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Abstract: The application of poly(lactic acid) (PLA) has
been limited in flame-retardant field, and flame-retardant
modification usually deteriorates its mechanical properties.
In this study, a reactive flame-retardant hexa(ethylene
oxide)-cyclotriphosphazene (HCCP-EP) was synthesized
and used to improve the fire retardancy of PLA. As a result,
the limiting oxygen index of PLA increased from 19.5%
to 27.3% with an addition of 3wt% HCCP-EP, and the
PLA/HCCP-EP blend reached to underwriters laboratories
(UL)-94 V-0 rating. The cone calorimeter test results showed
that the peak heat release rate and total heat release of PLA
decreased by 12.6% and 18.5%, respectively. Interestingly,
the tensile strength of PLA increased slightly after the incor-
poration of HCCP-EP. The improved mechanical properties
are ascribed to the fine dispersion of HCCP-EP and the cou-
pling reaction between the epoxy groups of the HCCP-EP
and the terminal groups of PLA during the melt processing.

Keywords: poly(lactic acid), cyclophosphazene-containing
flame retardant, fire safety, mechanical properties

1 Introduction

Poly(lactic acid) (PLA), as a promising biodegradable
polymer, has attracted extensive attention. The applications

of PLA products focus on medical, agricultural, fabric,
engineering, packing, electronic appliances, automotive
materials, and textiles, etc. (1). However, the inherent
flammability of PLA limits its applications in some spe-
cial fields. Therefore, the flame-retarding modification of
PLA is significant and necessary (2).

The flame retardants of PLA can be divided into
intrinsic flame retardant and additive flame retardant (1).
The intrinsic flame retardants will significantly improve
the flame retardancy of PLA by bringing in a small number
of flame-retardant groups or units by grafting or copoly-
merizing reactions. On the other hand, because of the low
cost and easiness of processing, the additive flame retar-
dants became more attractive. Up to now, different kinds
of additive flame retardants for PLA have been reported,
such as inorganic nano-sized, layered double hydroxides,
phosphorus-based, and intumescent flame retardants
(3–8). Wang et al. prepared a MOF flame retardant Ni-metal
organic framework (Ni-MOF) and combined it with ammo-
nium polyphosphate (APP) to modify PLA. The limiting
oxygen index (LOI) of PLA composite increased to 31%
with the presence of 1.7% Ni-MOF and 3.3% APP (9). Com-
pared to other flame retardants, phosphorus-based flame
retardants have been paid much attention in some indus-
trial communities due to their high efficiency, low toxicity,
and environment friendliness. The mechanism of phos-
phorus-based flame retardant includes four aspects: (i)
when exposed to high temperature, phosphorus-based
compounds can form stable polymers to cover the surface
of the matrix, isolating oxygen and other combustible
gases; (ii) the decomposition of phosphorus-based com-
pounds can produce phosphoric acid, absorbing a large
amount of heat and promoting the dehydration and carbo-
nization of the polymer matrix; (iii) the decomposition of
phosphorus-based compounds also produces phosphorus-
centered radicals, which can capture hydroxyl, hydrogen,
and other active groups, preventing the chain reaction in
combustion and extinguishing the flame; and (iv) the phos-
phorus compounds can promote the degradation of the
polymer matrix, which can extinguish the flame by
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accelerating the dropping of polyesters while burning.
Due to the multifarious flame-retardant mechanism,
phosphorus-based flame retardants could be efficient
and universal. The phosphorus-containing flame retar-
dants have been widely studied in recent years (6,10–18).
Chen et al. combined a phosphorus-containing flame
retardant with APP at the ratio of 1:1; the LOI of PLA com-
posite can reach 40%,while the total loading of additive was
25wt% (19). Tao et al. reported a phosphazene cyclomatrix
network polymer (PCPP); the PLA/PCPP composite reached
UL-94 V-0 rating without dripping at 20wt% loading of
PCPP (20). Although these flame retardants enhance the
flame retardancy of PLA conspicuously, their high loadings
would damage the mechanical performance of PLA inevi-
tably, which was dissatisfying during use. So, it is necessary
to avoid the loss of mechanical properties during the flame-
retardingmodification. Designing a efficient flame retardant
can be an efficient path. Liu et al. reported amultifunctional
flame retardant, which could improve the flame retardancy
and crystallization rate at the same time. The LOI of PLA
matrix reached 28.5% when the loading of flame retardant
was 2.5% (21). Zhao et al. designed a superefficient flame
retardant N,N’-diallyl-P-phenylphosphonicdiamide (P-AA);
the LOI of PLA/P-AA blends reached 28.4% and the blends
can pass UL-94 V-0 rating at only 0.5wt% P-AA loading
(22,23). Because of the little amount of addition, the tensile
properties did not decline. In addition, adding other addi-
tives to improve the strength of flame-retardant PLA is
also an effective method. Sypaseuth et al. added kenaf
fibers to reinforce flame-retarded PLA, and the Emodulus of
PLAwas increased to 6,740MPa,while the neat PLAwas only
3,650MPa (24).

