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Abstract: The properties of glass fiber-reinforced polyethylene terephthalate (GF-PET) composites were investigated
using limit oxygen index (LOI) measurement, vertical burning test, cone calorimeter test, thermogravimetric analysis,
mechanical properties testing, and hot deformation temperature (HDT) testing. The results showed that appropriate
amounts of boehmite (BM) and aluminum diethylphosphinate (ADP) in GF-PET had synergistic flame-retardant effects,
and an appropriate amount of BM could improve the hot deformation temperature, mechanical properties, and thermal
properties of the ADP/GF-PET composite. When 4% ADP was replaced by 4% BM, the 4-BM/ADP/GF-PET composite
achieved a UL-94 VO rating (2.0 mm) with an LOI of 31 vol%, and the peak of heat release rate (PHRR), average effec-
tive heat of combustion (AEHC), total heat rate (THR), and total smoke release (TSR) decreased by 13.9%, 16.7%,
18.8%, and 19.7%, respectively, while the time to ignition (TTI) and fire performance index (FPI) increased by 14.9%
and 23.5%, respectively, compared with the ADP/GF-PET composite.

Keywords: boehmite, aluminum diethylphosphinate, synergistic flame-retardant effects, glass fiber-reinforced poly-

ethylene terephthalate, hot deformation temperature.

Introduction

Polyethylene terephthalate (PET) is a familiar polymer with

unique chemical composition,'?

molecular structure, typical
chemical degradability, good comprehensive properties, and a
lower price than most thermoplastics.>® Adding glass fiber
(GF) to PET can greatly improve the performance of PET.® In
recent years, the development of GF-PET (PET reinforced by
GF) as engineering plastics has been rapid, and it has been widely
used in the fields of electronics, automobiles, and instrumen-
tation. These fields require not only good mechanical and ther-
mal properties but also good flame retardancy of materials.

However, the limit oxygen index (LOI) of GF-PET is about
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21%, making it a flammable material.””

Therefore, improving
the flame retardancy of GF-PET is of great significance. Sci-
entific researchers have done substantial work and achieved
certain accomplishments.'*"*

In recent years, alkyl phosphonate metal salts have been
effective flame retardants for polymer materials, with alumi-
num diethylphosphinate (ADP) being a typical representative.
There have been numerous research achievements in the field
of polymer flame retardancy.'®'®* ADP was decomposed to form
PO- and PO, free radicals, along with strong acids. The free
radicals can inhibit combustion reactions, while the strong acids
promote polymer dehydration and carbonization, thereby enhanc-
ing the composite's flame retardancy.”*® Boehmite (BM, y-

21-22

AIOOH), the main component of bauxite” ™ and also known

as soft bauxite,>*

is an important chemical raw material with
a unique crystal structure and good thermal stability.**® Due to

the large amount of -OH groups on its surface,” BM tends to
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interact with foreign molecules, enabling the preparation of
various composite functional materials.”® The water vapor released
during BM's thermal decomposition not only absorbs heat but
also dilutes combustible gases generated by matrix decompo-
sition. Simultaneously, the generated Al,O; covers the material
surface, promotes carbon formation, and enhances the flame
retardancy of the polymer material.”’

In this study, GF-PET, ADP/GF-PET, and BM/ADP/GF-PET
composites were prepared, and the effects of BM and ADP on
the flame retardancy, thermal properties, mechanical proper-
ties, and hot deformation temperature (HDT) of GF-PET were
investigated. It was found that ADP could act as an effective
flame retardant for GF-PET, while an appropriate amount of
BM enhanced the flame retardancy, thermal properties, mechan-
ical properties, and HDT of the ADP/GF-PET composite.

Experimental

Materials. Polyethylene terephthalate (PET, CR-8816) was
purchased from China Resources Chemical Materials Technol-
ogy Co., LTD (Changzhou, China). Boehmite (BM, the effective
substance content was 299%) was purchased from Shanghai
Yanguo Chemical Co., LTD (Shanghai, China). Aluminum
diethylphosphinate (ADP, the effective substance content was
299.9%) was purchased from Shouguanpur Chemical Co. LTD
(Shouguang, China). Glass fiber (GF, 988 A—2000) was purchased
from Stonehenge Group Co. LTD (Jiaxin, China). Others (mix-
ture of antidroppant, dispersant and antioxidant) were config-
ured by the author's laboratory.

