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ABSTRACT

A hyperbranched and amorphous microsphere (PZM) was synthesized with the

hexachlorocyclotriphosphazene (HCCP) as the component unit. The PZM and

ammonium polyphosphate (APP) as a synergistic flame retardant were incor-

porated into the poly(L-lactic acid) (PLA) to investigate the effects of the APP/

PZM on the thermal stability, limiting oxygen index (LOI), UL-94 rating, com-

bustion behavior, flame-retardant performance and crystallization behavior of

the PLA. The PZM showed a much higher thermal stability and carbon residue

than the HCCP, APP and 4,4’-diaminodiphenyl ether (ODA), but presented a

lower initial degradation temperature. The PLA/10%APP/5%PZM exhibited

the most excellent flame-retardant performance because it showed low total heat

release, peak of heat release and total smoke release. By calculation, the PLA/

10%APP/5%PZM presented the outstanding fire resistance. The PLA/

10%APP/5%PZM formed a continuous, dense and relatively thicker char layer

(which facilitated the isolation of the oxygen and heat flow, suppression of the

smoke and prevention of the dripping) after the cone calorimeter (CONE) test,

indicating that it showed a condensed-phase flame-retardant performance. In

addition, the gas-phase flame retardance is a minor factor to enhance its flame-

retardant effect. The crystallizability increased, and crystallization time short-

ened substantially for the PLA with loading of the 10%APP/5%PZM.
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GRAPHICAL ABSTRACT

Introduction

More and more attention has been paid on the

poly(L-lactic acid) (PLA) due to the severe environ-

mental pollution caused by the traditional petroleum-

based non-biodegradable plastic. The PLA is a kind

of biodegradable, compatible, bio-derived, renewable

and sustainable polyester material and shows good

mechanical properties, transparency and processing

performance [1–8]. The PLA can be synthesized by

the polymerization of lactic acid produced via the

fermentation of the corn, sugar beet, cassava and

other plants [9, 10]. The PLA-based composites have

been extensively applied in the biomedical devices,

automotive parts, food packings, disposable con-

tainers and bags. However, the raging flame and

severe dripping appear during the combustion pro-

cess of the PLA-based composites, accompanied with

the substantial toxic gases. Therefore, from the

viewpoint of the fire safety, the flammability of the

PLA is always a challenging issue to be resolved

[11–14].

Several methods have been used for increasing the

flame retardance of the PLA. The surface of the PLA

was treated/coated by the flame retardant (FR), but

the preparation is relatively complicated [15–19].

Wang et al. developed a new method for preparing

the flame-retardant PLA via the chemical grafting of

the FR monomer to the PLA molecular chain [20].

They used the reactive FR (ethyl phosphorous

dichloride) as a chain extender of the main chain to

synthesize phosphorus-containing PLA (PPLA).

Upon incorporation of 5 wt% PPLA into the PLA

matrix, the V-0 rating (UL-94 combustion test) and

limit oxygen index (LOI) of 25% are achieved for the

PLA-based composite, an indicative of good flame

retardance of the PPLA. However, the complicated

synthesis routes, well-controlled reaction conditions

and higher time cost are involved. Addition of the FR

into the polymer matrix via the melt blending is an

efficient, facile, cost-effective, time-saving and

extensively used approach to prepare the polymeric

composite with flame retardance. Wang et al. studied

the influence of phosphorus-based FRs on the com-

bustion performance of the PLA by direct melting

mixing the aryl polyphenylphosphonic acid (WLA-3)

and PLA [21]. The experimental results suggest that

the self-extinguishing occurs for the PLA/7wt%

WLA-3. The UL-94 combustion test reaches the V-0

rating, and the corresponding LOI is 25%.

Recently, it has been reported that some com-

pounds containing the phosphazene group have

good flame retardancy and reduce the toxicity of the
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PLA in the combustion process. Hexachlorocyclot-

riphosphazene (HCCP) is a derivate containing the

phosphazene with the –P=N– unit as a skeleton and

exhibits the super flame retardancy and self-extin-

guishing properties [22, 23]. The HCCP has been

used to synthesize the nano- and microscale poly-

mers through the polycondensation reaction, such as

polyphosphazene nanotubes, microspheres, nano-

chains and nanofibers [24, 25]. These nanomaterials

have high thermal stability, flame retardancy and

radiation resistance [26, 27]. Li, Wang and co-workers

synthesized a new type of FR (HPCA) with a

hyperbranched structure using synthetic cyanuric

chloride and 4,4’-diaminodiphenyl sulfide [26]. The

HPCA and ammonium polyphosphate (APP) as a

synergistic FR (HPCA/APP) increase the flame

retardance of the PLA.

