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Construction of flame-retardant
and water-resistant polybutylene
terephthalate composites by
reactive extrusion

Guowen Ran, Jingfan Zhang, Yihui Yuan, Haisheng Xie, Tao Li,
Xiucai Lan and Yanxiao Cao*

China Bluestar Chengrand Co., Ltd., Chengdu, China

The combination of aluminum diethylphosphinate (ADP) and melamine
pyrophosphate (MPP) has been extensively utilized in flame-retardant
polybutylene terephthalate (PBT) composites. However, the hydrophilic nature
of ADP and MPP leads to their migration to the surface or separation from
the PBT matrix under the influence of heat and moisture, which subsequently
results in the degradation of both flame retardancy and mechanical properties.
In this study, reactive epoxy groups were introduced onto the surface of the
flame retardant (FR) using a simple method. The resulting encapsulated flame
retardant (EP@FR) was then incorporated into PBT via a twin-screw extruder.
During extrusion process, the reactive epoxy groups interacted with the free
terminal hydroxy and carboxy derived from the PBT, forming covalent bonds
at the interface of FR and PBT, thereby enhancing flame retardancy and water
resistance. With the addition of 16.0 wt% EP@FR, the PBT/EP@FR composites
achieved a UL-94 V-0 rating with an LOI value of 28.5%. Notably, themechanical
properties and UL-94 V-0 rating of the PBT/EP@FR composites weremaintained
even after immersion in water at 70°C for 14 days. It is expected that this work
can provide a promising strategy for the development of flame-retardant and
water-resistant PBT composites.

KEYWORDS

polybutylene terephthalate, reactive extrusion, flame retardancy, water resistance,
mechanical properties

1 Introduction

Polybutylene terephthalate (PBT), as one of the most versatile engineering plastics,
exhibits excellent mechanical properties, chemical resistance and electrical insulation
performance. These characteristics have led to its widespread use in various industries,
including electronics, automotive, and mechanical engineering (Dobrotă and Lazăr, 2021;
Chan et al., 2022). Particularly, due to its superior electrical insulation and thermal stability,
the application of PBT is significantly growing, driven by the rapid development of new
energy vehicles. However, the flame retardancy of PBT is insufficient for use in electrical
devices. The limiting oxygen index (LOI) value of PBT is approximately 22.0%, which
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is considered as flammable materials (LOI≤22.0%) (Courtat et al.,
2017; Sun et al., 2022; Yan et al., 2023; Ge et al., 2024). Therefore, it
is of significant importance to enhance the flame retardancy of PBT
to meet the increasing demands in new energy vehicles application.

The combination of aluminum diethylphosphinate (ADP) and
melamine pyrophosphate (MPP) has been demonstrated as an
efficient halogen-free flame retardant for PBT (Ding et al., 2018;
Hamlaoui et al., 2021; Jin et al., 2017a). However, both ADP
and MPP exhibit poor compatibility with PBT, which results in
a reduction of the mechanical properties. More importantly, the
hydrophilicity of ADP and MPP causes them to easily migrate to
the surface or even separate from the PBT matrix when exposed to
heat andmoisture, thereby adversely affecting both flame retardancy
and mechanical properties (Sheng et al., 2017; Liu et al., 2024).
Although hygrothermal testing of PBT/ADP/MPP composites is
scarce, the water resistance of ADP in other thermoplastic materials
has been widely reported. Tan et al. investigated the water resistance
of EVA/ADP composites and it was found that ADP was highly
sensitive to moisture, easily migrating to the surface of EVA
(Tan et al., 2019). Liu et al. found that the flame retardancy of EVA
contained Al(OH)3, ADP and melamine cyanurate was seriously
deteriorated after hydrothermal aging (Liu et al., 2024). The LOI
value of the flame-retardant EVA was decreased from 36.3% to
30.5%. The total heat release and total smoke production were
increased by 13.8% and 273.3%, respectively. Given that EVA is
widely used in cable applications, and considering the increasing
utilization of PBT in electronic devices, similar challenges may
arise for PBT.