Preparations of Samples. When the amount of ADP was
maintained below 12%, it was observed that the flame retardancy
of the composite could not be achieved to meet the UL-94
3.0 mm VO rating. Consequently, an ADP content of 12% was
established as the base formulation. Formulations of the mix-
tures and abbreviations used for the respective composites were
illustrated in Table 1. The PET, ADP and BM were premixed
before being fed into the first zone of the extruder. All composites
were prepared by using a twin screw extruder (SHJ-20 with the

average screw diameter was 20 mm and the average L/D ratio
was 40), with a temperature profile of 250-275 ‘C and a rotat-
ing speed of 150 rpm, and then the extruded strand was passed
through a water bath and pelletized. The pellets were injected
into ISO standard specimens by using an injection molding
machine (HMT OENKEY, capacity 200 g). The processing
conditions: injection molding temperature was 260-280 C, pres-
sure was 65-75 bar, cooling time was 8s.

Limit Oxygen Index (LOI) Measurement. The limit oxygen
index (LOI) was measured according to ISO 4589-2:2017 by
an HC-2C oxygen index meter (Nanjing Shangyuan Analytical
Instrument Co., LTD, China). The specimens used for the test
had dimensions of 80 x 10 x 4 mm.

Vertical Burning Test. The underwriter laboratories 94
(UL-94) vertical burning test was performed using a vertical
burning instrument (HVR-4type; Guangzhou Xinna Electronic
Equipment Co., LTD, China), and the specimens for testing had
dimensions of 128 x 12.8 x 3.0 mm and 128 x 12.8 x 2.0 mm.

Cone Calorimeter Test. Combustion behavior was studied
using a cone calorimeter (UK Testing Technology Limited. UK)
according to ISO 5660 at an external heat flux of 50 kW/m?,
and the specimens for testing had dimensions of 100 x 100 x
3.0 mm.

Thermogravimetry Analysis. Thermogravimetric analysis
(TG) of the samples under air atmospheres was performed on
a TAQSO0 apparatus (TA Instruments Inc.USA). All the samples
were heated from 35 C to 750 C at the rate of 10 ‘C/min.

Mechanical Properties Test. The tensile and flexural tests
were carried out by using a Universal Testing Machine (LLOYD
LR100K, England) according to ISO standards 527-1 (speed
of test 5 mm/min) and ISO standards 178 (three point bending,
speed of test 2 mm/min) respectively. The notched Izod impact
strengths were conducted following ISO standards 8256 (pen-
dulum hammer 5.5J) with impact type test machine (ZBC-50,
China). Five samples of each category were tested and their
average values were reported.

Hot Deformation Temperature (HDT) Test The hot deforma-
tion temperature of the materials was expressed by temperature

Table 1. Formulations of the Mixtures and Abbreviations for Respective Composites

Sample PET (%) GF (%) ADP (%) BM (%) Others (%)
GF-PET 83 15 - - 2
ADP/GF-PET 71 15 12 - 2
2-BM/ADP/GF-PET 71 15 10 2 2
4-BM/ADP/GF-PET 71 15 8 4 2
6-BM/ADP/GF-PET 71 15 6 6 2
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of deflection under load. The temperature of deflection under
load test was carried out by using a thermal deformation tem-
perature tester (HDT/V-3116, China) according to ASTM D648.
The tests were made in quintuplicate and the results were reported
as average.

Results and Discussion

Flame Retardancy of GF-PET, ADP/GF-PET, and BM/
ADP/GF-PET Composites. To investigate the effects of ADP
and BM on the flammability properties of GF-PET composites,
two combustion performance tests—the limit oxygen index
and vertical combustion test—were conducted, with the results
presented in Table 2.

According to Table 2, the LOI of GF-PET was 21.2%, burn-
ing up to the clamp in the UL-94 standard test and classifying
it as a flammable material. When 12% ADP was added to
GF-PET, the LOI of the ADP/GF-PET composite increased to
31.0%, achieving a UL-94 VO rating at 3.0 mm thickness. This
suggests that adding ADP can improve the flame retardancy of
GF-PET because when ADP is thermally decomposed: (1) PO-
and PO, free radicals are generated, which capture H- and
-COOH- free radicals, inhibit chain reactions, and slow com-
bustion kinetics;'™*" (2) metaphosphoric acid forms poly met-
aphosphoric acid and a phosphate liquid film. This non-flammable
film, combined with the strong acid's dehydration effect, iso-
lates the material from air while promoting carbonization, thereby
improving flame retardancy.”'

