrimers have been reported, such as transesterification [8], imine [10, 11], olefin [12, 13] and 

dioxaborolane [14, 15] metathesis, transalkylation of triazonium salts [16], transesterification of 

boronic esters [15] and phosphate triesters [17], and amine exchange of vinylogous urethane.[18–24] 

These dynamic networks can be synthesized from thermoplastic precursors in presence of a 

crosslinker by reactive processing such as reactive extrusion [25, 14, 26–29]. 

Demongeot et al. were the first to report the preparation of a PBT vitrimer using reactive extrusion. 

[8] They introduced dynamic ester-based cross-links using epoxy as chain extender and crosslinker in 

presence of a transesterification catalyst. Zhou et al. then studied the formation of PBT vitrimers via 

solid state polymerization using glycerol derivatives in presence of a Zn based catalyst.[30, 31, 32] In 

both studies, semi-crystalline vitrimers were obtained. A small drop in the crystallinity was observed 

compared to PBT. Transesterification reactions in these materials enable to reprocess to a certain 

extent the materials while maintaining excellent dimensional stability thanks to the cross-linked 

network.[25–32] Farge et al. more recently studied the rheological properties as well as the 

development of plasticity in PBT/epoxy based vitrimers. They showed that those materials exhibited 

better mechanical performances than PBT as they did not exhibit a strain localization but a stronger 

strain hardening phenomenon.[33, 34]  

If many studies are focused on the synthesis and characterization of various properties of vitrimer 

matrices, their formulation for the final applications has barely been studied and particularly in the 

field of fire resistance. Reactive or additive approaches are used to impart flame retardancy to a 

polymer. The reactive pathway consists in modifying the polymer main or side chains in order to 

incorporate chemical moieties on it (halogenated or phosphorus groups as examples) while the 

additive approach consists in dispersing flame-retardant additives in the matrix (no covalent link 

between both phases). In the few studies dedicated to fire retardancy of vitrimers, precursors with 

intrinsic flame retardancy have been used (reactive approach), such as cyclotriphosphazene-linked 



3 

 

epoxy resin cured with disulfide-containing aromatic diamine [35], phosphonate-based vitrimer [36] 

or phosphate ester-based vitrimers.[37, 38] Flame retardant additives in conventional vitrimer 

formulations have however been completely overlooked to date, even though such additives are 

widely present in commercial thermoplastics.  

On the other hand, efficient flame-retardant additives for PBT are mainly composed of phosphorus-

containing compounds, like phosphine oxides [39], aromatic phosphates [40-42], phosphonates [43-

45], phosphinate salts [46-48], or phosphorus-nitrogen [49] compounds, sometimes combined with 

synergists acting in the solid phase to offset the low-charring nature of PBT.[42, 45, 46, 47] These 

additives are added at loading from 10 up to 60 wt.-%.  

According to this literature review, the question arises whether incorporation in such amounts of 

additives impacts the dynamics of the exchange reactions. The incorporation of additives in vitrimer 

matrices remains marginally studied and limited to the use of nanoparticles such as silica [50] (up to 

40 wt.-%), graphene [51,52] (up to 1wt.-%), cellulose [53] (up to 15 wt.-%) or carbon nanotubes [54] 

(up to 3 wt.-%). These studies nevertheless evidence that their presence could influence the 

dynamics of exchange reactions either increasing [50] or decreasing [53] the relaxation time. 

This work consequently aims at investigating the possibility to fireproof a PBT vitrimer via the 

incorporation of a flame-retardant additive. Vitrimers were synthesized by reactive extrusion from a 

commercially available PBT, an epoxy resin and a zinc-based transesterification catalyst. Aluminum 

phosphinate was selected as flame-retardant additive as it is known for its efficiency to flame retard 

PBT without the addition of synergist. The impact of the use of this flame retardant (FR) on the 

exchange reactions as well as on the thermal, mechanical and fire properties of the new materials 

was evaluated. In the first part of this paper, formulations with the strict addition of aluminum 

phosphinate were studied, while in the second part, catalyst-free formulations were analyzed to 

further investigate the role played by the flame-retardant on the matrix behavior. 

 

II. Experimental section 

2.1. Materials 

PBT was obtained from SABIC under the name Valox 315, with an end-group 

concentration [COOH] = 37 mEq/kg and [OH] = 120 mEq/kg and Mn = 47000 g/mol. Bisphenol 

A diglycidyl ether (DGEBA; >96%) and Zinc(II) acetylacetonate hydrate (Zn(acac)2, xH2O ; 

>99%) were purchased from Sigma-Aldrich. Aluminum diethylphosphinate (AlPi, Exolit OP 

1230, average particle size from 20 to 40 μm) was purchased from Clariant. 1,1,1,3,3,3-
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hexafluoroisopropanol (HFIP ; >99%) was purchased from Fluorochem. The chemical formulas 

of the different raw materials are given in Figure 1. 

