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Abstract Flame-retardant glass fiber-reinforced PA6
(GFPAG6) composites were prepared by incorporating the
mixture of piperazine pyrophosphate (PAPP) and alu-
minum hypophosphite (AHP) into GFPA6. From the
results of UL-94 test, limiting oxygen index (LOI) and
microscale combustion calorimetry (MCC) tests, the as-
obtained composites exhibited significantly enhanced flame
retardancy including higher LOI values, better UL94 rating
(V-0 for 18.0 mass% PAPP/AHP mixture), and decreased
peak heat release rate and total heat release. And PA6-4
with a 4/1 mass ratio of PAPP to AHP reached the highest
LOI value. The influence of PAPP/AHP on the decompo-
sition pathway of GFPA6 was discussed based on TG and
TG-FTIR analysis. The interaction between PAPP/AHP
and GFPAG altered the decomposition pathway of GFPA6
resulting in the formation of compact char layer, high
thermal stability within high-temperature region, and weak
intensities of a variety of pyrolysis gas products. Mean-
while, the thermomechanical property data revealed the
storage modulus of samples were increased with increasing
PAPP/AHP content, whereas the glass transition tempera-
tures were reduced gradually. Moreover, the results of
scanning electron microscope illustrated that the intro-
duction of PAPP/AHP mixture can promote the formation
of compact char layer and change the surface element
composition of the char.
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Introduction

Polyamide 6, as one of the most important engineering
plastics, has been widely used in electronic industry and
automobile industry. As well known, pure polyamides
(especially PA6) are endowed with relatively high tensile
strength, good aging resistance, high ductility, good
chemical resistance, good abrasion, low friction coefficient,
good electrically insulating property and easy processing
properties [1-3]. Nevertheless, polyamide 6 also has some
shortcomings such as high moisture absorptivity, poor
dimensional stability, low heat distortion temperature, poor
low-temperature impact strength and easy flammability.
Thus, reinforcing modification needs to be used on the
virgin polyamide materials. Most industrial applications
require the reinforced polyamide composites. Industrially,
glass fiber (GF) is the additive which is typically utilized in
reinforcing polyamide 6 materials due to its low cost, good
compatibility, and simple preparation process. The
dimensional stability, heat distortion temperature, impact
resistance, resistance to chemical solvent, aging resistance,
and moisture absorption resistance of the corresponding
composites following the glass fiber are significantly
improved [4, 5]. However, flame retarding of GFPAG is
much more difficult to reach than that of PA6 owing to the
“candlewick effect,” which greatly limits their applications
in electric industries, including electrical connectors,
switch components, wire ties, and electrical housings. This
comes from that the introduction of glass fibers can evi-
dently accelerate the combustion and thus undermine the
capability of self-extinguishment of PA6 matrix [6].
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Traditionally, halogen-containing flame retardants have
taken up a huge market in last decades and are often
industrially used in decreasing the combustibility of glass
fiber-reinforced PA6 materials. Nonetheless, the halo-
genated FRs also cause corrosion to the processing
equipment and generate corrosive and toxic combustion
products (especially the “dioxin”) during combustion,
which limits their further applications in some fields [7].

Therefore, halogen-free flame-retarding GFPA6 has
attracted many attempts. Halogen-free retardants mainly
include phosphorus-containing flame retardant (FR),
nitrogen-containing FR, and inorganic FR [8-10]. How-
ever, it is difficult to achieve a high flame-retarded clas-
sification for polyamides with a low loading of these
compounds. Metal phosphinates are proven to be effective
flame retardants activating in both condensed and gaseous
phases. In recent years, aluminum hypophosphite (AHP,
Fig. 1) has been employed as efficient flame retardant and
widely applied in engineering plastics. Zhao and Li [11]
reported that AHP has low flame-retardant efficiency in
materials by its alone, which means some synergists are
required to exert better performance. Thus, synergistic
effects of melamine cyanurate (MCA) and AHP in PBT
[12], ABS [13] and PA6 [14] have been studied, which
needed over 20 mass% total loading to achieve UL94 V-0
rating. The incorporation of aluminum phosphinate, mela-
mine polyphosphate (MPP), and zinc borate also presented
high flame-retarding efficiency in glass fiber-reinforced
PAG66 [15]. Howbeit, there are also some defects on AHP.
As well known, releasing toxic and combustible gas
(phosphine, PH3) during combustion is the main defect of
AHP. Though this system can reach a good flame-retarding
result, but the high content of AHP in this system increases
the releasing of PH3 and cost (the preparation of organic
phosphinate salts on industrial scale is relatively complex
and expensive) [16]. Furthermore, no interested attempts
about decreasing the content of AHP in those systems for
flame-retarding GFPA6 were reported.