Replacing part of ADP with BM resulted in the LOI and
flame retardancy grade of the BM/ADP/GF-PET composite
initially increasing and then decreasing with increasing BM
substitution. This behavior may be attributed to two mecha-
nisms during BM thermal decomposition: (1) generated water
vapor absorbs heat (lowering surface temperature) while dilut-
ing combustible gases from matrix decomposition, enhancing
gas-phase flame retardancy; (2) ALO; (from BM decomposi-

tion) integrates into the poly metaphosphoric acid liquid film
(from ADP decomposition), improving film integrity and cov-
erage to better isolate air, combustible gases, and heat,”>** thereby
enhancing condensed-phase flame retardancy. When BM replaces
a small amount of ADP (2% or 4% BM addition), the poly
metaphosphoric acid liquid film (formed by thermal decom-
position of residual ADP) sufficiently coats Al,O; solids (from
BM decomposition). Under these conditions, both gas-phase
and condensed-phase flame retardancy effects in the BM/ADP/
GF-PET composite are enhanced, leading to improved mate-
rial flame retardancy. However, when BM excessively replaces
ADP (6% BM addition), the poly metaphosphoric acid liquid
film (from residual ADP decomposition) becomes insufficient
to coat Al:O;s solids (produced by BM decomposition). This
reduces the liquid film's compactness and coverage, leading to
diminished condensed-phase flame retardancy in the BM/ADP/
GF-PET composite and consequent deterioration of overall
material flame retardancy.

When BM replacement increased from 4% to 6%, the con-
densed-phase flame retardancy reduction exceeded the gas-
phase flame retardancy enhancement. This led to a net decrease
in overall flame retardancy, thus demonstrating 4-BM/ADP/
GF-PET's superior flame retardancy compared to 6-BM/ADP/
GF-PET. The LOI of the 4-BM/ADP/GF-PET composite was
34.2%, representing a 3.2% increase over the ADP/GF-PET
composite, with flame retardancy achieving a UL-94 VO rating
at 2.0 mm thickness.

Combustion Behavior of GF-PET, ADP/GF-PET and
BM/ADP/GF-PET Composites. The cone calorimeter was
usually used to evaluate the flammability characteristics and
fire safety of polymer materials in a real fire condition. Heat
release rate (HRR) and total heat rate (THR) curves of GF-PET,
ADP/GF-PET and BM/ADP/GF-PET composites are presented
in Figures 1 and 2. The corresponding combustion data, including
time to ignition (TTI), peak of heat release rate (PHRR), total
heat rate (THR), total smoke release (TSR), average effective

Table 2. LOI Value and UL94 Rating of GF-PET, ADP/GF-PET and BM/ADP/GF-PET Composites

Sample LOI (%) LS4
3.0 mm 2.0 mm
GF-PET 212 — —

ADP/GF-PET 31.0 VO (t,=4.8s, £, =5.0s) V1 (1, =12.4s, ,=17.1s)
2-BM/ADP/GF-PET 323 VO (¢, =2.7s, t,=4.85) VO (1, =79s, t,=12.25s)
4-BM/ADP/GF-PET 342 VO (t,=1.8s, t,=3.65) VO (t,=3.5s, ,=4.7s)
6-BM/ADP/GF-PET 314 VO (¢, =3.7s, ,=4.85) VO (¢, =10.2s, t, = 14.6s)

Note: “—” means burning to the fixture; “#,” represents the average time of the first combustion; “#,” is the average time for the second combustion.
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Figure 1. Heat release rate curves of GF-PET, ADP/GF-PET, and
BM/ADP/GF-PET composites.
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Figure 2. Total heat rate curves of GF-PET, ADP/GF-PET, and
BM/ADP/GF-PET composites.

heat of combustion (AEHC) and fire performance index (FPI)
are summarized in Table 3.

