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a b s t r a c t

A novel flame retardant polyamide 6 (PA6)/bridged 9,10-dihydro-9-oxa-10-phosphaphenanthrene-10-
oxide (DOPO)-derivative (PHED) nanocomposite textile filament yarns were developed. The scalable
production approach includes in situ water-catalyzed ring-opening polymerization of ε-caprolactam in
the presence of the flame retardant PHED followed by melt-spinning of nanocomposite filament yarns
and production of knitted fabrics. The specific chemical structure of the PHED additive enabled its
excellent miscibility with molten ε-caprolactam and the uninterrupted polymerization of ε-caprolactam.
The produced PA6/PHED nanocomposite was characterized by the preserved molecular structure of the
polyamide 6 and uniformly distributed nano-dispersed FR at concentrations of 10 and 15wt %. The PA6/
PHED nanocomposite structure was successfully preserved after the melt-spinning processing. The PA6
nanocomposite filament yarns at the applied 15wt %. loading of PHED showed (a) increased thermo-
oxidative stability compared to neat PA6 up to 500 �C, with a 43% higher residue at 500 �C and (b)
self-extinguishment of fiber strand and knitted samples within 1 s in standard vertical flame spread tests
(ASTM D6413), followed by the significant reduction of the melt-dripping and the melt-drop flamma-
bility. Additionally, 1.2mm-tick PA6/PHED bar samples achieved a V0 rating in UL94 vertical burning test
at the applied 10wt % concentration of PHED. This innovative and scalable approach could pave the way
for the production of new-generation nanocomposite PA6 filament yarns with self-extinguishing prop-
erties at the macro-scale, which would be highly beneficial for increasing fire safety, whilst maintaining
the use of a DOPO derivative at the minimum level.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

The PA6 textile materials are widely used as automotive and
home textiles, for upholstering furniture and carpets. However,
retardation of the combustion of polyamide 6 (PA6) textile mate-
rials remains an important social and scientific problem due to the
rapidly growing demand for a safer environment [1e3]. The PA6
textiles represent a sizable fraction of the total volume of synthetic
textile materials and have an exceptional and rare feature, i.e., their
siljevi�c).
chemical recyclability back into monomer ε-caprolactam, which is
of high importance for the future preservation of limited petroleum
resources and the reduction of global environmental pollution
[4,5]. The commonly used approach for the development of
inherently flame retardant (FR) PA6 fibers is based on the use of
melt-compounded PA6/FR composites in themelt-spinning process
[6e11]. To this purpose, phosphorus (P)-, and nitrogen (N)-based
FRs, inorganic FRs and their mixtures have been used as the most
prominent alternatives to their toxic and bio persistent haloge-
nated counterparts [12e14]. Since thin yarn and fabric structures
withmuch higher surface-to-volume ratio than that of bulk plastics
also have intensified burning rates, an increased concentration of P/
N FRs is unavoidable to achieve effective flame retardancy.
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However, the essential obstacle of this approach is that FR con-
centrations higher than 10wt %worsen spinnability, cause clogging
of filters and spinnerets, and significantly impair the tensile prop-
erties of the resulting filaments [3,6,9]. This is the most important
limitation in the production of FR PA6 fibers in comparison with
PA6 bulk plastic materials [15e17]. Consequently, concentrations of
P/N FR additives that are adequate for continuous melt-spinning
with acceptable reduction of the tensile properties provide only a
poor FR effect.

The origin of the problem described above is the high melt
reactivity of PA6, which causes poor dispersion of FRs and the
production of only micro-grade dispersed composites [18]. In par-
allel, the most advanced research in the field of PA6 nano-
composites with incorporated nanocarbon materials, nanoclays
and other inorganic particles confirms in situ polymerization as a
successful method for controlling the size of the incorporated ad-
ditives at the nano level [19e23]. Despite this, the in situ poly-
merization of ε-caprolactam remains almost unexploited method
for the production of PA6 nanocomposites with P/N FRs. The first
scientific research employing the in situ polymerization of
ε-caprolactam dates from 1986, when Alfonso et al. reported that
this method enabled obtaining a homogeneous dispersion using
red P, MgO and Dechlorane plus within the PA6 matrix, with
enhanced fire performance of the compression-molded plastic [24].
The Toyota group designed an in situ polymerization strategy for
the production of PA6 nanocomposites with inorganic additives
[25]. This strategy was successfully applied to different polymers
and inorganic additives. More recent studies reported on the suc-
cessful in situ polymerization ε-caprolactam carried out in the
presence of adipic acid-melamine salt and cyanuric acid-hexane
diamine, which provided enhanced flame retardancy of the bar
nanocomposite samples [26,27]. However, the behavior of knitted
fabrics in contact with flame was discussed only qualitatively [27].