Chen et al. synthesized a flame-retardant HTTCP

containing phosphazene and triazine groups. When

the mass fraction of HTTCP was 25 wt %, the PLA

composite acquired a LOI value of 25.2% and the

lower pHRR of 290 kW/m2 [28]. They also used

nano-zinc oxide (nano-ZnO) and phosphazene/tri-

azine bi-group flame-retardant doped in situ with

nano-zinc oxide (A4-d-ZnO), and the results show

that PLA/5%A4-d-ZnO composite presents a LOI

value of 24% and pHRR of 501 kW/m2 and reaches

the V-2 rating. A LOI value of 36% achieves for the

PLA composite containing intumescent FR (IFR)/A4-

d-ZnO [29, 30]. In addition, a micro-cross-linked

structure was constructed via addition of zinc oxide

with the nano-ZnO and chain extender (ADR) into

the FRPLA. When 0.8% ADR/1% ZnO is added, the

LOI value of the FRPLA reaches 39.4%. Compared

with neat PLA, the pHRR and THR reduce by 60%

and 43%, respectively, showing an excellent flame-

retardant effect [31].

Motivated by the reports aforementioned, we pre-

pared a novel HCCP-based derivative as a high-effi-

ciency FR (PZM) of the PLA with a simple and

efficient method. The PZM was synthesized using the

4,4’-diaminodiphenyl ether (ODA) bearing the ben-

zene ring and HCCP, presenting the hyperbranched

network-like structure (as displayed in Scheme 1).

Moreover, in our present work, the PZM showed the

microsphere structure (Fig. 1) which was seldomly

reported on the HCCP-based derivative. The FR with

the microsphere structure is anticipated to be bene-

ficial to enhance the flame retardance. Additionally,

the FR bearing the benzene can enhance substantially

the char-forming ability of the PLA [32–37]. The

chlorine (Cl) of the HCCP reacts readily with the –

NH2 group of the ODA to obtain the halogen-free

PZM to reduce the emission of the toxic gas during

the pyrolysis or combustion process, as much as

possible. The hyperbranched structure of the PZM (as

shown in Scheme 1) in which the HCCP and ODA are

cross-linked, probably exhibits an outstanding flame

retardance [38]. To further enhance the flame retar-

dance of the PLA, the PZM and intumescent APP FR

were used as a synergistic FR to investigate its flame-

retardant effect on the PLA. It should be mentioned

that the extremely low crystallizability or long pro-

cessing cycle is also a bottleneck for the processing of

the PLA. Hence, the PZM/APP synergistic FR is also

anticipated to accelerate the crystallization rate and

shorten the crystallization time of the PLA. In this

work, the chemical structure of synthesized PZM was

characterized by Fourier-transform infrared (FTIR),

wide-angle X-ray diffraction (WAXD) and X-ray

photoelectron spectroscopy (XPS). The LOI, thermo-

gravimetric analysis (TGA), UL-94 vertical burning

and cone calorimeter test were utilized to investigate

the flame retardance and thermal properties of the

composite. The DSC measurement was performed to

investigate the crystallizability of the PLA-based

composite. The morphology observation was carried

out on the scanning electron microscopy (SEM).

Experimental

Materials

The PLA (4032D, Natureworks, Mw = 96,000 Da) was

supplied from Cargill Dow Inc. (USA). Both the

HCCP and ODA were purchased from Shanghai

Maclean Biochemical Technology Co., Ltd. (China).

The APP was purchased from Taixing Fine Chemical

Co., Ltd. (China). The pyridine was bought from

Shanghai Chunjing Biochemical Technology Co., Ltd.

(China). The sample/reagents are used as received

without the further purification.

Preparation of the PZM

According to the pervious literature [39], the syn-

thesis routes of the PZM are described as follows. The

ODA (15.59 g, 0.078 mol) was added in 300 ml pyr-

idine in the ice bath, well stirred and treated by the
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ultrasound (53 kHz) for 30 min. Obtained uniformly

dispersed solution was labeled as solution A. The

HCCP (6.155 g, 0.0177 mol) was added and dissolved

in 50 ml pyridine solution (labeled as solution B). The

solution B was added dropwise into solution A,

heated to 80 �C and held for 24 h. The residual pyr-

idine was removed via the filtration. Then, the red

solid was washed three times with the ethanol and

deionized water, respectively. The obtained product

was dried under vacuum for 24 h at 65 �C (with the

yield of 91%).

Preparation of the PLA-based composite

Melt-extruding method was used to prepare the

composites. Before the melt-extruding, the PLA and

FRS (including the APP, PZM and APP/PZM) with

various weight ratios were stirred well in the chlo-

roform solvent for 1 h. After evaporation of the

chloroform, the resultant sample films were dried in

the vacuum at 50 �C for 3 h. Then, the dried sample

films were cut into small flakes for melt-extruding. A

micro-twin-screw extruder (SJ20/10, Nanjing Mianya

Co., Ltd., China) was used to obtain neat PLA and the

PLA/FRs via the melt-extruder method, and 180, 185

and 165 �C were set, respectively, with a speed of

60 rpm. The extruded sample was cut into pellets by

a pelletizer. The composition of the PLA-based

composite is listed in Table 1.

Characterization

The IR spectrum was collected on a Fourier-trans-

form infrared (FTIR) spectroscopy (Tensor 37, Bruker,

Germany), with a resolution of 2 cm-1 and an accu-

mulation of 32 scans. The sample and KBr powder

were dried, mixed and compressed as a disc. Then,

the disc film was scanned by the FTIR.

