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Abstract

The paper describes the preparation of polyamide 6 with reduced flammability by anionic in situ polymerization of
e-caprolactam in the presence of flame retardants, a method not described in the literature. Selected inorganic and bromi-
nated organic flame retardants were characterized by thermogravimetric analysis. Polymerization tests were used to test the
compatibility of flame retardants with the components of the initiation system of anionic polymerization. Based on their
results, polyamide plates for the preparation of test specimens were prepared by the method of polymerization casting in
a mold. The content of water-extractable portions did not exceed 3%, i.e., the conversion of monomer into polymer took
place to a high degree. The presence of flame retardants both inorganic and brominated organic in the polymer matrix did
not affect the thermal stability, the content of the crystalline phase and also the mechanical properties. Samples containing
brominated organic flame retarders were classified as V-0 according to the UL94 methodology.
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Introduction

Linear aliphatic polyamides (PAs) are among the most
important polymers, both for some exceptional properties
and for their annual global production volume of over 7
Mt. The amide bond -CO-NH- is regularly repeated in the
polyamide macromolecules, and the different types of ali-
phatic polyamides differ in the number of methylene groups
between the amide groups and are identified by a name or
symbol (PA or NY) and a numerical value corresponding to
the number of carbon atoms in the monomer(s) used to syn-
thesize the polyamide. They are produced by polycondensa-
tion of diamines and dicarboxylic acids (e.g., PA46, PA66
and PA612), polycondensation of amino acids (PA11) or
polymerization of cyclic monomers—Ilactams (PA6, PA12)
[1].

Polyamides are predominantly used in the fiber indus-
try, but their application as structural materials in various
industries is growing rapidly. Polyamides are characterized
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by excellent mechanical properties, high modulus and hard-
ness, relatively high toughness and abrasion resistance.
With the addition of microfillers (e.g., glass fibers, graph-
ite, limestone), filled polyamides are commonly produced,
the resulting properties of which depend on the type and
concentration (10-40%) of the filler. Its use may be limited
by its low resistance to burning. Reduction in flammability
is achieved by incorporating flame retardants into the poly-
meric material.

Polyamide 6 (PA6) filled with flame retardants is prepared
by melt blending, which is produced by hydrolytic polym-
erization of e-caprolactam (CL). The way of incorporating
flame retardant into PA6 is a critical point of the whole prep-
aration, since the flame retardant must not interfere with the
blending process of the polyamide and also the formation
of the final product, i.e., reduce the polymerization degree
and degrade the polymer. The main flame retardants used
are magnesium hydroxide, melamine cyanurate/phosphate,
polybrominated aromatics, antimony oxide, ammonium
polyphosphate/sulfamate, etc. [2—7]. Another possibility is
the use of hydrolytic polymerization of CL in the presence of
a flame retardant as described in publications [8, 9]. During
this polymerization (polycondensation), these compounds
cause an imbalance of functional groups and thus a signifi-
cant decrease in the molar mass of the resulting PA6.
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Technologies using high rates of anionic polymerization
of CL, which allow to combine polymerization and product
forming into one technological unit, so-called polymer cast-
ing (monomer casting) in static or rotating molds, reaction
injection molding (RIM) and reaction extrusion, have a spe-
cial position [1]. These technologies enable the production
of large products of various shapes, such as plates, tubes,
gears and fuel tanks. There is no publicly available literature
in the field of reduced flammability PA6 prepared by anionic
polymerization of CL. This is due to the known sensitivity
of the components of the anionic polymerization initiation
system to the presence of a number of compounds [10], not
excluding flame retardants.

The aim of the present work is the preparation and char-
acterization of polyamide 6 with reduced flammability, i.e.,
by anionic in situ intercalation polymerization of CL con-
taining flame retardant.

Experimental
Materials

e-Caprolactam (CL) (DSM) was used without further puri-
fication and stored in a desiccator over P,Os, water content
65 ppm—determined by Karl Fischer coulometric titra-
tion, and e-caprolactam magnesium bromide (CLMgBr)
concentrate in CL (Bruggolen® C1). The content of Mg>*
was 1.02 mol kg~! (determined by chelatometric titration).
Sodium e-caprolactamate (CLNa) in CL (1.29 mol Na™.
kg~!) in the form of flakes (Bruggolen® C10) and hexa-
methylene diisocyanate blocked with CL (HDCL) (Brug-
golen® C20) containing 4 mol carbamoyl group per kg
were supplied by Briiggemann. Dilactamate initiator—
sodium di(e-caprolactamato)-bis(2-methoxyethoxo) alumi-
nate (DL), molar mass 424.4 g mol~!, solution in toluene
82%, was supplied by Katchem CZ. N,N-isophthaloyl-bis-
e-caprolactam (IPBCL) was prepared as described in [11].
All chemicals except CL were stored under the protective
argon atmosphere.