The usefulness of nanocomposite systems is determined by
their ability to retain the nano-dispersed structure after melt-
processing, e.g. melt-spinning. The first essential issue to be
considered is the use of FR compound, which chemical structure
should allow the unhindered incorporation of the nano-dispersed
FR into the PA6 matrix during the polymerization process, with
minimal impact on the structure and length of the PA6 chains and
the polymer crystallinity. The second essential issue to be consid-
ered is the requirement that the chemical structure of the FR
compound must have specific pyrolysis characteristics, which will
provide flame retardancy protection of PA6 at the specific decom-
position temperature [3,13]. According to the literature, there is a
phosphorus flame retardant, based on bridged 9,10-dihydro-9-oxa-
10-phosphaphenanthrene-10-oxide (DOPO), i.e., 6, 6'-(1-
phenylethane-1,2-diyl)bis (dibenzo [c,e] [1,2]-oxaphosphinine-6-
oxide) (PHED), whose pyrolysis specifics could provide effective
production of volatile radical scavengers at temperatures that
match the decomposition temperatures of PA6 [28]. Additional
advantages of the chemical structure of PHED are (a) the absence of
chemical groups, which could potentially chemically interact dur-
ing the polymerization process and (b) a melting point (equal to
approximately 187 �C) lower than the temperatures of PA6 poly-
merization and melt processing, which may be beneficial for uni-
form nanodispersion of the additive in the molten ε-caprolactam
and, afterwards, in the PA6 matrix. Until now, this FR molecule
found its application in poly (lactic acid) and epoxy resin com-
posites and has never been exploited for the production of PA6
composites [28,29].

In this work, we successfully produced halogen-free and highly
effective flame retardant PA6/FR nanocomposite filament yarns by
incorporating the PHED additive into the PA6 matrix during the in
situwater-catalyzed ring-opening polymerization of ε-caprolactam.
This paper presents the first-ever study of the thermal stability and
flame retardancy of PA6/bridged DOPO derivative nanocomposite
filament yarns, along with their physical and mechanical proper-
ties. The flame retardancy performance of the bulk plastic or fibrous
nanocomposite systems were evaluated, wherein overlapping of
the additive and polymer decomposition temperatures is maxi-
mized and the FR decomposition products mainly act in the gas
phase.

2. Experimental

2.1. Materials

ε-Caprolactam was kindly supplied by AquafilSLO d. o.o.,
Slovenia. 9,10-dihydro-9-oxa-10-phosphaphenanthrene-10-oxide
(DOPO) and phosphorus oxychloride, 2-acetophenon, xylene and
isopropyl alcohol were purchased from Sigma Aldrich. 6, 6'-(1-
phenylethane-1,2-diyl)bis (dibenzo [c,e] [1,2]-oxaphosphinine-6-
oxide) flame retardant (PHED) was synthesized according to the
literature [30]. Structure of the PHED additive was confirmed by 1H
and 31P NMR spectroscopy measurements (Fig. S1).