 

Figure 1. Chemical structures of the chemicals used in this study 

 

2.2. Processing 

The formulations and work-up is based on the study of Demongeot et al. [25] Formulations from 

Table 1 were prepared using a twin-screw extruder (15 cm3 DSM micro-explorer) under nitrogen flux 

to prevent oxidation. Poly(butylene terephthalate) and aluminum diethylphosphinate were dried at 

80°C overnight before processing. The molar ratios used in this study were fixed at 2:1 for 

[epoxy]/([OH]+[COOH]) and 0.11:1 for [catalyst]/([OH]+[COOH]). Aluminum phosphinate was 

incorporated at 20 wt.-%, which is a typical loading used to achieve the flame-retardant 

performances with this additive. The total volume of reactants was fixed at 10 cm3 to keep the 

torque below 7000 N. The different components of the formulations were premixed before their 

introduction in the extruder and then processed at 270°C and 60 rpm. The torque, which is indicative 

of the viscosity of the material, was recorded as a function of the residence time during each test. 

After 8 minutes, the obtained formulation was extracted from the extruder. To shorten the materials 

names, the following abbreviations will be used: E for epoxy, Z for the transesterification catalyst and 

A for the aluminum phosphinate. As an example, the material referred to as PBT-EZA was formulated 

with PBT, epoxy resin, zinc acetylacetonate and aluminum phosphinate. In this study, the focus is on 

the potential reactivity of flame retardant fillers with the vitrimer matrix. No antioxidant was added 

in our formulations considering that the addition of antioxidants, as done in other researches [25, 33, 

34], could impact this reactivity and that interactions between antioxidant and flame retardant could 

also happen.  

Table 1. Summary of the prepared formulations. 



5 

 

Sample Mass of components (g) 

 PBT 
DGEBA 

(E) 
Zn(acac)2 

(Z) 
AlPi 
(A) 

PBT 12 / / / 

PBT-A 9.7 / / 
2.41 

(20 wt.-%) 

PBT-EZ 11.7 
0.23 

(1.9 wt.-%) 
0.021 

(0.18 wt.-%) 
/ 

PBT-EZA 9.5 
0.19 

(1.6 wt.-%) 
0.017 

(0.14 wt.-%) 
2.41 

(20 wt.-%) 

PBT-EA 9.5 
0.19 

(1.6 wt.-%) 
/ 

2.41 
(20 wt.-%) 

 

Specimens for the fire, rheology and mechanical tests were prepared using a DSM Xplore 12 cm3 

Laboratory Injection-Molding Machine. The injection temperature was set to 270°C and the mold 

temperature to 100°C. 

 

2.3. Characterization methods 

Elemental analysis. The mass contents of Al and P in the formulations were determined using 

ICP-AES (iCAP 6500 Duo, Thermo Scientific). Samples were cryoground and mineralized in an 

acidic environment before their analysis. The fraction of AlPi in the material (FRm) was 

calculated by considering only the amount of phosphorus inside the material (%Pm), using the 

Equation 1. %PFR, the weight percentage of phosphorus in AlPi is equal to 24%, according to 

supplier. This formula will be used to calculate the FR fraction of the formulation or its gel 

part. For the soluble part, the calculation is detailed in the supporting informations. 

Equation 1           
   

    
  

Gel and soluble fraction separation. 200 mg of each formulation (m0) were immersed in 20 

mL of HFIP, a well-known solvent for Poly(butylene terephthalate) [32, 55] that is also a 

solvent for AlPi, for 4 days under stirring at room temperature and filtered using a Büchner 

funnel. The insoluble gel fraction collected on the filter was dried for 4 days at room temperature 

and then weighed (mgel).  

The gel ratio for the materials without FR can be directly calculated as the mass of the insoluble part 

divided by the initial mass of the sample.  
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For the flame retarded materials, the gel ratio can be calculated including or excluding the amount of 

flame retardant. In the case the FR is included, a global gel ratio (%GelPBT+FR) is calculated using 

Equation 2.1 and when the FR part is excluded, the gel ratio was calculated using Equation 2.2  

Equation 2                     
    

  
 ;      2.               

                 

             
 

with mo and %FR0 respectively the initial mass and the FR fraction contained in the formulation and 

mgel and %FRgel respectively the weight of gel and the FR fraction contained in the gel part of the 

formulation. 

The global gel ratio value will be considered when discussions about the formulation properties will 

be performed (flow and mechanical sections) and in the section dealing with the effect of adding FR 

on the crosslinking of the matrix, the gel ratio value without the FR part will be considered. 

In parallel, the filtrate was evaporated to recover the solubilized fraction. The vitrimer soluble 

part and gel fractions are referred to in the following using either a “sol” or “gel” subscript 

(PBT-EAsol or PBT-EAgel for instance). 

SEM microscopy and EPMA. The work was carried out on the Electron microscopy facility of the 

Advanced Characterization Platform of the Chevreul Institute. The morphology of the materials 

was characterized by scanning electron microscopy (SEM) using a Jeol JSM-IC 848 SEM with 

an acceleration voltage of 15 kV. A Cameca SX100 electron probe microanalyzer (EPMA) was used 

to perform elemental analysis. X-ray mappings were carried out at 15 kV and 40 nA. A TAP crystal is 

used to detect the Al K X-ray and a PET crystal to detect the P K X-ray. The samples were embedded 

into epoxy resin, polished with SiC polishing sheets from grade 80 up to grade 4000 and carbon 

coated with a Bal-Tec SCD005 sputter coater. 

Solid-state NMR analysis. Solid-state (ss) NMR has been used to follow the environment 

changes of the phosphorus and aluminum nuclei in the formulations. The analyses were 

carried out on the NMR facility of the Advanced Characterization Platform of the Chevreul 

Institute using a Bruker Avance II 400 on cryoground samples. 