Employing reactive flame retardant is another effi-
cient method as they can react with the matrix during
processing without sacrificing the mechanical properties
(25,26). PLA contains both hydroxyl groups and hydroxyl
groups, making them have good reaction activity with
epoxy groups.

Inspired by the studies mentioned above, a reactive
flame-retardant hexa(ethylene oxide)-cyclotriphosphazene

(HCCP-EP)was designed and synthesized. HCCP-EP contains
a cyclophosphazene structure and six epoxy groups. The
cyclophosphazene structure contains alternating phosphorus
and nitrogen atoms, providing a synergistic effect of phos-
phorus and nitrogen, which leads to good flame retardancy.
The epoxy groups can react with the hydroxyl groups of PLA
during the melt processing, which makes HCCP-EP playing
the role of a chain extender. As a result, HCCP-EP can simul-
taneously enhance the flame retardancy and mechanical
properties of PLA. This study may provide a potential route
to extend the application range of PLA to the fields where
both fire safety and superior mechanical performance were
required.

2 Experiments

2.1 Materials

HCCP (98%) was purchased from Aladdin Corporation.
Glycidol (97%) was purchased from Macklin Corporation.
Tetrahydrofuran (THF, CP), potassium carbonate (K2CO3,
AR), dichloromethane (CHCl2, AR) were purchased from
Sinopharm Chemical Reagent Corporation. PLA (3001D)
was supplied by Nature Works Corporation.

2.2 Synthesis of HCCP-EP

The reaction formula is shown in Scheme 1. Glycidol
(13.4 g, 0.18 mol), K2CO3 (12.42 g, 0.09mol), and THF
(100mL) were placed into a 250mL three-neck flask in
N2 atmosphere. Then, HCCP (10.44 g, 0.09mol) was dis-
solved in THF (50mL). The solution was added to the
three-neck flask dropwise. The temperature was set as
65°C and the reaction took 48 h (27). After completing
the reaction, the solid insoluble matter was removed

Scheme 1: The synthetic route of HCCP-EP.
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out by vacuum filtration. The solvent was removed
by reduced pressure distillation. The final product
HCCP-EP was extracted by CHCl2 for three times with a
yield of 70wt%.

2.3 Synthesis of PLA/HCCP-EP blend

The samples with different HCCP-EP loadings were pre-
pared by the melt processing. The processing contained
two steps: (i) premixing PLA (50 g) with HCCP-EP (0.5,
1.5, and 2.5 g) and (ii) melt blending the mixture by a
rheometer at 170°C with 50 rpm for 6 min. The samples
were recorded as PLA/HCCP-EP-1, PLA/HCCP-EP-3, and
PLA/HCCP-EP-5. The obtained mixture was placed in dif-
ferent sample modules, after preheating for 5 min and
tableting for 1 min at 190°C, the final polymer sheets
were obtained. As the control samples, the neat PLA
was also prepared by the same process, while PLA and
5 wt% HCCP-EP were also mixed by solution (CHCl3)
casting and recorded as PLA/HCCP-EP-5(s).

2.4 Characterization

2.4.1 Fourier transform infrared (FT-IR) spectrometer

The FT-IR spectrumwas detected on a FT-IR spectroscopy
(Nicolet 6700, Thermo Fisher Scientific, USA), the range of
resolution was 400–4,000 cm−1 and the scan times were 32.

2.4.2 Nuclear magnetic resonance (NMR)

The 1H NMR and 31P NMRwere used to analyze the structure
of HCCP-EP. The data were measured by NMR spectrometer
(AVANCE III HD 400MHz), and the solution was CDCl3.

2.4.3 LOI

The LOI of PLA and PLA/HCCP-EP blend was measured
by oxygen index meter (HC-2), the sample dimension was
100mm × 10 mm × 4mm according to ASTM D2863-97.

