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Abstract: The flammability, smoke emission behavior and mechanical properties of two oligomeric
aryl phosphates [bisphenol A bis(diphenyl phosphate) (BDP) and resorcinol bis(diphenyl phosphate) (RDP)]
combined with magnesium hydroxide (MH) in polyamide 6 (PA6) have been investigated. Combining 5 wt%
BDP, 50 wt% MH imparts a limiting oxygen index (LOI) of 40.9% and UL94 V-0 rating to PA6, meanwhile
the peak rate of smoke release (pRSR), total release of smoke (TSR) and Izod notched impact strength
are 41%, 33% and 233% relative to the corresponding value of 55 wt% MH without BDP, respectively.
Dynamic mechanical analysis (DMA) indicates that the improvement of toughness attributes to the enhanced
compatibility between MH and PA6 by adding BDP. Furthermore, based on the comprehensive analysis of
thermogravimetry (TG), cone calorimeter and SEM-EDX investigations, possible flame retardancy and smoke
suppression mechanisms were revealed. Besides the fuel dilution and barrier effect of MH, the combination
of MH and RDP shows an additional flame inhibition effect. The combination of MH and BDP results in a
dominant condensed phase barrier effect which leads to obvious reduction on smoke emission and flammability.

Key words: flame retardancy; smoke suppression; oligomeric aryl phosphate; magnesium hydroxide;

polyamide 6

1 Introduction

Polyamide 6 (PA6) is widely used in electronic
and electrical industry because of its excellent
mechanical and electrical properties. However, PA6 is
a combustible material which burns with flammable
dripping and poisonous smoke releasing. As smoke is
a major cause of death in fires, it is essential for flame
retardants to keep smoke production to a minimum in
order to reduce the overall fire hazard. Unfortunately
the traditionally main flame retardants are halogen
compounds, including bromine and chlorine
compounds, which decrease the flammability of PA6
but release more toxic gases and corrosive smoke on
combustion'!. Nowadays advanced halogen-free and
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low smoke flame retarded systems are one of the most
popular topics of relevant polymer materials research
and development. The possible effective solutions
have been found for metal hydroxides and phosphorus
compounds®?.

Organic or inorganic phosphorus compounds are
the most common flame retardants as halogen-free
alternative. As described in literatures™ ™, phosphorus-
based flame retardants could act in both condensed and
gas phase. The gas phase action of phosphorus results
from flame inhibition through radical trapping reaction,
which increases toxic smoke production. Hence, most
commercialized phosphorus-based flame retardants,
such as red phosphorus (RP) and phosphinates, also
have the same disadvantage that increase the smoke
production on combustion, although a little lower than
halogen compounds'”. Oligomeric aryl phosphates
like resorcinol bis(diphenyl phosphate) (RDP) and
bisphenol A bis(diphenyl phosphate) (BDP), have been
found application as flame retardants and plasticizers
in a range of plastics. It was proposed that RDP shows
some and BDP a crucial condensed phase action in
polycarbonate alloy"". These properties of oligomeric
aryl phosphates might favor the smoke suppression.
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Metal hydroxides, typically alumina trihydrate
(ATH) and magnesium hydroxide (MH), are fillers and
extensively used as halogen-free flame retardants which
have endothermic decomposition accompanied by the
release of water, resulting in cooling and dilution effect
to inhibit flame'>'*. Although essentially non-toxic
and reduction of toxic smoke are the major advantages
of metal hydroxides, high loadings to achieve adequate
flame retardancy often lead to processing difficulties
and marked deterioration in other critical characteristics,
including mechanical and electrical properties. The
combination of metal hydroxides with other high-
effective flame retardants is considered as an approach
suitable for commercial utilization.

MH can act as flame retardants and excellent
smoke suppressants; moreover oligomeric aryl
phosphates favor smoke suppression. Hence the
synergistic effects between them in flame retardancy
and smoke suppression were the focus of this work.
The flame retardancy, mechanical properties and smoke
suppression effects of PA6 flame-retarded by the
combinations of MH with oligomeric aryl phosphates
were investigated. Further, the influences of oligomeric
aryl phosphates on flame retardancy mechanisms were
discussed.

