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ABSTRACT: The thermal degradation and the combustion behavior of glass fiber—
reinforced PA 66 materials containing red phosphorus were investigated. Thermo-
gravimetry (TG), TG coupled with FTIR, and TG coupled with mass spectroscopy were
used to investigate the thermal decomposition. The flame retardant red phosphorus
was investigated with respect to the decomposition kinetics and the release of volatile
products. The combustion behavior was characterized using a cone calorimeter. Fire
risks and fire hazards were monitored versus external heat fluxes between 30 and 75
kW/m?. Red phosphorus acts in the solid phase and its efficiency depends on the
external heat flux. The use of red phosphorus results in an increased amount of residue
and in a corresponding decrease in total heat release. The decrease of the mass loss rate
peak results in a corresponding decrease of the peak heat release. With increasing
external heat flux applied the first effect on the total heat release decreases linearly,
whereas the second effect on the peak heat release expands linearly. The investigation
provides insight into the mechanisms of how the fire retardant PA 66 is achieved by red
phosphorus controlling the degradation kinetics. Taking into account that a decrease of
the volatile products also leads to a decrease of heat production in the flame zone and
that the char acts as heat transfer barrier, a reduced pyrolysis temperature is sug-
gested as a further feedback effect. © 2002 John Wiley & Sons, Inc. J Appl Polym Sci 83:
2060-2071, 2002
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INTRODUCTION the development of phosphorous-containing

Phosphorous-containing compounds including
red phosphorus, inorganic phosphates, organo-
phosphorus compounds, and so forth have been
discussed as promising flame retardants for de-
cades. Recently, the discussion on toxicological
effects for halogenated fire retardants and the
resulting legislative restrictions have fostered
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compounds as alternative halogen-free flame-
retardant additives. Because they function pre-
dominantly in the condensed phase, promoting
char formation, they are promising additives to
reduce fire risk and fire hazards such as the
production of optical-dense and corrosive
smoke. Even though elemental phosphorus has
a reputation for being highly flammable, the
amorphous form, red phosphorus, was found to
be an effective flame retardant additive® in a
wide range of polymer materials.? One well-
known example is glass-filled PA 66 containing
only 6—-8% red phosphorus, reaching V-0 clas-
sifications in the UL-94 test.® Such flame retar-
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dant PAs are sold successfully as commercial
products mainly for use in electric and elec-
tronic applications.

Despite their commercial use, the scientific un-
derstanding of the thermal and the fire behavior
is the object of extensive research activities, thus
leading to a large number of recent publications
in this field.*~® Most sources tend to describe the
differences in the thermal decomposition or the
combustion behavior and judge the effectiveness
of distinct phosphorus-containing flame retar-
dants. In contrast to these studies, it is the inten-
tion of the work presented here to figure out how
phosphorus-controlled degradation of PA 66 influ-
ences the combustion behavior. Therefore, the
thermal degradation of different glass fiber—rein-
forced PA 66 materials was investigated by ther-
mogravimetry (TG), TG coupled with FTIR (TG-
FTIR), and TG coupled with mass spectroscopy
(TG-MS). Their combustion behavior was charac-
terized with a cone calorimeter (CC). The fire
risks (time to ignition, heat release rate, total
heat release) as well as the fire hazards (smoke
release rate, total smoke release, CO production)
were monitored versus heat fluxes between 30
and 75 kW/m?2. The wide range of external heat
fluxes makes the conclusions drawn from this
study valuable for different realistic fire scenarios
and fire tests. The thermal degradation and the
resulting products were characterized by TG-MS
and TG-FTIR. TG investigations with varying
heating rates enable a detailed description of the
kinetics involved and permit a quantitative eval-
uation of the combustion behavior.

EXPERIMENTAL

Samples

Seven glass-filled PA 66 materials (Ultramid®
[BASF AG, Ludwigshafen, Germany]) were inves-
tigated: ASEG5 (PA66-GF25, UL 94 HB; density p
= 1.32 g/cm®; thermal conductivity 2 = 0.34 W
m ' K !; specificheatc = 1.6 J g ' K1), ABEG7
(PA66-GF35, UL 94 HB; p = 1.41 g/em®; &k = 0.35
Wm 'K 5e=15Jg 'K '), A3X3G5 (PA66-GF25
FR, UL 94 V-1; p = 1.34 g/lem® £ = 0.33 Wm™!
K 5e=15Jg 'K ", A3X3G7 (PA66-GF35 FR,
UL 94 V-1;p =145 g/em® k=034 Wm 'K ;
c=14Jg 1K), A3X2G5 (PA66-GF25 FR, UL
94 V-0; p = 1.34 g/em® k. = 033 Wm 'K % ¢
=15Jg K1), A3X2G7 (PA66-GF35 FR, UL 94
V-0;p=145g/cm® k=034 Wm 'K L ¢c=14