As can be seen from Figure 1, 2 and Table 3, when 12% ADP
was added to GF-PET, the PHRR, AEHC, THR, and TSR of
ADP/GF-PET composite were 284.1 kW-m?, 18.6 MJI-kg",

52.1 MJ'm?, and 1021.7 m*'m?, which decreased by 43.0%,
4.1%, 20.7%, and 16.9% compared with GF-PET, respectively.
The TTI and FPI of ADP/GF-PET composite were 47 s-m*:
kW' and 0.17 s:-m?-kW"', which were 11.9% and 112.5% higher
than that of GF-PET, respectively. This result shows that add-
ing ADP to GF-PET prolongs the ignition time of composites
and effectively inhibits combustion spread, burning intensity,
and smoke emission in ADP/GF-PET composites. This behav-
ior can be attributed to two mechanisms: (1) ADP decompo-
sition generates POz and PO- radicals that terminate chain
reactions by quenching H- and -COOH:- radicals; (2) poly met-
aphosphoric acid (from ADP decomposition) crosslinks GF-
PET decomposition products to form a compact char layer,**
which restricts mass/heat transfer in combustion zones while
improving flame retardancy.

Replacing part of ADP with BM resulted in the PHRR, THR,
and TSR of the BM/ADP/GF-PET composite initially decreas-
ing and then increasing with higher BM substitution, while the
TTI and FPI first increased and then decreased. This trend may
be attributed to two scenarios: (1) When BM replaces ADP in
small quantities, it enhances the gas-phase flame retardancy of
the BM/ADP/GF-PET composite. Simultaneously, the poly
metaphosphoric acid liquid film (from residual ADP) suffi-
ciently coats AL,O; solids (via BM decomposition), enhancing
coverage and compactness of the cover layer, thereby improv-
ing condensed-phase flame retardancy. So, the overall flame
retardancy of BM/ADP/GF-PET was significantly enhanced.
(2) When BM excessively replaces ADP, the condensed-phase
flame retardancy of the BM/ADP/GF-PET composite deterio-
rates, with the extent of this degradation exceeding gas-phase
enhancement. This imbalance ultimately reduces the compos-
ite's overall flame retardancy.

Unlike other indicators, the AEHC of the BM/ADP/GF-PET
composite exhibited a gradual decrease with increasing BM
replacement, demonstrating BM ability to enhance gas-phase
flame retardancy. When 4% ADP was replaced by 4% BM, the
4-BM/ADP/GF-PET composite showed reductions in PHRR,
AEHC, THR, and TSR by 13.9%, 16.7%, 18.8%, and 19.7%, respec-

Table 3. Typical Parameters of GF-PET, ADP/GF-PET and BM/ADP/GF-PET Composites in the Cone Calorimetry Test

Sample TTI(s) PHRR (kW-'m?) AEHC (MJkg') THR (MJ-m?) TSR (m*'m?) FPI (s-m*kW™")
GF-PET 42 498.2 19.4 65.7 1230.1 0.08
ADP/GF-PET 47 284.1 18.6 52.1 1021.7 0.17
2-BM/ADP/GF-PET 49 272.3 17.2 47.5 905.2 0.18
4-BM/ADP/GF-PET 54 244.7 15.5 423 820.6 0.21
6-BM/ADP/GF-PET 49 275.9 14.9 49.6 950.2 0.18
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Figure 3. TG curves of GF-PET, ADP/GF-PET, and BM/ADP/GF-
PET composites.

tively, while TTI and FPI increased by 14.9% and 23.5% com-
pared to the ADP/GF-PET composite.

Thermal Degradation Behaviors of GF-PET, ADP/GF-
PET, and BM/ADP/GF-PET Composites. The thermal deg-
radation curves of GF-PET, ADP/GF-PET, and BM/ADP/GF-
PET composites tested by TG in air are presented in Figure 3.
The typical TG data in curves, including initial decomposition
temperature (7sy,), maximum decomposition temperature (7.,
maximum weight loss rate (R, and the char residue at 750 C
are summarized in Table 4.