In our previous work, piperazine pyrophosphate (PAPP,
Fig. 1) was synthesized by copolymerization [17]. PAPP
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that contains nitrogen and phosphorus shows high initial
degradation temperature, high phosphorus element content,
and good char-forming property, which makes it suitable to
the preparation of flame-retarding GFPAG6 composites.
Meanwhile, PAPP is possible to be a commercial product
due to its simple preparation process, low cost, moisture
absorption resistance, and good availability. Theoretically,
the phosphoric acid decomposing from PAPP can accel-
erate the cross-linked reaction in condensed phase; mean-
while, the AHP can form more uniform and compact char
layer on the surface of materials and eliminate the dripping
phenomenon. Thus, PAPP and AHP may exhibit excellent
flame-retarding efficiency in GFPA6 materials.

The purpose of this paper is to study the synergistic
effect between PAPP (as the main component) and AHP
(as the synergistic ingredient) in the flame-retarding system
for GFPA6 materials, for significantly decreasing the
release of PH; and maintaining the flame-retarding rating.
This system is different from the previous system in which
AHP is the main ingredient reported by the literatures. We
partially replaced the PAPP with AHP to more fully
understand the flame-retarding activity of PAPP/AHP in
GFPAG6 composites. The fire retardation properties and
thermal stability behaviors of GFPA6/PAPP/AHP com-
posites were investigated by limiting oxygen index (LOI),
UL94 vertical test, thermogravimetric analysis (TG),
microscale combustion calorimeter (MCC) test, thermo-
gravimetry/infrared  spectrum  (TG-FTIR) analysis,
dynamic mechanical analysis (DMA), and scanning elec-
tron microscopy (SEM). Meanwhile, the synergistic
mechanism between PAPP and AHP was also discussed.

Experimental
Materials
Polyamide 6 (PA6, YH800) was supplied by Baling

Petrochemical Co., China. AHP was purchased from Hubei
Tian’Hu Chemical Co., Ltd., China. Piperazine phosphate,
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@ Springer



Thermal properties and combustion behaviors of flame-retarded glass fiber-reinforced polyamide 6...

phosphate, and xylene (chemically pure) were supplied by
Chengdu Kelong Chemical Plant, China.

Synthesis of PAPP

A certain amount of piperazine phosphate and phosphate
(mole ratio of 1:1) were added into the heat xylene solution
with a molecular structure of CgH;,, followed by a con-
tinued reaction in water bath for a given time at a certain
temperature (150-300 °C) and rotor speed of 40 rpm after
completion of addition of piperazine phosphate and phos-
phate. After completion of the reaction, the reaction mix-
ture was cooled down to room temperature, filtrated, and
then dried. The obtained products were finally pulverized to
<100 pm for the subsequent use. We called the reaction
product as PAPP (Schme 1).

Preparation of FR-GFPA6 Composites

The composites were prepared on an internal mixer (SU-
70, SU YAN Science and Technology co., Ltd) with the
temperature of 230 °C and rotor speed of 40 rpm. After the
mixing, the samples were hot pressed in a Plate Vulcan-
izing Press (XLB-350, Shanghai First Rubber Machinery
Works) at 240 °C under 10 Mpa for 5 min into sheets. The
compositions of all samples are shown in Table 1.

Characterization

The Fourier transform infrared (FTIR) spectra of samples
were collected using a Nicolet 20SXB FTIR spectrometer.

The proton nuclear magnetic resonance spectroscopy
("H NMR) was performed on a Varian Unity Inova 500 NB
spectrometer by using CDCl; as solvent and tetramethyl-
silane (TMS) as a reference.

The element analysis of the sample was used an Ele-
mentar Vario EL III. About 2.0 mg of the sample was
taken and the nitrogen, carbon, hydrogen and phosphorus
elements were analyzed.