Flame retardants

Magnesium carbonate (Lachema Brno, CZ), magnesium
hydroxide (Sigma-Aldrich), aluminum hydroxide (Lachema
Brno, CZ) and antimony trioxide 99% (Merck) were dried in
vacuum at 80 °C/50 Pa for 8 h prior to use.

Tris(tribromoneopenthyl)phosphate (FR-370, bromine
content 70%), 1,1 ‘-(isopropyliden)bis[3,5-dibromo-4-(2,3-
dibromo-2-methylpropoxy)benzen (SC BDMP 66, bromine
content 65%) and brominated copolymer styrene and butadi-
ene (EMERALD 3000, bromine content 64%) were obtained
from Synthos, CZ.
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Bromine content in flame retardant was determined by
argentometric titration in Central Laboratories of University
of Chemistry and Technology Prague.

Polymerization in test tubes

The polymerization mixture (approx. 20 g) was prepared
under protective atmosphere of argon in a glass test tube
(capacity 50 cm?, inner diameter 2 cm, length 15 cm). Fire
retardant was dissolved or suspended in CL melt at 110 °C.
Then, the activator (IPBCL or Bruggolen C20) was added
and dissolved. Finally, the catalyst (CLMgBr, CLNa or DL)
was dosed and dissolved. The test tube containing polym-
erization mixture was immersed in oil bath and kept 0.5 h at
150 °C (160 °C for DL).

Polymerization casting in mold

The polymerization mixture (approx. 100 g) was prepared
under protective atmosphere of argon in Erlenmeyer glass
flask. Fire retardant was dissolved or suspended in CL
melt at 110 °C, and then the activator (IPBCL or Brug-
golen C20) was dissolved. The catalyst (CLMgBr, CLNa
or DL) was dosed, and after dissolution, the polymeriza-
tion mixture was immediately transferred to the aluminum
mold with wall thickness of 4 mm and internal cavity of
150(height) X 140 X4 mm, sealed with a PTFE sealing tape.
The mold was immersed in oil bath and kept at 150 °C (or
160 °C for DL) for 0.5 h and then left to cool at room tem-
perature. Polymerization process was monitored by so-called
temperature profile of polymerizing mixture via a thermo-
couple placed in the center of the mold. After demolding,
test specimens have been prepared.

Characterization of polymer samples

A part of the crude polymer was disintegrated by a spe-
cial rasp for the determination of water-extractable portion
(WEP) by hot water extraction (3 X 20 min). The samples
were dried at room temperature under reduced pressure
(30 Pa) to constant mass.

Water-extractable portion (WEP) is calculated according
to equation:

WEP = (1 - 2. 100%
my
my—mass of the sample before extraction and m—mass of
the sample after extraction.
TGA measurements were carried out on a TGA Q500 (TA
Instruments, USA) under a nitrogen atmosphere (gas flow

60 cm® min~") at a heating rate of 10 °C min~! in a tempera-
ture range of 20-600 °C.



Preparation of polyamide 6 with reduced flammability by polymerization casting 983

DSC measurements were carried out on DSC 250 (TA
Instruments, USA). The mass of extracted sample was about
5-7 mg. Measurements were performed from room tempera-
ture to 240 °C under nitrogen purge and a heating/cooling
rate of 10 °C min~'. Content of crystalline part is calculated
according to the equation:

AH,,
‘=

= -100%
AI_IIOO%

AH —enthalpy of fusion of PA6 phase determined by DSC,
and AH | ,,—enthalpy of fusion of 100% crystalline PA6 is
1907 g7!, ref. [12].

Tensile tests were carried out on beam-shaped specimens
(4x2 mm in cross section) cut from plate on INSTRON
3365 (Instron, USA). Clamp distance at Instron was 60 mm.
Tensile tests were performed at a rate of 1 mm min~" until
the proportional elongation exceeded 1%. The displacement
rate was 50 mm min~!.