The wide-angle X-ray diffraction (WAXD) pattern

was recorded on a WAXD instrument (Rigaku RU-

200 with Ni-filtered CuKa radiation and

k = 0.154 nm, Rigaku Corp., Tokyo, Japan), with a

scanning speed of 5�/min.

The X-ray photoelectron spectroscopy (XPS) mea-

surement was performed on ESCAKAB 250Xi pho-

toelectron spectrometer (Thermo Fisher, USA) to

obtain the relative element composition and valence

state of the sample.

Scheme 1 Synthesis and chemical structure of the PZM.

Figure 1 The SEM image and atomic percentages of the PZM.
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The mass loss of the sample was carried out using

the thermogravimetric analysis (TGA, Shanghai

Yunou Industrial Co., Ltd., China). The sample was

heated from 25 to 600 �C at a rate of 10 �C/min in the

presence of nitrogen atmosphere (with a N2 flow of

100 mL/min). Before the measurement, the sample

was completely dried in the vacuum.

The vertical combustion (UL-94) test was per-

formed on a TTech-GBT2408 Tester (Suzhou Testech

Testing Instrument Technology Co., Ltd., China)

according to the ATSMD3801-2010 standard. The

average value of 5 independent samples (with the

size of 130 9 13 9 3 mm3) was recorded for the

analysis.

The limiting oxygen index (LOI) experiment was

measured on an oxygen index meter (JF-3, Nanjing

Jiangning Analytical Instrument Co., Ltd., China)

according to the ASTMD2863-2013 standard. The

average value of 5 independent samples (with the

size of 130 9 6.5 9 3 mm3) was recorded for the

analysis.

Dual cone calorimeter (EN ISO 1716, FTT, Tech-

nology Limited, UK) with a heat flux of 35 kW/m2

was used for a measurement of the combustion

behavior of the sample. The average value of 3

independent samples (with the size of

100 9 100 9 3 mm3 according to the ISO 5660-1

standard) was recorded for the analysis.

Thermogravimetric analysis/Fourier-transform

infrared (TG-FTIR) measurement was performed on a

STA6000-Frontier instrument (PerkinElmer, USA).

The sample was heated from 25 to 700 �C at a rate of

10 �C/min under the N2 atmosphere, with a resolu-

tion of 2 cm-1 and an accumulation of 32 scans.

Scanning electron microscope–energy-dispersive

spectrometer (SEM–EDS) test was performed on a

scanning electron microscope (SU 3500, Hitachi,

Japan), with an acceleration voltage of 15 kV and a

working distance of 40–50 mm.

Pyrolysis–gas chromatography/mass spectrometry

(PY-GC/MS) analysis was conducted on a CDS5200/

Clarus680SQ8T apparatus (CDS-PerkinElmer, USA).

The sample temperature, GC/MS interface tempera-

ture and cracker temperature were set to 40, 280 and

500 �C, respectively, and the heating rate is 10 �C/
min. The helium was used as the carrier gas. The

capillary column with 30 m length, inner diameter of

0.25 mm and a liquid film thickness of 0.25 um were

utilized for the test.

The non-isothermal/isothermal cooling and heat-

ing curves were recorded on a Pyris Diamond dif-

ferential scanning calorimeter (DSC, Netzsch,

Germany). The sample was heated from - 30 to

190 �C at a rate of 10 �C/min to erase the thermal

history. Regarding the non-isothermal crystallization,

the molten sample was slowly cooled to - 30 �C at a

rate of 10 �C/min. With respect to the isothermal

crystallization, the molten sample was quenched to a

given melt crystallization temperature (Tc) for a long

enough time period. After the non-isothermal/

isothermal crystallization, the sample was reheated to

190 �C.
The tensile test of neat PLA and PLA-based com-

posites was carried out using a SUNS UTM2503

(Shenzhen, China) tensile equipment with a rate of

10 mm/min at the room temperature. For each given

material, 5 independent specimens were measured.

The dumbbell sample (with 50 mm length, 25 mm

cross section width and 0.8 mm thickness) was cut,

and the average value was recorded to evaluate the

mechanical property (tensile strength and elongation

at break).

Table 1 Composition of

samples Sample Composition (wt%)

PLA (wt%) APP (wt%) PZM (wt%)

PLA 100 0 0

PLA/5wt%APP 95 5 0

PLA/10wt%APP 90 10 0

PLA/5wt%PZM 95 0 5

PLA/10wt%PZM 90 0 10

PLA/5wt%APP/5wt%PZM 90 5 5

PLA/10wt%APP/5wt%PZM 85 10 5

PLA/5wt%APP/10wt%PZM 85 5 10

PLA/10wt%APP/10wt%PZM 80 10 10
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Results and discussion