2.2. Nanocomposite production

Nanocomposites were prepared by the in situ water-catalyzed
ring-opening polymerization of the ε-caprolactam monomer in
the presence of PHED. The polymerization process was performed
in the hydrothermal autoclave reactor with a Teflon chamber. First,
vacuum-dried ε-caprolactam monomer was melted in the Teflon
chamber at 180 �C on a temperature-controlled hot plate provided
with magnetic stirrer and placed inside a fume hood under an inert
argon atmosphere. The PHED additive was dispersed in the molten
ε-caprolactam at concentrations of 10 and 15wt % under constant
stirring until a transparent melt was obtained. Subsequently, the
temperature was gradually reduced to 80 �C, and then 1wt % of
water was added dropwise. Afterwards, the Teflon chamber was
placed in the hydrothermal autoclave reactor, and the mixture was
polymerizing at 250 �C for 10 h under autogenous pressure. For
comparison, the PA6 sample in the absence of PHED was synthe-
sized through the same method. The ground plastic materials were
subjected to vacuum-drying at 80 �C for 24 h before further pro-
cessing. The resulting nanocomposite materials containing PHED at
concentrations of 10 and 15wt % were coded as PA6/10PHED and
PA6/15PHED, respectively.

2.3. Melt-spinning and fabric knitting

PA6, PA6/10PHED and PA6/15PHED nanocomposite filament
yarns were produced using the laboratory-scale melt-spinning and
drawing device (Extrusion System Ltd, Bradford, Great Britain). The
temperature of an extruder (three zones), metering pump, and
spin-pack (two zones) was set to 210 �C. The extruder screw speed
was 1.5 rpm. The spinneret for multifilament spinning had 10 holes
with diameters of 0.35mm. The extruded filaments were quenched
in the air at room temperature and were wound using a winder
operating at a 120mmin�1 speed with no filament breakage. The
melt-spinning process was conducted without clogging of the fil-
ters and spinneret. PA6, PA6/10PHED and PA6/15PHED knitted
fabric samples with the right-right structure were produced on a
hand knitting machine RIMACH operating with 10-gauge needles.
For each sample, three multifilament yarns were used for knitting
yielding the area density of approximately 300, 400 and 360 gm�2

for PA6, and PA6/10PHED and PA6/15PHED samples, respectively.
Fig. 1 shows the production route for the FR PA6 nanocomposite
filament yarns and fabric, and the optical microscopy and SEM



Fig. 1. Production route for FR PA6 nanocomposite filament yarns and fabric (a), the optical microscopy (a) and SEM images (b) of knitted fabric corresponding to the PA6/15PHED
sample.
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images of the PA6/15PHED knitted fabric structure.

2.4. Characterization

Scanning electron microscopy (SEM) and energy-dispersive X-
ray spectroscopy (EDS) were performed on a SEM Cambridge 360
microscope equipped with an energy dispersive X-ray spectrom-
eter (EDS) INCA 250. The samples were coated with Au. Differential
scanning calorimetric (DSC) analysis was used to measure the
melting (Tm) and crystallization (Tc) temperatures using an STA
449c Jupiter instrument (NETZSCH) at temperatures ranging from
0 to 300 �C with heating and cooling rates of 10 �C min�1 in a ni-
trogen atmosphere. An X-ray diffractometer (XRD) PANalytical
X'Pert PRO (CuKa1¼1.5406 Å) with a completely open X'Celerator
detector (2.122� 2 q) was used for recording the XRD pattern of
polyamide 6. The XRD pattern was measured from 5 to 80� 2q with
a step size of 100 s. Dynamic-mechanical analysis (DMA) was per-
formed on a TA instrument (DMA Q800, TA Instruments) with a
controlled gas cooling accessory. The dimensions of the samples
were 12.5� 0.5 cm2. The samples were heated from 0 to 160 �C at a
constant rate of 3 �C min�1. During heating, the test samples were
deformed (oscillated) at constant amplitude (strain) of 8 mm and a
frequency of 10 Hz. The tensile properties were analyzed with an
Instron 5567 dynamometer in accordance with SIST ISO 2062:1997.
Themethodwas adjusted so that the gauge lengthwas 100mm and
the deformation rate was 350mmmin�1. Rheological measure-
ments of themelts were conducted on a PhysicaMCR 301 rotational
rheometer (Anton Paar), using a parallel-plate geometry with a
diameter of 25mm and a gap of 0.5mm. The measurement tem-
perature was 220 �C, with a fixed shear strain of 5% and over a
frequency range of 0.01e100 rad s�1. Thermogravimetric (TG) an-
alyses in an air and nitrogen atmospheres were performed on a STA
449c Jupiter instrument (Netzsch) and a TA Instruments SDT 2960,
respectively, from 50 to 800 �C with heating and cooling rates of
10 �Cmin�1 in open alumina pans. Alternatively, TGA (SDT 2960, TA
Instruments) was coupled with infrared spectroscopy (Nicolet iS10
by Thermo-Scientific); these analyses were carried out in a nitrogen
atmosphere. The UL-94 test (Underwriters Laboratory) was per-
formed in a vertical configuration. The size of the hot-pressed bar
samples was 125� 13� 1.2mm3. Five measurements were made
for each sample. The standard vertical flame spread test (ASTM
D6413) was performed on the fiber strand and knitted fabric
samples. The fiber strand samples (approximately 12.5 cm long,
1.5 cm wide, and 1.2 cm thick) were prepared by twisting several
filaments together. The size of the tested surface area of the fabric
samples was 150� 50mm2 because of the limited quantities of the
fabrics available. Additionally, the cotton indicators positioned
below the fiber strand and knitted fabric samples in accordance
with the standard UL 94 were used in order to evaluate the flam-
mability of the melt-drips. Cone calorimetry (Fire Testing Tech-
nology, FTT) tests were performed using square samples
(100� 100 cm2) under an irradiative heat flux of 35 kW/m2 in a
horizontal configuration. The fabrics were placed in a sample
holder and maintained in the correct configuration by a metallic
grid. Time to ignition (TTI), heat release rate (HRR), total heat
release (THR), the peak of HRR (PHRR) and time (tPHRR), effective
heat of combustion (EHC) and residue were measured. Total smoke
release (TSR), the average specific extinction area (SEA), CO and CO2
yield ([CO] and [CO2]) were evaluated, as well.