It has been reported that surface modification is an effective
method to improve the hydrophobicity and the compatibility of
FR with polymer matrix, thereby improving the water resistance of
the materials (Tang et al., 2023a; Jin et al., 2024). Zhou et al. used
silicone rubber as a shell to microencapsulate ADP then used it as a
flame retardant of ABS (Zhou et al., 2024).The results demonstrated
that both of the flame retardancy and mechanical properties were
enhanced due to the improved compatibility with ABS. Similarly,
Pan et al. encapsulated ADP with polydimethylsiloxane (PDMS-
ADP). The hydrophobic of ADP was improved and the flame
retardancy of PA6/PDMS-ADPwas also enhanced (Pan et al., 2020).
Nonetheless, most surface modification strategies only formed an
organic shell on FR that interacted with polymer matrix physically,
resulting in a limited improvement of the compatibility between
FR and polymer matrix (Ke et al., 2023; Deng et al., 2024).
Furthermore, many studies focused primarily on the improved
hydrophobicity of the FR itself, without sufficiently investigating the
flame retardancy and water resistance of the entire polymer matrix
(Liu et al., 2019; Du et al., 2022).

Recently, reactive extrusion was considered one of the most
promising methods for processing thermoplastic materials in the
further. Reactive extrusion is a process in which a chemical reaction
takes place during the melting and extrusion process, facilitated
by heat and shear generated by the equipment. Typically, the
reaction between -NH2 groups of nylon and the acetic anhydride
was one of the most practical applications of reactive extrusion
(Xiao et al., 2021). It was reported that epoxy groups exhibited
high reactivity toward the terminalhydroxyl/carboxyl groups of
PBT (Choi et al., 2016; Zhou et al., 2017; Fang et al., 2024).
Poutrel et al. prepared PBT vitrimers through reactive extrusion

with commercial PBT and epoxy (Poutrel et al., 2024). Furthermore,
Meunier et al. found that aluminum phosphinate (AlPi) acted
as a transesterification catalyst during the preparation of PBT
vitrimers (Meunier et al., 2024). Fang et al. prepared PBT/ABS
copolymer blends by incorporating styrene-acrylonitrile-maleic
anhydride (ASMA) copolymers and epoxy (Fang et al., 2024). The
results showed that the epoxy functional groups reacted with both
the anhydride groups of ASMA and the terminal -OH and -COOH
groups of PBT, leading to the formation of ASMA-EP-PBT graft
copolymers.

Inspired by previous studies, a highly reactive FR with epoxy
groups (EP@FR)was designed and prepared by surfacemodification
of a commercially used FR containing ADP and MPP, using 3-
Glycidoxypropyltrimethoxysilane (KH560). It is expected that the
epoxy functional groups can react with the -OH and -COOH
derived from PBT during the extrusion process. In this way, FR was
chemically bonded to PBT matrix via covalent bonds. The effects
of FR and EP@FR on the flame retardancy, mechanical properties,
water resistance and thermal properties of PBT were investigated. A
proposed mechanism for the enhanced flame retardancy and water
resistance was outlined. It is expected this work can provide valuable
insights for the processing of flame-retardant and water-resistant
polymer composite materials.

2 Experiment

2.1 Material

Polybutylene terephthalate (PBT, 1100-211S) was supplied by
Changchun Plastics Co., Ltd. Aluminum diethylhypophosphate
(ADP, OP 1230) was purchased from Clariant (Shanghai, China).
Melamine pyrophosphate (MPP) was provided by Sichuan Institute
of fine Chemical Industry Research & Desigen Co., Ltd. 3-
Glycidoxypropyltrimethoxysilane (KH560, ≥97.0%), anhydrous
ethanol and acetic acid (≥99.5%) were purchased from aladdin
Co., Ltd. All reagents were used without further purification.

2.2 Synthesis of KH560 oligomer

The synthesis route of KH560 oligomer was adapted from
previous reports with certain modifications (Peng et al., 2023;
Zhang et al., 2024). As illustrated in Figure 1, 45.0 g KH560 was
dissolved in a mixture solution consisting of 105.0 mL of deionized
water and 6.0 mL anhydrous ethanol at ambient temperature. The
mixture was stirred at a rate of 500 rpm for 30 min in a beaker.Then,
acetic acid was added into the mixture dropwise within 10 min to
adjust the PH to 2–4. The solution was stirred continuously for 5 h
at 40°C and the transparent KH560 oligomer solution was obtained
with a solid content of approximately 28.0 g/mL.