2.4.4 Vertical burning test (UL-94)

The vertical burning test was tested by UL-94 vertical flame
chamber (LX-4392, China), and the sample dimension was
100mm × 13mm × 3mm according to ASTM D3801.

2.4.5 Cone calorimeter test (CCT)

The fire behaviorwas evaluated by cone calorimeter according
to ISO5660-1 under an external heat flux of 50 kW·m−2, the
sample dimension was 100mm × 100mm × 4mm.

2.4.6 Thermogravimetry (TGA)

The decomposition behavior and thermal stabilities of
HCCP-EP and PLA/HCCP-EP blend were analyzed by a
TGA instrument (1100SF，Mettler-Toledo, Switzerland):
the weight of the sample was around 5 (±0.1) mg, the
range of temperature was from 30°C to 600°C, and the
step temperature rate was 20°C·min−1. The flow of nitrogen
was set as 50mL·min−1. The TGA was also used to analyze
the thermal decomposition kinetics of PLA/HCCP-EP blend
by using different heating rates (10, 20, 30, and 40°C·min−1).

2.4.7 Energy dispersive X-ray spectroscopy (EDS)

The dispersibility of HCCP-EP in the PLA matrix was eval-
uated by an energy dispersive spectroscopy instrument
(S-4800, HITACHI, Japan). The element mapping ana-
lysis of phosphorus (P) and nitrogen (N) was carried
out. Before scanning, the surface of the sample was
sprayed with gold using a sputter coater.

2.4.8 Rheological behavior

The rheological experiment was conducted on a DHR-2
rheometer (TA Instruments, USA) in a plate-plate config-
uration (25mm in diameter and 1 mm in gap). The sample
was heated to 190°C and kept for 50min under a constant
strain (1%) and frequency (1 Hz).

2.4.9 Thermogravimetry-infrared spectrometer (TG-IR)

The gas products of PLA/HCCP-EP blends were determined
by TG-IR (PE TGA4000-SP2, USA). Testing condition: heating
rate of 10°C·min−1, N2 atmosphere (50mL·min−1), temperature
range from 30°C to 800°C, and wave number range from 500
to 4,000 cm−1.

2.4.10 Mechanical performance test

The tensile strength of PLA/HCCP-EP blend was mea-
sured by a double-column bench testing machine
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(Instron 5967, USA); according to GB/T 1040-2006, the
crosshead speedwas set as 20mm·min−1, and the tempera-
ture was 23°C. Five specimens were tested for each sample.
The notch impact strength of PLA/HCCP-EP blend was
tested by a pendulum impact tester (HIT-2492, China);
according to GB/T 1043.1-2008, the test temperature was
23°C, and five specimens were tested for each sample.

3 Results and discussion

3.1 Structural characterizations

The FT-IR spectra of HCCP, glycidol, and HCCP-EP are
shown in Figure 1. The only characteristic peak of HCCP
can be observed at 1,180 cm−1, which belongs to P]N

skeleton vibration. This peak also appears in the spec-
trum of HCCP-EP at 1,203 cm−1 (28). This shift is owing to
the change of chemical environment after the combina-
tion of glycidol with cyclotriphosphazene ring. In the
spectrum of HCCP-EP, the peaks at 902 and 2,925 cm−1

are assigned to the stretching vibration of –CH2– and
epoxy group, respectively (29). Especially, the peak at
1,020 cm−1 belongs to the stretching vibration of P–O
(15,30). What is more, the peak at 667 cm−1 that belongs
to P–Cl disappears in the spectrum of HCCP-EP, certifying
the completion of the reaction. The 1H NMR and 31P NMR
of HCCP-EP are shown in Figure 2, which are consistent
with the results in the literature (27). The results proved
that the flame-retardant HCCP-EP has been synthesized
successfully.

Before the melt processing, the thermostability of
HCCP-EP was tested by TGA, and the result is shown in
Figure A3 (Appendix). The T5% and Tdmax of HCCP-EP
were 208.3°C and 268.7°C, which meant HCCP-EP hardly
decomposed during the melt processing.

