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ABSTRACT: A novel inorganic compound, aluminum
hypophosphite (AP), was synthesized successfully and
applied as a flame retardant to glass-fiber-reinforced poly-
amide 6 (GF-PA6). The thermal stability and burning
behaviors of the GF-PA6 samples containing AP (flame-re-
tardant GF-PA6) were investigated by thermogravimetric
analysis, vertical burning testing (with a UL-94 instru-
ment), limiting oxygen index (LOI) testing, and cone calo-
rimeter testing (CCT). The thermogravimetric data
indicated that the addition of AP decreased the onset
decomposition temperatures, the maximum mass loss rate
(MLR), and the maximum-rate decomposition temperature
of GF-PA6 and increased the residue chars of the samples.

Compared with the neat GF-PA6, the AP-containing GF-
PA6 samples had obviously improved flame retardancy:
the LOI value increased from 22.5 to 30.1, and the UL-94
rating went from no rating to V-0 (1.6 mm) when the AP
content increased from 0 to 25 wt % in GF-PA6. The
results of CCT reveal that the heat release rate, total heat
release, and MLR of the AP-containing GF-PA6 samples
were lower than those of GF-PA6. Furthermore, the higher
additive amount of AP affected the mechanical properties
of GF-PA6, but they remained acceptable. © 2010 Wiley
Periodicals, Inc. ] Appl Polym Sci 119: 2379-2385, 2011
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INTRODUCTION

Polyamide 6 (PA6), especially glass-fiber-reinforced
polyamide 6 (GF-PA6), has widely been used in
many fields, such as in the electrical and electronic
industries, because of its higher heat-transition tem-
perature and outstanding mechanical properties.'™
However, both PA6 and GF-PA6 are flammable; this
restricts their applications in some fields. The flame
retardation of GF-PA6 is much more difficult than
that of PA6 because of the candlewick effect caused
by the glass fibers (GFs).> Thus, the flame retarda-
tion of GF-PA6 used in electrical and electronic
equipment has been a topical challenge for a long
time.> Many attempts to flame-retard GF-PA6 with
some halogen-containing and nonhalogen flame
retardants have been reported.”® Inorganic com-
pounds such as Mg(OH), and Al(OH);z are the most
environmentally friendly and cost-effective. How-
ever, because of their low efficiency in flame retard-
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ance, the additive amounts are high, 50-60 wt %,
which results in a deterioration of the mechanical
properties of the resulting materials.”” Nitrogen-
and phosphorus-containing flame retardants also
show good effects on flame-retardant GF-PA6.'%'?
Red phosphorus is an efficient halogen-free flame re-
tardant, but it limits the color of the products.”"
Melamine polyphosphate contains both phosphorus
and nitrogen, which combine the flame-retardant
mechanisms of both gaseous and condensed phases.
It can be used as an intumescent flame retardant for
GF-PAG6 because of its special flame-retardant mech-
anism.>'"'? However, GF-PA6 cannot reach an opti-
mal flame-retardant level through the addition of
melamine polyphosphate at a low content. A series
of colorless, organophosphinates have been success-
fully introduced into PA since 2002 by Clariant, such
as Exolit OP 1312 and 1310, which can give good
flame retardancy to GF-PA6.""""* According to some
patents, organophosphinates can also be combined
with some nitrogen-containing flame retardants for a
P—N synergistic effect.'®> However, the Exolit OP se-
ries of flame retardants have high costs because of
the complicated synthesis route of the organic
phosphinate.

In this study, a low-cost inorganic hypophosphite
named aluminum hypophosphite (AP) was prepared in
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Scheme 1 Chemical structure of AP.

our laboratory according to the previous literature.'®
Flame-retardant GF-PA6s with various contents of
AP were prepared, and the thermal stability, UL-94
ratings, limiting oxygen index (LOI) values, and
cone calorimeter testing (CCT) results were studied
comprehensively.