When 12% ADP was added to GF-PET, the Tsy, and T, of
ADP/GF-PET composite were 336.2 C and 392.1 C, respec-
tively, which were lower than that of GF-PET, the R, was
21.2% min" and 13.5% less than that of GF-PET, the carbon
residue at 750 C was 27.3%, which increased by 37.9% com-
pared with GF-PET. This occurred primarily because ADP's
thermal decomposition temperature was lower than that of
PET, causing ADP to decompose gradually prior to PET's ther-
mal degradation. Consequently, the thermal degradation tem-
perature of the ADP/GF-PET composite became lower than

that of GF-PET. However, the poly metaphosphoric acid gen-
erated from ADP decomposition covered the material surface,
insulating heat transfer, reducing the thermal decomposition rate,
and promoting carbonization through dehydration. This resulted
in the ADP/GF-PET composite exhibiting a lower maximum
thermal weight loss rate and higher 750 C residual char com-
pared to GF-PET.

Replacing part of ADP with BM enhanced the T, and 7},
of the BM/ADP/GF-PET composite with increasing BM sub-
stitution. This improvement stemmed from water release during
BM's thermal decomposition, where evaporation absorbed sub-
stantial heat, thereby elevating the composite's thermal decom-
position temperature. Unlike T, and T, with increasing BM
substitution amount, the R,,,, of the BM/ADP/GF-PET com-
posite first decreased and then increased, while the carbon res-
idue at 750 C of the BM/ADP/GF-PET composite first increased
and then decreased. This phenomenon might be attributed to
the fact that when BM small amount replaced ADP (2% or 4%
BM addition), the liquid film of polymetaphosphoric acid gen-
erated by the remaining ADP was sufficient to fully cover the
Al,O; solid layer. The increased coverage area and compact-
ness of the cover layer enhanced its thermal insulation capacity
and ability to promote dehydration into carbon. Consequently,
the decomposition rate of the material was reduced, while the
high-temperature carbon residue content was increased. How-
ever, when excess BM replaces ADP (6% BM addition), the
liquid film of poly metaphosphoric acid formed by thermal
decomposition of the remaining ADP was insufficient to fully
cover the Al,O; solid layer. This resulted in reduced coverage
area and compactness of the overall coating, diminished heat
insulation capacity, weakened promotion of dehydration into
carbon, and consequently decreased corresponding performance.
In summary, the energy of heat insulation, oxygen isolation
and promoting polymer into carbon of the cover layer formed
by heating of 4-BM/ADP/GF-PET was better than that of 6-
BM/ADP/GF-PET, so that the residual carbon amount of 4-BM/
ADP/GF-PET at 750 C was higher than that of 6-BM/ADP/
GF-PET. When 4% ADP was replaced with 4% BM, the T,

Table 4. Typical Parameters of GF-PET, ADP/GF-PET, and BM/ADP/GF-PET Composites in the Thermogravimetric Analysis

Sample T, (T) Trax (C) Riyax (Yormin™) Char residue at 750 T (%)
GF-PET 362.1 421.5 24.5 19.8
ADP/GF-PET 336.2 392.1 21.2 273
2-BM/ADP/GF-PET 341.5 398.2 20.1 29.2
4-BM/ADP/GF-PET 347.8 406.5 18.4 32.1
6-BM/ADP/GF-PET 3524 412.7 20.6 28.5
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Table 5. Mechanical Properties of GF-PET, ADP/GF-PET, and BM/ADP/GF-PET Composites

Mechanical properties

Sample Tensile strengths Flexural strengths Flexural modules Notched Izod impact
(MPa) (MPa) (MPa) strength (kJ-m?)
GF-PET 98.3 150.5 5248.6 7.4
ADP/GF-PET 85.2 132.3 5054.2 4.8
2-BM/ADP/GF-PET 92.3 138.6 5120.7 5.5
4-BM/ADP/GF-PET 101.5 148.4 5274.0 6.0
6-BM/ADP/GF-PET 97.5 144.2 5296.3 53
and T, of the 4-BM/ADP/GF-PET composite increased by S 1#: GF-PET
3.5% and 3.7%, respectively, compared to the ADP/GF-PET o EE
composite. The R, of the 4-BM/ADP/GF-PET composite 4#t: 4-BM/ADP/GF-PET
o . o 240 s#: 6-BM/ADP/GF-PET
decreased by 13.2%, while its carbon residue at 750 C increased Q o
by 17.6%. = 2155 LS
Mechanical Properties of GF-PET, ADP/GF-PET, and B sl wes OO
BM/ADP/GF-PET Composites. The mechanical properties
of GF-PET, ADP/GF-PET and BM/ADP/GF-PET were shown
in Table 5. It could be observed that the tensile strengths, flexural 160
strengths, flexural modules and notched Izod impact strength . : : : :
1# 2# 3# 4# S#

of ADP/GF-PET were decreased compare with GF-PET. The
result was attributed the poor compatibility between ADP and
PET. When a large amount of ADP was added to PET, agglomera-
tion occurred, toincreased stress concentration points and decreased
strength of the composite materials.