After the PLA/HCCP-EP blend was prepared, FT-IR
and rheological tests were carried out to prove the reac-
tion between the epoxy groups of HCCP and the terminal
groups of PLA while melt processing (Scheme 2). The
FT-IR spectra of HCCP-EP, PLA, and PLA/HCCP-EP blends
are shown in Figure 3a. The peak of epoxy groups can
be observed obviously at 903 cm−1 in the spectrum of
HCCP-EP (29). After the melt processing, the peak of epoxy
groups can hardly be found. To further prove the occur-
rence of the reaction, the following experiment was then
implemented. PLA and 5wt% HCCP-EP were dissolved
into chloroform to produce PLA/HCCP-EP-5(s). The FT-IR
spectra of PLA/HCCP-EP-5 and PLA/HCCP-5(s) are shown
in Figure 3b.

Obviously, in the spectrum of PLA/HCCP-EP-5, the
peak of the epoxy group was much weaker than that in
the spectrum of PLA/HCCP-EP-5(s). The carbonyl group

Figure 1: FT-IR spectra of HCCP, glycidol, and HCCP-EP.

Figure 2: The 1H NMR and 31P NMR spectra of HCCP-EP.

414  Wenhao Yu et al.



was used as an internal standard to calculate the relative
content, where the relative content of epoxy groups was
1.91% in PLA/HCCP-EP-5(s) and 0.42% in PLA/HCCP-5
(the calculation method is shown in Figure A2). The
results showed that most of the epoxy groups had been
consumed after the melt processing. What is more, the
curves of complex viscosity at 190°C for PLA/HCCP-EP-5(s)
are shown in Figure A4. Obviously, the complex viscosity of
the sample increased with time and leveled off after about
2,700 s, which is corresponded to the reaction between the
epoxy groups and PLA.

3.2 LOI and vertical burning tests

The flammability of PLA/HCCP-EP blends was measured
by LOI and vertical burning tests (UL-94). The LOI results
are shown in Figure 4. The LOI of PLA was 19.5% and
increased to 25% when the loading of HCCP-EP was 1 wt%
(PLA/HCCP-EP-1). Furthermore, the LOI reached 27.3%

when 3 wt% HCCP-EP was added (PLA/HCCP-EP-3).
When 5wt% HCCP-EP was loaded (PLA/HCCP-EP-5), the
LOI reached 27.8%. The UL-94 test results are shown in
Figure 5 and Table 1. For PLA, when the flame contacted
the sample, it was ignited immediately and kept burning
with serious dripping after removing the igniter. What is
more, the degreasing cotton was also ignited immediately,
which demonstrated the inflammability of PLA. When 1wt%
HCCP-EP was added, the sample can also be ignited and
kept burning for 10.9 s; the burning dripping was less ser-
ious, and the molten drop did not ignite the degreasing
cotton. When the loading of HCCP-EP increased to 3 wt%,
the PLA/HCCP-EP blend can pass UL-94 V-0 rating; after
being ignited, the sample extinguished within 3.6 s, the
burning dripping became much lighter and did not ignite
the cotton. Moreover, the sample cannot be ignited, and no
molten drop was observed during the first ignition when
the loading of HCCP-EP reached 5wt%. This phenomenon
may be owing to the catalytic dehydration of phosphoric
acid, which was formed by the thermal decomposition of

Scheme 2: Mechanism of the reaction between HCCP-EP and PLA.

Figure 3: (a) The FT-IR of PLA/HCCP-EP blends. (b) The FT-IR of PLA/HCCP-EP-5 and PLA/HCCP-EP-5(s).
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HCCP-EP. Phosphoric acid catalyzed the PLA matrix to
form a carbon layer, which can protect the unignited
matrix and accelerate the extinguishment of the molten
drop (31,32). As a whole, the addition of HCCP-EP can
obviously improve the flame retardancy of PLA, which
was mainly reflected in enhancing the value of LOI and
self-extinguishing ability.

3.3 Fire behavior

The CCT is a frequently used method to measure the fire
behavior of materials. Different from the LOI and UL-94
tests, which are used to simulate the fire scenario igni-
tion, the CCT is employed to simulate developing fire. TheFigure 4: Results from LOI measurements for PLA/HCCP-EP blends.