2.3 Preparation of EP@FR

The flame retardants consisted of ADP and MPP in a mass ratio
of 2.5:1, which has been identified as the most effective ratio for the
flame-retardant PBT. As shown in Figure 1, 200 g of flame retardants
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FIGURE 1
The synthesis route of KH560 oligomer and EP@FR.

TABLE 1 Formulas of the flame-retardant PBT composites.

Sample FR (wt%) EP@FR-1 (wt%) EP@FR-2 (wt%) EP@FR-3 (wt%)

PBT — — — —

PBT/FR 16.0 — — —

PBT/EP@FR-1 — 16.0 — —

PBT/EP@FR-2 — — 16.0 —

PBT/EP@FR-3 — — — 16.0

(FR) granuleswere put into amechanicalmixerwith a stirring rate of
100 rpm.KH560 oligomer solutionwas dilutedwith deionizedwater
to 100.0 mL at varying concentration of 0.08 g/mL, 0.12 g/mL and
0.16 g/mL. Then, the diluted KH560 oligomer solution was sprayed
into the mechanical mixer within 10 min and the stirring rate was
increased to 500 rpm for 30 min. Subsequently, the mixture of FR
and KH560 oligomer solution was transferred to an oven at 120°C
to completely evaporate the solvent. Finally, white powders were
obtained and named as EP@FR-x, where EP@FR-1, EP@FR-2 and
EP@FR-3 corresponded to FR modified with of KH560 oligomer
solution at concentration of 0.08 g/mL, 0.12 g/mL and 0.16 g/mL,
respectively.

2.4 Preparation of flame-retardant PBT
composites

PBT granules, EP@FR-x and other additives were first dried in
an oven at 100°C. The dried EP@FR-x was then blended with PBT
using a twin-screw extruder (CTE 35, Coperion,NanjingMachinery
Co., ltd, China) with the extrusion temperature at 220, 240, 240,
240, 240, 230, 230, 230, 230, 240°C, respectively. The detailed
formulations of the flame-retardant PBT were listed in Table 1.
Then the samples for flame-retardant and mechanical
performance test were prepared by an injecting molding machine
(HTF90W1, Haitian group, China) at temperature ranging from
230 to 250°C.

Detailed information of material characterization is
provided in the Supplementary Information.

3 Results and discussion

3.1 Chemical components of EP@FR

As shown in Figure 2A, the characteristic peaks of C-O and Si-
O were presented in the FTIR spectrums of both EP@FR-2 and
KH560 oligomer. The C-O bond was attributed to the epoxy groups
from KH560 oligomer and the Si-O structure was also derived
from the KH560 oligomers (Feng et al., 2024; Li et al., 2024c).
XPS was carried out to investigate the chemical composition of
EP@FR-2. As shown in Figure 2B, FR contained C, N, O, P and Al
with elemental mass ratio of 60.4 wt%, 5.3 wt%, 23.7 wt%, 7.9 wt%
and 2.7 wt%, respectively. In terms of EP@FR-2, compared to the
FR, the mass ratio of C, N, P and Al all decreased, while the
mass ratio of O increased. Meanwhile, Si appeared with a mass
ratio of 2.3 wt%, which was attributed to the KH560 oligomer.
As shown in Figure 2D, the XPS Si spectrums revealed that there
was only one type of chemical bonding existing for Si. Figure 2C
exhibited the thermal stability and char residue of FR and EP@FR.
The results indicated that the introduction of KH560 oligomer
did not affect the initial decomposition temperature (T5%) or
the max decomposition temperature (Tmax) of the FR. However,
the char residue was increased from 11.2% to 16.1%, which
was attributed to the high char residue of the KH560 oligomer
(Yang et al., 2021; Wang et al., 2023; Zhang et al., 2023). Based on
the above characterization, it was concluded that KH560 oligomer
was successfully coated on the surface of the FR via the condensation
reaction between the Si-OH and the -OH on the surface of the FR as
well as physical adhesion of the silicon couple agent itself.
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FIGURE 2
(A) FTIR spectrums; (B) XPS full spectrums; (C) thermal stability; (D) XPS Si spectrums of FR and EP@FR-2.

