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Abstract

In this paper, a single-component intumescent flame retardant di-(3-aminopropyltriethoxysilane) spirocyclic pentaerythri-
tol diphosphate (PDAP) was synthesized, imparting flame retardancy to polylactic acid (PLA), which using melt blending
process. The chemical structure and thermal stability of PDAP were characterized by test methods such as Fourier transform
infrared spectroscopy (FTIR) and thermogravimetric analysis (TGA). The fire retardancy of PLA/PDAP was evaluated by
test methods such as limiting oxygen index (LOI) and vertical burning test (UL-94). The thermal stability of PLA/PDAP
was studied by TGA and thermogravimetry-Fourier transform infrared spectrometry (TG-FTIR). According to the results
of laser Raman spectroscopy (LRS) and FTIR, the possible flame retardant mechanism of PLA/PDAP was discussed. With
only 20 wt% addition of PDAP, PLA/PDAP could achieve 11.98% char residues at 800 °C. The LOI value of PLA/PDAP
achieved 37%, UL-94 test reached V-0 rating. And higher fireproof performance with 62.1% reduced peak heat release rate
(PHRR), 36.8% reduced total heat release rate (THR) and 19.5% reduced average effective combustion heat (av-EHC) value
than PLA. The results show that PDAP has remarkable flame retardant effect on PLA, which provides an excellent research
case for flame retardant modification of PLA plastic products.
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Introduction

Polylactic acid (PLA) is a very important environmentally
friendly, biodegradable polymer material [1]. PLA could be
directly recycled and completely degraded to CO, and H,O,
which has the advantages of excellent biocompatibility and
biodegradability, good processing performance and abun-
dant supply of raw materials. Therefore, it could be applied
in various fields, such as packaging materials, disposables,
medical and health fields [2—4]. However, the structural
characteristics and high carbon content of PLA result in
PLA being not only extremely flammable, but also having
severe melt-drops during combustion [5]. Due to PLA eas-
ily degrades at high temperatures, poses a major safety risk
and greatly limits its application in electronics and various
commercial fields [6]. Thus it is importance to promote the
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thermostability and fire retardancy of PLA. The incorpo-
ration of flame retardants into polymers by conventional
thermoplastic processing has been widely used to enhance
the flame retardancy of plastics, so the synthesis of flame
retardants is the key to obtaining good flame retardancy [7].

Intumescent flame retardant (IFR) is an environmentally
friendly flame retardant with high efficiency and low toxic-
ity, which has been widely applied in PLA composites [8, 9].
The most prominent IFR systems are compounds containing
phosphorus/nitrogen, where the addition of nitrogen reduces
the addition of phosphorus-based flame retardants, and col-
lectively contributes to the establishment of a stable char-
coal layer [10]. Besides phosphorus and nitrogen elements,
researchers have combined other elements (e.g. Si, Mg, Ca,
etc.), showing various degrees of synergistic effects [11, 12].

A common method of preparing IFR systems is to synthe-
size single-component IFR [13, 14], which are chemically
synthesized to make the "three sources in one" of IFR sys-
tems, such as polyol phosphates and triazine derivatives. Qi
et al. [15] synthesized a new single-component IFR PSTBP,
the residual amount of PSTBP achieved 34.58% at 800 °C.
PP/PSTBP composite had a LOI of 32.5% at a PSTBP
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Scheme 1 Synthetic route of PDAP

content of 30.0 wt%. Zhu et al. [16] synthesized a hyper-
branched triazine-piperazine pyrophosphate HTPPP, when
loaded at 25 wt% HTPPP, PP composites had an LOI of up
to 30.5%, and UL-94 achieved V-0 rating, as well as initial
decomposition temperature of HTPPP in air up to 275 °C.
Lai et al. [17] synthesized a new IFR PETBP, and the test
results showed that at 25 wt% PETBP, the PP/PETBP com-
posite had a LOI of 29.5% with a V-0 rating for UL-94 test-
ing. Recently, silicone-containing flame retardants possess
good thermal stability and good compatibility. Li et al. [18]
synthesized a new IFR (PSiNII) containing Si/P/N elements,
and blended 20 wt% PSiNII into polypropylene, and the LOI
value improved from 17.4 to 29.5%. Fang et al. [19] synthe-
sized a new flame retardant (TDA) containing P/N/Si. The
thermogravimetric analysis results showed that the cured EP
retained excellent thermal stability after the introduction of
TDA. When 25.0 wt% of TDA was added, the LOI value
improved to 33.4% and UL-94 reached V-0 rating.