The flammability of the sample was determined on a
HC-2 limiting oxygen index instrument with test bars of
size 100 x 6.5 x 3.2 mm3, according to the ASTM

xylene
-H,0

HO——P——OH " HN NH + H,PO,
OH

Piperazine phosphate

Scheme 1 Synthesis route of PAPP

Table 1 Compositions of flame-retarding materials

Sample  Components

PA6/mass% GF/mass% PAPP/mass% AHP/mass%
PA6-0 70 30 0 0
PA6-1 50 30 20 0
PA6-2 50 30 13.33 6.67
PA6-3 50 30 15 5
PA6-4 50 30 16 4
PA6-5 50 30 16.63 3.33
PA6-6 50 30 17.15 2.85
PA6-7 50 30 17.5 2.5
PA6-8 50 30 0 20
PA6-9 52 30 144 3.6
PA6-10 54 30 12.8 32

standard D2863. The UL94 test was measured on a hori-
zontal and vertical burning tester with sheets dimension of
127 x 127 x 1.6 mm® using the standard America
National UL 94 test ASTM D3801.

Thermogravimetric properties of the samples were per-
formed using a NETZSCH Q209 thermal analyzer with N,
flow rate of 20 mL min~"'. About 10.0 mg of sample was put
in an alumina crucible with a heating rate of 20 °C min~" at
the temperature range of 50-700 °C. Values for residues
were taken at 700 °C.

Combustion properties were performed on a microscale
combustion calorimeter (IL60050, MCC-2, Govmark),
according to ASTM D 7309-7 standard procedures. The
sample was heated from ambient temperature to 800 °C
and the heating rates were set as 40 °C min~' (80 %
nitrogen atmosphere, 20 % oxygen atmosphere, flow rate
of 100 mL min™").

TG was coupled with a Tensor 27 FTIR spectrometer
(Bruker, Germany) for TG-FTIR investigations. A transfer
tube with an inner diameter of 1 mm (heated to 230 °C)
linked the TG and the infrared cell (heated to 230 °C). The
infrared spectrometer was used at an optical resolution of
4 cm™". Single spectra were chosen to discern the evolved
gases. The identification was based on characteristic peaks
demonstrating chemical structure.

Piperazine pyrophosphate (PAPP)
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Mechanical properties of the FR materials were obtained
by means of a PerkinElmer DMA8000 dynamic mechani-
cal analyzer (DMA). The samples were subjected to a
controlled sinusoidal displacement of 0.01 mm at fre-
quencies of 10 Hz in the double-cantilever bending con-
figuration. Besides, the samples were heated from room
temperature to 220 °C and the heating rates were set as
5 K min~'. The storage modulus (E'), loss modulus (E”)
and damping factor (tan ¢) were monitored as a function of
temperature.

The surface of residual charred layer was observed by a
XL30E scanning electron microscope (SEM). The residual
charred layer was from the burned specimen in the UL94
test. The samples to be observed were coated with a con-
ductive gold layer in advance.

Results and discussion
The characterization of PAPP

The chemical structure of PAPP was characterized with
FTIR, '"H NMR, and element analysis. Figure 2 presents
the FTIR and '"H NMR spectrum of PAPP.

The absorption band of —OH was appearance at
3254 cm_l, as found in Fig. 2a. The peaks at 1211 and
1440 cm™" were assigned to the stretching band of P=O
and C-N group, respectively. The peak at 955 cm™!
should correspond to the vibration of P-O-P. The
bending vibrations at 1637 and 2813 c¢cm ™' represented to
the N-H in C-N-H group. Meanwhile, the absorption
bands for C-H stretching vibration in PAPP appeared at
3000 cm~!. Therefore, it illustrated that PAPP was
contained within the synthesized nitrogen—phosphorus
flame retardant by the presence of functional groups of
PAPP.

Proton nuclear magnetic resonance spectroscopy (‘H
NMR) measurement was conducted to characterize the
obtained PAPP. In Fig. 2b, it can be seen the peak between
4.51 and 4.68 ppm was assigned to the protons of —CH,.
Further, the characteristic peak from 3.39 to 3.49 ppm was
also been observed, which was attributed to the H protons
of D,O molecule.