Notch impact strength (a;) was measured using Charpy
pendulum on specimens with dimensions of 50X 20 x4 mm
and average notch depth 1 mm at 23 °C. The distance of
supports was 40 mm, and pendulum velocity was 2.9 m s~!
on impact.

Determination flammability according to UL-94

Flammability tests were performed in a stainless steel cham-
ber (Noselab ATS, Italy) with a volume of 1 m? equipped
with a Bunsen burner according to ASTM D 5025 with a
power of 50 W. The standard test according to the CSN EN
60695—11-10 ed.2 standard (UL 94) was performed on test
specimens of dimensions 125X 13 X4 mm cut from plates
prepared by polymerization casting.
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Limiting oxygen index (LOI) was determined according
to ISO 4589 in TIU Plast, CZ.

Results and discussion

From the list of flame retardants used for polyamides (espe-
cially polyamide 6) those that interact with components of
the polymerization initiation system and/or growth cent-
ers—such as amino compounds, hydroxyl compounds and
melamine—were excluded from this study.

Magnesium carbonate, magnesium hydroxide, aluminum
oxide and antimony trioxide were tested as inorganic flame
retardants. Commercially used compounds melamine
phosphate, tris(tribromoneopentyl)phosphate (trade name
FR-370), 1,1'-(isopropylidene)bis[3,5-dibromo-4-(2,3-
dibromo-2-methylpropoxy)benzene (GC BDMP 66) and
brominated styrene-butadiene copolymer (EMERALD
3000) were used as organic flame retardants, see Fig. 1.

Table 1 shows the bromine contents calculated from the
chemical structure (excluding EMERALD 3000), declared
by the manufacturer and determined by argentometric titra-
tion. There is a significant difference in the bromine content
values for the “polymer” retardant EMERALD 3000.

Table 1 Bromine content in used organic flame retardants

Flame retardant Bromine content/mass%

Calculated Declared Determined
FR-370 70.6 70 69.2
GC BDMP 66 65.8 65 63.8
EMERALD 3000 N/A 64 57.1
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Fig.3 TG curves of organic flame retardants

Table 2 Test of catalytic
systems for the preparation
of polyamide 6 by anionic
polymerization of CL in the
presence of flame retardant
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Thermal stability of flame retardants

The retardants must be stable during the preparation of the
polymerization handle (110 °C) and the polymerization pro-
cess (bath temperature 160 °C) where the polymerization
mixture can reach 200 °C due to the exothermic process,
depending on the mass of the polymerization handle and
the mold geometry. Therefore, all flame retardants were ana-
lyzed by TGA, see Figs. 2 and 3.

MgCOj; has a mass loss of 4.41% at 200 °C, and the
decomposition product is CO,. Other mineral and all organic
brominated flame retardants are stable up to 200 °C. There-
fore, they should not interfere with the polymerization pro-
cess by decomposition products unless they interact with
the components of the polymerization system due to their
chemical composition.

Test of initiation system of anionic polymerization
of e-caprolactam

Due to their chemical structure, flame retardants could act
as polymerization inhibitors during the anionic polymeri-
zation of CL. Therefore, test polymerizations were carried
out in test tubes with a capacity of about 20 g of polym-
erization mixture. Three commonly used initiation systems
were used with component concentrations taken from the
literature [13], see Table 2. In the following sections of this
work, the initiation system will be referred to by the initiator
abbreviation only.

A problem in anionic in situ intercalation polymerization
was the sedimentation of inorganic flame retardants in the
monomer melt — CL (m.p.=70 °C). After complete melting
of CL, sedimentation was observed mainly for MgCO;. A
lower degree of sedimentation was observed for Mg(OH),
and AI(OH);. On the other hand, Sb,05 did not sediment
during the preparation of the polymerization mixture.
Sedimentation was suppressed by vigorous stirring of the

Flame retardant content 5% CLNa/HDCL 0.4/0.4 DL/HDCL 0.23/0.23 CLMgB1/IPCL
mol% mol% 1.0/0.5 mol%
WEP/% t,/min WEP/% t,/min WEP/% t,/min
MgCO;, * * * * 68.9 *
Mg(OH), 43.1 6 69.8 15 2.0 2
Al(OH), 3.6 3 2.1 13 1.9 2
Sb,04 2.3 3 1.6 11 1.6 2
FR-370 * * * * 2.1 2
GC BDMP 66 * * * * 2.8 2
EMERALD 3000 * * * * 4.3 2
Melamine phosphate * * * * * *