3. Results and discussion

3.1. Structure characterization and mechanical properties

SEM images and EDX elemental distribution maps of phos-
phorus for the surfaces and cross-sections of the PA6 and the PA6/
10PHED and PA6/15PHED nanocomposite filament samples are
shown in Fig. 2.

Visual observation and EDX elemental mapping revealed that
phosphorus was uniformly distributed on the surface and in the



Fig. 2. SEM and EDX phosphorus mapping of the filament (a) surface and (b) cross-section for the PA6, PA6/10PHED and PA6/15PHED filament samples.
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fiber bulk, as were carbon and oxygen (Fig. S2). These results
confirmed the uniformly distributed nano-dispersed PHED additive
in the nanocomposite, as well as the stability of the produced
nanocomposite to preserve such structure after the melt-spinning
process. The absence of possible agglomerates in the elemental
distribution maps confirmed that the axially oriented “bumps”
visible in the SEM images of the nanocomposite fibers surfaces
were not PHED agglomerates but were formed during the melt-
spinning.

These results confirmed the production of unique FR PA6
nanocomposite filament yarns. The preservation of the nano-
composite structure in the PA6/10PHED and PA6/15PHED filaments
indicates the achievement of a kinetically trapped nanostructure
with favorable thermodynamics to retain the achieved dispersed
structure upon the application of melt-spinning conditions.

The crystallization (Tc) and melting (Tm) temperatures (Fig. 3a
and b) of the PA6/10PHED and PA6/15PHED filament samples were
only a few degrees lower compared to that of the PA6. Accordingly,
the drop of the Tc to 6.5 �C and 7.1 �C for PA6/10PHED for PA6/
15PHED, respectively, suggests that incorporated PHED additive
only slightly hinders polymer crystallization. The Tm values of the
nanocomposites are within the melting range of PA6 (215e228 �C),
and a slight decrease of the Tm confirmed that PHED minimally
affects the concentration of amide groups and the number of CH2
Fig. 3. (a) Crystallization temperature (Tc) from the first DSC cooling scan
groups linked to the latter. This confirmed that PHED additive
minimally affected the polymerization process and polymer mo-
lecular structure. Apparently, good miscibility between the PHED
additive and ε-caprolactam melt enabled unhindered polymeriza-
tion with simultaneous uniform incorporation of the nano-
dispersed PHED into the PA6 matrix.