In this paper, IFR PDAP containing P/N/Si was synthe-
sized from pentaerythritol, phosphorus oxychloride and
3-aminopropyltriethoxysilane and blended into PLA matrix.
It is expected that P/N/Si will show excellent synergistic
effects in PLA in the final product to achieve the excellent
flame retardancy.

Experimental

Materials

Polylactic acid (PLA), Natureworks Company (US);
phosphorus oxychloride (POCl; AR), Wuhan Geochemi-

cal Technology Co., Ltd (Wuhan China); pentaerythri-
tol (PER), 3-aminopropyltriethoxysilane (APTES, AR),
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Aladdin (Shanghai, China); dichloromethane, anhydrous
ethanol, acetonitrile, acetone (AR), Sinopharm (Shanghai,
China). These materials were experimented with as they
were purchased.

Synthesis of flame retardant (PDAP)

The synthesis scheme of PDAP was carried out in three steps
as shown in the synthetic route of Scheme 1.

Synthesis of spirocyclic pentaerythritol diphosphoryl
chloride (SPDPC)

First, pentaerythritol 13.6 g (0.1 mol), phosphorous trichlo-
ride 28 ml (0.3 mol), and acetonitrile solution 100 mL were
mixed into a 250 mL flask with a reflux condenser tube,
thermometer, and an off-gas absorber, nitrogen was passed
through the flask, stirred, and heated to 70 °C for 2 h. The
temperature was raised to reflux temperature (85 °C) for
10 h, cooled down, then washed with anhydrous ethanol and
dichloromethane, and placed in an oven to dry for 10 h. A
white powder SPDPC was prepared with a yield of 12.3 g.

Synthesis of pentaerythritol diphosphate (PDE)

SPDPC 8 g (0.027 mol) suspended in acetonitrile solution
55 mL was placed in a 100 mL flask with a reflux con-
denser tube, thermometer and an off-gas absorber, stirred
and heated to 80 °C in N,. Then 6 mL of distilled water
was slowly added dropwise, kept this temperature for 1.5 h.
Cooled down and filtered, then washed by acetone and
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acetonitrile, and placed in an oven to dry for 10 h to obtained
a white powder PDE, the yield was 5.8 g.

Synthesis of di-(3-aminopropyltriethoxysilane) spirocyclic
pentaerythritol diphosphate (PDAP)

PDE 4.8 g (0.018 mol) was added into a 250 mL flask con-
tained acetonitrile 50 mL, which equipped with reflux con-
denser tube, thermometer. Meanwhile, 3-aminopropyltriethox-
ysilane (APTES) 12 g (0.054 mol) dissolved in acetonitrile 30
mL, which was added dropwise to this container. Next slowly
heated to 75 °C for 10 h. Cooled down, separated with cen-
trifugal machine, washed twice with acetonitrile, and put in
an oven for 24 h to obtained a white lumpy solid PDAP, the
yield was 5.6 g.

Preparation of PLA composites

Firstly, evenly mixing PDAP and PLA for later use, PLA/
PDAP were prepared by melt blending method in a micro-
compactor with the relevant parameters of 50 rpm, 180 °C,
and 15 min of compacting time, and then by hot press mold-
ing process at 180 °C and 8 MPa for 6 min. The specific
composition formulations were listed in Table 1.