3.2 Flame retardancy

The flame retardancy of the PBT composites was evaluated by
the LOI and UL-94 vertical burning test. As shown in Table 2, the
LOI value of the control PBT was 22.0%. After the addition of FR,
the LOI value was increased to 28.3%, while the introduction of
KH560 oligomer did not apparently affect the LOI value. The LOI
value of PBT/EP@FR-2 was slightly increased to 28.5%. In the UL-94
vertical burning test, thecontrolPBTcompletelyburnedout in thefirst
ignition and did not achieve any UL-94 rating. After the introduction
of FR, PBT/FR composites self-extinguished immediately after the
first ignition and within 13.0 s after the second ignition, achieving a
UL-94 V-1 rating. After being coated with KH560 oligomer, all the
PBT/EP@FR composites self-extinguished within 10 s, achieving a
UL-94 V-0rating.Therewasanoptimalcore-shellratio,wherethesolid
mass ratio of KH560 oligomer to FR was 3:50. At this ratio, the self-
extinguished time of PBT/EP@FR-2 in the first and second ignition
was 0.0 s and 1.3 s respectively, which was the shortest. Therefore,
PBT/EP@FR-2 was selected for further testing.

The cone calorimetry test (CCT) was used to investigate the
heat and somke release behavior of the flame-retardant PBT

composites when exposed to consistant heat flux. The key data of
the CCT was listed in Table 3, including time to ignition (TTI),
peak heat release rate (PHHR), total heat release (THR), total
smoke prodcution (TSP), average CO and CO2 yeild and char
residue. As shown in Figures 3A, B. It was found that PBT was very
flammable with PHRR and THR of 1772.9 kW/m2 and 92.3 MJ/m2,
respectively. The addition of FR slowed down the combustion
process, reducing the PHRR and THR of PBT/FR composites to
457.5 kW/m2 and 77.1 MJ/m2, respectively. The introduction of the
KH560 oligomer on the surface of FR further decreased the PHRR
and THR of PBT. The PHRR and THR of PBT/EP@EP-2 were
decreased to 401.6 kW/m2 and 75.7 MJ/m2, respectively.

As for the smoke production shown in Figure 3C, the presence of
P/N elements in the FR increased the TSP of the FR-contained PBT
composites. Compared to the control PBT, the Av-COY of the FR-
contained PBT was increased, while the Av-CO2Y was decreased.
This suggested that the addition of the FR resulted in the incomplete
combustion of the substrate, which accounted for the increased TSP
(Li et al., 2024a; Tang et al., 2023b).

It was found that KH560 oligomer was able to further improve
the flame-retardant effeciency of the FR and the contribution of the
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TABLE 2 Key data of LOI and UL-94 vertical burning test.

Sample LOI (%) UL-94

t1/t2 (s) Dripping Ignite the cotton Rating

PBT 22.0 ± 0.2 >30.0 Yes Yes NR

PBT/FR 28.3 ± 0.3 0.0/13.0 No No V-1

PBT/EP@FR-1 28.2 ± 0.2 0.0/4.2 No No V-0

PBT/EP@FR-2 28.5 ± 0.1 0.0/1.3 No No V-0

PBT/EP@FR-3 28.3 ± 0.2 0.0/1.8 No No V-0

TABLE 3 Key data of the CCT for the flame-retardant PBT composites.