Characterization of the PZM

Figure 1 shows the SEM image and atomic percent-

ages of the PZM. It reveals that the PZM has the well-

defined microspheres with the diameter of

2.3–6.8 lm. The table embedded in Fig. 1 shows the

atomic percentages in the PZM which were obtained

from the XPS measurement. The atomic ratio of the P

and O is 6.84%:13.37% (which is close to 1:2). As

presented in Scheme 1, if 6 Cl atoms of 1 mol HCCP

are completely replaced by the -NH2 group of 6 mol

ODA, the synthetic PZM (with the hyperbranched

structure) shows a P/O atomic ratio of 1:2. The

experimental result is in good agreement with our

expectation. Figure 2 shows the IR spectra of the

HCCP, ODA and PZM. The two peaks at 527 and

607 cm-1 (assigned to the P-Cl group of the HCCP

[37]) disappeared in the PZM. The peak at 862 cm-1

attributed to the P–N segment of the HCCP [37]

disappeared, and two new ones at 926 and 821 cm-1

appeared in the PZM, probably associated with the

newly formed P-N group of the PZM. The discrep-

ancy of the peak position of the P-N segment of

the cyclotriphosphazene between the HCCP and

PZM should be related to the difference of the

molecular microenvironment. The above IR results

suggest that the PZM was synthesized successfully.

In addition, two characteristic peaks at 1504 and

1627 cm-1 are ascribed to the bending vibration of

N–H bond in the ODA and PZM. Those peaks higher

than 3100 cm-1 in the ODA and PZM are assigned to

the –NH2 or –NH– groups [37, 39].

Figure 3 shows the WAXD patterns of the HCCP,

ODA and PZM. Both the HCCP and ODA exhibit

many sharp diffraction peaks, indicating they possess

the polycrystalline crystal structure. However, no

diffraction peak is discernible in the PZM, revealing

that the PZM is amorphous. Similar results were

reported on the HCCP-based derivative. It confirms

again that the PZM was synthesized successfully.

Figure 4 displays the XPS spectra of the HCCP,

ODA and PZM. The HCCP showed three main peaks

assigned to the P2p and Cl2p and N1s, respectively,

and the ODA presented three ones related to the C1s,

N1s and O1s, respectively. Four predominant peaks

attributed to the P2p, C1s, N1s and O1s, respectively,

appeared in the PZM, and their positions changed

little. It is noteworthy that there was no peak asso-

ciated with the Cl2p in the PZM, indicating that the

PZM is a halogen-free compound.

Peak fitting performed on the XPS spectra of the

HCCP, ODA and PZM is shown in Fig. 5. Two peaks

locating at 399.5 and 401.3 eV are associated with the

P=N and P–N of the HCCP, respectively (Fig. 5a1),

and two ones at 398.9 and 399.6 eV are related to the

C–N and –NH2 of the ODA, respectively (Fig. 5a2). A

new peak at 399.8 eV is assigned to the –NH– of the

PZM (5a3) [40, 41]. In Fig. 5b1 and b2, those four

peaks at 284.6, 285.6, 286.2 and 290.6 eV are related to

the C–H, C–N, C–O and p–p, respectively, of the

ODA and PZM [42]. In Fig. 5c1, those three peaks at

133.2, 133.4 and 133.5 eV correspond to the P=N, P–

Cl and P–N, respectively, of the HCCP [39]. In

Figure 2 The FTIR spectra of the HCCP, ODA and PZM. Figure 3 The WAXD patterns of the HCCP, ODA and PZM.
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Fig. 5c2, that of the P–Cl segment disappeared in the

PZM.

Thermal stability analysis

The TGA and DTG curves of the HCCP, ODA, APP

and PZM under the nitrogen atmosphere are

presented in Fig. 6. Several typical data are listed in

Table S1. Both the HCCP and ODA degraded in one-

step mode (Fig. 6a, b). Their initial thermal degra-

dation temperatures (T5%) are 112 and 216 �C,
respectively. The temperature at which the degrada-

tion rate is the maximum (Tmax) of the HCCP and

ODA is 168.1 and 291.5 �C (Fig. 6b), respectively, and

presented the residue percentage of 0.4% and 5.7%

(Table S1), respectively. The APP was thermally

degraded in two-step manner (Fig. 6b). The first

degradation stage between 315 and 514 �C mainly

resulted from the decomposition of the APP to gen-

erate the NH3, H2O and polyphosphoric acid. The

second stage higher than 520 �C was attributed to the

degradation of the polyphosphoric acid to produce

the phosphoric acid and phosphorus-containing

fragments. In Table S1, the PZM displayed a lowest

T5% (95 �C, ascribed to the evaporation of the water

probably due to the good hygroscopicity) and highest

residue percentage (74.2%, probably attributed to the

excellent char-forming ability of the hyperbranched

structure), compared to the HCCP, ODA and APP.

Figure 4 The XPS spectra of the HCCP, ODA and PZM.

Figure 5 High-resolution XPS spectra of the HCCP, ODA and PZM.