31P ss NMR measurements were performed at 40.5 MHz using a 4 mm probe, with dipolar 

decoupling (DD) and magic angle spinning (MAS) at a speed of 20 kHz. The delay time 

between two impulsions was fixed at 120 s (because of the relaxation time of the phosphorus 

nucleus). The spectra were acquired after 16 to 32 scans to get a correct signal-to-noise ratio. 

The reference used was 85 % H3PO4 in aqueous solution 
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27Al ss NMR measurements were performed at 104 MHz using a 4 mm probe, with MAS at a 

speed of 20 kHz. The delay time between two impulsions was fixed at 1 s (quick relaxation 

time of quadripolar nuclei). 512 to 2048 scans have been acquired to increase the 

signal/noise ratio. The reference used is a 1 M solution of aluminum nitrate. 

Thermal analyses. Differential scanning calorimetry (DSC) analyses were performed using a 

Discovery DSC from TA Instruments under nitrogen (50 mL/min). Temperature and heat flow 

were calibrated with a high purity indium sample using standard procedures. The sample (5 

mg) was heated in an aluminum pan from -40 to 270 °C at 20 °C/min, held at 270 °C for 2 min, 

then cooled to -40 °C at 20 °C/min, held at -40 °C for 2 min, and finally heated to 270 °C at 20 

°C/min. The crystallinity ratio (χc) was obtained using Equation 3.1 and 3.2 with ΔHm100% the 

enthalpy of melting for a 100% crystalline PBT (142 J/g) [56], ΔHm the experimentally 

measured melting enthalpy and %FRm the weight percentage of FR in the material. The 

Equation 3.1 considers the global crystallinity ratio of the formulation including the FR (AlPi is 

not crystalline) whereas Equation 3.2. excludes the FR fraction from the calculation.  

Thermogravimetric analyses (TGA) were performed in alumina pans with a gold foil (to 

prevent reactions between the sample and the crucible) using a Discovery apparatus from TA 

Instrument under nitrogen flow (20 mL/min). A purge of 60 min at 40 °C was carried out 

before heating the sample (around 10 mg, powder) from 40 to 800°C at a heating rate of 

20°C/min.  

Stress relaxation experiments. Stress-relaxation experiments were conducted to record the 

time and temperature-dependent dynamics of the different PBT vitrimer formulations using 

an Anton Paar MCR 301 Rheometer equipped with 25 mm diameter plate-plate geometries. 

Shear strains of 1 % were applied, well within the linear viscoelastic regime of the material, 

while the gap was maintained at 1.5 mm during the whole experiment. Considering that 

stress relaxation of vitrimers cannot be described by a single relaxation time (as for 

polymers), the experimental stress relaxation curves G(t) were fitted using the Kohlrausch-

William-Watts (KWW) model of stretched exponentials decay (Equation 4).[57 – 59]  

Equation 3.1 

 

Equation 3.2 
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The corresponding initial relaxation modulus G0 and characteristic relaxation times τ*, were 

obtained for each temperature by fitting the experimental data with Equation 4 and applying 

the same stretching exponent β (0<β<1) to all curves in each serie. This β parameter is related 

to the breath of distribution of relaxation times (that become monodispersed for β=1). The 

average relaxation time < τ > was calculated using Equation 5, where   is the gamma function, 

i.e.                 
  

 
   

By plotting ln(<τ>) =f(1000/T), it is then possible to verify if the relaxation times vary following an 

Arrhenius law, which is typical of dynamic networks where chemical exchanges control the viscosity. 

Fire test. UL-94 tests were performed in vertical orientation on 125 mm × 12 mm × 3 mm 

rectangular samples, following the procedure defining the standard IEC 60695-11-10. For 

each formulation, a set of 5 samples is tested. Each specimen is successively fixed vertically 

on a testing holder above cotton (distance sample-cotton of 30 ± 0.5 cm). A 20 mm high blue 

calibrated Bunsen burner flame is applied to the free end of the specimen for 10 s and then 

removed. The time of burning is recorded (t1). If the sample extinguished before the clamp, 

the burner is applied a second time and the flaming time is measured again (t2). Otherwise 

the sample is not classified. Depending of the flaming time at each inflammation, the total 

flaming time of the 5 samples set and the dripping behavior, the sample obtain a specific 

rating V0, V1 or V2. The best rating is V0 and it is obtained if each sample has t1≤10 s, t2≤10 s, 

         
 
    ≤ 50 s and there is no flaming dripping. In addition to the rating, each sample 

was weighted before and after the test in order to evaluate the mass loss during the test. 

Mechanical testing. Uniaxial tensile tests were performed using an INSTRON 4466 apparatus 

equipped with a temperature-controlled chamber regulated at ±1°C. Injected ISO-527-2 

dogbone-shaped samples with 35 mm gauge length and 1.5 mm thickness were uniaxially 

drawn at a constant crosshead speed of 1 mm/min ((i.e. an initial strain rate of  5. 10-4 s-1) at 

20°C and 160°C. 