Results and discussion
Chemical structure characterization of PDAP

The FTIR spectra of PDAP, PDE, SPDPC and APTES (a raw
material) were shown in Fig. 1, whose structures were char-
acterized by FTIR. For SPDPC, the characteristic absorption
bands of 547 cm™! (P-Cl), 855 cm™! (P-0), 1311 cm™! (P=0),
and 1025 cm™! (P-O-C) proved the structure of SPDPC syn-
thesized in the first step [20, 21]. In the FTIR spectra of PDE,
the disappearance of the P-Cl (547 cm™") absorption band,
while the appearance of the O-H (3477 cm™!) absorption
band illustrated the synthesis of PDE. As for PDAP, there
was no absorption band at 547 cm”!, the absorption bands of
N-H stretching vibration, N-H bending vibration and Si-O-C
could be observed at 3372, 1456 and 1088 cm™!, respectively
[22, 23]. When comparing the FTIR of APTES and PDAP,
the symmetric vibrational bands of primary amine (-NH,) at
3395 and 3326 cm™! were replaced by a vibrational single
peak of secondary amine (-NH-) at 3372 cm™!, which dem-
onstrated that -NH, group reacted with P-OH group [24].
And three peaks at 1228 cm™ (P=0), 1025 cm™" (P-O-C)
and 821 cm™! (P-0) still existed, as well as a new absorption
band at 780 cm™! (P-N) [12], which showed the successful
synthesis of PDAP. 2929 and 2879 cm™! was for the absorp-
tion bands of C-H (CH3, CH,) of APTES in the FTIR spectra.

Fig. 1 FTIR spectra of SPDPC,
PDE, PDAP and APTES
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In order to characterize the structure of the products,
NMR spectrum was also used. The '"H NMR and *'P NMR
spectrum of SPDPC and PDAP were shown in Fig. 2. As
can be observed from the '"H NMR spectrum of SPDPC
in Fig. 2(a), the solvent absorption peak at 4.73 ppm was
for CAS deuterium oxide. The double peaks at 4.10 and
4.12 ppm were the absorption peaks corresponding to the
H protons on the spiro ring structure [19]. The '"H NMR
spectrum of PDAP showed that the solvent absorption
peak of CAS deuterium oxide at 4.73 ppm, 1.14 ppm was
the absorption peak of -Si-O-CH,-CH; (1), 3.68 ppm for
Si-O-CH,-CH; (2) [25], 0.73 ppm for -Si-CH ,-CH,- (3),
1.75 ppm for -Si-CH,-CH,- (4) [26], 2.68 ppm for -CH,-
CH,-CH - (5), 2.98 ppm for -CH,-NH-P- (6), and the dou-
ble peaks of 4.16 and 4.18 ppm was the absorption peaks
corresponding to the H proton on the spiro ring structure
(7), which proved the molecular structure of PDAP. The
3P NMR spectrum of SPDPC was shown in Fig. 2(b),
there was only one chemical environment of P-atom at
-2.94 ppm. The *'P NMR spectrum of PDAP also had only
one P-atom absorption peak at -2.39 ppm. indicating that
PDAP has been synthesized successfully.

The results of PDAP elemental analysis data were
shown in Table 2. The element analyzer determined the
amount of six elements, O, C, N, H, Si, and P, in the PDAP
samples as 35.94, 5.27, 33.92, 6.53, 10.36, and 7.98 wt%,
respectively. The comparison showed that the actual and
theoretical values of the content of different elements in
PDAP were almost the same, illustrating that the structure
of PDAP was as expected According to the above results,
the conclusion that PDAP had been successfully synthe-
sized could be drawn.