2 Experimental

A series of different PA6 materials with certain
proportion of MH and two varied oligomeric aryl
phosphates were investigated. PA6 (M32800, Meida-
DSM) mixed with MH (Magnifin H-5 IV, Albemarle),
RDP (Fyrolflex RDP, ICL-IP) and BDP (Fyrolflex BDP,
ICL-IP) following the proportion of Table 1 in a high-
speed mixer (SHR-25A, Zhangjiagang Yili Machinery
Factory, China). These mixtures were melt-kneaded and
granulated on a 26 mm twin-screw extruder (LTE26/40,
Labtech, Germany) at a temperature of 215-230 C
and a screw speed of 150 remin~'. The obtained pellets
were dried in vacuum at the temperature of 80 C
to constant mass. Then they were injection molded
(injector: P50E, Hongli Machinery Company, China)
at an injection temperature of 220-240 ‘C into various
shapes, sizes and forms of different test specimens.

The flammability of the samples was determined
by limiting oxygen index (LOI) according to ISO
4589:1999 (specimen size: 150 mmx10 mmx*4 mm)
on an oxygen index instrument (FTT0077, FTT, UK)
and by using the standard UL 94-2009 vertical tests
(specimen size: 120 mmx12.7 mmx3.2 mm) on a UL94
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flame chamber (FTT0082, FTT, UK).

The mechanical properties of materials were
tested. Tensile strength and flexural modulus were
tested by a universal material tester (BT1-FRO10TH
A50, Zwick, Germany), following ISO 527:1996
(tensile strength) and ISO 178:2003 (flexural modulus).
The Izod notched impact strength was tested by a
pendulum impact tester (5113, Zwick, Germany)
following ISO 180:2001.

A TG209 F1
thermogravimentry (TG) apparatus was used

(Netzsch, Germany)

to investigate the thermal decomposition. All
measurements were performed under nitrogen at a
heating rate of 20 ‘Cmin~'. The sample weight was
about 10 mg. Values for residues were taken at 800 C.
The standard deviation of the TG results was about
1 wt% (including the contribution of buoyancy forces).

Dynamic mechanical analysis (DMA) was
performed on a DMA apparatus (DMA-242C, Netzsch,
Germany) operating in tensile mode at a frequency of
10 Hz in the temperature range of -80 ‘C to 140 C
with a heat rate of 10 °Cmin”".

To characterize the forced-flaming and smoke
emission behavior a cone calorimeter (FTT0007, FTT,
UK) was used, following ISO 5660:2002, with external
heat fluxes of 50 kWm™>. All samples (specimen
size: 100 mmx100 mmx6 mm) were measured in a
horizontal position using a retainer frame to reduce
unrepresentative edge-burning. The decreased sample
area was taken into account for the calculations.
The flame-out was defined as the end of test. And all
measurements were repeated thrice. Residue analysis
was performed by scanning electron microscopy (SEM)
(Nova NanoSEM 430, FEI, Netherland) and energy
dispersive X-ray spectroscopy (EDX) (INCA350,
Oxford, UK).

3 Results and discussion

3.1 Flammability and mechanical properties
To evaluate the flammability of PA6 and the
flame retarded PA6, LOI and UL94 vertical tests were
conducted, while corresponding tensile strength, Izod
notched impact strength and flexural modulus tests
were used to investigate the mechanical properties of
samples. The results and the composition of samples
are summarized in Table 1. Even though the MH
content is up to 55 wt% in sample 2" and resulted in
a disastrous deterioration in the toughness of material
(Izod notched impact strength decreased to only 53% of
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Table1 Composition, flammability and mechanical properties of materials
Composition UL 94 Izod notched Tensile Flexural
Sample PAG6 MH RDP BDP LOI /% rating impact strer}gth strength modulus
/Wt% /Wt% /Wt% /Wt% /kJ e m” /MPa /GPa

1¥ 100 0 0 0 22.5 NB 7.3 60.0 2.0
2' 45 55 0 0 40.5 V-1 3.9 83.2 6.4
3° 45 50 5 0 47.0 V-0 6.2 66.2 2.7
4* 45 50 0 5 40.9 V-0 9.1 50.2 2.2

sample 1%), sample 2" only achieved V-1 classification
in UL94 vertical test and the LOI value increased to
40.5%. The flame retardancy efficiency of using MH
alone was unsatisfied in PA6.