WEP—water-extractable portions, #,—solidification time of the polymerization mixture;

*—Polymerization did not take place
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polymerization mixture at the beginning of the polymeriza-
tion process until the viscosity of the polymerization mix-
ture increased significantly with the onset of polymerization
process. Therefore, stirring the polymerization mixture and
increasing its viscosity during polymerization is an effective
tool to suppress the sedimentation of the flame retardant. All
organic flame retardants were soluble in the CL melt, and
we assumed their uniform distribution in the polymerization
mixture.

The effect of the flame retardant on the anionic polymeri-
zation process was evaluated by determining the content of
water-extractable products (WEP) in the sample after polym-
erization (Table 2). These consist of unreacted CL, linear
and cyclic oligomers. The inorganic and organic retarders
are not water soluble. The criterion for the selection of the
initiation system for the preparation of test samples for flam-
mability tests was a WEP value of less than 5%. CLNa and
DL polymerization initiators are more sensitive to the pres-
ence of impurities or inhibiting compounds than CLMgBr.
Using these two initiators failed to prepare polymer con-
taining MgCO; due to CO, release and for Mg(OH), due
to water release. Carbon dioxide reacts with CLNa to form
carboxylate [14]. When the concentration of carboxylate is
lower than that of sodium salt in the polymerization mixture,
the polymerization of CL is very low. Polymerization does
not take place if CLNa is fully converted to carboxylate.
Water is released from Mg(OH),, and the presence of even
a small amount of water in the reaction mixture adversely
affects the course of the anionic polymerization, primarily
by reducing the rate of polymerization, the degree of polym-
erization and the polymer yield [10].

When CLNa and DL initiators were used, CL polymeri-
zation with presence of brominated organic flame retard-
ants did not proceed, and no polymer was isolated (Table 2).
The cause is due to nucleophilic substitution of brominated
organic flame retardants (Fig. 4). By reacting the strong basic
nucleophile CLNa (similarly DL) according to the first reac-
tion, the equilibrium is shifted in favor of the product, i.e.,
the concentration of lactam anions necessary for repeated
addition to N-acyllactam growth centers and formation of
macromolecules (the second reaction) is greatly reduced in
the system. This is not the case when using the CLMgBr ini-
tiator, which is a weak nucleophile, and the polymerization

Fig.4 Reactions accompany-
ing the anionic polymerization
of CL

of CL in the presence of brominated derivatives proceeds to
high conversion steps (low WEP value).

Polymerization casting in mold

Based on the results of test polymerizations, Table 2, PA6
plates containing flame retardant and reference PA6 were
prepared, see Table 3. The concentrations of the components
for CLNa/HDCL and CLMgB1/IPCL were left unchanged.
For the DL/HDCL initiation system, a large delay between
the start of polymerization and solidification of the polym-
erization mixture was observed for the tube polymerizations
(see Table 2). Therefore, the polymerization temperature was
increased from 150 °C to 160 °C, and the polymerization
initiator concentration was increased to 0.33 mol% DL.

The dependence of the temperature of the polymerization
mixture in the mold on the polymerization time was moni-
tored during polymerization by a thermocouple. The time
to reach the maximum polymerization temperature 7, and
an increase in the temperature ATy expressed as the differ-
ence between the maximum polymerization temperature and
the oil bath temperature were evaluated. The data obtained,
see Table 3 and Fig. 5, confirm that the polymerization rate
depends on the initiator used and decreases in the CLMgBr,
CLNa and DL series. The high polymerization rate with
CLMgBr causes the highest increase in temperature of
polymerizing mixture because the heat generated does not
have time to be exchanged with the surrounding environ-
ment. For all dependencies, only one peak belonging to the
temperature increase due to polymerization, and crystalliza-
tion of the polymer was observed.

We were able to prepare plates with low WEP content
(<3%) by polymerization casting, see Table 3. Only the
material containing the polymer EMERALD 3000 had a
WEP value =8.6%, and the plate was inhomogeneous. The
polymeric flame retardant is soluble in the melt of the mon-
omer CL. However, during polymerization, the polymeric
flame retardant and the resulting PA6 separate, and the two
polymers are immiscible.