Figure 6 a TGA and b DTG

curves of the HCCP, ODA,

APP and PZM under the N2

atmosphere.
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LOI and UL-94 measurement

The test data in the LOI and UL-94 measurement are

listed in Table 2. Neat PLA showed the LOI value of

20% and no rating in the UL-94 test because the

severe dripping ignited the degreasing cotton. With

loading of the APP, PZM or APP/PZM, the PLA-

based composites presented the increased LOI val-

ues. Additionally, except the PLA/5wt%APP, other

PLA-based composites passed the UL-94V-0 test,

indicating that these FRs showed a good flame-sup-

pressing effect on the PLA. By contrast, the PLA/

10%APP/5%PZM showed a distinct self-extinguish-

ing effect after being ignited, but neat PLA was burnt

thoroughly, as presented in the video of Supple-

mentary Material (VPLA and VPLA-10%APP-5%PZM).

Thermal stability of neat PLA and PLA-
based composites

The TGA and DTG curves of neat PLA and PLA-

based composites under the N2 atmosphere are

shown in Fig. 7, and the corresponding data are lis-

ted in Table S2. Compared to neat PLA, the T5%

decreased slightly and progressively with an increase

in the amount of the FR because of the breakage of

the PLA molecular chains which are in contact with

the phosphoric acid-containing compound gas. The

Tmax changed little for the PLA-based composites.

The char residue percentage of the PLA/APP/PZM

is obviously higher than those of the neat PLA and

PLA/APP, indicating that the synergistic effect of the

APP/PZM enhanced the char-forming capacity of the

PLA. The maximum mass loss rate (MMLR) of neat

PLA is higher than other PLA/FRs (with exception of

the PLA/10%APP), probably related to the lower T5%

and higher char residue percentage of the PLA/FRs.

Combustion behavior investigated
by the CONE

The CONE test is widely utilized to simulate the real

fire environment and evaluate combustion behavior

of materials. Figure 8a displays the heat release rate

(HRR) curves with the combustion time for neat PLA

and PLA-based composites. Upon incorporation of

the FRs, the heat release rate (HRR) decreased obvi-

ously and the time at which the maximum HRR

(pHRR) appears, also reduced, probably associated

with the depression of the thermal degradation

temperature of the FRs, in agreement with the results

in Fig. 7. Among those 9 samples, the PLA/

10%APP/5%PZM (PLA-7) showed the lowest pHRR

and decreased by 27.2% compared to neat PLA, as

presented in Fig. 8b and Table 3. Also, it suggests that

the 10%APP/5%PZM synergistic FR exhibited the

relatively better inhibition effect on the heat release,

compared to the 10%APP or 5%PZM.

Similarly, the total heat release (THR) slowed

down upon incorporation of the FRS and the PLA/

10%APP/5%PZM displayed the lowest THR, as

presented in Fig. 9a. The PLA/10%APP/5%PZM and

PLA/10%APP showed substantially lower total

smoke release (TSR) than neat PLA and other com-

posites (Fig. 9b and Table 3). The PLA/10%APP/

5%PZM and PLA/10%APP presented excellent

smoke-suppressing effect (Fig. 9b). Due to the earlier

decomposition of the APP (or lower thermal stability

than the PZM, as shown in Fig. 6), the released

phosphorus-containing free radicals (PO�/PO2�) can
capture and quench free radicals (such as O�, HO�)
generated in the combustion process of the PLA,

suppressing the generation of the thermally degra-

ded gas product. The lowest TSR of the PLA/

Table 2 The LOI and UL-94

test data Code Sample LOI (%) UL-94

Dripping Ignition Rating

PLA-1 PLA 20.0 Yes Yes No rating

PLA-2 PLA/5wt%APP 25.4 Yes No V-2

PLA-3 PLA/10wt%APP 27.2 No No V-0

PLA-4 PLA/5wt%PZM 24.0 No No V-0

PLA-5 PLA/10wt%PZM 26.0 No No V-0

PLA-6 PLA/5wt%APP/5wt%PZM 27.4 No No V-0

PLA-7 PLA/10wt%APP/5wt%PZM 27.6 No No V-0

PLA-8 PLA/5wt%APP/10wt%PZM 28.0 No No V-0

PLA-9 PLA/10wt%APP/10wt%PZM 28.2 No No V-0
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10%APP/5%PZM is probably attributed to its rela-

tively higher char-forming capability (the residue

percentage of 11.9%, as presented in Table S2),

inhibiting the emission of the smoke gas.

Additionally, the quenching effect of the phosphorus-

containing free radicals in the APP on the O�/HO�
free radicals is also an important factor to lower the

emission of smoke gas.

Figure 7 a TGA and b DTG

curves as a function of

temperature for neat PLA and

PLA-based composites under

N2 atmosphere.

Figure 8 The HRR versus

combustion time for neat PLA

and PLA-based composites.