 

III. RESULTS AND DISCUSSION 

Equation 4         
  

 
  
 
 

 

Equation 5        
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3.1. Reactive extrusion of flame retarded formulation with PBT, Epoxy, Zn(acac)2 and AlPi 

The effect of the flame-retardant on the formation of the vitrimer material through reactive 

extrusion was first studied. The FR materials were synthesized by mixing simultaneously PBT, 

epoxy, Zn catalyst and AlPi components. Figure 2 presents the evolution of the torque versus 

time for this material and reference formulations.  

For the reference formulations PBT and PBT-A, the curves show a first rise corresponding to 

the introduction of the raw materials in the first minutes of processing. Then the torque 

stabilizes at a lower value (around 500 N) after the melting of the polymer and the dispersion 

of the additive. No cross-linking nor significant degradation occurs in these cases. For PBT-EZ, 

on the contrary, a steep rise in axial force is observed after 3 min of residence time reaching 

approximately 6000 N after 6-7 min. This rise is attributed to an increase in the viscosity due 

to the reactions between PBT and epoxy in the presence of the Zn(II) transesterification 

catalyst.[60] The same rise is observed when 20 wt.-% aluminum phosphinate is added to the 

formulation (PBT-EZA). A slightly lower plateau value is achieved (i.e. 4700 N) and a significant 

acceleration of the cross-linking reactions is observed (torque increase from 90 s). In all cases, 

the axial force slowly decreases after the maximum force is reached, which may be linked 

with the occurrence of chain breaks.  

 

Figure 2. Evolution of the torque recorded during reactive extrusion for PBT, PBT-A, PBT-EZ, PBT-EZA 
and PBT-EA formulations  

 

To confirm and quantify the formation of cross-linked networks, the gel content of each 

formulation was determined in HFIP which is at the same time a solvent of PBT and AlPi. 

While PBT and PBT-A samples are fully soluble as expected, PBT-EZ and PBT-EZA materials 

present a gel fraction characteristic of a cross-linked network. For PBT-EZ, a gel fraction of 68 

(± 4) wt.-% was calculated directly by weighing the insoluble part. For PBT-EZA, a global gel 
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ratio of 63wt.-% was obtained using equation 2.1. The latter includes the part of FR that has 

not been solubilized. A second gel fraction was also calculated excluding the FR part using 

Equation 2.2. It is representative of the crosslinking of the matrix. To determine it, elemental 

analysis was performed to quantify the phosphorus content in the formulation and in the gel, then 

the %FRm was calculated using Equation 1 (Table 2). The analyses show that PBT-EZA contains 

18.3wt.-% of FR and the gel fraction 11.3 wt% of AlPi. A resulting gel fraction of 69 wt.-% was 

calculated for PBT-EZA. The global gel ratio is a little bit lower than the gel ratio of PBT-EZ. However, 

the gel ratio of the matrix fraction (%GelPBT) is similar to what was obtained for PBT- EZ (68 ± 4 wt.-%) 

showing that the presence of flame retardant does not prevent the crosslinking to occur. 

Table 2. Weight percentages of Aluminum and Phosphorus remaining in PBT-EZA and PBT-EZAgel 
based on elemental analysis and calculated %FRm and gel ratios 

Sample %GelPBT+FR Al (wt.%) P (wt.%) %FRm %GelPBT  

PBT-EZA 63 ± 3 1.20 ± 0.04 4.35 ± 0.02 18.3 69 ± 3 

PBT-EZAgel / 0.78 ± 0.01 2.70 ± 0.40 11.3 / 

 

Stress-relaxation experiments have been performed on PBT-EZ and PBT-EZA to evaluate the 

dynamics of the network relaxation at different temperatures. The curves are presented in 

Figure 3 - 1 and Figure 3 - 2. The presence of a significant fraction of non-cross-linked chains 

(around 30%) in the dynamic system leads to a complex relaxation behavior. Non-elastically active 

chains typically lead to fast relaxations (before 1 s), while network relaxations due to bond exchanges 

occur at longer times (after 10 s). At intermediate times, the presence of a clear plateau 

characteristic of the cross-linking density is not always observed. Only the second part of the 

relaxation curve was thus fitted with a Kohlrausch-William-Watts model to estimate the network 

modulus and relaxation time (See details in Table S 1 and Table S 2 in the ESI†).  

At comparable temperatures, PBT-EZA exhibits much faster network relaxations than PBT-EZ (by a 

factor of ca. 100) thus showing that AlPi is considerably active as transesterification catalyst. The 

temperature-dependence of the network relaxation times for PBT-EZ and PBT-EZA displays an 

Arrhenius behavior in both cases, with activation energies of 130 and 155 kJ.mol-1, respectively, in 

line with previously reported data on PBT vitrimers (Figure 3 - 4). [25, 30] 
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Figure 3. Stress relaxation curves for (1) PBT-EZ, (2) PBT-EZA and PBT-EA (3) at different 
temperatures. Experimental data in plain line, Kohlrausch-William-Watts model in dotted line, (4) 
Arrhenius plots of the network relaxation times. 

 

Thermal properties of the materials are reported in Table 3 and thermograms presented in 

Figure S 2. In addition to the previously studied formulations, the thermal characteristics of 

the gel and soluble part of PBT-EZ and PBT-EZA were also analyzed.  