Sample PBT PBT/FR PBT/EP@FR-2

TTI (s) 43.0 ± 3.0 19.0 ± 2.0 19.0 ± 2.0

PHRR (kW/m2) 1772.9 ± 21.3 457.5 ± 12.1 401.6 ± 4.0

THR (MJ/m2) 92.3 ± 5.1 77.1 ± 1.2 75.7 ± 0.8

TSP (m2) 8.1 ± 0.5 15.4 ± 0.5 15.1 ± 0.5

Av-COY (kg/kg) 0.18 ± 0.05 0.23 ± 0.04 0.25 ± 0.10

Av-CO2Y (kg/kg) 3.06 ± 0.05 1.70 ± 0.10 2.12 ± 0.04

Char residue (%) 0.7 1.5 1.7

KH560 was furthre investigated. As it shown in Figures 3D–F, the
char residue of PBT/FR composites was porous and consisted of C
(25.5 wt%), O (34.4 wt%), Al (16.6 wt%) and P (23.5 wt%) elements.
While that of the PBT/EP@FR-2 composites shown in Figures 3G–I
was dense with few voids observed. The proportion of Si element in
the char residue was 4.3 wt%, which indicated that Si participanted
in the char forming and enhanced the density of the char residue.
Therefore, the transfer of the oxygen and heat was slowed down
(Feng et al., 2022; Li et al., 2022; Li et al., 2024b).

3.3 Thermal stability

The thermal stability of the flame-retardant PBT composites was
presented in Figure 4; Table 4. The T5% and Tmax of the control
PBT was 389.3°C and 418.8°C, respectively, with a char residue of
5.4%. Due to the catalytic effects of the phosphorus flame retardants,
the T5% and Tmax of the FR-contained PBT composites were both
lower and the char residue increased.The introduction of the KH560
oligomer did not apparently affect the thermal decomposition
behavior of the PBT. The T5%, Tmax and char residue did not
show any change, compared to the PBT/FR composites. However,
notable changes were observed in themaximumdecomposition rate
(DTGmax). The DTGmax of PBT composites was 2.6%/oC, while
that of the PBT/FR composites was 2.4%/oC. With the introduction

of KH560 oligomer, the DTGmax further decreased to 2.3%/oC,
indicating that FR was able to reduce the thermal decomposition
rate of PBT, and the KH560 oligomer further slowed down the
decomposition of the substrate (Jin et al., 2017b; Tang et al., 2022).

3.4 Mechanical properties

The mechanical properties of the flame-retardant PBT were
comprehensively evaluated and the results were shown in Figure 5.
As shown in Figure 5A, The tensile and bending strength of the
control PBT were 50.0 MPa and 76.0 MPa, respectively. It was
noticed that the addition of both the FR and EP@FR slightly
reduced the tensile strengthwhilemaintaining the bending strength.
Specifically, the tensile and bending strength of PBT/EP@FR-2 were
46.8 MPa and 76.4 MPa, respectively. As shown in Figure 5B, the
elongation at break and notched impact strength of PBT were
143.6% and 5.1 kJ/m2 respectively. The addition of FR reduced
the toughness of PBT with both of the elongation at break
and notched impact strength decreasing. Compared with PBT/FR
composites, the elongation at break of PBT/EP@FR was decreased
but the notched impact strength was increased. This phenomenon
was attributed to the reaction between epoxy groups and -OH
and -COOH groups during reactive extrusion. As a result, the
compatibility of EP@FR with PBT was better than that of FR,
leading to fewer interface defects and gaps between EP@FR and
PBT substrate, which resulted in a higher notched impact strength.
SEM images of the fracture surface further proved it. As shown in
Figure 5C, on the fracture surface of PBT/FR, FRwas exposed on the
outside of the substrate, while that of the PBT/EP@FR was different.
As shown in Figure 5D, EP@FRwas embedded within the substrate,
demonstrating good compatibility with PBT. However, due to the
formation of covalent bonding at the interface of PBT and EP@FR,
the mobility of the molecular chains was restricted, which led to a
decreased in the elongation at break.

3.5 Water resistance

PBT/FR and PBT/EP@FR-2 were soaked in water at 70°C for
14 days to investigate their water resistance. Figure 6A illustrated the
appearance of the PBT and PBT/EP@FR composites before and after

Frontiers in Materials 05 frontiersin.org

https://doi.org/10.3389/fmats.2025.1536536
https://www.frontiersin.org/journals/materials
https://www.frontiersin.org


Ran et al. 10.3389/fmats.2025.1536536

FIGURE 3
The results of the CCT (A) HHR; (B) THR; (C) TSP; (D) digital image (E) SEM image; (F) element content of the char residue for PBT/FR composites; (G)
digital image (H) SEM image; (I) element content of the char residue for PBT/EP@FR-2 composites.