The normalized heights of the diffraction peakmaxima obtained
by the XRD analysis of the PA6 and the PA6/10PHED and PA6/
15PHED nanocomposite filament samples are presented in Fig. 4.

The XRD patterns confirmed the successful retention of the
dominant monoclinic a crystal form. Namely, the two diffraction
peak maxima of the PA6 fiber sample were located at 2q¼ 20.0� [a1
(200)] and 2q¼ 23.4� [a2 (002)þ(202)] corresponding to a1 and a2
crystalline phases [31,32]. The PHED incorporated at 10wt % only
lowered the intensity of the a2 peak maximum, and 15wt % of
PHED lowered the intensity of both peak maxima. Since the a1 and
a2 peak maxima represent the distance between the anti-parallelly
aligned hydrogen-bonded PA6 chains packed in a 2D sheet-like
structure and the distance between these sheets packed to form a
3D structure, respectively, it can be concluded that the presence of
10wt % additive in the PA6/10PHED sample did not interfere with
the packing of the PA6 chains into sheets but affected interactions
between these sheets [33]. The increase of the additive concen-
tration above 10wt % influences adhesion within and between the
and (b) melting temperature (Tm) from the second DSC heating scan.



Fig. 4. XRD patterns in the range of 10�e40� for the PA6, PA6/10PHED and PA6/
15PHED filament samples.
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2D sheets. Considering that the concentration of the additive was
10wt % and higher, the introduced changes in the crystalline
structure are considered to be as expected.

The dynamic-mechanical properties of the PA6 and the PA6/
10PHED and PA6/15PHED nanocomposite filament yarns are pre-
sented in terms of the storage modulus (E’), loss modulus (E”) and
loss tangent (tan d) as functions of the temperature (Fig. 5ae c). The
results show that the incorporated PHED additive, irrespective of
the concentration, decreased the fiber elasticity, as reflected by
lower storage modulus for the PA6/10PHED and PA6/15PHED
samples compared with that of PA6 (Fig. 5a). The temperature in-
crease lowered the storage modulus of PA6/10PHED and PA6/
15PHED more quickly with respect to that of PA6. This finding
suggests that the incorporated PHED in the nanocomposite caused
a lack of intermolecular interactions and, consequently, facilitated
the mobility of some PA6 chain segments during their transition
from the glassy to the viscoelastic state.
Fig. 5. (a) Storage modulus (E0) plotted as a function of temperature, (b) loss modulus (E0

temperature and (d) tensile properties of the PA6 and PA6/FR composite filaments.
Each relaxation transition of the storage modulus curve is
accompanied by a maximum on the loss modulus curve due to the
dissipation of energy as heat (Fig. 5b). PA6 showed only one
relaxation transitionwith a maximum on the loss modulus curve at
89 �C due to a-relaxation (glass transition temperature) (Fig. 5c).
The incorporated PHED in the PA6/10PHED and PA6/15PHED
samples slightly decreased glass transition temperature to 86 �C
and 76 �C, respectively. Because of the increased molecular
segment mobility in PA6/10PHED and PA6/15PHED nano-
composites, apparent at 36 �C and 33 �C, respectively, a reduction of
the elastic modulus E’ is faster than for PA6 (Fig. 5a). The additional
relaxation transition at about 112 �C for the nanocomposite sam-
ples resulted from the increased entropy of molecules and their
tendency to achieve a thermodynamically more stable state, which
molecules have failed to realize in previous relaxation phenomena.

Structural changes in the PA6 matrix due to PHED incorporation
decreased the tenacity and elongation at break, indicating a
reduction of the tensile properties (Fig. 5d). The later could also be
affected by differences in linear densities of the partly oriented PA6,
PA6/10PHED and PA6/15PHED multifilament yarns equal to 250,
300 and 280 dtex, respectively. The increased linear density
resulted from changes in the viscoelastic behavior of PA6 melt due
to the incorporated PHED additive (Fig. S3). The incorporated PHED
additive reduced internal friction and elasticity of the polymer
chains (Figs. S3a and S3b). Compared to the PA6 sample, the
rheological responses of the nanocomposite PA6/10PHED and PA6/
15PHED samples were characterized by lower sensitivity to the
applied shear strain, which indicates a more stable system in the
melted state.