The vitrimer samples, PBT-EZ and PBT-EZA, have similar glass transition temperatures (Tg 

around 47°C), which is significantly higher compared to PBT and PBT-A (Tg around 40°C) due 

to cross-linking leading to a decrease in the mobility of the network. This difference is also 

observed between the gel (Tg around 47°C) and solubilized fractions of the materials (Tg 

around 40°C) supporting the conclusion.  

The formation of a cross-linked network impacts also both the melting temperature and 

crystallinity of the material. PBT, PBT-A and to some extent the soluble fractions PBT-EZsol, 

and PBT-EAsol exhibit a double melting endotherm (Tm1 and Tm2) usually attributed to the 
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presence of two different distributions of lamella thickness. Upon heating, melting, 

recristallization, lamella thickening and crystal perfecting phenomena occur in the polymer. 

[61, 62] On the contrary, cross-linked materials display a single melting endotherm (Tm1) as 

the crystal perfection step might be prevented. Besides, PBT-EZgel and PBT-EZAgel have a lower 

Tm compared to their partially cross-linked counterpart. 

 

Table 3. Thermal characteristics of PBT, PBT-A, PBT-EZ, PBT-EZA and their gel and soluble part. 
Crystallinity of PBT-EZAsol was obtained by considering the amount of FR left after solubility tests 
(Equation S 1 in ESI† ). PBT-EZAgel crystallinity could not be precisely obtained due to close proximity 
of the endotherm observed for AlPi (for additional details, see Figure S1 in ESI†). 

Sample Tg (°C) Tm1 (°C) Tm2 (°C) ΔHm (J/g) Tc (°C) ΔHc (J/g) χc PBT /χc PBT+FR (%) 

PBT 39 ± 1 215 ± 1 225 ± 2 51 ± 2 191 ± 2 51 ± 2 36 ± 1 

PBT-EZ 47.1 ± 0.9 217 ± 1 / 45 ± 1 185 ± 1 46 ± 1 32 ± 1 

PBT-EZgel 47.4 ± 0.6 210 ± 3 / 37 ± 1 173 ± 32 37 ± 1 26 ± 1 

PBT-EZsol 40.4 ± 0.5 212 ± 1 223 ± 1 49 ± 1 190 ± 1 49.2 ± 0.9 35 ± 1 

PBT-A 39.7 ± 0.7 213 ± 0.7 224 ± 1 37 ± 2 190.9 ± 0.7 42 ± 1  32 ± 2 / 26 ± 2 

PBT-EZA 46 ± 1 213 ± 1 / 21 ± 2 172 ± 3 / 18 ± 2/ 16 ± 2  

PBT-EZAgel 46.3 ± 0.8 209 ± 1 / / 161.7 ± 0.8 / / 

PBT-EZAsol 41.1 ± 0.9 210 ± 0.7 218 ± 0.5 27.2 ± 0.6 180.0 ± 0.5 30.5 ± 0.8 29 ± 1  

PBT-EA 46 ± 1 213 ± 1 / 22 ± 2 173 ± 3 / 18 ± 1 / 16 ± 1 

PBT-EAgel 46 ± 1 206 ± 1 / / 164 ± 1 / / 

PBT-EAsol 40 ± 1 219 ± 1 / 25 ± 1 178 ± 1 / 27 ±1 

 

Incidentally, crystallinity evolution is on par with the decrease of Tm. A decrease of 

10% in crystallinity is observed between PBT and PBT-EZ. However, PBT-EZgel exhibits a 

radically lower crystallinity, with a decrease of 30% compared to thermoplastic PBT 

formulations. Those results are in accordance with a previous study [25] related to the impact 

of the cross-linking ratio on PBT vitrimer crystallinity. Indeed, it was established that at higher 

gel fractions (>50%), cross-linking leads to a decrease of crystallinity [25, 55] in PBT vitrimer. 

Finally, the influence of the aluminum diethylphosphinate particles on the vitrimer 

crystallinity is clearly visible on PBT-EZA. While Xc decreases by 10% between PBT and PBT-A, 

it drops by nearly 50% for PBT-EZA. This result implies that the crystallinity of the vitrimer is 
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much more sensitive to particle fillers compared to usual PBT thermoplastics. Even if the 

crystallinity of PBT-EZAgel could not be precisely obtained due to peak overlap, its 

thermograms indicate a lower value than PBT-EZA (Figure S 1), an evolution previously seen 

between PBT-EZ and PBT-EZgel. 

 

3.2. Role of AlPi in the vitrimer formation 

In the first part, it was shown that the incorporation of AlPi has a significant impact on the 

cross-linking kinetics and decreases dramatically the network relaxation times. To further 

understand the role of aluminum phosphinate in the synthesis of the PBT vitrimer, a sample 

(PEBT-A) without the Zn-based transesterification catalyst but with AlPi was synthesized. In 

this new sample, AlPi, which is supposed to act as a catalyst, is added at 20 wt.-% (412 

mol%/[COOH+OH]), while for PBT-EZ, the Zn(II) catalyst molar ratio was 5 mol%/[COOH+OH]. 