EXPERIMENTAL
Materials

Sodium hypophosphite (NaH,PO,-H,O, AR.) and
aluminum chloride hexahydrate (AICl;-6H,O, A.R.)
were provided by Kelong Chemical Reagent Factory
(Chengdu, China). Commercial PA6 pellets (Aklon
F223-D) and GFs were supplied by DSM Engineer-
ing Plastics Co. (Shanghai, China).

Synthesis of AP

As provided in the literature on the synthesis of
AP, our typical synthetic procedure was as fol-
lows: 50.88 g (0.48 mol) of NaH,PO,-H,O and 30
mL of deionized water were added to a 250-mL,
three-necked flask, and then, the mixture was
stirred for 15 min at 50°C. After the solution
became transparent, the temperature of the system
was elevated to 80-90°C over 30 min. The solu-
tion, which contained 3854 g (0.16 mol) of
AlCl;-6H,0, was dropped into the reaction mixture
slowly, and then, a white precipitate appeared.
The reaction system was stirred at the same tem-
perature for 1 h, and then, the target product was
filtered at room temperature, washed with distilled
water, and dried to a constant weight in a vacuum
oven at 100°C. AP [Al(HyPO,)s; 94%], as a white
solid, was obtained.

IR (KBr, cm '): 2408, 2384, 1077, 1187, 829. Anal.
Calcd for AI(HoPO,)s: Al, 12.2 wt %; P, 41.9 wt %.
Found in Inductively coupled plasma atomic emis-
sion spectroscopy (ICP-AES): Al, 12.0 wt %; P,
40.0 wt %.
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The particle size of AP was about 30—40 pm (99%
through a 400-mesh sieve). The chemical structure of
AP is presented in Scheme 1.

Preparation of the flame-retardant samples

The flame-retardant PA6 composites were prepared
by the mixture of PA6 with GF and AP at various
ratios. In all of the reinforced samples, the content of
the GF was 30 wt %. After they were stirred in a
high-speed mixer, all of the samples were extruded
by a twin-screw extruder (SL-J-25-05, Longchang,
China), respectively. The composites were cut into
pellets and dried for 4 h at 100°C in vacuo. Then, all
of the samples were compression-molded at 10 MPa
for 3 min at 240°C to make them into standard sam-
ples required for the corresponding tests. The com-
positions and designations of the studied materials
are listed in Table L

Thermogravimetric analysis (TGA)

The thermogravimetry (TG) data were obtained on a
TG 209F1 TG analyzer (Netzsch, Selb, Germany). All
of the samples (ca. 5 mg in weight) were heated
from 40 to 700°C at a heating rate of 10°C/min
under flowing nitrogen and air at 60 mL/min,
respectively. The temperature of the instrument was
replicable to within =0.1°C, and the mass was repro-
ducible to within =1 wt %.

Tests of flammability

The LOI values were measured by an HC-2C oxygen
index meter (Jiangning, Nanjing, China) with 130 x 6.5
x 3.0 mm? bars according to ASTM D 2863-97.

The vertical burning experiments were done on a
vertical burning test instrument (CZF-2-type, Jiangn-
ing, Nanjing, China) with 130 x 13 x 3.0 mm® and
130 x 13 x 1.6 mm? bars, respectively, according to
ASTM D 3801.

CCT was conducted on an FIT cone calorimeter
(FTT, East Grinstead, UK) at an incident heat flux of
50 kW/m? according to the conditions of the proce-
dure listed in ISO 5660-1. The tests were carried out
on square specimens (100 x 100 x 6 mm?).

TABLE I
Weight Ratio Compositions of the Studied Materials
Sample PA6 GF AP Antioxidants
GF-PA6 69.5 30 — 0.5
GF-PA6/AP10 59.5 30 10 0.5
GF-PA6/AP15 54.5 30 15 0.5
GF-PA6/AP20 49.5 30 20 0.5
GF-PA6/AP25 44.5 30 25 0.5
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Figure 1 TG curves of AP, GF-PA6, and GF-PA6 with
different contents of AP in N2. [Color figure can be
viewed in the online issue, which is available at
wileyonlinelibrary.com.]