Table 2 presents the calculated and experimental contents
of elements in products. From Table 2, the theoretical con-
tents of nitrogen, carbon, hydrogen, and phosphorus element
were 18.18, 5.30, 10.61 and 23.48 mass%, respectively,
while the found percentage contents of nitrogen, carbon,
hydrogen and phosphorus element were 17.79, 4.66, 10.55
and 23.28 mass%, respectively, indirectly confirming the
almost completely reaction of synthesis. It also can be a
strong evidence to characterize the chemical structure of
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Fig. 2 FTIR (a) and '"H NMR (b) spectrum of PAPP
Table 2 Element analysis of PAPP
Samples C/mass% H/mass% N/mass% P/mass%
Calculated content 18.18 5.30 10.61 23.48
Experimental content 17.79 4.66 10.55 23.28

PAPP. Unfortunately, all the experimental element content
presenting a decrease may be ascribed to the impurities in the
samples. Above results indicated that the target product has
been synthesized successfully.

Flammability of composites

LOI and UL94 test are essential indicators to evaluate the
flammability properties of materials. Table 3 and Fig. 3
show the LOI and UL-94 test results of GFPA6 and its
composites with different formulations.
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Table 3 Flammability properties of composites

Samples Parameters
LOI/vol% UL94/1.6 mm Dripping
PA6-0 23.0 No rating Yes
PA6-1 28.0 V-2 Yes
PA6-2 30.0 V-1 No
PA6-3 315 V-0 No
PA6-4 34.0 V-0 No
PA6-5 33.0 V-0 No
PA6-6 31.0 V-1 No
PA6-7 30.0 V-1 No
PA6-8 27.0 V-1 No
PA6-9 32.0 V-0 No
PA6-10 30.0 V-1 No
34 4 I\
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Fig. 3 LOI of different mass ratio of PAPP to AHP in composites

The pure GFPA6 materials are easily flammable along
with continual dripping during combustion, and its LOI
value is only 23.0 vol%. The LOI values of PAPP/GFPA6
and AHP/GFPA6 with 20 mass% loadings were 28.0 and
27.0 vol%, respectively, and neither can achieve UL-94
V-0 rating. The LOI values and UL-94 rating of FR-
GFPAG6 composites were remarkably increased when PAPP
combined with AHP. The LOI value firstly ascended from
23.0 to 34.0 vol% and then descended from 34.0 to
30.0 vol% with the continuous changes of mass ratio
(PAPP:AHP) from 2:1 to 7:1. This may be attributed to the
formation of bridges between PAPP and AHP, bringing
about a stabilization of the char, which could increase the
viscosity of the melt during pyrolysis and combustion. The
flame-retardant GFPAG6 blend with higher viscosity in the
melt state will constrain the volatilization of degradation

products and the generation of dripping during the com-
bustion process, contributing to improve the flame retar-
dancy of the obtained composites [18]. Meanwhile, when
the mass ratios were 3:1, 4:1 and 5:1, the corresponding
specimens with the thickness of 1.6 mm successfully pas-
sed UL-94 V-0 flammability rating. Furthermore, the
combination of PAPP and AHP reached the highest LOI
value of 34.0 vol%, dramatically obtained UL-94 V-0
classification and totally eliminated the dripping phe-
nomenon during combustion based on the mass ratio of 4:1
(PA6-4). Consequently, we took the mass ratio (PAP-
P:AHP) of 4:1 as the optimal proportion.

The total FR loadings of 18.0 mass% (PA6-9) and
16.0 mass% (PA6-10) that with the optimal proportion
(4:1) of PAPP/AHP were added into materials to investi-
gate the minimum FR addition. Experimentally results
indicated that V-0 rating was obtained containing
18.0 mass% FR, whereas V-1 rating was only detected
with 16.0 mass% FR powder, illustrating 18.0 mass%
PAPP/AHP mixtures was the minimum addition to acquire
expected results. These results demonstrated that the
combination with AHP could remarkably improve the
flame-retarding performance of PAPP in GFPA6, and AHP
showed a synergistic flame-retardant effect with PAPP.

Thermal stability of composites

TG 1is one of the most widely used techniques for rapid
evaluation of the thermal stability for various polymers
[19]. The TG and DTG curves of virgin GFPA6 (sample
PA6-0), GFPA6/16.0 mass% FR (sample PA6-10),
GFPA6/18.0 mass% FR (sample PA6-9), and GFPAG6/
20.0 mass% FR (sample PA6-4) system are presented in
Figs. 4 and 5; meanwhile the relevant thermal decompo-
sition data are summarized in Table 4.