Figure 2 presents the evolution of the torque during synthesis in comparison with PBT-EZ and 

PBT-EZA. Even in the absence of the Zn-based transesterification catalyst, an increase in the 

axial force is still observed. The maximum axial force reached 5000 N around a minute later 

than for PBT-EZA (at 6-7 minutes), which is similar to the time observed for PBT-EZ 

formulation. The material presents a global gel ratio of 62wt.-% and a gel ratio without 

considering the FR present in the gel of 68 wt.-%. The gel ratio value of the matrix phase of 

the gel is  similar to PBT-EZA (calculated by using Equation 2 and Equation 3 and data from 

Table 4). This result confirms the role of AlPi as transesterification catalyst. 

 

Table 4. Weight percentages of Aluminum and Phosphorus remaining in PBT-EA and PBT-EAgel based 
on elemental analysis and calculated %FR and %gel 

Sample %GelPBT+FR Al (wt.-%) P (wt.-%) %FRm %GelPBT 

PBT-EA 62 ± 4 1.25 ± 0.02 4.28 ± 0.02 17.8 68 ± 4 

PBT-EAgel / 0.71 ± 0.01 2.49 ± 0.01 10.4 / 

 

The vitrimer behavior of the newly formed materials was evidenced by stress-relaxation 

experiments (Figure 2 and Table S 3). PBT-EA exhibits an activation energy of 179 kJ.mol-1, and 

relaxation times that are in the same order of magnitude as PBT-EZA. Usually, 

transesterification-based CANs exhibit high relaxation times [8, 25, 30-32, 63, 64], making their 

synthesis hard to up-scale to a continuous process. Such low relaxation time has never been 

seen for any transesterification-catalyzed vitrimer, making poly(butylene terephthalate) - 
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aluminum phosphinate vitrimer an interesting candidate to upscale to continuous processes. 

Besides, PBT-EA presenting a high activation energy (Ea) compared with PBT-EZ enables to 

have a more sensitive temperature dependency leading to contrasted changes in viscosity. 

[19] 

 

3.3. Impact of the vitrimer network on the FR dispersion and structure  

As previously demonstrated, AlPi acts as a catalyst in the bond exchange reaction of the PBT- 

vitrimer network. It is consequently not an inert filler in the formulation. Thus, in this part, 

the impact of the formation of the vitrimer matrix on the repartition of the flame-retardant 

and the possible change of its chemical structure was investigated.  

SEM and Microprobe analyses have first been performed on cross-sections of the extruded 

PBT-EA and its gel fraction PBT-EAgel (Figure 4). Particles containing both P and Al are clearly 

visible in the PBT-EA sample, and can be attributed to the presence of the FR additive. Their 

diameters range from a few μm to up to 20 μm. These values are in the range of the particle 

size given by the supplier of the FR additive. On the other hand, chemical analyses were also 

performed on points PBT-EA-2 and PBT-EAgel-1, where no particles were visible. The presence 

of P and Al is observed, which implies that a fraction of aluminum phosphinate has been 

homogeneously dispersed into the vitrimer matrix. The presence of FR in the gel fraction is 

also visible, however, no particles are noticeable but microprobe analysis confirmed that P 

and Al are homogeneously distributed in the gel or even dissolved in it. This result is to be put 

on par with the elemental analysis, which confirmed that around 50% of aluminum and 

phosphorus was still present in the gel fraction. Those results indicate that a large quantity of 

the AlPi is homogeneously dispersed/dissolved in the gel fraction of the vitrimer.  
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Figure 4. On top: SEM images of PBT-EZ, PBT-EA and PBT-EAgel and their respective EDX analysis. On 
the bottom: EPMA images and P and Al mappings of PBT-EA and PBT-EAgel 

To detect modification of the chemical environment around the aluminum and phosphorus 
atoms, 27Al and 31P ss NMR analyses were performed on PBT-EZA, PBT-EA and their respective 
gel fractions (PBT-EZAgel and PBT-EAgel). The obtained spectra are represented in Figure 5. The 
27Al ss NMR spectrum of AlPi exhibits a single peak at -12 ppm (

 

Figure 5 - 1) due to the octahedral geometry of Al3+ cations, coordinated to phosphorus in 
their second coordination sphere.[65] On the other hand, 31P ss NMR spectrum presents two 
peaks between 38 and 45 ppm (

 

Figure 5 - 2), characteristic of phosphinate sites. [66] 

While those peaks on 27Al and 31P spectra are still present for PBT-EA and PBT-EZA, the 

analysis of their gel fraction highlights the presence of new, low-intensity signals at around 47 

PBT-EA 

PBT-EAgel 
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ppm for 27Al analyses (
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Figure 5 - 3), indicating either a tetracoordinated or hexacoordinated aluminum, and at 52 

and 56 ppm for 31P analyses (

 

Figure 5 - 4). These peaks could be attributed to the presence of diethylphosphinic acid [67]. 

According to the literature, this acid should exhibit a single peak round 52-53 ppm in 31P 

NMR. It could be assumed that the presence of two peaks instead of one is due the slightly 

different environments surrounding the acid groups in the gel. Its presence shows that AlPi 

salt is partially modified. The presence of these peaks in the gel fraction could be linked to the 

catalytic role of AlPi in the vitrimer formation. Demongeot et al. [59] previously showed that 

Zn transesterification catalysts in vitrimers do not remain under their initial Zn(acac)2 form, 

but undergo ligand exchanges to form active complexes structurally bonded to the network 

through alkoxide or carboxyl ligands. By analogy with this study, it is reasonable to assume 

that the Al3+ cation can undergo similar ligand exchanges and might also be structurally 

bonded to the vitrimer network. Consequently, some ligand exchanges may have occurred 

explaining the change in P and Al chemical environment, i.e. the “phosphinate ligands” may 

act as weak bases to deprotonate the β-hydroxyester, forming an alkoxide which will, in turn, 

either attack an ester group from the PBT backbone or serve as a ligand for Al3+. The low 

intensity of the new peaks may be caused by the low cross-linking density of the cross-linked 
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network, limited by the number of reactive -COOH and -OH bonds. Thus, only low quantities 

of AlPi can interact with the matrix to effectively catalyze the transesterification reaction.  