Thermal stability of PDAP

Figure 3 showed the TGA and DTG curves of PDAP under
nitrogen atmosphere from 35 to 800 °C. The decomposi-
tion of PDAP was a single step process under N, atmos-
phere, with a rapid weight loss between 200 and 450 °C.
The Ts,,¢ and T, of PDAP were 176.54 and 365.92 °C,
respectively. At 800 °C, the residual amount of PDAP
was 49.74%, which indicated that PDAP had an excellent
charring ability. The TGA and DTG results indicated that
the decomposition of PDAP had mainly a large weight
loss phase. It occurred between 250 and 450 °C and could
be considered as the breakage of phosphate ester bonds,
which would generate substances such as phosphoric acid
to act in the subsequent flame retardant process and it
would act to trap free radicals [15]. The TGA of PDAP
between 600 and 800 °C showed a small weight loss, then
a stable intumescent char layer was eventually formed.

@ Springer

Flame retardancy of PLA composites
LOl and UL-94 tests

For the purpose of evaluating its flammability, PLA and
PLA/PDAP with various components were characterized by
LOI and UL-94 tests presented in Table 1. The LOI value of
PLA was only 20.1%, which failed the UL-94 test, belonged
to flammable material and was prone to molten drops dur-
ing the combustion process. When loaded with 5 wt%, 10
wt% and 15 wt% of PDAP to PLA matrix material, the LOI
values were improved, but UL-94 results only achieved V-2
rating, so their flame retardant effect was not enough. The
LOI values were as high as 37% and 37.4% when PDAP
was added at 20 wt% and 25 wt% respectively, and the PLA/
PDAP composites achieved V-0 rating, which showed that
the flame retardant PLA self-extinguished rapidly without
melt-drop phenomenon. Chen et al. [27], produced PLA
flame-retardant composites from PLA and hyperbranched
polyphosphate (HPE), the 20 wt% addition of HPE resulted
in PLA composites with 35% LOI value and V-0 rating.
Moreover, the combustion test results of PLA/ammonium
polyphosphate (APP) were listed in the Supporting materi-
als, and the results revealed that a better fire retardant effect
of PDAP for PLA was achieved. PLA-4 and PLA-5 showed
relatively similar LOI values. Both of them had achieved V-0
rating, compared to PLA-4 in which the amount of flame
retardant added was lower and had fewer effects on other
properties of the matrix material.

CCT analysis

With a purpose to further assess the fire retardancy of PLA
composites, combustion performance of the materials was
measured by CCT, the results and related parameters were
presented Fig. 4; Table 3.

In Fig. 4(a), it was observed that the heat release rate
(HRR) graph of PLA presented a single peak, whereas the
HRR curves of PLA-4 and PLA-5 in the samples with more
PDAP addition showed two peaks, which was mainly due
to the degradation in the composites and shielding barrier
effect by the intumescent char layers. Secondly, these intu-
mescent char layers were degraded further, which resulted
in the degradation of the substrate material to generate a
new intumescent char layer [28]. In Table 3, as PDAP was
increased, the PHRR values of PLA/PDAP displayed a gra-
dient decrease compared to pure PLA, and a slight decrease
of PHRR values of PLA-2. The PHRR values of PLA-3,
PLA-4 and PLA-5 were 387, 186 and 110 kW/m?, respec-
tively, which were reduced by 21.2%, 62.1% and 77.6%,
respectively. The significant reduction in PHRR for PLA/
PDAP could be explained in two aspects. On the one hand,
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Fig.3 TGA and DTG curves of 100
PDAP under N,
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Table 1 Formulation of PLA composites and results for LOI and
UL-94 test

UL-94 vertical
rating

Sample PLA (wt%) PDAP (wt%) LOI (%) Rating Dropping

PLA-O 100 0 20.1 Failed Yes
PLA-1 95 5 26 V-2 Yes
PLA-2 90 10 30.3 V-2 Yes
PLA-3 85 15 34 V-2 Yes
PLA-4 80 20 37 V-0 No
PLA-5 75 25 374 V-0 No

PDAP was decomposed by a heat-absorbing reaction, which
acted as a heat absorber and led to a lower temperature of
the combustion system. Meanwhile, the water vapor and
non-flammable gas released from PDAP decomposition
would dilute the oxygen concentration around the mate-
rial which would prevent it from burning fully. Moreover,
the substances such as phosphate esters produced from the
thermal degradation of PDAP covered the surface of the