Mass/%

20

T T T T T T T T T T T T T
100 200 300 400 500 600 700
Temperature/°C

Fig. 4 TG curves of virgin GFPA6 and FR-GFPA6 composites
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Fig. 5 DTG curves of virgin GFPA6 and FR-GFPA6 composites

The pure GFPAG began to decompose at 397 °C, the
char yield was 31.3 mass% at 700 °C, and the thermal
degradation process was only one step attributing to the
depolycondensation and cross-linking reaction, as revealed
in Fig. 4 and Table 4. The temperature of maxim thermal
degradation rate (7y,,x) appeared at 465 °C accompanying
with a maximum mass loss rate (MMLR) of 24.8 % min~ L.
However, the presence of flame retardants reduced the
onset temperatures (75 ¢, temperatures at 5 % mass loss)
of samples, from 397 to 331 °C, 327 °C, and 312 °C,
which was due to the degradation as well as the dehydra-
tion of flame retardants. In contrast, when the temperature
increased to 500 °C, all FR containing samples exhibited
better thermal stability than that of pure GFPA6. Within
high-temperature region, PA6-10, PA6-9, and PA6-4
materials obtained increased char residue from 31.3 to
43.4 mass%, 45.1 and 46.2 mass%, respectively, showing
better thermal oxidative stability. In addition, the Ty, of
the FR-GFPAG6 composites were lower than that of PA6-0
before 465 °C. This decrease may be ascribed to the PAPP/
AHP that stimulated the decomposition of PA6 to a con-
siderable degree as well as accelerated the cross-linking
reaction [20-22]. Otherwise, the addition of flame retar-
dants remarkably decreased the MMLR to a considerable
intensity. With increasing FR contents from 16 to
20 mass%, the MMLR of the corresponding materials

Table 4 TG data of virgin GFPA6 and FR-GFPA6 composites

decreased according to the following order, i.e. PA6-0
(24.8 % min~') > material with 16 mass% FRs (17.0 %
min~!) > material with 18 mass% FRs (15.6 %
min~') > material with 20 mass% FRs (15.1 % min ).

As a result, the FR-GFPA6 composites with higher
flame-retardant content yielded more protective char layer,
which presented higher stability at high temperature. It was
well known that char layer can block the transfer of oxygen
and heat, thus inhibit thermal decomposition of underlying
materials. Therefore, the introduction of PAPP/AHP
effectively improved the thermal stability of FR-GFPA6
composites.

MCC test of PA6/FR blends

The method of good choice for performing a real fire is the
MCC, developed to predict the flammability behavior of
materials in real fire scenarios, due to its good correlation
with real fire disasters [23]. Various parameters obtained or
carried from experimental MCC results like heat release
rate (HRR), total heat release (THR) and peak HRR
(PHRR) could be employed to evaluate the developing,
spreading, and intensity of fires. The HRR versus temper-
ature curves for FR-GFPAG6 are shown in Fig. 6 and the
corresponding data is summarized in Table 5.

As shown in Table 5 and Fig. 6, the HRR curve of PA6-
0 was characterized by a shoulder from the ignition tem-
perature of 250 °C up until 468 °C where a sharp peak was
observed. Compared with PA6-0, the presence of PAPP/
AHP significantly decreased the PHRR and THR values.
The PHRR of PA6-0 was 377 w gfl, while the PHRR of
PA6-10, PA6-9, and PA6-4 were reduced to 280, 270, and
217 w g~ !, respectively. In this case, the decrease was
identified as the collapse of PAPP/AHP and the develop-
ment of the intumescent char, which could protect samples.
Similarly, the notable reductions in THR values from 18.5
to 14 kJ g', 12.8 and 11.0 kJ g~ were also detected. The
results implied that the PAPP/AHP can effectively inhibit
fire risk of glass-reinforced PA6 composites [24]. This
change may be caused by the catalytic action of phos-
phorus compounds that enabled flame retardant to dehy-
drate at the lower temperatures, accelerated the formation
of char and reduced the release of combustible gas.