 

 

 

Figure 5. 27Al (1) and (2) and 31P solid-state NMR (3) and (4) spectra of AlPi, PBT-A, PBT-EA, 
PBT-EAgel, PBT-EZA and PBT-EZAgel; zoom on the new peak (right).  

 

3.4. Properties of vitrimers PEA 

This part aims at investigating the advantage of the vitrimer matrix on the thermal stability, 

fire and mechanical properties of the flame retarded PBT vitrimer material PBT-EA. 

 

The thermal properties of the materials have first been analyzed using DSC and TGA analyses. 

DSC results are presented in Table 3. As PBT-EZ and PBT-EZA, PBT-EA and PBT-EAgel exhibit 

higher Tg of 46°C compared with their thermoplastic reference PBT-A, a single melting endotherm 

and similar crystallinity values on par with PBT-EZA for PBT-EA. Thus, vitrimer with AlPi as the 



19 

 

sole transesterification catalyst shows similar thermal properties as the vitrimer combining 

both AlPi and Zn(acac)2. 

TGA and derivative thermogravimetry (DTG) curves recorded under nitrogen for PBT, PBT-EZ, 

PBT-A and PBT-EA are presented in 

 

Figure 6. The materials that do not contain the flame retardant, PBT and PBT-EZ, decompose 

in the same way in a single step from 320 to 450°C leading to a residue of around 3 wt.-%. 

The flame-retarded materials present, in addition to this first step, a minor second step 

between 450 and 500°C. A final char residue of 12 wt.-% is found for PBT-EA and PBT-A. AlPi is 

known to act in the gas phase as well as in the condensed phase with the formation of a 

transitory residue stabilized by phosphorus that eventually decomposes at a higher 

temperature. [65, 66] As AlPi decomposes in a single step between 380 and 520°C with a 

residue of around 7 wt.-%, [66] the calculated weight of residue without interaction in the 

condensed phase should be around 3.8 wt.-%. Here a residue of 12 wt.-% is obtained 

indicating the presence of interactions in the condensed phase between PBT and AlPi 

decomposition products. However, the same amount of residue is obtained for the flame 

retarded thermoplastic and vitrimer. Whether the material is vitrimer or thermoplastic the 

same decomposition pathway is followed and the presence of the vitrimer network does not 

lead to better thermal stability. 
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Figure 6. TGA (left) and DTG (right) of PBT (dashed), PBT-A (dashed), PBT-EZ and PBT-EA 

 

UL-94 tests have been performed on the different materials. Table 5 describes the 

classifications obtained by the different formulations as well as additional parameters 

measured in UL-94 tests such as the flaming time after the first and second burner exposition, 

the loss of flaming drops that ignite the cotton placed underneath the sample as well as the 

mass loss during the test.  

After the first burner application, PBT exhibits a flaming time above 30 s, while flaming time 

for PBT-EZ does not exceed a few seconds. However, the second application of the burner 

leads to similar flaming times for both samples, with both materials burning intensely to the 

clamp after ignition with strong flaming drips inflaming the cotton. On the contrary, both 20 

wt% filled materials are V0 rated, which is the best rating, with no dripping observed. A slight 

difference can be observed in terms of mass loss during the tests. Indeed, even if there is no 

dripping, part of the materials decomposes releasing gaseous degradation products that leads 

to a decrease of the sample mass. Here, flame- retarded vitrimer (PBT-EA) loses less mass 

than the flame-retarded PBT (PBT-A) (1.5 versus 3 wt.-%). Another difference can be observed 

in Figure 7 between these two materials revealing the difference of melt strength. Indeed, the 

vitrimer samples do not elongate due to flowing at high temperatures contrary to the 

thermoplastics.  

Overall, the aluminum phosphinate can act as a transesterification catalyst in the vitrimer 

system without impacting its efficiency as a flame-retardant for the matrix. It could be 
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interesting to further study the potential advantages of flame-retarded vitrimer by lowering 

the loading of flame-retardant to see if a difference in fire performance could be observed 

with the vitrimer matrix compared to the thermoplastic matrix and also to test different 

thermal constraints (cone colorimeter test or glow wire test for example). 

 

Table 5. UL-94 classification results 

Sample %GelPBT Rating t1 (s) t2 (s) 
Dripping  

+ cotton ignition 

Mass 

loss (wt.-%) 

PBT 0 NC >30 >30 Yes 85 ± 15 

PBT-EZ 68  ± 4 NC 1 ± 1 >30 Yes 80 ± 20 

PBT-A 0 V0 0 1 ± 2 No 3.0 ± 0.5 

PBT-EA 69  ± 3 V0 0 1 ± 2 No 1.5 ± 0.5 

NC=Not Classified, t1 = flaming time after the first flame application; t2 = 

flaming time after the second flame application 

 

 

Figure 7. PBT-A and PBT-EA UL-94 samples after testing. The ruler and intact bar (ref.) are 
shown for illustration purpose only. 