Table 3 Combustion parameters of neat PLA and its composites from the cone calorimeter

Sample TTI (s) pHRR (kW/

m2)

THR (MJ/

m2)

TSR (m2/

m2)

av-EHC (MJ/

kg)

FPI (sm2/

kW)

FRI

PLA 79 ± 4 418 ± 11 72 ± 8 22.2 ± 1.2 18.4 ± 0.6 0.19 ± 0.02 1

PLA/5wt%APP 50 ± 2 362 ± 13 61 ± 6 4.4 ± 0.3 16.6 ± 0.9 0.13 ± 0.02 0.81 ± 0.11

PLA/10wt%APP 53 ± 3 349 ± 11 57 ± 7 6.1 ± 0.7 15.9 ± 0.9 0.15 ± 0.03 1.01 ± 0.13

PLA/5wt%PZM 67 ± 2 321 ± 13 63 ± 5 14.6 ± 1.1 17.4 ± 0.8 0.17 ± 0.01 1.02 ± 0.12

PLA/10wt%PZM 54 ± 3 392 ± 9 57 ± 8 6.7 ± 0.7 16.1 ± 0.8 0.16 ± 0.02 1.05 ± 0.11

PLA/5wt%APP/5wt%PZM 74 ± 2 339 ± 10 62 ± 6 5.5 ± 0.3 16.8 ± 0.9 0.21 ± 0.03 1.28 ± 0.13

PLA/10wt%APP/5wt%PZM 75 ± 3 304 ± 12 48 ± 4 3.6 ± 0.2 15.3 ± 1.0 0.24 ± 0.03 1.9 ± 0.15

PLA/5wt%APP/10wt%PZM 52 ± 4 363 ± 8 52 ± 7 5.8 ± 0.5 15.8 ± 0.7 0.14 ± 0.04 1.03 ± 0.12

PLA/10wt%APP/

10wt%PZM

58 ± 5 333 ± 13 54 ± 6 5.6 ± 0.3 15.8 ± 0.8 0.17 ± 0.02 1.2 ± 0.14

FPI = TTI/pHRR

FRI =
THR� pHRR

TTIð Þ½ �
neatPLA

½THR� pHRR
TTIð Þ�

PLAcomposites
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The time to ignition (TTI) is the time from being

heated to appearance of stable flame in the CONE

test, and it is an important parameter for evaluating

the fire resistance of the material. Clearly, the TTI of

the PLA/APP depressed greatly compared to neat

PLA (Table 3), probably related to the acid products

of the APP (suffered from the heat radiation) which

accelerate the thermal degradation of the PLA

molecular chains caused by the hydroxyl radicals, to

enhance the flammability of the PLA. A slight

decrease in the TTI was found for the PLA/10%APP/

5%PZM (75 S), compared to neat PLA (79 S).

The released heat of the unit mass loss can be

expressed by the av-EHC (average effective heat of

combustion) in the CONE measurement. From

Table 3, with loading of the APP or PZM or APP/

PZM, the av-EHC depressed compared to neat PLA

and the PLA/10wt%APP/5wt%PZM displayed the

lowest av-EHC, revealing the burning degree of

volatile gas in the gas-phase flame reduced in the

presence of the synergistic FR (APP/PZM). The fire

performance index (FPI) is the ratio of the TTI to

pHRR, and the larger FPI is an indicative of a longer

escape time in the fire [43]. Similarly, the FPI of the

PLA-based composites reduced upon incorporation

of the FRs and the PLA/10wt%APP/5wt%PZM

presented the highest FPI (0.24 sm2/kW), indicating

that the APP/PZM exhibited the synergistic flame-

retardant effect on the PLA and the PLA/

10wt%APP/5wt%PZM showed the highest fire

safety. The FRI parameter is adopted to evaluate the

flame-retardant performance of thermoplastic com-

posites, and the larger FRI demonstrates a higher

thermal stability of the polymeric material [44]. In

Table 3, with loading of the APP, the FRI decreased

or changed little. Blending of the PZM, no apparent

alteration could be found. Upon incorporation of the

10%APP/5%PZM, the FRI increased nearly by 1 time,

compared to neat PLA.

It is mentioned that the flame-retardant effect of the

PLA/10wt%APP/10wt%PZM is not better than the

PLA/10wt%APP/5wt%PZM, indicating that more

amount of the synergistic FR lowers the flame-retar-

dant performance of the composite, probably related

to the weak/poor interfacial interaction between the

10%APP/10%PZM and PLA, or the agglomeration of

the synergistic FR with more amount in the PLA

matrix, as presented in Fig. S1 (the fracture SEM

image of the PLA/10%APP/10%APP composite).

Morphology observation of the char residue

Figure 10 shows the images of the char residue of

neat PLA and its composites treated by the CONE

test. Neat PLA showed an extremely thin char layer

with a large hole, revealing a substantially low flame

retardance of neat PLA. In addition, a small hole and

relatively thicker char layer were seen in the PLA/

5%PZM. Other PLA-based composites showed a

continuous, dense and compact layer, indicating that

they had the increased flame retardance.

The SEM images of neat PLA and its composites

treated by the CONE test are shown in Fig. 11. There

are many large cracks on the surface of neat PLA,

accelerating the escape of generated CO, CO2, H2O

and volatile gas product related to breakage of the

PLA molecular chains. Small cavities were found in

the PLA/5%APP, PLA/10%APP and PLA/5%PZM.

The continuous and compact char layer without the

pores or cracks could be clearly seen in other

Figure 9 a THR and b TSR

versus combustion time for

neat PLA and PLA-based

composites.
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composites, facilitating the isolation of the oxygen

and heat, suppression of the smoke and prevention of

the dripping.