Samples T54,/°C Timax/°C MMLR/% min~" Char residues at 700 °C/mass%
PA6-0 397 465 24.8 31.3
PA6-4 312 369 15.1 46.2
PA6-9 327 382 15.6 45.1
PA6-10 331 384 17.0 434
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Fig. 6 HRR curves of GFPA6 and FR-GFPA6 samples

Table 5 MCC data of GFPA6 and FR-GFPA6 composites

Samples PHRR/w g~ THR/KJ g~ T,/°C
PA6-0 377 18.5 468
PAG-4 217 11 386
PA6-9 270 12.8 389
PA6-10 280 14 391

Consistently, the temperatures at PHRR (7,) of FR-
GFPA6 composites were shifted forward to lower tem-
perature compared with that of PA6-0. Results of Table 5
showed the T, of PA6-10, PA6-9, and PA6-4 decreased
from 468 °C to 391 °C, 389 °C, and 386 °C, correspond-
ingly. This phenomenon was due to the low initial thermal
stability of PAPP/AHP mixture.

Evolved gas analysis

In order to obtain information about the evolution of the
gas evolved from TG furnace, the TG-FTIR spectra of
pyrolysis products for materials (465 °C for PA6-0 corre-
sponded to the spectrum at 1233 s, while 369 °C for PA6-4
corresponded to the spectrum at 1060 s) during the thermal
degradation are shown in Fig. 7. The FTIR spectrum of the
evolved gases at peak decomposition temperature (Fig. 7a)
showed the production of water (3800-3200 cm™' and
1800-1200 cm ™), carbon dioxide (2355-2310 cm™ '), and
olefinic compounds (930, 960 and 3000-2900 cm_l). The
absorbance at 2950 and 1658 cm™' corresponded to
hydrocarbons and e-caprolactam monomer, while the
absorbances at 960 and 930 cm ™' represented to the evo-
Iution of NHj3. It has been found that the model processes
involved for PA6 degradation were an intramolecular back-
biting process and hydrogen transfer reaction leading to

J \“.‘A}W‘l‘ﬂl\ AMJ‘\J\\["”FMWV T\ J/d T

L'l

. ~ me-mﬁmm [ﬂ“
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Fig. 7 Evolved gas spectra of TG-FTIR for a PA6-0 at 1233 s and
b PA6-4 at 1060 s

scission of the C—N bond to the amide group. The results
fitted well to the literatures [25-27].

According to the results of volatiles produced at peak
decomposition, there was a difference between GFPA6 and
FR-GFPA6 composites (Fig. 7b). In contrast, the evolved
gas analysis of PA6-4 exhibited that the signal intensity
was clearly decreased compared with that of PA6-0. Fur-
thermore, the peak of carboxylic acid was not clearly
observed. Trace of P-H presence was evidenced by the
peak at 2316 cm™' assigning to represent the model
degradation product of aluminum hypophosphite. The
signal of carbon dioxide became wide, which can signifi-
cantly dilute the combustible gases generated by matrix in
the gaseous phase. The main pyrolysis products of PA6-4
were water (3748 cm ™), hydrocarbons (2950 cm™Y), car-
bon dioxide (2352 cm™"), phosphine (2316 cm™"), and
aromatic compounds (1505 cm™'), respectively. A higher
overall absorbance at 1505 cm™' was discerned in the case
of FR-GFPAG because of the formation of a large quantity
of protective char layer.

The relationship between intensity of characteristic peak
and time for volatilized CO, and e-caprolactam are plotted
in Fig. 8. Compared with PA6-0, the peak value of carbon
dioxide for PA6-4 was reduced 71 %; meanwhile, the
release peak width was narrowed (Fig. 8a). This decrease
may be attributed to the carbon reaction staying in con-
densed phase as well as consuming the carbon of the PA6
molecular chain, which resulted in the decrease of carbon
dioxide in the gaseous phase. Meanwhile, the biggest shift
occurred on the e-caprolactam release curves (Fig. 8b).
The hypophosphorous acid decomposing from AHP led to
the formation of a radical; then reacted with e-caprolactam
generated from the heterolytic cleavage of PA6; and finally
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Fig. 8 Decomposition products release rates of PA6-0 and PA6-4
determined by TG-FTIR for a carbon dioxide and b &-caprolactam

produced cross-linking materials. The cross-linking prod-
ucts along with Al4(P,O;); and AIPO, directly formed
from AHP composed the char-like residue during burning,
which could act as a physical barrier to prevent the mass/
heat transfer and protect the inner materials away from fire
[27]. The evolution of e-caprolactam was almost affected
by PAPP/AHP, meaning a totally pyrolysis process of
PAPP/AHP formed compact char residue.