Figure 5: Results from UL-94 measurements for PLA/HCCP-EP blends: (a) PLA, (b) PLA/HCCP-EP-1, (c) PLA/HCCP-EP-3, and (d) PLA/HCCP-EP-5.
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results from the CCT of PLA/HCCP-EP blends are shown
in Figure 6 and Table 2. The curves of the heat release rate
(HRR) of PLA and PLA/HCCP-EP-5 are shown in Figure 6a.
For PLA, the HRR increased rapidly after being ignited
and reached the peak value of 594.32 kW·m−2 at 168 s,
then began to decrease. While that of PLA/HCCP-EP-5
started to decrease 20 s earlier and the peak value was
only 519.68 kW·m−2. What is more, the total heat release
(THR) reduced from 90.67 MJ·m−2 for PLA to 76.89 MJ·m−2

for PLA/HCCP-EP-5 (Figure 6b). These results may attribute

to the catalytic dehydration of phosphoric acid, which could
catalyze matrix to form a carbon layer (11,31,33,34) and
caused the residual mass (RM) raised from 7.6% to 24.4%
as well (Figure 6c).

The results from CCTs are listed in Table 2. The time
to ignition (TTI) of PLA/HCCP-EP-5 was 5 s earlier than
PLA, which was owing to the addition of HCCP-EP caused
the rise of system viscosity during the process of radiation
heating, making the heat harder to diffuse (35). Effective
heat of combustion (EHC)was the specific value of HRR and
mass loss rate (MLR). EHC represents the amount of heat
released by the combustible part of the decomposition vola-
tiles during burning and can be used to determine the flame-
retardant mechanism (36). The av-EHC of PLA/HCCP-EP-5
was 18.45 MJ·kg−1, showing a slight decrease compared to
PLA, which indicated that more nonflammable gas and less
combustible gas were produced during the combustion of
PLA/HCCP-EP-5. Last but not least, the av-MLR and peak
CO2 Y of PLA/HCCP-EP-5 were lower than PLA as well.

Figure 6: Fire safety performance of PLA and PLA/HCCP-EP-5 obtained from CCT. (a) HRR, (b) THR, (c) RM, and (d) CO2 content (CO2Y).

Table 1: The results of UL-94 tests for PLA/HCCP-EP blends

Sample t1 + t2 (s) Rating Dripping Ignition

PLA >30 No rating Serious Yes
PLA/HCCP-EP-1 11.7 V-1 Serious Yes
PLA/HCCP-EP-3 3.6 V-0 Light Yes
PLA/HCCP-EP-5 0 V-0 Light No
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3.4 Gas phase analysis

To understand the flame-retardant mechanism of HCCP-EP,
the evolved gaseous products of PLA and PLA/HCCP-EP-5
were collected and identified by TG-IR, the results are
shown in Figure 7. The three-dimensional (3D) image of
the evolved gaseous products of PLA and PLA/HCCP-EP-5
from TG-IR are shown in Figure 7a and b. The detailed FT-IR
spectra of gaseous products of PLA and PLA/HCCP-EP-5 at
different mass loss are shown in Figure 7c and d. As the
results shown, the main gaseous products of PLA were H2O
(3,578cm−1), hydrocarbons (2,745cm−1), CO2 (2,300cm−1), CO (2,183
and 2,113 cm−1), and carbonyl compounds (1,762 cm−1). The
characteristic peaks in fingerprint range belonged to C–H
stretching (1,374 and 1,120 cm−1) and C–O stretching
(1,243 cm−1) (22,37,38). The main gaseous products of
PLA/HCCP-EP-5 were the same with those of PLA. Inter-
estingly, in Figure 7d, the peak at 1,243 cm−1 (C–O) is
much weaker than that in Figure 7c, which can be
observed more clearly in Figure 7e. According to reports
in the literature, the decrease of this peak was related to
the release of phosphorus-centered radicals such as PO˙
(22). Moreover, a weak peak can be observed at 897 cm−1

in Figure 7d and e, which belonged to P–O stretching
(39,40). The appearance of P–O further proved the exist
of phosphorus-centered radicals in the system, affording
important evidences to the flame-retardant effects of
HCCP-EP in gaseous phase. In addition, as Figure 7f
shows, PLA/HCCP-EP-5 can produce more water vapor
during pyrolysis than PLA, which is related to the catalytic
dehydration of phosphoric acid.