The filler sedimentation was determined by comparing
the differences in the ash content (residue at 600 °C; TGA)
of two samples taken from the top w, 1 and bottom parts
w, g 10 cm apart of the molded plate (Table 4). Similarly,

+ a—
V\WABr + Na N—CO ~—— V\V/"N——CO + NaBr

\/\/\CO N

0
CO+ N——CO0 === \/V CO—NH C—N—-=CO
—cL
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Table 3 Polymerization casting Flame retardant content 5%  Initiator/mol% T/°C t/min:s AT,/°C WEP/%
in the mold i
None CLNa (0.4)/ HDCL(0.4) 150 4:20 13 1.4
AI(OH); 4:50 13 2.3
Sb,0, 4:20 14 2.5
AI(OH); DL (0.33)/ HDCL(0.23) 160 8:20 13 1.8
Sb,04 7:30 15 2.0
Mg(OH), CLMgBr (1.0)/ IPCL(0.5) 150 4:00 20 2.0
AI(OH); 3:40 15 2.3
Sb,0, 3:00 17 2.0
FR-370 2:50 16 1.5
GC BDMP 66 3:10 13 22
EMERALD 3000 4:50 4 8.6
T—polymerization temperature; WEP—water-extractable portion
1,—time to reach maximum temperature of the polymerizing mixture
ATp,—maximum temperature rise of the polymerizing mixture, see Fig. 5 for evaluation
Fig.5 Temperature of the 180
polymerization mixture (7},,,)
sensed by the thermocouple 170 |
in the center of the mold on
polymerization time; 5% Sb,05,
various initiators of CL polym- 160
erization, see Table 3
&) 150
E
=~ q40
~— CLNa
130 r
- DL
120
CLMgBr
110 . + ’
00:00 05:00 10:00 15:00

sedimentation of a filler was evaluated for PA 6 prepared by
anionic polymerization of CL with dispersed montmoril-
lonite [13].

At 600 °C, a decrease in the mass of AI(OH); and
Mg(OH), is evident, see Fig. 2. Brominated organic flame
retardants are unstable at this temperature, see Fig. 3.

The residue value of the samples at 600 °C is influenced
by the filler content, its sedimentation and thermal stabil-
ity. Very low sedimentation was observed for Sb,0;. The
difference in uncombustible residue is at most 0.4%, and
its total content is around 4.5%. Despite intensive mixing
and timing of casting the polymerization mixture into the
mold, sedimentation occurred for AI(OH); and Mg(OH),
during (especially at the beginning of) polymerization. In
general, the flame retardants used increased the extrapo-
lated initial decomposition temperature, most significantly
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Polymerization time/min

the aluminum and magnesium hydroxides. For the samples
containing halogenated retardants, the shift in tempera-
ture at the maximum decomposition rate is toward a lower
value compared to the other samples, including the refer-
ence sample.

The evaluation of the DSC records of the prepared
materials is shown in Table 5. The melting temperatures
of samples with brominated organic flame retardants are
lower than those of samples with inorganic retardants.
The presence of flame retardant increases the crystalliza-
tion temperature compared to the reference sample PA6
(comparison for CLNa and DL initiators). On the second
heating, both the melting temperature and the crystalline
phase content were reduced.
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Table4 TGA of PA6 materials

L Flame retardant Initiator* Tsq, /°C T,,/°C Tymax/°C w, /% w, /%
prepared by polymerization . :
casting in the mold None CLNa 277 290 413 0.3 *