The intensity of phosphine for PA6-8 and PA6-4 was
also presented in Fig. 9, for studying the release of toxic
gas in gaseous phase. Compared with the narrow and sharp
release peak of phosphine for PA6-8, the peak of PA6-4
was wide and short. The release of phosphine decreased by
75 %, convincingly confirming that the interaction of AHP
and PAPP can reduce the fire risk. It was in good agree-
ment with what we wanted.

Dynamic mechanical analysis
DMA was used to study the curing behavior of ther-

mosetting resins or composites [28-30]. The storage
modulus (E’) and loss tangent (tan ¢) values of the GFPA6
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composites with different FR contents as a function of
temperature (30-220 °C) are presented in Fig. 10. Over a
wide temperature region, the storage modulus of FR-
GFPA6 composites were larger than that of pure GFPA6
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matrix, a careful inspection of data evidenced that nearly
12 % values increase taken place. Moreover, it should be
noticed that E’ ascended with increasing FR contents
within the glassy region. This improvement maybe ascri-
bed to the reinforcement effect of AHP (inorganic FR).
The curves of loss factor (tan §) were also showed in
Fig. 10. The glass transition temperatures (7,) of com-
posites were calculated from the maxima (peak) of tan ¢
curves [31, 32]. The peak for tan 6 within the temperature
range of 50-70 °C has been attributed to the 7, of FR-
GFPA6 composites. All the FR-GFPA6 composites had T,
above room/ambient temperature making them rigid. Pure
GFPA6 matrix had the highest T, at 58 °C, whereas
16.0 mass% FR/GFPA6 (PA6-10), 18.0 mass% FR/
GFPA6 (PA6-9) and 20.0 mass% FR/GFPA6 (PA6-4)
decreased to 55, 54 and 50 °C, respectively. One probable
reason for this phenomenon can be attributed to the chan-
ges of crystallization behavior of FR-GFPAG6 blends in the
presence of AHP and PAPP. No significant difference on
the width of relaxation peaks among all the samples, which
confirmed good miscibility between FR and PA6 matrix.

SEM analysis

In generally, the morphology and chemical composition of
residue are governed by the flame retardancy mechanism,
which has great impact on the actual flame retardancy. The
morphologies of the residual char of PA6-0 (without FR)
and PA6-4 (with 20 mass% FR) were observed by SEM
instrument, as shown in Fig. 11.

From Fig. 11, it can be observed that glass fiber on the
surface of PA6-0 materials occurred, whereas little char
residue was formed. The obtained charred layer was dis-
continued and had accidental agglomerations. Moreover,
its thickness was also not uniform, which was in agreement
with previous literature [33]. As a result, the quality of the
total charred layer of GFPA6 composites was poor, which
cannot effectively prevent transfer of heat, the penetration
of oxygen and combustible gases. In contrary, for FR-
GFPAG system, the surface of the residue was smooth,
compact, and tight, indicating a dense and continuous vit-
reous char layer structure. This vitreous char layer caused
in a strong barrier effect against heat, degradation products
of matrix polymer, and volatiles diffusion, leading to
excellent flame retardancy of the FR-reinforced PA6
specimens. Besides, it can be observed that glass fibers,
which can clearly reinforce steel bars in concrete, were
regularly dispersed on the surface of layers and tightly
combined with the char particles, and thus significantly
improved the strength.

The qualitative elemental analysis of the selected area
from the SEM images supports the generation of char in
materials. Compared with pure matrix, the phosphorus

element of the residue of PA6-4 increased to 18.1 mass%.
This could produce many phosphorus-containing free rad-
icals (as the radical scavengers), then combine with the
segmental radicals generated from the heterolytic cleavage
of PA6 to form compact char layer. Consequently, the
presence of PAPP/AHP changed the decomposition
mechanism of GFPA6 and induced the formation of cross-
linking residue containing phosphorus, which can constrain
the transfer of heat and oxygen and thus enhance the flame
retardancy of FR-GFPA6 composites.