3.2. Thermal stability

To gain insight into the effect of the incorporated flame retar-
dant on PA6 decomposition, the thermal decomposition process of
the PHED additive, PA6 and nanocomposite PA6/10PHED and PA6/
0) plotted as a function of temperature, (c) loss factor (tan d) plotted as a function of
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15PHED filament samples in nitrogen atmosphere with simulta-
neous detection of the evolved gas products was analyzed by
thermogravimetric analysis coupled with infrared spectrometry
(TG-FTIR) (Figs. 6 and 7, and Tables S1 and S2). As seen in Fig. 6a and
Table S1, the Tonset10% and Tmax of the PHED additive are only a few
degrees lower compared to those of the PA6 sample. According to
these results, we hypothesized that PHED decomposes just before
the start of PA6 decomposition. This would provide perfect timing
for the PHED’ radical scavengers to emerge in the gas phase and
quench the radicals that sustain combustion. The results from the
thermogravimetric analysis revealed that Tonset10% and Tmax of the
PA6/10PHED and PA6/15PHED samples were shifted to lower
temperatures compared to those of the PHED and PA6 samples.
Obviously, the temperature of the initial decomposition of both PA6
and PHED additive in the nanocomposite decreased compared to
those of the PA6 and the PHED alone, respectively. Interactions
between PA6 polymer chains and the nano-dispersed flame retar-
dant in the nanocomposite promoted the decomposition of PHED.

Since PHED decomposes exothermically (Fig. S4), the decom-
position of PA6 in the nanocomposite was promoted. Additionally, a
decrease of the initial decomposition temperature of the modified
polymer could be also ascribed to the interactions between
decomposition products of both DOPO-based flame retardant and
PA6. Namely, the acidic character of the decomposing DOPO de-
rivative could promote the scission of the PA6 chains [15]. In order
to obtain a clear view of the interactions between PA6 and PHED
during pyrolysis, the weight difference curves (DT, presented in
Fig. 6b) between experimental and calculated TG curves were
determined according to the method presented by Bourbigot et al.
[9,34]. The obtained negative curves confirmed that decomposing
PHED additive destabilizes PA6 during the pyrolysis process.

The decomposition of the PA6 and PA6/15PHED samples in a
nitrogen atmosphere was followed by the generation of ε-capro-
lactam, NH3, CO2 and H2O, and primary aliphatic amines and hy-
drocarbons (Fig. 7a). The assignments of the detected FTIR bands
are collected in Table S2. Compared to that of the PA6 sample, the
FTIR spectrum of the PA6/15PHED sample at Tmax and Tmax, add
showed new absorption bands, i.e., at 1510, 1339 and 750 cm�1. The
band at approximately 750 cm�1 corresponds to the stretching vi-
bration of the PeC bond in the DOPO component, which confirmed
the release of the phosphorus active species in the gas phase.

The other two bands at 1508 and 1339 cm�1 were not detected
in the FTIR spectra of the PHED additive (Fig. S5). This finding in-
dicates that FR incorporation changed the mechanism of the
polyamide decomposition. This, consequently, resulted in new
volatile decomposition products. The time evolution profiles for
ε-caprolactam (Fig. 7b), and NH3 and H2O (Figs. S6 and S7), as one of
the main products of PA6 decomposition, confirmed that compared
to the PA6 sample, the maximum intensities of ε-caprolactam, NH3
Fig. 6. (a) TG graphs of the PHED additive, PA6, and the PA6/10PHED and PA6/15PHED nan
weight difference in pyrolysis.
and H2O corresponding to the PA6/10PHED and PA6/15PHED
samples were reached within shorter times, i.e., at lower
temperatures.

The thermo-oxidative decomposition of the PA6 and the PA6/
10PHED and PA6/15PHED nanocomposite filament yarn samples in
an air atmosphere (Fig. 8 and Table S3) confirmed that the incor-
porated PHED additive caused a shift of the Tonset, Tmax1, and Tmax2
to lower temperatures compared to those of the PA6 (Table S3).
Although PHED did not markedly influence the weight-loss rate
during the first and second decomposition steps, this additive
increased the residues at Tmax1 and Tmax2.