AI(OH); 351 398 428 22 1.1
Sb,0, 278 287 409 44 4.5
AI(OH); DL 343 391 424 2.0 1.2
Sb,04 293 289 419 4.6 42
Mg(OH), CLMgBr 320 364 402 5.3 23
Al(OH); 338 382 410 3.1 2.4
Sb,0, 296 312 404 4.2 45
FR-370 310 354 385 1.2 1.4
GC BDMP 66 247 357 390 1.3 1.4
EMERALD 3000 153 355 388 1.2 1.1
T5,—temperature at 5% mass loss; T;,—extrapolated decomposition onset temperature; 7., ,,—temperature
at maximum decomposition rate; w, g, w, —non-combustible residue at 600 °C in the bottom or top part of
the plate
*For the composition of initiation system see Table 3
Table5 DSC of polyamide 6 materials prepared by polymerization casting
Flame retardant Initiator* First heating Cooling Second heating
T,/°C AH I g xJ% TJ°C AH./Jg' Ty°C AH I g xJ%
None CLNa 221 91 48 171 58 218 50 26
Al(OH); 219 84 47 173 58 216 50 28
Sb,05 220 91 51 180 59 215 51 28
Al(OH), DL 221 93 52 172 55 216 49 27
Sb,05 223 81 45 182 50 216 43 24
Mg(OH), CLMgBr 220 88 49 180 59 215 49 27
Al(OH), 219 86 48 169 55 216 48 26
Sb,05 217 80 44 179 58 214 46 25
FR-370 216 79 44 167 59 213 52 29
GC BDMP 66 214 83 46 164 68 211 61 34
EMERALD 3000 213 70 39 152 71 200 63 35

T,,—melting temperature, T.—crystallization temperature, AH, —enthalpy of fusion, AH —enthalpy of crystallization, x,—content of crystal-
line part

*For the composition of initiation system see Table 3

Mechanical properties

The sample bars were prepared from the plates and subjected
to tensile tests. The reference material was flame retardant-
free polyamide 6 prepared by CL polymerization initiated
by CLNa (see Table 3). In publication [15], the modulus
(E,=2.8 GPa) and toughness (a;, =3 kJ m~?) for PA 6 sam-
ples prepared under identical conditions are in good agree-
ment with those for the reference sample.

From the results shown in Table 6, it is clear that the
presence of flame retardants does not significantly affect the
tensile modulus, which is around 3000 MPa. The tensile
strength at break is also not affected and is around 82 MPa.
Thus, no inorganic flame retardant shows a stiffening effect;

this is due to its low content (5%). A decrease in elonga-
tion at break was observed. The presence of flame retardants
also does not significantly affect the notch impact strength.
The material containing EMERALD 3000 has significantly
poorer mechanical properties for the reasons mentioned
above, i.e., immiscibility of the polymeric flame retardant
and the PA6 formed.

Flammability retardance tests
Vertical and horizontal flammability test was carried

out according to the standard UL-94 on five specimens from
each sample. The results of both tests are shown in Table 7.
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Table 6 Mechanic.al properties Flame retardant Initiator* E/MPa c/MPa e/% a kI m™2

of prepared materials
None CLNa 2980+90 84+2 103+1.1 44+0.7
AI(OH); 2690+110 82+2 77+1.1 58+1.1
Sb,04 3000100 80+4 6.5+0.5 3.9+0.6
AI(OH); DL 289030 78+1 10.4+0.7 5.0+0.6
Sb,04 3050+80 75+1 9.8+0.4 4.4+0.7
Mg(OH), CLMgBr 3150+190 84+1 55+04 45+0.3
AI(OH); 3060120 87+3 6.1+0.3 44+05
Sb,0, 2970+190 805 6.5+0.8 41+0.7
FR-370 3090+ 140 88+4 7719 46+04
GC BDMP 66 3250+90 80+4 7.6+14 5.1+0.6
EMERALD 3000 253060 52+5 2.7+04 1.7+0.8
E—modulus of elasticity in tension; c—tensile strength at break; e, —elongation at break
a—notch impact strength at 23 °C
*For the composition of initiation system see Table 3

Table 7 Eyaluation of . Flame retardant Initiator*  Vertical test Horizontal test

flammability tests of PA6 with

5% flame retardant—vertical Classification  #/s t,ls t/s  Classification v/mm min~'

and horizontal test
None CLNa NC - - - HB40 14.5+0.2
Al(OH); NC - - — HB40 14.0+£04
Sb,04 NC - - — HB40 ** 14.1+£04
None DL NC - - — HB40 11.7+£0.3
Al(OH); NC - - - HB40 12.4+0.2
Sb,0, V-2 13+10 4+3 82 HB40 Hokk
Mg(OH), CLMgBr NC - - - HB40 12.6+0.4
Al(OH); NC - - — HB40 12.7+0.7
Sb,04 NC - - — HB40 13.0+£0.4
FR-370 V-0 6+1 3+1 48 HB40 ok
GC BDMP 66 V-0 4+2 2+1 28 HB40 ok
EMERALD 3000 NC - - - HB75 39.9x16.1