TG-FTIR measurement

Figure S2 presents the time-dependent TG-FTIR 3D

spectra of neat PLA and several PLA-based com-

posites. By contrast, the intensity of main IR absorp-

tion peaks (attributed to carbonyl/ester/amide

segments) of the PLA/10%APP/5%PZM was lower

than those of neat PLA and other two composites,

probably ascribed with its highest char residue per-

centage (compared with neat PLA, PLA/10%APP

and PLA/5%PZM), as shown in Table S2. The thicker

carbon layer showed the barrier effect to suppress the

evaporation of the smoke or gas product.

Figure 12 displays the FTIR spectra at various

temperatures in the TG-IR measurement, and the

assignment of the different IR peaks is denoted. On

the whole, the IR absorption peak of the composites

appeared and disappeared earlier than neat PLA,

indicating that thermal degradation of the composites

occurred in the lower temperature region, in partic-

ular for the PLA/10wt%APP/5wt%PZM, perhaps

ascribed to the degradation of the flame retardant in

the lower temperature or the intramolecular/inter-

molecular dehydration of PLA (catalyzed by the

acidic substances produced by the degradation of

Figure 10 Digital images of the char residue of neat PLA and its composites.
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APP). This result is consistent with that in the TGA

test. The thermal degradation of the 10%APP/

5%PZM synergistic retardant at the lower tempera-

ture is helpful for the formation of the char layer,

which acts as a protective film to enhance the flame

retardance of the PLA matrix, because it played an

important role in the incomplete combustion, insu-

lation of heat and oxygen [45].

Figure S3 presents the FTIR spectra of the pyrolysis

gas-phase products of neat PLA and several com-

posites at Tmax. Two IR peaks at 3742 and 2731 cm-1

are assigned to -OH (H2O) and alkane gas-phase

products. The characteristic peaks of CO2 appeared at

2361 and 2313 cm-1 [46], and both at 2176 and

2105 cm-1 are related to CO [47]. That at 1773 cm-1 is

ascribed to the –C=O group, and these two ones at

1365 and 910 cm-1 to the bending vibration of the

C-H [48]. Apparently, the intensity of the IR peak of

the PLA/10%APP/5%PZM was lower than those of

other 3 samples, revealing that the gas-phase pyrol-

ysis products of the PLA/10%APP/5%PZM reduced.

PY-GC/MS analysis

Figure 13 shows the total ion chromatograms of the

PZM, neat PLA and PLA /10%APP/5%PZM in the

PY-GC/MS measurement, and their corresponding

MS chromatograms at different retention times are

presented in Fig. 14. With combination of Figs. 13

and 14, the possible pyrolysis products of the PZM,

neat PLA and PLA /10%APP/5%PZM (with the

time) are shown in Fig. 15a, b and c, respectively. It

can be seen from Fig. 15a that the main pyrolysis

products of the PZM are the phosphazene group and

other phosphorus-/benzene-based derivatives. From

Fig. 15b, the main pyrolysis products of neat PLA are

the lactide, CO2, cyclic and carbonyl compounds. As

presented in Fig. 15c, the phosphazene group and

benzene-based derivatives, lactide and carbonyl

compounds are the main pyrolysis volatile products.

In the decomposition process, the benzene- and

phosphorus-containing free radicals can quickly

capture and quench the O•, H•, HO• free radicals of

Figure 11 SEM images (zoom in 500 times) of neat PLA and its composites treated by the cone calorimetry test.
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the PLA, which can effectively interrupt the pyrolysis

process and inhibit the thermal degradation of the

PLA [48–50].

Plausible flame-retardant mechanism

Figure 16 shows a schematic illustration of the flame-

retardant mechanism of the PLA/10%APP/5%PZM.

During the heating and combustion process, the APP

dispersed in the PLA matrix is heated and decom-

posed to produce polyphosphoric acid and NH3.

NH3 can dilute the oxygen concentration around the

composite and bring away the heat flow, which is the

so-called gas-phase flame retardancy.

In addition, the intermolecular dehydration occurs

for the PLA caused by the catalysis of acidic sub-

stances to form a carbon layer covering the surface of

the PLA matrix, which plays a crucial role in the

insulation of the oxygen and heat, drip prevention

and smoke suppression to achieve the effect of the

condensed-phase flame retardance. With an increase

in the temperature, the polyphosphoric acid will

dehydrate and polymerize by itself, and the PLA will

react with phosphoric acid and polyphosphoric acid

to form the crosslinking structure [49–51]. The PZM

Figure 12 TG-IR spectra of a neat PLA, b PLA/10wt%APP, c PLA/5wt%PZM and d PLA/10wt%APP/5wt%PZM at different

temperatures.
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will be thermally degraded into two phosphazene

units, producing some cross-linked carbon residues

with the polyphosphoric acid. During the combustion

process, a portion of the PLA molecular chains will

be completely decomposed to generate CO, CO2 and

H2O, which can also exert a gas-phase flame-retar-

dant effect.