Tensile tests were completed in accordance with
the procedures in GB/T 1040-2006 at a crosshead
speed of 50 mm/min. The flexural properties were
measured in accordance with the procedures in GB/T
9314-2000 at a crosshead speed of 2 mm/min and a
span width of 64 mm. The Izod impact properties
were tested in accordance with the procedures in GB/
T 1843-2008, and the depth of the nick was 2 mm.

RESULTS AND DISCUSSION
Thermal decomposition behaviors

To understand the thermal stability and decomposi-
tion behavior of the flame-retardant GF-PA6, TGA of
GF-PA6 and GF-PA6 with different contents of AP
was carried out in nitrogen and air atmospheres at a
heating rate of 10°C/min from 40 to 700°C. TGA and
differential thermogravimetry (DTG) curves obtained
under nitrogen are shown in Figures 1 and 2, respec-
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Figure 2 DTG curves of AP, GF-PA6, and GF-PA6 with
different contents of AP in N2. [Color figure can be
viewed in the online issue, which is available at
wileyonlinelibrary.com.]

Table II. The thermal decomposition of GF-PA6 was
revealed by a single degradation step with a maxi-
mum mass loss rate (MLR) at 454.1°C; this resulted in
the release of water, carbon monoxide, carbon diox-
ide, ammonia and its derivatives, and hydrocarbon
fragments.'” The char residue at 700°C was 28.5 wt %,
which resulted from the GFs added.” When AP was
added, there appeared to be regular changes in the
thermal stability and the decomposition behaviors.
On the one hand, the data obtained from TGA indi-
cated that the addition of AP decreased both the onset
decomposition temperatures (Tonset's; ca. 50-70°C
below that of the neat GF-PA6) and the maximum-
rate decomposition temperatures (Tpax's) of the sam-
ples; this was attributed to two aspects. First, the TG
data revealed that AP itself exhibited a lower thermal
stability than GF-PA6; second, the catalytic activity
for the aromatization of the PA6 matrix induced by
the metal hypophosphite as a weak Lewis acid-base
interaction with the matrix may have further reduced

tively, and the corresponding data are presented in  the thermal stability of the flame-retardant
TABLE II
Main TG and DTG Data of the Samples in Nitrogen
MLR at Normalized
Trax1 Residues at residues
Sample Tonset(CC)? Trmax1(°C)  Tmax2(°C) (Wt %/min) 700°C (wt %) (wt %)
AP 323.3 333.2 444.6 10.5 744 0
GF-PA6 397.6 454.1° 14.0 285 0
GF-PA6/AP10 349.8 385.7 4441 11.0 41.8 59
GF-PA6/AP15 341.2 376.7 4442 9.4 459 6.2
GF-PA6/AP20 335.1 369.3 437.8 7.6 51.2 7.8
GF-PA6/AP25 330.9 365.2 434.0 6.4 53.8 6.7

@ Tonset indicates the point of 5% weight loss.
b GF-PA6 exhibited a single degradation step in TGA.
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Figure 3 TG curves of GF-PA6 and GF-PA6 with different
contents of AP in air. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