NC—not classified; t,—the time of the first flame burnout; z,—the time of the second flame burnout;
t—total burn-in time; v—linear burning rate

*For the composition of initiation system see Table 3

**One test specimen did not burn-up to the 100-mm mark; *** after removing the ignition source, the test
body did not burn with a flame

The reference specimens, those containing Mg(OH),

and Al(OH); and EMERALD 3000, were readily ignitable
in the vertical flammability test, already burning strongly
in the flame and continuing to burn after removal from
the flame with minimal evidence of flame weakening
for more than 60 s. This is due to the low 5% hydroxide
concentration in the specimens, at which they are unable
to extinguish the flame on their own. The reason for the
combustion of the sample containing EMERALD 3000 is
the presence of a larger amount of unreacted CL mono-
mer, (the main component of WEP, see Table 3), which
evaporates during the test and promotes combustion. The
reference PAG6 is characterized by a low melt viscosity, and
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the sample drips more rapidly during combustion and thus
supports the combustion process.

Samples containing the brominated organic flame
retardants FR-370 and GC BDMP 66 showed retardant
effects and were classified as V-0. GC BDMP 66 appears
to be the more suitable flame retardant due to the over-
all burn-up time, which was approximately twice as short
as for FR-370. After the samples were removed from the
flame, there was a flame flare-up, a subsequent drip that
did not ignite the cotton wool, and an immediate extinc-
tion of the flame. Flame ignition is required to raise the
temperature and produce HBr, which reacts with radicals
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F|g.§ Specnpcns ajfter the Iniciator CINa DL
vertical burning test
Remark: Where the flammabil- Flame
ity was lower, the samples were retardand None Al(OH), §b,0, None Al(OH) Sb,0;
also tested from the other side
|
‘ y i

Iniciator CLMgBr

Flame GC EMERALD

retardand Mg(OH),  Al(OH), $b,0; FR-370 BDMP 66 3000

in the gas phase, breaking the chain of thermo-oxidative
radical reactions and extinguishing the flame.

Table 8 Values of limiting oxygen index (LOI) of reference PA6 and
with 5% flame retardant

Flame retardant Initiator LOl/%
None CLNa and DL 21
Sb,05 DL 24-24.5
FR-370 CLMgBr ~23.5
GC BDMP 66 CLMgBr ~ 24

Samples containing Sb,0; exhibited inconsistent behav-
ior. Samples prepared with CLNa and CLMgBr initiators
burned for more than 60 s and were therefore not classified.
The sample prepared with DL initiator was classified as V-2.
During burning, dripping of flammable material occurred,
which ignited the attached cotton wool. The difference in
behavior is due to the different structure of the polymer
chains. The solubility test of the samples in trifluoroethanol
showed that the samples prepared with CLNa and CLMgBr
initiators were soluble, and the samples prepared with
DL were swollen in the solvent, i.e., partially crosslinked
(swelling index 2850% and insoluble content 82%). The
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Table 9 Evaluation of PA6 flammability tests with 1, 3 and 5 mass% flame retardant—vertical and horizontal test

Flame retardant Initiator* Content of flame ~ Vertical test Horizontal test

retardant/ % - - - - 3

Classification ti/s tyls Lls Classification v/mm min

Sb,05 DL 5 V-2 13+10 4+3 82 HB40 HkE

3 V-2 13+3 9+8 105 HB40 ok

1 NC - - - HB40** 11.4+0.3
FR-370 CLMgBr 5 V-0 + +1 48 HB40 ok

3 V-2 7+2 4+1 54 HB40 ok

1 NC - - - HB40 9.7+0.7
GC BDMP 66 CLMgBr 5 V-0 + 2+1 28 HB40 HE

3 V-2 +1 2+1 48 HB40 HkE

1 NC - HB40** 11.3+04

NC—not classified; *for the composition of initiation system see Table 3; ** all test specimens did not burn-up to the 100-mm mark; *** after
removing the ignition source, the test body did not burn with a flame; #,, #,, Ip, v—see Table 7

combination of the presence of Sb,0; and the crosslinked
PAG structure was sufficient for a V-2 classification.