According to the results from LOI, vertical burning
test, CCT, and TG-IR, the fire safety of PLA was improved
obviously after the incorporation of HCCP-EP. Based on
the results, the probable flame-retardant mechanism of
HCCP-EP can be concluded as (i) during burning, HCCP-EP
produced phosphorus-centered radicals (HPO˙, PO˙, etc.) by
thermal decomposition, which can annihilate H˙ and OH˙
radicals produced by the burning of PLA. The decrease of
the amount of H˙ and OH˙ radicals would interrupt or slow

down the chain reaction of combustion. What is more, the
thermal decomposition of PLA/HCCP-EP produced more
H2O, which can dilute the concentration of combustible
gas and lead to lower temperature. (ii) The phosphoric
acid, which was produced by the thermal decomposition
of HCCP-EP, can catalyze PLAmatrix to form a carbon layer.
The phosphoric acid, metaphosphoric acid, and polypho-
sphazene can cover the surface of the matrix, protecting the
PLA from further burning (12,29,33,41–43). All these mecha-
nisms lead to higher LOI, better self-extinguishing ability,
and lower peak heat release rate (PHRR) of PLA/HCCP-EP
blends. The flame-retardant mechanism of HCCP-EP is
shown in Figure 8. The dispersibility of HCCP-EP in PLA
matrix was measured by a scanning electron microscope
(SEM)-assisted EDS, and the results are shown in Figure 9.
The EDS element analysis clearly showed the dispersibility
of phosphorus and nitrogen in PLA/HCCP-EP blends. Both
phosphorus and nitrogen dispersed in the PLA matrix
homogeneously (44). As the loading of HCCP-EP increasing,
the amount of phosphorus and nitrogen increased obviously
(45), as expected.

3.5 Thermal decomposition behavior

The thermal decomposition process of PLA/HCCP-EP blends
was investigated by TGA, and the results are shown in
Figure 10. For PLA, T5% was 322.5°C and Tdmax was 355.7°C.
When HCCP-EP was added, both T5% and Tdmax of PLA
increased. The Tdmax for all samples increased about 10°C,
which were 365.4°C, 366.0°C, and 366.5°C, respectively. T5%
for PLA/HCCP-EP-1 and PLA/HCCP-EP-3 increased about
7°C. But, interestingly, T5% for PLA/HCCP-EP-5 was 323.2°C,
increased only 0.7°C compared to PLA. This may originate
from the decomposition of HCCP-EP. When the additive
amount of HCCP-EP increased, the epoxy group would be
excess, which may lead to the reduction of the reaction
extent between part HCCP-EP molecule and PLA matrix
(46). The decomposition temperature of this part of HCCP-EP
would be lower than the part that reacted sufficiently,

Table 2: The CCT results of PLA and PLA/HCCP-EP-5

Samples TTIa (s) PHRRb

(kW·m−2)
THRc (mJ·m−2) Average EHCd

(MJ·kg−1)
Average MLRe

(g·s−1·m−2)
Peak
CO2Y

ff (m2·m−2)
RMg (%)

PLA 30 594.32 90.67 18.82 11.64 9.16 7.6
PLA/HCCP-
EP-5

25 519.68 73.89 18.45 9.44 7.63 24.4

aTime to ignition; bPeak heat release rate; cTotal heat release; dAverage effective heat of combustion; eAverage mass loss rate; fPeak CO2

content; gResidual mass.
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which caused the lower T5%. The increase of T5% and Tdmax

indicated that the PLA/HCCP-EP blends had better thermal
stability than PLA, which was also related to the protective
effects of the phosphoric acid, metaphosphoric acid, and
polyphosphazene formed during high-temperature burning.

They covered the surface of the matrix and isolated heat,
oxygen, and flame (47).

To further analyze the thermal decomposition beha-
vior of PLA/HCCP-EP blends, a modified Kissinger method
was adopted (22,48–51). The outline of the method was

Figure 7: The 3D image of (a) TG-IR results for PLA and (b) PLA/HCCP-EP-5. FT-IR spectra of the gaseous products at differentmass loss for (c) PLA and
(d) PLA/HCCP-EP-5. (e) The FTIR spectra of gaseous products at amaximumdecomposition rate. (f) Time-dependent FTIR spectra of H2O at 3,578 cm−1.
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given as follows. Based on a dynamic TGA process, most
thermal decomposition reactions can be described by Eq. 1:

( )( )=
−α

t
Ae f αd

d
E

RT (1)

where α represents the fractional conversion in the solid
reactant (α represents weight loss ratio here), A is

Arrhenius parameters, R is gas constant, T is the reactant
temperature, f (α) is a so-called kinetic function that
depends on the reaction mechanism, and E is the activa-
tion energy for the reaction. In nonisothermal experi-
ments, the data were obtained under a different constant
heating rate β (β = dT/dt), so that Eq. 1 can be written as
follows:

Figure 9: The SEM-assisted EDS mapping of P and N in (a1 and a2) PLA/HCCP-EP-1, (b1 and b2) PLA/HCCP-EP-3, and
(c1 and c2) PLA/HCCP-EP-5.