FIGURE 4
The thermal stability of the flame-retardant PBT composites: (A) TGA and (B) DTG results.
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TABLE 4 Key data of the thermal stability for the flame-retardant PBT composites.

Sample T5% (oC) Tmax (
oC) DTGmax (%/

oC) Residue (%)

PBT 389.3 418.8 2.6 5.4

PBT/FR 376.0 411.1 2.4 7.7

PBT/EP@FR-2 372.5 411.1 2.3 7.8

FIGURE 5
(A) Tensile and bending strength; (B) elongation at break and notched impact strength of the flame-retardant PBT composites; SEM images of the
fracture surface for (C) PBT/FR and (D) PBT/EP@FR-2.

soaking in water. It was observed that the water was clear prior to
soaking. However, after soaking, white precipitate appeared in water
of the PBT/FR composites, which was attributed to the FR leaching
out of the PBT matrix. In contrast, the water of the PBT/EP@FR
composites remained clear, indicating better water resistance. The
white precipitate was filtered out and dried in an oven. The FTIR
spectrums of the white precipitate was shown in Figure 6B. It was
found that the spectrums of the white precipitate were similar to that
of FR, indicating that both ADP and MPP separated out from the
PBT matrix.

The flame retardancy of the PBT and PBT/EP@FR-2 composites
after soaked was evaluated by LOI and UL-94 vertical burning test.
As shown in Table 5, after soaked in water, the flame retardancy
of the PBT/FR composites decreased. The LOI value decreased
from 28.3% to 26.2% and the UL-94 rating shifted from V-1 to
V-2. However, the PBT/EP@FR composites maintained its flame
retardancy. The LOI value slightly decreased from 28.5% to 27.9%
and the UL-94 vertical burning rating remained at V-0.

The mechanical properties of the flame-retardant PBT
composites after soaked was also characterized and the results
were shown in Table 6. After soaking, the mechanical properties
of PBT/FR and PBT/EP@FR-2 composites both decreased. The
tensile strength, elongation at break and notched impact strength
of PBT/FR composites decreased by 13.0%, 21.4% and 16.7%,
respectively. These of PBT/EP@FR-2 decreased by 12.8%, 0% and
6.0%, respectively. Meanwhile, the tensile strength and notched
impact strength of PBT/EP@FR-2 were both higher than those of
PBT/FR after soaking.

Totally, both the flame retardancy and mechanical properties
of PBT/EP@FR-2 were superior to those of the PBT/FR composites
after soaking. Under humid and heat conditions, the hydrophilic
nature of the FR caused it to migrate to the surface of the
substrate or even separate from the substrate inducing by
water. This led to mass loss and uneven distribution of the
FR, which in turn resulted in a deterioration of mechanical
properties and reduced flame retardancy. The loss of FR further
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FIGURE 6
(A)The digital photos of the PBT and PBT/EP@FR-2 before and after soaked in water; (B) FTIR spectrums of ADP, MPP, FR and the white precipitate.

TABLE 5 The flame retardancy of the flame-retardant PBT composites before and after soaked.

Sample LOI (%) UL-94

t1/t2 (s) Dripping Ignite the cotton Rating

PBT/FR 28.3 ± 0.3 0.0/13.0 No No V-1

PBT/FR (soaked) 26.2 ± 0.2 5.0/21.2 Yes Yes V-2

PBT/EP@FR-2 28.5 ± 0.1 0.0/1.3 No — V-0

PBT/EP@FR-2 (soaked) 27.9 ± 0.2 0.5/5.0 No — V-0

TABLE 6 The mechanical properties of the flame-retardant PBT composites before and after soaked.