-3.19%/min
1 N 1 v 1 v 1 v 1 4
300 400 500 600 700 800

Temperature (°C)

material to reduce more energy and mass exchange between
two phases (condensed and gas phase), which prevented
the matrix material from further combustion [29]. Besides
the above reasons, the flame retardant element Si migrated
to surface of the char layer and promoted production of
the char layer. The THR of PLA-3, PLA-4 and PLA-5 was
decreased by 9.6%, 36.8% and 48.2%, respectively, com-
pared to 77.20 MJ/m2 for PLA-0. This meant that PDAP
formed a dense and continuous char layer in matrix mate-
rial, which could be a physical barrier that limited energy
and mass exchange to protect substrate material. The Av-
EHC represented the extent of volatile combustion for
studying gas-phase flame retardant mechanism, where a
decrease in this value indicated flame suppression or fuel
dilution. The Av-EHC of PLA-4 and PLA-5 decreased to
17.646 and 17.480 MJ/kg, respectively, as shown in the
table, which was 19.5% and 20.2% lower compared to PLA-
0. This was mainly due to the flame suppression effect of
the phosphorus compounds released by radical capture
mechanism by trapping reactive radicals in the flame [10].
The Av-EHC for PLA-2 and PLA-3 with low flame retard-
ant additions was only slightly reduced.

Table 2 EA and XRFs data of

Element content (wt%)

PDAP
C H N o P Si
Theoretical value 41.44 7.81 4.21 28.82 9.31 8.41
Actual value 35.94 5.27 6.53 33.92 10.36 7.98
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Fig.4 a HRR-time curve. b THR-time curve. ¢ Mass-time curve. Note: pure PLA and PLA composites

The mass loss curve could demonstrate the role played
by the fire retardant in the condensed phase. Pure PLA was
basically residue-free after CCT test, and as PDAP was
added, the residue of PLA/PDAP gradually increased. The
residues of PLA-4 and PLA-5 reached 13.43% and 14.15%.
Furthermore, the fire performance index (FPI), defined as

the ratio of ignition time (TTI) to PHRR, from the table, it
could be noticed that with the addition of PDAP, the FPI
values became larger and larger, where PLA-4 and PLA-5
were significantly larger compared to PLA-0. This further
verified that PDAP had a superior effect on PLA, consistent
with the previous findings.

Table 3 CCT data of PLA and

i Sample PHRR THR MJ/m? toyrg ) FPI (m’s/kW) Av-EHC (MJ/kg) Residue (wt%)
PLA composites (KW/m?)
PLA-O0 491 77.20 196 0.043 21.909 0.19
PLA-2 489 77.17 157 0.076 20.991 8.28
PLA-3 387 69.78 134 0.088 20.524 9.39
PLA-4 186 48.78 90 0.188 17.646 13.43
PLA-5 110 40.00 88 0.309 17.480 14.15
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As shown in Fig. 5 were the TG and DTG curves of pure
PLA and PLA/PDAP in the presence of N, and air atmos-
phere, where the relevant data under N, atmosphere were

Table 4 Relevant parameters
of TGA and DTG for PLA and
PLA/PDAP under N,
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shown in Table 4. Only one thermal decomposition stage
was observed for PLA and PLA/PDAP under N,. The T,
of PLA was 334.42 °C, T, was 371.17 °C, and the char
residue at 800 °C was 0.02 wt%. When PDAP was added
to PLA, the initial degradation temperatures of PLA/PDAP
composites were all earlier than PLA, which was supposed
to be because of the lower decomposition temperature of