The increased thermo-oxidative stability of the nanocomposite
samples caused approximately 43% higher residue compared to
that of PA6 at 500 �C. Between 500 and 800 �C, the thermo-
oxidative stability of the nanocomposite samples still remained
higher compared to that of PA6 but showed a gradual reduction.
Therefore, the PHED additive at approximately 10wt % concentra-
tion provided increased thermo-oxidative stability of PA6.
3.3. Vertical flammability tests

The results of the UL-94 vertical burning test are summarized in
Table 1 and photographs of the bar samples subjected to the UL94
vertical burning test and cotton indicators are presented in Fig. S8.
The vertical burning of the highly flammable PA6 was followed by
the production of heavy flaming drips, which, although they took
the flame away from the burning PA6, caused secondary ignition of
the cotton indicator. Consequently, the tested PA6 polymer was
classified as V-2. Without fail, the after-flame times t1, and t2 for the
PA6/10PHED and PA6/15PHED bar samples were equal to 0 s. The
corresponding melt-drips did not ignite the cotton indicators,
which classified this new nanocomposite plastic material as V-0,
even at 10wt % concentration of the PHED additive. Evidently, the
incorporated PHED additive successfully disrupted the ignition and
flame propagation, and crucially reduced the flammability of the
melt-drips.

The vertical burning behavior of the PA6 and the PA6/10PHED
and PA6/15PHED fiber strand and knitted fabric samples was
investigated according to the standard vertical flame spread test
(ASTM D6413). The results are collected in Table 2, and charred
residues and cotton indicators are shown in Fig. 9. The higher
surface-to-volume ratio of fiber strands compared to the 1.2mm-
thick bar caused intensified and prolonged burning of the PA6
sample, followed by the production of smaller flaming drips, which
ignited the cotton indicator (Table 2 and Fig. 9a). The incorporated
PHED additive successfully provided retardation of the combustion
and melt-dripping during contact with flame, and effective self-
extinguishment within 2.5± 0.5 and 1.0± 0.5 s for the PA6/
10PHED and PA6/15PHED fiber strand samples, respectively
ocomposite filament samples analyzed in a nitrogen atmosphere and (b) curves of the



Fig. 7. (a) FTIR spectra of the gases evolved during the thermal decomposition and (b) intensity of the ε-caprolactam (1714 cm�1) peak plotted as a function of decomposition time.

Fig. 8. (a) TG and (b) dTG graphs for the samples analyzed in air atmosphere.

Table 1
The results and classifications of the UL94 vertical flame spread tests performed on
1.2mm-tick PA6, PA6/10PHED and PA6/15PHED bar samples.

Sample t1 (s) t2 (s) Weight loss (%) CI ignition Classification

PA6 1.1± 0.4 0.5± 0.2 55± 5.9 Yes V-2
PA6/10PHED 0 0 53± 11.1 No V-0
PA6/15PHED 0 0 52± 5.2 No V-0

J. Vasiljevi�c et al. / Polymer Degradation and Stability 166 (2019) 50e5956
(Fig. 9b and c, Movie S1). For both PA6/10PHED and PA6/15PHED,
self-extinguishment occurred immediately after the first drop,
followed by a significant reduction in the weight loss to 0.6± 0.1
and 0.5± 0.1%, respectively (see Table 2).

Supplementary data related to this article can be found at
https://doi.org/10.1016/j.polymdegradstab.2019.05.011.

Fig. 9 The melt-dripping observed for the PA6/10PHED fiber
strand sample was capable to ignite the cotton indicator, while the
enhanced flame retardant action of PHED in the PA6/15PHED fiber
strand sample substantially reduced the flammability of the melt
drop and prevented burning of the cotton indicator. Therefore, even
10wt % of the uniformly distributed nano-dispersed PHED additive
provided effective self-extinguishment with a significant reduction

https://doi.org/10.1016/j.polymdegradstab.2019.05.011


Table 2
The results of the ASTM D6143 vertical flame spread tests performed on PA6, PA6/10PHED and PA6/15PHED fiber strand and knitted fabric samples.