The flame-retarding mechanism of FR-GFPA6
composites

Figure 12 shows the experimental TG curves of PA6-1
(with 20 mass% PAPP), PA6-8 (with 20 mass% AHP) and
PA6-4 in N, atmospheres, as well as the calculated TG
curves of PA6-4 through overlapping the corresponding
TG curves of 80 mass% PA6-1 and 20 mass% PA6-8 in N,
atmospheres.

The comparison of the experimental and calculated TG
curves of PA6-4 can provide the information about the
accelerating degradation effects between PAPP and AHP.
The thermal decomposition of PA6-1 was characterized by
a single decomposition step from 330 to 500 °C, with the
Tmax at 377 °C and leaved 41.5 mass% residue formed at
700 °C. Meanwhile, the PA6-8 composite leaved
49.6 mass% char residue at 700 °C. It can be seen that the
calculated curve of PA6-3 was far below experimental
curve, showing remarkably accelerating carbon reaction in
condensed phase. The experimental residue at 700 °C was
increased to 46.2 mass%, which was 3.1 mass% higher
than the calculated residue. The differences between
experimental and calculated TG curves proved the strong
interactions between the two components during degrada-
tion process. This change was mainly caused by the
pyrophosphate and hypophosphorous acid formed from
PAPP and AHP, contributing to the cross-linking reaction
with caprolactam (or its oligomers) produced from the
degradation of PA6, which finally resulted in the formation
of a protective char layer. The interactions between PAPP
and AHP leaded to obvious changes in the decomposition
temperature and to increases in residue yield, convincingly
confirming the better thermal oxidative stability of FR-
GFPA6 system. Obviously, the partial replacement of
PAPP by AHP effectively enhanced the thermal oxidative
stability of FR-GFPA6 composites.

Figure 13 summarized the intensity of hydrocarbons for
PA6-0, PA6-1, PA6-8, and PA6-4 composites. The intro-
duction of PAPP clearly decreased the peak intensity
comparing with PA6-0. It also can be seen that the curve of
PA6-8 was below that of PA6-1, showing better flame-
retarding efficiency. Comparably, the experimental curve
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Fig. 11 SEM photographs of
the residual charred layer of
a PA6-0 and b PA6-4
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of PA6-4 was far below all the corresponding curves fol-
lowing the partial replacement of PAPP by AHP. This
decrease may be ascribed to the interaction of PAPP and
AHP, which can remarkably accelerate the cross-linking
action with degradation products formed from PA6 matrix,
quickly form a protective char layer and significantly
reduce the release of combustible gas such as hydrocar-
bons. Obviously, the combination of PAPP and AHP
effectively decreased the intensity of hydrocarbons in
gaseous phase, which can be the flame-retarding mecha-
nism in this system.

Consequently, the introduction of PAPP/AHP changed
the decomposition pathway of GFPAG6 and the evolved gas
ingredients in the gaseous phase, contributing to the high
flame-retarding efficiency.

Conclusions

PAPP was synthesized successfully. It was combined with
AHP to flame retarded GFPA6 by the melt blending
method. Comprehensive flame retardancy of FR-GFPA6
composites showed significant improvements. The experi-
mental data of fire performance indicated that high LOI and
V-0 classification can be achieved when the mass ratio of
PAPP:MPP was 4:1. The char residue yield significantly
was enhanced, the thermal stability of composites within
high-temperature region increased, and the intensities of a
variety of pyrolysis gas products correspondingly
decreased following the introduction of PAPP/AHP on TG
and TG-FTIR characterization. Continuous decrease in
PHRR, THR, and shifted forward of ignition temperature
through MCC test illustrated an interested decrease in
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potential fire risk. The storage modulus of samples
increased, whereas the T, continued reduced owing to the
existence of flame retardant. Furthermore, the incorpora-
tion of FR resulted in compact char layers without holes
from SEM observation, which was ascribed to the cross-
linking carbon reaction. The interaction of PAPP/AHP and
GFPAG during decomposition process induced the forma-
tion of cross-linking residue which contained phosphorus
elements and had excellent barrier effect. Meanwhile, the
carbon reaction between PAPP/AHP and GFPAG6 decreased
the release of combustible gases (PH; and hydrocarbons)
was another flame-retarding mechanism in the gaseous
phase.
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