Figure 8: The flame-retardant mechanism of HCCP-EP.
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( )( )=
−α

T
A
β

e f αd
d

E
RT (2)

After further calculation, the final equation for this
isoconversional method can be described as Eq. 3:

⎜ ⎟⎜ ⎟
⎛

⎝

⎞

⎠

⎛

⎝

( )

( )
⎞

⎠
= − + −
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−

β
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AR RT E
E α

ln ln 1 2
ln 12 (3)

In Eq. 3, (1 − 2RT/E) can be assumed as a constant

(22,44,45) so that the equation ( ( ))

( )
= −

/

/

β T
T

E
R

d ln
d 1

2
was satis-

fied, which means that the value of activation energy
corresponding to different fractional conversion α
(recorded as Eα) can be obtained by plotting ( )/β Tln 2

against /T1 . The slope of the fitted curve was−
E
R

α , the value

of Eα can be calculated by the slope obtained from each
fitted curve under different fractional conversion α.

The fitted curve of ( )/β Tln 2 against /T1 under dif-
ferent value of α for PLA and PLA/HCCP-EP-3 is shown
in Figure 11, and the values of Eα are listed in Table 3. For
both PLA and PLA/HCCP-EP-3, the value of Eα decreased
as the increase of α, which means that the thermal
decomposition became easier and easier as the reaction
progressed. This may be because the molecular weight of
PLA decreased after thermal decomposition. What is more,
whether under high α or low α, Eα for PLA/HCCP-EP-3 was
higher than that for PLA, which indicated that in the whole

Figure 11: (a) Plot curves of ln(β/T2) against 1/T of PLA under different α. (b) The plot curves of ln(β/T2) against 1/T of PLA/HCCP-EP-3 under
different α.

Figure 10: (a) TG and (b) DTG curves of PLA/HCCP-EP blends.

Fire safety and mechanical properties of flame retarded PLA  421



thermal decomposition process, the thermal decomposition
of PLA/HCCP-EP-5 was more difficult than PLA. Obviously,
compared with PLA, PLA/HCCP-EP-3 showed a larger
decrease in the value of Eα with the increase of α. For
example, when α increased from 0.2 to 0.9, Eα of PLA

decreased to about 10.2%, from 195.3 to 175.3 kJ·mol−1.
While for PLA/HCCP-EP-3, Eα decreased to about 17.4%,
from 231.0 to 190.8 kJ·mol−1, which proved that the addi-
tion of HCCP-EP changed the decomposition route of
PLA (22). Last but not least, at low α, for example,
α = 0.3, Eα was 228.7 kJ·mol−1 for PLA/HCCP-EP-3, which
was 35.4 kJ·mol−1 higher than that of PLA. But when α
increased to 0.9, the amount of increase decreased to
15.5 kJ·mol−1. This can be explained by the decomposition
of HCCP-EP. After being exposed to high temperatures for
a long time, most of HCCP-EP was consumed, which
made the restraint effect on the thermal decomposition
weakened.

3.6 Mechanical properties

Figure 12 shows the results of relevant mechanical prop-
erties tests of PLA/HCCP-EP blends. Figure 12a–c shows

Figure 12: (a) Stress–strain curves of PLA and PLA/HCCP-EP blends. (b) Plots of tensile strength against loading of HCCP-EP. (c) Plots of
elastic modulus against loading of HCCP-EP. (d) The notched izod impact strength of PLA/HCCP-EP blends.