Jg P K1), A3XZG5 (PA66-GF25 FR, UL 94 V-0;
p=132gkm? k=033 Wm!K?. X FR)
marks the products with red phosphorus as fire
retardant additive. G5 (GF25) and G7 (GF35)
mark the glass fiber content. The materials were
provided by BASF AG in plate (10 X 10 c¢m, 2.8
mm thick) and granulate form. The plates were
used for the cone calorimeter investigations,
whereas the granulate was used in the thermo-
gravimetric experiments. The samples without
red phosphorus are milky white and the samples
with red phosphorus are reddish brown.

Thermogravimetry (TG) Evaluation of
Decomposition Kinetics

The thermogravimetry experiments were carried
out on 15-mg samples with a TGA/SDTA 851
(Mettler/Toledo, Giellen, Germany) instrument
under nitrogen. Heating rates of 2, 5, 10, and 20
K/min were applied. The degradation kinetics
were evaluated using the Mettler/Toledo software
for model-free kinetics.

TG Coupled with Mass Spectroscopy (TG-MS)

The TG-MS analysis system consisted of a TG/
DTA 220 (Seiko, Thermo Haake, Karlsruhe, Ger-
many) coupled with a QMG 421 C quadrupole
mass spectrometer (Balzer, Lichtenstein). A
quartz capillary system was used to reduce the
pressure from ambient to high vacuum, to permit
the simultaneous recording of the mass spectra.”
Experiments were performed in the temperature
range of 303-973 K under nitrogen and air at a
flow rate of 200 mL/min. The applied heating rate
was 10 K/min and the quartz capillary line was
maintained at a temperature of 473 K. The sam-
ple mass was 10 mg. The characteristic fragments
were determined by bar-graph measurements
and were monitored versus the temperature in
the multiple ion detection mode.

TG Coupled with Fourier Transform Infrared
Spectroscopy (TG-FTIR)

A TGA/SDTA 851 (Mettler/Toledo) coupled with
an FTIR-Spectrometer Nexus 470 (Nicolet Instru-
ments, Offenbach, Germany) was used. The mea-
surements were performed in the temperature
range of 298—-873 K with a heating rate of 5
K/min and a nitrogen flow of 30 mL/min. The
mass of the samples was 15 mg. The coupling
capillary system was heated to 473 K and the gas
sample cell of the FTIR spectrometer to 483 K.
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Table I Thermogravimetric Analysis Results

DTG-Peak (K)

Sample Glass Fiber Content (%) Residue (%) (DTG-Shoulder [K]) Maximum Rate (%/K)
A3EG5 25 27 675 (~ 718) 1.35
A3BEG7 35 36 679% (~ 718) 1.09
A3X2G5 25 29 684" (~ 718) 0.69
A3X2G7 35 38 639; 723°¢ 0.59

2 The flank of the peaks indicates further processes between 645 and 660 K.
» The flank of the peaks indicates further processes around 623 and 660 K.
¢ The flank of the peaks indicates further processes around 695 and 615 K.

After every measurement the sample cell was
cleaned with a 1373 K hot oxygen stream to min-
imize condensation.

Cone Calorimeter (CC)

The combustion behavior was characterized by a
cone calorimeter according to ASTM E 1354/ISO
5660 (Fire Testing Technology, East Grinstead,
UK). Distinct external heat fluxes (30, 40, 50, 60,
75 kW/m?) were applied. The experiment was
stopped when no further significant mass loss
was observed. The volatile products were ignited
by spark ignition or with a small flame, respec-
tively. The samples matched the thickness of in-
terest for applications, but they were thin with
respect to the sample geometry recommended by
the standards. The fire-retardant systems showed
an intumescent behavior, decreasing the distance
to the cone heater. All the samples were mea-
sured using a retainer frame, to reduce unrepre-
sentative edge burning in the horizontal position.
The calculations were performed using 0.008836
m? instead of 0.01 m? taking into account the
decreased sample area.® The material protected
by the frame was only partially combusted for
higher heat fluxes; the influence on the results,
which are of minor importance, can be neglected.
The experiments are based on the standard but
are, strictly speaking, not exactly according to it.
However, the results presented are consistent
and reproducible.