Sample Tspie (°) Taowie CO)  Tsowig CCO) Trax CC) Ry, (Wt%/min) Residue at
800 °C (%)
PLA-0 334.42 352.27 368.45 371.17 22.16 0.02
PLA-1 325.93 347.52 364.83 365.45 20.68 2.29
PLA-2 320.84 344.62 363.08 363.28 19.34 5.16
PLA-3 314.42 340.25 360.02 360.11 18.24 6.64
PLA-4 301.22 332.52 356.44 349.69 14.83 11.98
PLA-5 299.82 326.73 350.41 353.24 14.72 15.67
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PDAP, decomposing at an early stage to form a stable char
that could be a barrier to protect the underlayer material
from more degradation [6]. The T, ,, of all samples did
not vary significantly, but the maximum degradation rate
decreased markedly with increasing PDAP additions. The
final char residue of PLA/PDAP composites were higher
than that of pure PLA, probably because silicones had lower
surface energy and migrated to the polymer surface at high
temperature to form a surface layer containing silicon, which
prevented further decomposition of the polymer. Thus there
was a significant increase in the residual char rate of the
system [25]. At 20 wt% and 25 wt% PDAP additions, the
PLA/PDAP composites showed residual char at 800 °C
as high as 11.98% and 15.67%. The char layer formed by
PLA-4 and PLA-5 had better thermal stability compared
with other composites, which effectively inhibited further
pyrolysis of the polymer matrix, indicating that PDAP had
excellent char formation ability for PLA. Combining the
previous data analysis and considering the impact on other
properties, PLA-4 with 20 wt% addition had more applica-
tion advantages. Similarly, the degradation of all PLA/PDAP
under air atmosphere was earlier than that of PLA, the rea-
son analyzed was that it was closely related to the premature
thermal degradation of the IFR system. The overall change
in thermal degradation of the materials under Air was essen-
tially the same as under Nitrogen.

TG-FTIR analysis

With the purpose of obtaining the variation of gas com-
ponents with temperature of PLA and PLA/PDAP, 3D
TG-FTIR spectra of thermal degradation gas products of
PLA and PLA-4 were shown in Fig. 6. From the figure,
it could be shown that there was no obvious difference

e dURQIoSAV

between pyrolysis products of pure PLA and PLA-4 dur-
ing thermal degradation. Absorption bands were found
around 3500-3600, 2700-3000, 2100-2400, 1600-1800,
1100-1400 cm™!, for example, aldehyde-containing com-
pounds (2740 cm™!) and carbonyl compounds (1760 cm™)
could be clearly identified [30, 31].

To further investigate the variation of these volatiles with
temperature, FTIR spectra of volatile products at different
temperatures of PLA and PLA-4 were shown in Fig. 7. From
the figure, both PLA and PLA-4 had characteristic absorp-
tion bands in water molecules (3575 cm™!), methane com-
pounds (2975 cm~!, 1373 cm_l), aldehydes containing com-
pounds (2740 cm™!) and carbonyl compounds (1760 cm™h
[32]. The absorption band of CO, was at 2310 cm™!, the
absorption band of CO was at 2176, 2108 cm~!, and the
absorption band of 1120 cm™! was from fatty ether. There
was also a characteristic absorption band of NH; at 930 cm™!
in PLA-4 thermal degradation gas shown in Fig. 7(b), and
it started to appear at about 360 °C, reached the highest
intensity at 384 °C. There was no longer an absorption peak
of NH; at 411 °C, indicating that the ammonia release was
over at this time [25, 33]. For pure PLA shown in Fig. 7(a),
the thermal degradation rate reached the maximum around
275 °C, when the intensity of the absorption bands of vari-
ous thermal degradation gases was the highest. At a tem-
perature of about 357 °C, basically only a weak carbonyl
compound stretching vibration absorption peak existed,
indicating that PLA was going to be totally degraded at
this moment. As for the PLA-4 presented in Fig. 7(b), there
was only a weak absorption peak at 330 °C, indicating that
the generation of composite gas products started at about
this temperature. The rate of thermal degradation of PLA-4
achieved the maximum around 384 °C., and basically only
the absorption bands of carbonyl compounds were present
around 425 °C. Comparing the FTIR spectra of pyrolysis

o] (B)

0157

0.10]

(nre) DUeQAOSQY

Fig.6 3D TG-FTIR spectra of gas products of pure PLA (a) and PLA-4 (b)
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gas with temperature for PLA and PLA-4, PLA/PDAP pro-
duced pyrolysis gas at a higher temperature than pure PLA
by about 100 °C. This was mainly explained by the addi-
tion of PDAP, which resulted in higher thermal stability of
PLA-4, further indicating that PDAP had outstanding flame
retardant properties for PLA.