Crystallization behavior by DSC

PLA is a semicrystalline polyester with slow crystal-

lization process and poor heat resistance. Figure 17

displays the non-isothermal/subsequent heating and

isothermal crystallization curves of neat PLA and

PLA/10%APP/5%PZM. No crystallization peak (Pc)

could be found for neat PLA, and the Pc was dis-

cernible in the PLA/10%APP/5%PZM, PLA/

10%APP and PLA/5%PZM (Fig. 17a). It suggests that

the FRs enhanced the crystallizability of the PLA. In

the subsequent heating curves (Fig. 17b), neat PLA

presented a glass transition temperature (Tg), an

extremely weak and wide cold crystallization peak

(Pcc) and a melting peak (Pm) with a moderate

intensity. With loading of the FRs, there were a Tg,

obvious Pcc and high-intensity Pm, revealing the

enhanced degree of the crystallinity or perfection of

molecular chain alignment of the PLA. The relative

degree of the crystallinity (Xc) of neat PLA and PLA

with FRs is based on the following analytical proce-

dure. Xc = (DHm
&/DHm

0) 9 100%, in which DHm&-

= (DHm ? DHcc ? DHrc) and DHm
0 is DHm (93.6 J/g

[52]) of an infinitely large crystal of the PLA. DHm,

DHcc and DHrc are the enthalpy of melting, cold

crystallization and recrystallization in Fig. 17b,

respectively. The Xc of neat PLA, PLA/10%APP,

PLA/5%PZM and PLA/10%APP/5%PZM is 18.4%,

21.9%, 25.3% and 28.8%, respectively. In the isother-

mal crystallization process at Tc = 110 (Fig. 17c) and

130 �C (Fig. 17d), no Pc was seen in neat PLA. Upon

incorporation of the FRs, the distinct Pc could be

found, indicating that the crystallization of the PLA

was significantly accelerated by FRs. It is noteworthy

that the isothermal crystallization time of the PLA/

10%APP/5%PZM is slightly lower than those of

PLA/10%APP and PLA/5%PZM, indicating that the

crystallization rate of the PLA/10%APP/5%PZM is

the highest.

The enhanced Xc and crystallizability of the PLA

are probably attributed to the nucleation effect of the

APP/PZM. The APP/PZM synergistic FR also acts as

the nucleating agent to provide large amount of

nucleation sites to induce the nucleation of the PLA

molecules and initiate the subsequent growth of the

molecular chains.

Tensile measurement

The mechanical properties of neat PLA and three

PLA-based composites are presented in Fig. S4. The

elongation at break of PLA-based composite (PLA/

10%APP, PLA/5%PZM and PLA/10%APP/5%PZM)

decreased, compared to neat PLA, mainly ascribed to

the non-uniform dispersion or agglomeration of the

flame retardant. No obvious change could be found

for the tensile strength. The detailed data on the

mechanical property are listed in Table S3. It was

reported that the mechanical properties of polymer-

based composite with spherical filler strongly depend

on the particle size and dispersion of dispersed

phase, and interfacial interaction [53].

Conclusions

Synthesized PZM was a hyperbranched amorphous

compound with the microsphere structure and

showed a much higher thermal stability than the

HCCP or ODA. Upon incorporation of the synergistic

flame-retardant APP/PZM, the composites reached

the V-0 rating in the UL-94 test and presented a

substantially higher char residue amount than neat

PLA. In the CONE measurement, the PLA/10%APP/

5%PZM presented the most excellent flame-retardant

Figure 13 Total ion chromatograms of the PZM, neat PLA and

PLA/10%APP/5%PZM in the PY-GC/MS test.
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Figure 14 MS

chromatograms of the PZM,

neat PLA and PLA/10%APP/

5%PZM at different retention

times.
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performance. The pHRR of the PLA/10%APP/

5%PZM decreased by 27.2%, compared to neat PLA.

Also, the THR and TSR of the PLA/10%APP/

5%PZM reduced significantly. The TTI and FRI value

Figure 15 Possible pyrolysis

processes of a the PZM, b neat

PLA and c PLA/10%APP/

5%PZM.
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indicates that the PLA/10%APP/5%PZM had a high

fire resistance and longer escaping time in the fire.

TG-IR results suggest that the PLA/10%APP/

5%PZM degraded earlier than neat PLA, resulting in

the formation of the char layer. That is, the out-

standing flame retardance of the PLA/10%APP/

5%PZM was predominantly attributed to the formed

continuous, dense and thicker char layer around the

PLA/10%APP/5%PZM composite (condensed-phase

flame retardance), which facilitates the insulation of

the oxygen and heat flow, suppression of the smoke

and prevention of the dripping. In addition, the gas-

phase flame retardance was minor factor to enhance

the flame-retardant performance. The generated

NH3, CO and CO2 in the combustion process could

dilute the oxygen concentration and bring away the

heat. With loading of the 10%APP/5%PZM, the

crystallizability of the PLA increased and the crys-

tallization time shortened substantially, but the

elongation at break decreased.

Figure 16 Schematic

illustration of the mechanism

for the flame retardance.

Figure 17 DSC curves of neat

PLA and the PLA/FRs.
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