specimens.'® On the other hand, there appeared to be
two peaks in the DTG curves of the flame-retardant
samples, as shown in Figure 2. As shown by a com-
parison of the DTG curves of GF-PA6 and the GF-
PA6/APs, AP decreased the maximal MLR remark-
ably by interfering with the main decomposition of
the matrix with regard to the flame-retardant constit-
uents in the temperature range 365-385°C. The first
peak was related to the degradation of AP and the
chemical/catalytic interaction between AP and PA6.
However, the second degradation step was attributed
to the further decomposition and charring of the rem-
nant PA6 matrix, which was not affected by the flame
retardant,'® and the rate of mass loss (ML) was further
decreased with increasing AP. For the GF-PA6/AP
specimens, with the mass fraction of the GF remnant
(ca. 28.5 wt %) from the reference results of GF-PA6
and AP residues mostly on an aluminum oxide basis
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Figure 4 DTG curves of GF-PA6 and GF-PA6 with different
contents of AP in air. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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TABLE III
Main TG and DTG Data of the Samples in Air
MLR at Residues at
Tonset Tmaxl Tmax2 Trnaxl 7OOOC
Sample O (°C) (°C) (wt %/min) (Wt %)
GF-PA6 364.1 426.8 518.8 11.0 26.3
GF-PA6/AP10 340.6 390.0 11.1 40.5
GF-PA6/AP15 3382 383.2 7.3 44.3
GF-PA6/AP20 332.7 3773 49 50.7
GF-PA6/AP25 334.1 376.8 4.7 52.1

@ Tonset indicates the point of 5% weight loss.

(ca. 74.4 wt %), the char yields of the flame-retardant
specimens were higher than the total content of the
inorganic additives (the normalized residues are
listed in Table II); this indicated that during heating, a
certain content of PA6 fragment was preserved as a
result of charring induced in the presence of AP.

The TGA and DTG curves obtained under air are
shown in Figures 3 and 4, respectively, and the corre-
sponding data are presented in Table III. Similar ther-
mal degradation behavior between the nitrogen and
air atmospheres was observed. The data obtained from
TGA indicated that the addition of AP decreased both
Tonset(by approximately 20-30°C) and Tyax of the sam-
ples. However, the thermal decomposition of GF-PA6
was revealed by two degradation steps with maximum
MLRs at 426.8 and 518.8°C in air but by a single degra-
dation step in a nitrogen atmosphere. The second deg-
radation step was attributed to the further decomposi-
tion and charring of the remnant PA6 matrix. The
flame-retardant samples showed similar thermal
decomposition behaviors in both nitrogen and air.

Flame retardancy

The LOI and UL-94 test results of GF-PA6 with differ-
ent contents of AP are listed in Table IV. The LOI
value of GF-PA6 was only 22.5. When AP was added
to GF-PA6 as a flame retardant, the LOI values
increased obviously, and a V-0 rating at 3.0 mm in the
UL-94 standard was obtained when the flame-retard-
ant content reached 20 wt %. Furthermore, a V-0 rat-
ing at 1.6 mm was achieved when the content of AP

TABLE IV
Flame Retardancy of the GF-PA6 Materials with
Different AP Contents

Phosphorus UL-94 UL-94
content LOI rating rating
Specimen (wt %) (%)  (B.0mm) (1.6 mm)

GF-PA6 0 22.5 NR NR
GF-PA6/AP10 4.19 24.3 NR NR
GF-PA6/AP15 6.28 252 NR NR
GF-PA6/AP20 8.37 27.5 V-0 NR
GF-PA6/AP25 10.47 30.1 V-0 V-0
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Figure 5 HRR curves of GF-PA6 and GF-PA6 with differ-
ent contents of AP. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

reached 25 wt % in the flame-retardant samples. The
highest LOI value we reached was 30.1 in the samples
studied, which was approximately 34% higher than
that of the neat GF-PA6. Generally, the phosphorus
content is a crucial factor in the efficiency of a halo-
gen-free flame retardant, particularly for aliphatic
polyamides.® In this study, the phosphorus content
of AP was 41.9 wt %, which was higher than that of
many organic halogen-free flame retardants, which
was the reason for the increases in the LOI values and
the UL-94 rating of the flame-retardant GF-PA®6.

Cone calorimeter

The cone calorimeter is a useful instrument for fire
safety researchers who are interested in the quantitative
flammability analysis of materials.”" The results of cone
calorimeter investigations are a comprehensive charac-
terization of the performance of the tested samples in a
rather well-defined fire test scenario.”> To understand
the function of AP as a phosphorus-containing flame re-
tardant added to GF-PA6, CCT was carried out.