The MH content could be reduced to 50 wt%
in the presence of 5 wt% oligomeric aryl phosphates
while their flame retardancy achieved UL94 V-0 rating.
Compared to sample 2, with 5 wt% RDP instead of
5 wt% MH, the LOI value of sample 3" increased from
40.5% to 47.0%, and Izod notched impact strength
increased from 3.9 kJem ™ to 6.2 kJem ™. Its tensile
strength and flexural modulus were lower than the
corresponding values of sample 2°, but still higher
than pure PA6. Substituting BDP for RDP in sample 4
resulted in a further increase of 1zod notched impact
strength to 9.1 kJem ™
pure PA6. Besides, the tensile strength and flexural
modulus of sample 4" were 83.7% and 110.0% of the
values of pure PA6, respectively, and the LOI value
was 40.9% which was slightly higher than sample 2.
The above results indicate that two kind oligomeric

, which was even better than

aryl phosphates combining with MH respectively in
PA6 can concurrently enhance flame retardancy and
mechanical properties. These also indicate that BDP
performs better than RDP in improving the toughness
of material.
3.2 Smoke emission behavior

The rate of smoke release (RSR) and total smoke
release (TSR) of cone calorimeter tests was used to
quantify the emission of smoke. The RSR and TSR
curves of all samples are shown in Fig.1. For sample
17, the RSR was characterized by an increasing value
with time after ignition, and then a sharp RSR peak
appeared at the end of the curve, with a peak value
of RSR (pRSR) as high as 7.8 m’s™'m~>. The TSR
of sample 17 increased very fast, and the value at the
end of combustion was 1 710 m’m~". Similar smoke
emission behavior was described in the literature for
pure PA6'". The presence of MH in PAG6 significantly
changed the smoke emission behavior. There were two
peaks at 300 s and 720 s on the RSR curve of sample

2" with the corresponding peak values of 1.7 m’s™'m™

and 2.1 m’s™'m~°, respectively. Besides the reducing
in pRSR, the TSR of the whole burning process also

decreased to 1 311 m*m™".
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Fig.1 Rate of smoke release(a) and total smoke release curves(b)
of all samples at an external heat flux of 50 kWm™

In sample 3%, the principle shape of the RSR
curve was similar to sample 2°, except the second
and also higher peak appeared at 870 s that was later
than sample 2°. The pRSR was 1.32 m’s™'m~>, which
corresponded to a reduction of 37% compared to
sample 2°. And the TSR of whole process was 885
m’m~°, which was reduced compared to sample 2*
in the very similar order of 33%. That means the
presence of RDP does not change the smoke emission
behavior, but reduced the smoke release amount. With
BDP adding the best smoke suppression performance
was obtained, the smoke release was reduced further.

Its smoke emission behavior was obviously different
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to other three samples. Following a very short initial
increase to the pRSR, the RSR curve of sample 4"
showed a steady decrease in the whole process. The
pRSR decreased to 0.8 m’s~'m~” at 140 s. The TSR of
sample 4" was only 428 m’m-"> which was less than
half of sample 3”. The above results indicate that the
combination of BDP and MH in PA6 performs better
smoke suppression effect than MH with or without
RDP.

3.3 Dynamic mechanical analysis

Fig.2 shows the variation of loss tangent (tan
o) of all four samples with temperature in DMA
investigations. On the tan J curves, two transition
processes showed as two peaks, and were named as o
and f, respectively. The a transition is usually related to
the segment movements in non-crystalline area, so the
glass transition of polymer matrix can be determined
by a transition. The f transition reflects the co-moving
of amido and methane'".