Sample Tensile strength (Mpa) Elongation at break (%) Notched impact strength (kJ/m2)

PBT/FR 45.9 4.2 3.0

PBT/FR (soaked) 39.9 3.3 2.5

PBT/EP@FR-2 46.8 2.6 3.3

PBT/EP@FR-2 (soaked) 40.8 2.6 3.1

promoted the deterioration of the flame retardancy. However, the
introduction of the KH560 oligomer alleviated this issue, helping to
maintain both the mechanical properties and flame retardancy of
the composites.

It was hypothesized that during reactive extruding, under heat
and shear, a reaction took place between the EP@FR and PBT.
The epoxy groups on the surface of EP@FR reacted with the
terminal -OH and -COOH of PBT, forming a C-O-C structure
at the interface between PBT and FR (Figure 7) (Fu et al., 2017;
Jubinville et al., 2019; Jiang et al., 2020). In this manner, the FR was
covalently bonded to the substrate. As a result, the FRwas effectively
fixed within the PBT matrix, making it difficult for water to induce
its separation. Consequently, the FR remained stably distributed in
the substrate.

3.6 Evidence for the reactive extrusion

The torque-time curve was used to characterize the viscosity
change during the melting blend to reflect the reactive extrusion
and the results was shown in Figure 8A. The torques of PBT
and PBT/FR showed a trend of increasing, then decreasing, and
finally stabilizing, corresponding to the melting andmixing process,
respectively. The max torque of PBT was 15.9 Nm at around 30 s.
The addition of FR increased the max torque to 19.9 Nm at 48 s,
which was attributed to the friction between PBT molecular chains
and FR. It was worthy noticed that EP@FR-2 altered the viscosity
during processing. Two peaks showed up in the torque curve of
the PBT/EP@FR-2: the first peak, similar to PBT/FR, corresponding
to the melting process. However, instead of gradually decreasing,

Frontiers in Materials 08 frontiersin.org

https://doi.org/10.3389/fmats.2025.1536536
https://www.frontiersin.org/journals/materials
https://www.frontiersin.org


Ran et al. 10.3389/fmats.2025.1536536

FIGURE 7
The reaction between epoxy groups and terminal -COOH/-OH of PBT.

FIGURE 8
(A)The torque-time curve; (B)The terminal carboxyl values of PBT and flame-retardant PBT composites.

the torque increased again, reaching a max value of 23.2 Nm
at 66 s. This phenomenon indicated that the reaction between
epoxy groups and terminal -OH and -COOH of PBT occurred
at this moment. After most of the reactive epoxy groups were
consumed, the torque started to decease and eventually equalized
(Himmelsbach et al., 2023).

To further investigate this reactive extruding process, the
terminal carboxyl values of the flame-retardant PBT was carried
out and the results were shown in Figure 8B. For both the raw
PBT materials and PBT after extrusion, the terminal -COOH
value was around 20.00 mol/t. After the addition of the FR, the
acid catalysis effect of the FR broke the ester bonds of PBT,
leading to an increase in terminal -COOH groups. As a results,
the terminal -COOH of PBT/FR increased to 32.33 mol/t. In
contrast, the terminal -COOH value of PBT/EP@FR-2 decreased
with the introduction of reactive epoxy groups, which was
attributed to the consumption of terminal -COOH reacted with
epoxy groups.

4 Conclusion

In this study, flame-retardant and water-resistant PBT
composites were prepared via reactive extrusion. The reactive
epoxy groups were able to form C-O-C bonds with the terminal
hydroxy and carboxyl groups of PBT during extrusion. The results
showed that PBT/EP@FR-2 composites achieved aUL-94 V-0 rating
(3.2 mm) with an LOI value of 28.5%. Compared to the control PBT
composites, the PHRR and THR were reduced by 77.4% and 18.0%,
respectively. Furthermore, the PBT/EP@FR-2 composites exhibited
superior water resistance compared to the PBT/FR composites.
The PBT/EP@FR-2 composites maintained a UL-94 V-0 rating and
an LOI value of 27.9% after soaked in water at 70°C for 14 days,
while those of PBT/FR decreased to V-2 and 26.2%, respectively.
Meanwhile, themechanical properties of PBT/EP@FR-2maintained
at above 85%.The prepared flame-retardant andwater-resistant PBT
composites had bright prospects for the application in the electronic
devices and new energy vehicles.
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