Heat release rate (HRR) and time to ignition (TTI)

HRR is considered to have the most important influ-
ence on the fire hazard, and it is a measure of the heat
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release per unit of surface area of a burning material.*®
The HRR plots for each sample at an incident heat flux
of 50 kW/m? are presented in Figure 5 for comparison,
and the complete CCT data are summarized in Table V.
GF-PA6 burned quickly after ignition, and an intensive
peak turned up with a peak heat release rate (PHRR)
value of 460 kW/m? at 160 s; this was followed by a
sudden decrease in HRR with time, which was a char-
acteristic HRR behavior for GF-reinforced materials.*
When AP was added, the PHRR values of the flame-re-
tardant GF-PA6 were distinctly reduced, and the
curves showed an increase in the total burning time
compared with that of GF-PA6. In other words, this
means that the flame-retardant GF-PA6 burned for a
longer time with a flame weaker than that of neat GF-
PA6, which indicated that the flame-retardant GF-PA6
samples exhibited more difficulty in ignition and prop-
agation of flame than the neat GF-PA6. The HRR
curves of flame-retardant GF-PA6 were much lower
and flatter than that of GF-PA6, which is typical for a
residue-forming material.” The flame-retardant materi-
als, in particular the samples containing more APs,
showed a second PHRR in later stages of combustion.
This phenomenon was caused by the cracking char or
the pyrolysis of the remnant AP.* Another obvious
change was the decrease in TTI between the neat and
flame-retardant samples; this was in agreement with
the TG test. The reduction of TTI might have been due
to the initial combustion of flame retardants before
these could play their role in the materials.*® Few stud-
ies have been carried out on the relationship between
TTI and HRR, but the correlation in Table V could be
explained on the basis of an early ignition that allowed
a lower accumulation of combustible vapors to give
rise to the reduction of HRR after ignition.”” The fire
growth rate (FIGRA) as a necessary parameter, which
was calculated from the measured data of CCT and
defined as the ratio of PHRR to the time at which
PHRR was reached (tp), indicated the burning propen-
sity of the materials.”® GF-PA6 had a FIGRA value of
2.88. At lower AP contents, the FIGRA values first
increased because of the tp of GF-PA6/APs being sub-
stantially ahead of that of the neat GF-PA6 sample.
When the AP content was further increased, the flame-
retardant level achieved with AP, measured by the
FIGRA index, was notable; this was ascribed to both

TABLE V
Combustion Parameters Obtained from the Cone Calorimeter

PHRR TTI tp FIGRA THR Residual

Specimen (kW /m?) (s) (s) (kW/s m?) (MJ/m?) char (%)
GF-PA6 460 53 160 2.88 180 30
GF-PA6/AP10 220 35 80 2.93 158 42
GF-PA6/AP15 192 32 60 3.20 128 47
GF-PA6/AP20 177 28 405 0.44 122 54
GF-PA6/AP25 249 27 405 0.61 106 60

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 6 THR curves of GF-PA6 and GF-PA6 with differ-
ent contents of AP. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

the decrease of PHHR and the prolongation of fp. The
decrease in the FIGRA values with the addition of AP
meant that the GF-PA6/APs had a higher fire safety
than neat GF-PA6. Low FIGRA values indicate a
delayed time to flashover, which allows enough time
for evacuation and survival.”

Total heat release (THR)

An obvious decreasing trend was observed between
the neat sample and the flame-retardant samples on
THR, as shown in Table V and Figure 6. The neat sam-
ple released a total heat of 180 MJ/m?, whereas THR
was reduced in proportion to AP contents of 10, 15,
20, and 25 wt % by approximately 12, 29, 32, and 41%,
respectively. The reason for that was that the residue
formation of the flame-retardant materials partly cut
off the heat transfer in combustion. These lower THR
data indicated that AP was an effective flame retard-
ant, which retarded combustion of the materials.
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Figure 7 ML curves of GF-PA6 and GF-PA6 with differ-
ent contents of AP. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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Figure 8 Digital photographs of the residue chars after
CCT: (a) GF-PA6, (b) GF-PA6/AP20, and (c) GF-PA6/
AP25.