When only MH was added, the a transition peak
area and value were significantly decreased compared
to pure PA6. No f transition peak appeared on the tan
d curve of sample 2”. The tand behavior of sample 2"
reflected the incompatibility of MH particles with PA6
matrix!"”. In the combination of RDP and MH, the a
transition peak shift to a temperature about 10 ‘C lower
compared to pure PA6, the a transition peak area and
value were clearly increased. But the tan 6 value of
S transition for sample 3" was still lower than pure
PAG6. The results indicated that RDP mainly acted as
a plasticizer and did not enhance the compatibility
between MH particles and PA6"> ', When BDP and
MH were combined, the a transition peak area was
similar with sample 3, its peak value was further
increased. Moreover, the tan 6 value of f transition
for sample 4° was much higher than that of pure PA6.
The tan & behavior of sample 4" proved again that BDP
enhanced the compatibility between MH particles and
PA6 matrix"> "%,

DMA results revealed the reasons of the influence
of RDP and BDP on the mechanical properties. RDP
only acts as a plasticizer but does not improve the
compatibility. BDP also has plasticization action,
but more importantly it obviously enhances the
compatibility between MH particles and polymer
matrix. The enhancement on compatibility not only
increased the toughness of material, but also might
increase the flame retardancy efficiency of MH.

3.4 Thermal decomposition behavior
In order to investigate the flame retardancy and
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smoke suppression mechanisms, thermal decomposition
behaviors of all four samples were performed using TG
apparatus. The TG results are summarized in Table 2;
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Fig.3 TG(a) and DTG(b) curves of all samples(heating rate 20 °C min™")

both the corresponding mass and mass loss rate curves
are shown in Fig.3. The thermal decomposition of
sample 1" was characterized by a single decomposition
step with maximum mass loss rate at 469 ‘C. The
resulting residue was of about 1.2 wt%. These results
were in agreement with the decomposition behavior of
pure PAG in literatures'™ ' '¥,

When MH was added, the decomposition
behavior changed significantly. Sample 2 decomposed
in two main steps, which were respectively named as
Step I and Step II on Table 2. The Step 1 was related
to the decomposition of MH, whereas the Step II was
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Table 2 Thermal analysis of all samples(based on TG investigations, heating rate 20 °C - min™)
Step | Step 1I Residue at
Sample . 800 °C
Amass/wt% TG ATIC Amass/wt% T../%C ATIC Wi%
1 96.9 469 377-497 2.5
2’ 16.0 381 337-397 45.9 448 397-478 37.6
3" 19.6 389 362-407 40.4 448 407-487 38.5
4 24.1 408 369-426 35.7 459 426-511 39.6

‘ Temperature of the maximum mass loss rate in Step I ;" Temperature of the maximum mass loss rate in Step Il for sample 2-4",
and temperature of the maximum mass loss rate in whole process for sample 17,

due to the decomposition of PA6"**". The lowering
of PA6 decomposition temperature (7,,,, from 469 C
to 448 C) can be attributed to the water released by
MH decomposition resulted in an additional hydrolysis
process of parts of PA6!" > > The residue at the end of
test was 37.6 wt% and hence mainly consisted of MgO.
Similar results were reported in the literature for MH
formulations in different kinds of polyamides'”*".

When RDP and MH were combined in sample
3%, the Step I was shifted to a temperature about 10
‘C higher than sample 2°, and the T,,,, was 389 C.
The Step II remained unaffected at 448 ‘C. The stable
residue at 800 ‘C was increased slightly to 38.5 wt%.
The combination of BDP and MH in PA6 resulted
in that the Step I of sample 4" was clearly increased
about 30 C compared to sample 2" with a T, , at
408 °C. Furthermore, the Step II was also shifted to a
temperature about 10 °‘C higher than sample 2" and 3"
with T,.., at 459 “C. The increase of T,,,,, indicated
that BDP effectively inhibited hydrolysis of PA6 in
Step II. Compared to sample 2°, the residue at the end
of TG experiment was increased by 2.0 wt% to 39.6
wt%. Considering the very low loading of BDP (only 5
wt%), adding BDP resulted in considerable increasing
char formation in condensed phase.

In conclusion, combining MH and BDP enhances
the thermal stability of polymer matrix in comparison
with using MH only or combining MH and RDP; BDP
also shows more condensed phase action than RDP.
The reason could be attributed to that BDP induced
a more stable and effective condensed phase cross-
linking network than RDP!"" '),