By replacing part of ADP with BM, as the BM substitution
amount increased, the tensile strength, flexural strength, and
notched Izod impact strength of BM/ADP/GF-PET initially
increased and then decreased. The result might be attributed to
the fact that BM, as a rigid material with a short rod structure,
could transfer stress from the matrix to BM.* When BM replaced
ADP in small amounts, the low content of BM had homogeneous
dispersion and strong interfacial interactions in BM/ADP/GF-
PET, thereby enhancing stress transfer from the matrix to BM
and leading to higher strength. In contrast, when excess BM
replaces ADP, BM tended to agglomerate and exhibited poor
dispersion in BM/ADP/GF-PET.Unlike strengths, the flexural
modules of BM/ADP/GF-PET increased with the increasing
BM substitution amount, which was attributed to the restricted
motion of polymer chains by BM and the resultant stiffening
of the composites. The tensile strengths, flexural strength, flex-
ural modules and notched Izod impact strength of 4-BM/ADP/
GF-PET composite were 101.5 MPa, 148.4 MPa, 5274.0 MPa,
and 6.0 kJ-m?, respectively, which were 19.1%, 12.2%, 4.3%,
and 25.0% higher than that of ADP/GF-PET composite.

Figure 4. The HDT of GF-PET, ADP/GF-PET, and BM/ADP/GF-PET
composites.

Hot Deformation Temperature (HDT) of GF-PET, ADP/
GF-PET, and BM/ADP/GF-PET Composites. Figure 4
showed the deformation temperature of GF-PET, ADP/GF-PET
and BM/ADP/GF-PET composites. Due to the poor compat-
ibility between ADP and GF-PET, the HDT of ADP/GF-PET
decreased relative to GF-PET. Like the flexural modules, the
HDT of BM/ADP/GF-PET was increased with the increased
of BM substitution amount. The result was attributed to the
fact that BM, as a rigid material with a short-rod structure,
restricted the motion of polymer chains, resulting in stiffer
composites. This caused the deformation speed of the stan-
dard sample to decrease and the hot deformation temperature
to increase under constant pressure. When the addition of BM
was maintained below 4%, the enhancement in HDT of R-PET
induced by BM was observed to be less significant than the
reduction caused by ADP. Consequently, the HDT of sample
2-BM/ADP/GF-PET was demonstrated to be lower than that
of sample GF-PET under the tested conditions. When the sub-
stitution of BM was 6%, the HDT of 6-BM/ADP/GF-PET
composite reached 221.3 C, which was 22.9 C higher than
that of ADP/GF-PET.
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Conclusions

In conclusion, ADP was employed as a flame retardant for
GF-PET, and a series of GF-PET composites were prepared.
The results demonstrated that ADP effectively enhances GF-
PET's flame retardancy. With 12% ADP addition, the ADP/
GF-PET composite achieved an LOI of 31.0% and a UL-94
VO rating at 3.0 mm thickness. The PHRR, AEHC, THR, and
TSR of the ADP/GF-PET composite were lower than those of
GF-PET, while the carbon residue at 750 ‘C, TTI, and FPI were
higher than those of GF-PET.

With the increase in BM substitution amount, the flame retar-
dancy of the BM/ADP/GF-PET composite initially improved
and then deteriorated. In combination with Tables 2, 3, and 4,
the flame retardancy and thermal stability of composites con-
taining 4% BM and 8% ADP (4-BM/ADP/GF-PET) were bet-
ter than those with 12% ADP (ADP/GF-PET) alone, indicating
that appropriate amounts of BM and ADP in GF-PET exhibited
synergistic flame-retardant effects. Additionally, an appropriate
amount of BM improved the mechanical properties and HDT
of ADP/GF-PET.
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