Analysis of residual char of PLA composites
FTIR spectra of residual char

As presented in Fig. 8, FTIR spectra of the residual char
of PLA/PDAP after CCT test showed absorption bands at
2924 and 2853 cm™! (C-H) and 3429 cm™! (O-H, adsorbed
moisture) [34], and the absorption band of -P-0-Si- was at
1180 cm™!. Furthermore, the large absorption bands at 1018
and 1154 cm™ corresponded to -Si-O-Si- bonds. 1018, 1103
and 494 cm™! absorption bands were belong to -Si-O-Si /-P-
O-C-, -Si-O-C /PO2- and PO, in PO,*~, which indicated
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Fig.8 FTIR spectra of residual char of PLA-4 and PLA-5
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the phosphoric and polyphosphoric acid formation, and the
C=0 in PLA remained at 1630 cm™'. It was because -Si-
0O-C, -Si-O-Si-, -P-O -Si-, -P-O-C-, and -P-O-P- reinforced
completeness and robustness of the char layer, creating a
strong barrier against further combustion of the substrate
at high temperatures. This suggested that the form of high
quality char layer of PLA-4 and PLA-5 could shield the PLA
matrix from heat and flammable gas, and eventually induced
a greater number of PLA molecules to engage in carboniza-
tion [35].

The picture and SEM-EDS analysis of the residual char

The char residue after CCT was analyzed in both macro-
scopic and microscopic perspectives. Figure 9 showed digi-
tized pictures of the char residue on PLA and PLA/PDAP
tested by CCT, and Fig. 10 showed the microscopic mor-
phology of the residual charcoal at various magnifications.
As the amount of PDAP increased, the char layer became
more continuous and denser, and then formed a multi-layer
char layer. The reason was the good char-forming effect
of PDAP and the fact that PDAP emitted a large number
of non-combustible and inert gases when combustion pro-
cess, resulting in the expansion of the char layer, foaming
and extrusion of each other, to get a strong, dense, thick
char layer. The char layer of PLA-2 had some holes and
small bumps although it had a contiguous surface. This was
because of the lack of strength of the char layer, which was
squeezed by the gas released during combustion process,
even forming a distorted surface with a large number of
holes. Surfaces of PLA-3, PLA-4 and PLA-5 char layers
were continuous, dense and structurally flat. It indicated
that the char layer created by the cross-linking reaction
among PLA/PDAP decomposition products were structur-
ally stable and high quality char was obtained. It could play
a high-strength barrier role by isolating heat and blocking
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Fig. 9 The digital picture of residual char after CCT. a: pure PLA, b: PLA-2, ¢: PLA-3, d: PLA-4 and e: PLA-5

gas transmission, preventing further pyrolysis of the inner  high as 42.6%, which was due to the good char formation
material matrix. effect of PDAP. The POe generated by PDAP effectively

The EDS of PLA-4 composite was shown in the Fig. 10,  burst the reactive free radicals and inhibited the pyrolysis
and it could be noticed that the carbon content was as  of PLA.