3.5 Fire behavior

The heat release rate (HRR) and total heat release
(THR) curves from cone calorimeter tests using external
heat fluxes of 50 kWm ™ are illustrated in Fig.4 and the
detail cone calorimeter results are summarized in Table
3. For sample 17, the HRR curve was characterized by
a sharp peak, and the peak value of HRR (pHRR) was
718 kWm ™2, which is a characteristic HRR behavior of

pure PA6" > The THR at the end of test was 227.4
MJIm ™ corresponding to values in literature™’. With
MH adding, the pHRR of sample 2" was reduced by
62% to value of 270 kWm ™. An additional small peak
occurred on the HRR curve of sample 2, with the
peak value of 169 kWm™ at 697 s. The second HRR
peak could be attributed to the protection failure of
MgO surface layer under prolonged high temperature
%23 The THR was reduced by 34% to value of 150.6
MJm~>. The residue weight of sample 2” was 38.2
wt%, which fits well to the calculated MgO amount
of 37.9 wt%. When RDP and MH were combined in
PAG6, the principle shape of HRR curve was similar to
sample 2. The second HRR peak was occurred at 830 s
with the peak value of 170 kWm™>. The pHRR was
slightly reduced to 244 kWm™. The THR was slightly
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increased to 159.5 MJm™. The residue of sample 3"

was 36.9 wt%, which was only 2.4 wt% higher than
its calculated MgO amount (34.5 wt%). For sample
3%, the principle shape of HRR curve indicated that
the main flame retarancy effect still resulted from gas
phase action. The change in pHRR, second HRR peak
and residue content declared that RDP provided an
additional protection for residue layer and improved
the stability of residue’**,

With the combination of BDP and MH a different
cone calorimeter performance was obtained. On the
HRR curve of sample 4, after an initial increase in
HRR during the formation of barrier layer, the HRR
showed a steady decrease. The pHRR was clearly
reduced to 135 kWm >, and THR also was only 121.9
MJIm . The residue was increased to 39.8 wt%,
which was 5.4 wt% higher than the calculated MgO
amount (34.5 wt%). These HRR behaviors were typical
for a char-forming flame retardancy mechanism in

condensed phase!'”.

Table 3 Cone calorimeter data

THR pHRR  THR/TML  Residue
Sample \ime kwm® AMImg)  /wi%
1" 227.4 718 3.64 6.7
2° 150.6 270 2.65 38.2
3° 159.5 244 2.78 36.9
4 121.9 135 3.02 39.8

For the analysis of the flame retardency
mechanism, the effective heat of combustion,
expressed through the total heat release/total mass loss
(THR/TML), was determined in Table 3. According to
literature' **! a higher THR/TML value indicates less
flame inhibition or fuel dilution action in gas phase. For
sample 2", the THR/TML value was clearly reduced
compared to pure PA6. This result was in agreement
with the known main flame retardancy mechanism of
MH" > " which is based on a fuel dilution effect of
water releasing in gas phase. With the addition of RDP,
the THR/TML value was slightly increased compared
to sample 2°, but was still much lower than pure
PA6. Hence, gas phase action is still the main flame
retardancy mechanism, which includes fuel dilution
of water and the flame inhibition of phosphates in this
cause. For sample 4" the THR/TML value was much
higher than sample 2* and 3”. Therefore the gas phase
action is negligible, and an efficient condensed phase
action dominates the fire retardancy mechanism.

It should be noted that the complex flame
retardancy behaviors in LOI and cone calorimeter
also indicate different flame retardancy mechanism. In
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detail, sample 3" had a higher LOI value than sample
4", but sample 4" performed better flame retardancy
property in cone calorimeter investigation. The
condensed phase action of phosphorus is not dependent
on the external heat flux on burning, while the gas
phase action is dependant on the external heat flux and
decreases when high external heat fluxes were used'”
%1026 In this work, the external heat flux in cone
calorimeter investigation was much greater than the
external heat flux in LOI test. It could be concluded that
the main fire retarded action of sample 3" takes place in
the gas phase. Furthermore, it could be proposed that
the main fire retarded action of sample 4" results from
condensed phase action.

To sum up, the strong gas phase action of MH
in PA6 is remained in the combination with RDP,
but when combined with BDP the gas phase action
is reduced clearly while condensed phase action is
dominant.

3.6 Residue analysis

Generally, the chemical composition and
morphology of residue are governed by the flame
retardancy mechanism and have great impacts on the
actual flame retardancy. The residues of sample 3" and
4" from the cone calorimeter investigation at 50 kWm ™
external heat flux were collected for morphology and
chemical composition analysis.