Mass loss (ML)

ML is a factor which plays a vital role in the com-
bustion of a polymer. Figure 7 presents the mass res-
idue values measured as a function of time. As
shown in Table V and Figure 7, when more AP was
added to the materials, a larger amount of char was
formed at the end of combustion, and a lower MLR
was obtained. Correspondingly, digital photographs
of the residue chars after CCT are presented in Fig-
ure 8. Compared with GF-PA6, the flame-retardant
GF-PA6 samples formed thicker and more compact
residue chars at the end of the combustion, which
prevented the mass/heat transfer. AP was a cost-
effective flame retardant, which disposed of the can-
dlewick effect of GF-PA6 effectively, and the GFs
played a positive role in flame retardancy because of
the increased strength of residual chars and reduced
thermal decomposition rate.’® Therefore, GFs served
as an antidripping agent in GF-PA6, which pro-
moted the formation of thick and compact residual
chars when the materials burned.”'

Mechanical properties

The mechanical properties, including the tensile
properties, flexural properties, and notched Izod
impact strength, of neat GF-PA6, GF-PA6/AP20,
and GF-PA6/AP25 are presented in Table VI. With
increasing AP content in the composites, the tensile
strength, elongation at break, flexural strength, and
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TABLE VI
Mechanical Properties of Neat GF-PA6, GF-PA6/AP20,
and GF-PA6/AP25

Specimen GF-PA6 GF-PA6/AP20 GF-PA6/AP25

Tensile strength 160.6 150.7 139.5
(MPa)

Elongation at 14.9 12.6 11.5
break (%)

Flexural strength 196.8 196.0 161.3
(MPa)

Notched Izod impact 9.7 7.3 53

strength (kJ/m~)

impact toughness of the composites decreased, espe-
cially for the GF-PA6/AP25 specimen. The tensile
strength, elongation at break, flexural strength, and
impact toughness of GF-PA6/AP20 were 150.7 MPa,
12.6%, 196.0 MPa, and 7.3 kJ/ mz, respectively; these
values correspondingly decreased by 6.2, 15.4, 0.4,
and 24.7%, respectively, compared with those of the
neat GF-PA6. We concluded that the higher additive
amount of AP affected the mechanical properties of
GF-PA6, but they were still acceptable, and the
additive amount of 20 wt % was suitable according
to the balance of the flame retardancy and mechani-
cal properties of the composites compared with
those of the neat GF-PA6.

CONCLUSIONS

The inorganic compound AP was an effective flame
retardant for GF-PA6 because of its high phospho-
rus content (41.9 wt %). The TGA results indicate
that the thermal stability and the decomposition
behavior of GF-PA6 were both changed with the
addition of AP; this resulted from the low thermal
stability and the catalytic activity of AP. The cone
calorimeter results indicated that the addition of AP
significantly reduced HRR, THR, and MLR of the
flame-retardant samples compared with the neat
GF-PA6. The flame-retardant GF-PA6 samples
showed typical behavior of residue-forming materi-
als and a higher safety rank. The residual char of the
flame-retardant GF-PA6 after CCT was more com-
pact and stronger than that of the neat GF-PA®6.
Compared with the neat GF-PAG6, the flame-retard-
ant GF-PA6 samples had an improved UL-94 rating,
for example, going from no rating (NR) for the neat
GF-PA6 to V-0 (1.6 mm) for the GF-PA6 containing
25 wt % AP. Meanwhile, the LOI value also
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increased from 22.5 to 30.1. Moreover, the mechani-
cal properties of GF-PA6/20 almost remained the
same as the neat GF-PA6, only decreasing a little.
All of the results reveal that AP was a cost-effective
flame retardant for GF-PA6, whereas the dominant
fire-retardant mechanisms must be investigated
adequately; these results will be reported in another
article.
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