The horizontal flammability test complemented and con-
firmed the vertical test, see Table 7. The specimens classified
by the vertical test did not continue to burn after the ignition
source was removed. The other samples, including the refer-
ence, were classified as HB40 based on the observed linear
burning rate. Only the sample containing EMERALD 3000
was classified as HB75. When comparing the two reference
samples, the effect of the crosslinked PA6 structure was
observed, which resulted in a lower linear burn rate for the
DL-initiated sample compared to the CLNa-initiated sample.
For the AI(OH),;/CLNa and Sb,0;/CLNa samples, there was
a slight decrease in the linear burning rate compared to the
reference PA6.

Examples of the charred residues from the vertical test are
shown in Fig. 6. For the reference PA6, the ignited surface
was clear and bubbled on ignition. In the samples containing
inorganic hydroxides, bubbles also formed in the burning
part, probably due to the decomposition of the hydroxide
into water and its subsequent release. The formation of a
black charred layer was observed in the samples containing
Sb,0;. For FR-370 and GC BDMP 66, sparking in the flame
occurred.

For the reference samples PA6 and for the samples
classified by the vertical test (in categories V-0 and V-2),
the oxygen number was determined, see Table 8. In prac-
tice, the oxygen number is not so widely used because it
is determined at conditions that do not correspond to the
actual burning conditions of the material. For this reason,
the UL94 classification is preferred. The LOI value for PA6
without flame retardant was 21%, i.e., the same as the value
reported in the literature [16]. For all samples containing
flame retardant, the LOI values were around 24%, and its
increase indicates the positive effect of flame retardants on
reducing the flammability of PA6.

@ Springer

The current trend is to reduce brominated compounds
in manufactured materials, so a concentration of 5 mass%
could be problematic in this respect. For this reason, the
samples classified by the vertical flammability test (FR-370/
CLMgBr, GC BDMP 66/CLMgBr and Sb,05;/DL) were
reduced in the flame retardant content in samples. Plates
with flame retardant contents of 3 and 1 mass% were pre-
pared by polymerization casting. These prepared samples
were only subjected to a flammability test as no effect on
thermal or mechanical properties was expected, see above.

Reducing the flame retardant content increases the burn-
up times for the vertical test, see Table 9. All samples con-
taining 3 mass% flame retardant were classified as V-2 due
to the dripping melt that ignited the pulp. For the Sb,05/
DL and FR-370/CLMgBr samples, the attached pulp ignited
each time. For GC sample BDMP 66/CLMgBr, the pulp
ignited only a few times, but this also classifies this sam-
ple as V-2. During combustion, sparking in the flame was
observed in all samples, in which reactions of the products
formed with radicals in the gas phase took place. None of the
samples containing 1 mass% of flame retardant were classi-
fied due to a first burn-up time longer than 60 s.

Conclusions

In summary, we succeeded in the preparation of polyamide
6 with reduced flammability by anionic polymerization of
CL in the presence of flame retardants.

Based on test polymerizations, combinations of flame
retardant and CL anionic polymerization initiation system
were selected suitable for the preparation of PA6 in high
yield by a method of polymerization casting. PA6 con-
taining 5 mass% flame retardant was prepared by anionic
polymerization of CL in the presence of organic brominated
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compounds under CLMgBr polymerization initiation, alu-
minum hydroxide and antimony trioxide under the initiation
of polymerization with CLNa, DL and CLMgBr.

For PA6 containing 5 mass% flame retardant, there is no
change in thermal stability, melting point and crystalline
phase content. The presence of inorganic retardants acceler-
ates the crystallization of PA6 from the melt. The values of
tensile modulus, tensile strength at break and notch impact
strength of the samples containing flame retardant are practi-
cally the same as those of the unfilled samples.

Materials containing 5% organic brominated flame retard-
ants FR-370 and GC BDMP 66, both prepared under ini-
tiation of CL polymerization with CLMgBr, were classi-
fied as V-0 by the UL94 vertical burning test. The material
containing 5 mass% Sb,0; prepared by DL polymerization
initiation was classified as V-2. The crosslinked structure of
PAG6 contributes to the retardation effect. The results of the
vertical test were confirmed by the horizontal test. The LOI
values of these three materials was around 24%, an increase
over the reference PA6 (= 21%). Samples with reduced
flame retardant content, i.e., 3% FR-370, GC BDMP 66 or
Sb,0; were categorized as V-2 by the vertical burn test.

Therefore, the polymer casting method of polyamide 6
will be further studied with the intention of balancing the
type and concentration of flame retardant.
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