Sample tafter-flame (s) Weight loss (%)
Fibre strand PA6 22.0± 5.0 2.2± 0.2

PA6/10PHED 2.5± 0.5 0.6± 0.1
PA6/15PHED 1.0± 0.5 0.5± 0.1

Knitted fabric PA6 14.0± 3.0 11.5± 0.8
PA6/10PHED 6.0± 1.0 7.4± 0.1
PA6/15PHED 1.0± 0.5 5.2± 0.5

Table 3
Smoke data collected by cone calorimetry (heat flux: 35 kW/m2).

Sample SEA (m2/kg) [CO] yield (kW/m2) [CO2] yield (kW/m2) [CO]/[CO2]

PA6 234± 1 0.010± 0.001 1.802± 0.194 0.006
PA6/10PHED 622± 12 0.063± 0.004 1.405± 0.080 0.045
PA6/15PHED 741± 13 0.081± 0.004 1.216± 0.061 0.067

Fig. 9. Photographs of the PA6, PA6/10PHED and PA6/15PHED (a, b, c) fiber strand and (d) knitted fabric samples subjected to the ASTM D6143 vertical flame spread tests and cotton
indicators.
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of the after-flame time.
In the case of the knitted fabric samples, the incorporated PHED

additive successfully inhibited combustion and flame spreading as
well as melt-dripping during contact with flame and provided self-
extinguishment within 1 s for the PA6/15PHED knitted fabric
sample (Table 2 and Fig. 9d, Movies S2 and S3). To the best of the
authors’ knowledge, the produced halogen-free PA6/15PHED knit-
ted fabric sample is the first-ever reported with this superior flame
retardancy. As evident from Movie S3, the substantially reduced
flammability of the melt drops corresponding to the PA6/15PHED
sample successfully prevented burning of the cotton indicator.

Supplementary data related to this article can be found at
https://doi.org/10.1016/j.polymdegradstab.2019.05.011.
3.4. Cone calorimetry tests

The resistance of the PA6, PA6/10PHED and PA6/15PHED knitted
fabric samples to a heat flux of 35 kW/m2 was assessed by cone
calorimetry (Fig. 10 and Tables 3 and S4). The accelerated decom-
position induced by the PHED additive decreased the TTI and did
not reduce the HRR and THR. The PHED additive lowered the
effective heat of combustion (EHC) of the volatiles (Table S4), which
is calculated as the ratio of the heat release rate to the mass loss
rate. Chemical interactions occurring in the gas phase due to the
incorporated PHED additive caused a significant increase of the
total smoke parameter and SEA during the combustion test (Table
3)Table S4. This finding indicates incomplete combustion. This
was followed by a 10-times higher ratio between the [CO] and [CO2]
yields, which indicated that the FR gas phase-active species inter-
fered with the oxidation of CO by OH� radicals to produce CO2.
4. Conclusion

We have successfully produced a new-generation of halogen-
free flame retardant PA6 nanocomposite filament yarns with a
uniformly distributed nano-dispersed phosphorus-based FR. Here,
we provided fundamental knowledge on how the physical incor-
poration of the meltable nano-dispersed bridged-DOPO derivative
into the PA6 matrix affects the physical and mechanical properties,
thermal stability and flame retardancy of this unique nano-
composite textile product. The achieved inhibition of the PA6
textile flammability demonstrate the importance of the established
approach for the production of the unique nanocomposite struc-
ture with excellent processing properties, whilst the decomposi-
tion specifics of the FR maximally match those of PA6. This new
production approach provides the basis for upgrading this nano-
composite system with other functional protective properties,
which is crucial for the development of new-generation, sustain-
able, high-performance, multifunctional PA6 textile materials.
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Fig. 10. (a) Heat release rate (HRR) vs. total combustion time, (b) total heat release (THR) vs. total combustion time and (c) total smoke release (TSR) vs. total combustion time for the
PA6, PA6/10PHED and PA6/15PHED knitted fabric samples, and (d) photographs of the PA6 and PA6/15PHED knitted fabric samples and charred residue after cone calorimetry tests.
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