Table 3: Calculated Eα and r2 of PLA and PLA/HCCP-EP-3 under
different fractional conversion α

A PLA PLA/HCCP-EP-3

Eα (kJ·mol−1) r2 Eα (kJ·mol−1) r2

0.1 192.5 0.99979 243.1 0.97313
0.2 195.3 0.99945 231.0 0.97828
0.3 193.3 0.99939 228.7 0.98002
0.4 195.6 0.99721 216.8 0.97444
0.5 187.6 0.99797 210.4 0.97937
0.6 183.7 0.99682 206.7 0.97885
0.7 180.7 0.99873 197.9 0.97886
0.8 179.6 0.99679 195.7 0.97830
0.9 175.3 0.99675 190.8 0.98021
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the stress–strain curves, tensile strength, and elastic
modulus of PLA/HCCP-EP blends. As the loading of
HCCP-EP increased, the tensile strength of PLA did not
decline, even showed a slight rise. Meanwhile, the notched
izod impact strength of PLA/HCCP-EP blends (Figure 12d)
showed the same trend. Generally, the addition of flame
retardant would sacrifice the mechanical properties of the
matrix. In this case, when the epoxy group of HCCP-EP
reacted with the terminal hydroxyl of PLA, HCCP-EP could
work as a chain extender (Scheme 2), preventing the loss
of mechanical properties (52–54).

The flame retardancy (LOI and UL-94) and mechan-
ical properties of PLA/HCCP-EP blends are further com-
pared with other reports in the literature (4,9,21,55–60),
and the results are shown in Figure 13. It is obviously
observed that, in this study, the additive content
needed for UL-94 V-0 was lower than most of the sys-
tems, the increment of impact strength was higher
than most of the systems. When it comes to tensile
strength, compared with PLA, PLA/HCCP-EP blends
showed a slight increase, while most of the other systems
showed a decrease. However, the LOI value of this study
was lower than many other systems, which needed further
improvement.

4 Conclusion

In this study, a reactive cyclophosphazene-based flame-
retardant HCCP-EP was designed and synthesized. The
results showed that the fire safety of PLA was enhanced
obviously after the incorporation of HCCP-EP. Adding
3wt% of HCCP-EP could increase the LOI of PLA increased
from 19.5% to 27.3% and make PLA reached UL-94 V-0
rating. The phosphates produced by the thermal decomposi-
tion of HCCP-EP can catalyze PLA matrix to form a carbon
layer, which will protect the PLA from further burning. Gas
phase flame-retardant mechanism coexisted in this system
due to the lower av-EHC of PLA/HCCP-EP-5 than that of PLA.
Meanwhile, the addition of HCCP-EP slightly increased the
activation energy (Eα) of PLA, which made the PLA more
stabilized under high temperature. Furthermore, the addition
of HCCP-EP would not compromise the mechanical proper-
ties of PLA. Especially, the notched izod impact strength of
PLA/HCCP-EP-5 increased about 25% in comparison to PLA,
which was mainly owing to the reaction between the epoxy
groups of HCCP-EP and the terminal groups of PLA. We
believe that this studymay open a new trail for the preparation
of high-performance PLA, which will broaden its applications
in some fields such as textiles, furniture, and packaging.

Figure 13: Comparison of the flame retardancy and mechanical properties between this study and relative literature in the recent years.
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Appendix

The relative content of epoxy groups was obtained by
calculating the area ratio of the characteristic peaks
for epoxy group and carbonyl group in FT-IR absorbance
spectra, respectively. The FT-IR absorbance spectrum
of PLA/HCCP-EP-5 and PLA/HCCP-EP-5(s) is shown in
Figure A2, and the integration method is shown in
Figure A3. The calculation results are shown in Table A1.
For PLA/HCCP-EP-5, the relative content of epoxy group is
0.42 (RC = AEP/AC=O = 0.42), and for PLA/HCCP-EP-5(s), the
relative content of epoxy group is 1.91% (RC=AEP/AC=O= 1.91%).

Table A1: The calculation results of AC]O, AEP

Sample AC]O AEP

PLA/HCCP-EP-5 17.194 18.267
PLA/HCCP-EP-5(s) 0.072 0.349

Figure A1: The sample of PLA/HCCP-EP composite for LOI test: (a) neat PLA, (b) PLA/HCCP-EP-1, (c) PLA/HCCP-EP-3, and (d) PLA/HCCP-EP-5.
The sample was produced according to the standard GB/T2406-93.
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Figure A3: The corrected area of the characteristic peak for epoxy group and carbonyl group in the FT-IR absorbance spectra of (a) PLA/
HCCP-EP-5 and (b) PLA/HCCP-EP-5(s).

Figure A2: The FT-IR absorbance spectrum of PLA/HCCP-EP-5 and PLA/HCCP-EP-5(s).
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Figure A4: The TG and DTG curves of HCCP-EP.

Figure A5: The curve of complex viscosity against step time at 170°C for PLA/HCCP-EP-5(s).
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