Element Weight (%)

2 4 6 8 10
Fig. 10 SEM micrographs of residual char after CCT and EDS image of PLA-4 residual char, a, a’: PLA-2, b, b”: PLA-3, ¢, ¢’, ¢”’: PLA-4,d, d’: PLA-5
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Fig. 11 LRS of the residual char for PLA-3, PLA-4 and PLA-5

LRS analysis of residual char

The LRS spectra of residual char after CCT test for PLA/
PDAP were presented in Fig. 11. The Raman spectra con-
sists of two overlapping bands located at around 1600 cm-1
(G band, crystalline carbon) and 1360 cm-1 (D band, amor-
phous carbon). The extent of graphitization of the char resi-
due was indicated by the value of I;y/I;, which is the integral
intensity of the D and G bands [36]. The higher the value
of Iy/I;, the lower the level of graphitization. Highly gra-
phitized char indicates better thermal stability and barrier
properties, which could effectively delay the fire and protect
the internal material matrix from further combustion. LRS
analysis indicated that the addition of 20 wt% PDAP to the
PLA matrix with the lowest I/l value of 2.62 resulted in
the highest graphitization of the composite, which further
confirmed that PLA-4 had better char formation ability,

@ Springer

giving PLA excellent flame retardant performance, which
was consistent with the previous results.

Possible flame retardant mechanism

The excellent flame retardancy obtained from the test analy-
sis was the result of the interaction between the decomposi-
tion products of PDAP and those of the matrix. The possible
flame retardant mechanism of PDAP for PLA was presented
in Fig. 12. The self-condensation of -Si-OH and P-OH
groups facilitated the formation of crosslinked networks,
and this cross-linked char layer containing phosphorus-
silica had high strength, which kept intact and continuous
even under a large amount of gas release and facilitated the
condensed phase flame retardant mechanism [26]. PDAP
generated radicals containing phosphorus oxides, which
included phosphate and pyrophosphate radicals. They could



Journal of Polymer Research (2023) 30:424 Page 130f 15 424
oo e S e D S e e S S S S S D e S S D e S S S e = S S e = 5
~ @as phase
Quenching reactive radicals
Non-combustible gases
uenchin OHe
POe g g. He Intumescent
HPeO, Re char layer

PLA/PDAP
‘ Condensed phase o
Cross-linked char layer :f;f E\/f/’
-Si-OH  self-condensation \;J\/%\\f\\:: -
p-OH — ——> ST
Charring

Fig. 12 Possible flame retardant mechanism of IFR

quench the reactive radicals generated by the decomposition
of PLA matrix [7], interrupted the free radical chain reaction
during combustion, and remained in the condensed phase
as residues. Meanwhile, the non-combustible gas released
in the combustion process, including CO,, NH; and H,0,
which not only could dilute the content of combustible
gases, but also removed part of the heat, so that the intensity
of combustion was reduced and the flame was suppressed,
which resulted in a gas-phase flame retardant mechanism.
It helped to form an intumescent char layer to cover the sub-
strate material. Continuous dense and thermally stable char
layer could isolate the transfer of heat and oxygen effectively
and protect the substrate material from more combustion
[16, 28]. The Si element had a good synergistic effect with
P-system flame retardants. The decomposition of silicone
at high temperature produced Si,O migrating to the poly-
mer surface, which formed a thermally stable surface layer
containing silicon and prevented further decomposition of
the polymer.

Conclusion

A single-component IFR PDAP containing nitrogen, phos-
phorus and silicon was synthesized and added to PLA.
When added at 20 wt%, PLA-4 exhibited superior flame
retardancy. The LOI value was 37%, which was 84%

higher than that of pure PLA, and the UL-94 test could
reach V-0 rating, which could solve the problem of easy
molten drops when PLA combusts. TG analysis and CCT
test showed that PLA composites had high residual char
formation rate and low exothermic capacity. Compared
with pure PLA with no residue at 800 °C, PLA-4 achieved
a residue rate of 11.98% at 800 °C, which effectively pro-
tected the internal matrix material. The PHRR of PLA-4
was reduced by 62.1%, the THR by 36.8%, and the Av-
EHC by 19.5%. In addition, the microscopic morphology
of the residual char could be observed by SEM, PLA-4
showed a dense and continuous char layer, which effec-
tively isolated the thermal mass transfer. The laser Raman
spectrogram also showed that PLA-4 formed a thermally
stable char layer. The results indicated that this paper syn-
thesizes an efficient flame retardant applicable to PLA.
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