After the cone calorimeter investigation, the
residue of sample 3" (Fig.5(a)) was fragmentary

(a) ] (b)

Fig. 5 Digital photos of the residues obtained in the cone
calorimeter: (a)Sample 3"; (b)Sample 4

20 pm

Fig.6 SEM images of the residues obtained in the cone
calorimeter: (a)Sample 3°; (b)Sample 4°
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and loose, and there were many huge crevasses on
the surface. The residue of sample 4" (Fig.5(b)) was
coherent, compact and dense. SEM images in Fig.6
show the microscopic morphology of the residue layers
of the above samples. For sample 3" (Fig.6(a)), the
residue layer was friable and loose, and lots of cracks
and MgO particles were clearly observed on the surface
of the residue. Obviously, the uncontinuous and friable
residue of sample 3" is not an effective barrier layer
and hardly endows the materials with enough flame
retardancy, so gas phase action provides important role
in this sample. By contrast, the residue of sample 4"
(Fig.6(b)) showed a dense and continuous vitreous char
layer, and almost no crack and MgO particle exposed
on the surface. This glassy char causes a strong barrier
effect against heat and volatiles diffusion. Furthermore,
large number of globular char, whose diameter was
about 150 nm and grouped into some short chains, was
observed on the surface of the residue. These globular
char results from the char formation on the surface

wherein BDP acts like acid precursor™ ",

Table 4 Chemical composition of the residues collaged from
the cone calorimeter, based on SEM-EDX analyses

Chemical composition/wt%

Sample
C N 0 p Mg
3%  Surface 14.8 1.4 54.9 0.8 28.1
Inside 30.5 1.9 42.6 0.9 24.1
4" Surface  34.5 1.2 43.0 0.7 20.6
Inside 37.9 2.4 35.0 0.8 23.9

The excellent charring action of BDP during
combustion was also proved by the results of
EDX (Table 4). The surface and inside chemical
compositions of residue of sample 3" were quite
different. The carbon content of the surface was
much lower than the inside of residue. This indicated
that only a few organic remained on the surface of
residue, thus no effective barrier layer was produced in
sample 3" during combustion. The residue of sample
4" was almost homogeneous in chemical composition
measured by EDX. The carbon contents on surface
and inside were quite similar, and higher than the
carbon content on the inside of sample 3" residue. This
homogeneous composition indicated the stable organic
structure in the whole residue which resulted in a
strong barrier effect against flame.

4 Conclusions

The smoke emission of PA6 is obviously reduced
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by using MH only, but the toughness and flammability
are unsatisfactory. The combination of MH and RDP
in PA6 results in simultaneous improvement on flame
retardancy, smoke suppression and toughness as
compared to using MH only. The combination of MH
and BDP improves the smoke suppression effect and
toughness further. When 5 wt% BDP and 50 wt% MH
were combined in PA6, the flammability gained UL94
V-0 and a LOI of 40.9%, meanwhile the pRSR, TSR
and Izod notched impact strength were 41%, 33%
and 233% of the corresponding value of the sample
using MH alone, respectively. Its 1zod notched impact
strength was 124% of the value of pure PAG6.

The influences of the combination of MH and
RDP on mechanical properties are mainly ascribable to
the plasticization effect of RDP. The compatibility of
MH particles in PA6 matrix is substantially increased
in combination with BDP, which results in obvious
enhancement of toughness.

Adding MH in PA6 as a flame retardant and a
smoke suppressant is mainly based on fuel dilution
effect and MgO barrier effect. The combination of MH
and RDP only engenders an additional flame inhibition
effect of phosphate in gas phase. Hence, the gas phase
action including the fuel dilution of MH decomposition
products and flame inhibition of phosphate dominates
the flame retardancy mechanism. The smoke
suppression mechanism is still mainly based on fuel
dilution, and the slight reduction of smoke emission is
attributed to that the enhanced flame retardancy effect
offers an additional protection for the residue barrier
layer. The combination of MH and BDP alters the
flame retardancy and smoke suppression mechanisms.
The strong condensed phase action, which leads to
an effective phosphorus-containing barrier layer on
combustion, dominates the fire protection. The crucial
condensed phase action results in the clearly reduction
of smoke emission.
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