 

The mechanical properties of PBT, PBT-A, PBT-EZ and PBT-EA were finally evaluated in quasi-

static tensile tests (Table 6). At room temperature, PBT exhibits a classic ductile behavior [68] 

with a yield stress of 48 MPa followed by the formation and propagation of a necking leading 

to a high elongation at break reaching up to 400% (Figure 8 - 1). Compared to virgin PBT, PBT-

EZ presents an increase in the Young’s modulus by 30% (1750 versus 1320 MPa), a 30% higher 

breaking strength (62 versus 48 MPa), a drastic decrease in the strain at break (12% versus 
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400%) and no necking phenomenon. This shows that the cross-linking promotes more 

homogeneous deformation with a strain-hardening behavior. This absence of localized plastic 

deformation compared with its PBT counterpart has been studied by Farge et al., and was 

attributed to the presence of “chemical nodes” formed during cross-linking, in addition to the 

“physical nodes” promoted by the entanglement of the network. [33, 34] The crosslinked 

macromolecular network of the vitrimer is consequently less extensible compared to its 

thermoplastic counterpart leading to a lower strain at break. 

When AlPi is added to the systems, Young’s modulus increases by around 23% for PBT-EA 

compared to PBT-EZ, and 20% for PBT-A compared with PBT. However, both matrices exhibit 

brittle-like behavior with similar deformation at break under 4%. The incorporation of micro-

sized filler is widely considered as the main factor responsible for the important changes 

observed in the mechanical behavior [69, 67]: the higher young modulus can be explained by 

the higher stiffness of AlPi particles compared with pristine thermoplastic or vitrimer matrices 

and the probable lack of adhesion between the filler and the matrix leads to the low strain at 

break values. 

To confirm the influence of the cross-linked network on the improved stiffness, tensile tests 

were also conducted at 160°C i.e. far above Tg, and still below melting temperature (Figure 8). 

PBT-EA exhibits a 30% higher modulus than PBT-A while the latter exhibits a higher 

crystallinity than PBT-EA (χc PBT+FR of 26 versus 16%). This shows the impact of the cross-linked 

network of the vitrimer on the mechanical behavior.  Moreover, PBT-EA exhibits uniform strain 

distribution throughout the entire specimen and is able to undergo plastic deformation without 

necking contrary to PBT-A (Figure 9). Thus, at 160°C, PBT-EA exhibits a better elongation at break 

(nearly double). At those temperatures, bond-exchange reactions may occur within the amorphous 

phase, which could promote a reconfiguration of the network inducing a homogeneous deformation.  

Table 6. Mechanical properties of compound PBT, PBT-A, PBT-EZ and PBT-EA, measured by tensile 
testing. If not indicated, tests were conducted at room temperature. 

 E (MPa) 
Yield stress 

(MPa) 

Stress at break 

(MPa) 

Strain at break 

(%) 

PBT 1320 ± 100 49 ± 2 48 ± 3 Up to 400 

PBT-A 1600 ± 100 / 38 ± 4 4.0 ± 0.3 

PBT-EZ 1750 ± 150 56 ± 3 62 ± 4 12 ± 2 

PBT-EA 2150 ± 100 / 55 ± 3 3.5 ± 0.5 

PBT-A 
(160°C) 

227 ± 9 / 12 ± 1 27 ± 5 
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Figure 8. Stress-strain curves of the thermoplastics (PBT, PBT-A) and vitrimer equivalents (PBT-EZ, 
PBT-EA), at room temperature (1) and at 160°C (2). 

 

Figure 9. Pictures of dog-bone samples after tensile test at 160°C. A beginning of drawing with strain 
localization (necking) is visible for compound PBT-A (left), while no strain localization appears for 
PBT-EA (right). 

IV. CONCLUSION 

This paper reports the successful synthesis of fireproofed PBT-based vitrimers by reactive 

extrusion and using aluminum phosphinate as an FR additive. Gel content, elemental analysis, 

NMR studies and rheological characterizations in the melt indicate that the aluminum (III) 
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phosphinate salt can act as both a transesterification catalyst and an FR additive. Moreover, 

the fireproof PBT-based vitrimer presents better fluidity at high temperatures compared to 

pristine vitrimer, with a relaxation time of about a hundred times faster. This effect can be 

crucial considering the processing of vitrimer through reactive extrusion. The thermal analysis 

highlights a steep decrease in crystallinity for filled vitrimers compared to PA, a Tg similar to 

PBT vitrimer without fire retardant. Interestingly, the filled vitrimer presents better 

mechanical performances than PA, with a higher tensile strength while keeping similar 

thermal degradation behavior. 

The existence of several types of commercially available flame-retardant salts constitutes a 

great opportunity to create a potential easy-to-design flame-retarded PBT-vitrimer with 

unique fluidity. Besides, as PBT-aluminum phosphinate vitrimers seem to show better 

dimensional stability during fire than thermoplastic PBT-AlPi, ongoing research is dedicated to 

obtain PBT vitrimers with similar thermal properties while reducing the amount of 

phosphinate required. 
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