RESULTS AND DISCUSSION
Thermal Decomposition: Mass Loss and Products
for a Constant Heating Rate

The TG results are summarized in Table I and
Figure 1 for samples ASEG5, A3X2G5, ASEGT7,

and A3X2G7 under nitrogen using a heating rate
of 10 K/min. Comparison of the TG and DTG data
for the different materials leads to the conclusion
that all samples show a decomposition character-
ized by a second step following the main decom-
position step. This is represented by a shoulder or
maximum, respectively, indicated at 720 K in the
DTG data for all samples. The DTG data indicate
at least one further process at the low-tempera-
ture flank of the main decomposition process. The
investigation of the release rate for the different
products that is described later in this article
confirms such a complex structure. The tempera-
ture interval typical for the decomposition is be-
tween 625 and 739 K for the samples without red
phosphorus and between 583 and 753 K for the
samples with red phosphorus. For samples with-
out red phosphorus the overlap of the decomposi-
tion steps at heating rates above 10 K/min is so
distinct, that the second step forms a shoulder
only in the TG curves. The results presented here
correspond to the data published for PA 66 sam-
ples.?1° By adding red phosphorus as a fire-retar-
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Figure 1 TG and DTG under nitrogen (heating rate
10 K/min).
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Figure 2 FTIR results during a TG-FTIR experiment.

dant additive, the two main processes become
clearly separated. The onset temperature of de-
composition is decreased by about 40 K, whereas
the end-set temperature is increased about 15 K.
This broadening of the whole decomposition re-
gion results in a decrease of the DTG values by a
factor of 2. The residue for high temperatures
(>750 K) mainly represents the glass-fiber con-
tent. The samples with red phosphorus show an
additional residue at such high temperatures in
the region of a few mass percent. This small in-
crease may indicate remaining phosphorus rather
than the formation of a stable char.

With TG-FTIR or TG-MS an interpretation of
the decomposition in terms of the pyrolysis gases
is possible. The interpretation of the FTIR spectra
can be difficult, given that a superposition of the
various signals is caused by the various gases. In
the case of TG-MS the detected masses are often
ambiguous in terms of possible corresponding
fragments. By using both methods we have
reached unambiguous interpretations of the data
obtained without using further assumptions on
the material or the active decomposition path-
way.

The main pyrolysis products are carbon dioxide
(CO,), cyclopentanone (C;Hg0), water (H,0), and
ammonia (NHg). Furthermore, hydrocarbons and
amines were found. The results are in good cor-
respondence to comparable published stud-
ies.’71* Figure 2 displays the FTIR data versus
the time of a TG-FTIR investigation. The time

axis also indicates the temperature because we
used a constant heating rate during the experi-
ment. By using the spectra of the distinct exper-
imental times (e.g., the maxima of the mass loss),
the pyrolysis products can be identified. By fol-
lowing a product-specific characteristic of the
spectrum versus the time, a chemigram could be
evaluated that displays the changes of the prod-
uct release. Such chemigrams are given in Figure
3 for ABEG7 and A3X2G7, displaying the charac-
teristic release of CO,, CsHgO, NH;, and hydro-
carbons. Corresponding evaluations of the MS re-
sults were performed by determining the ion cur-
rent for a typical fragment versus the time or
temperature, respectively. The results from the

T
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Figure 3 Chemigrams of CO,, C;H O, NH;, and hy-
drocarbons for ASBEG7 and A3X2G7.
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TG-FTIR and the TG-MS investigations correlate
well with each other and also with the DTG data.
The overall picture obtained from the evaluation
of the results from the different techniques is
consistent.

The detected decomposition products are the
same for all the samples without and with red
phosphorus. In the main decomposition step NHj,
CO,, H,0, and cyclopentanone were found. The
decomposition step following the main step is
characterized by hydrocarbons and amines. The
minor structure assumed for the increasing tem-
perature flank of the main decomposition could be
confirmed by the corresponding data of the pyrol-
ysis products CO,, cyclopentanone, and water but
not for NH;. NH; corresponds only to the main
peak. The main difference between the samples
without and with red phosphorus is given by the
temperature shift of the main decomposition step.

The presence of HCN and PHj as possible fire
hazards was investigated. The FTIR spectra do
not provide evidence that would indicate the pro-
duction of such secondary products. This was con-
firmed by mass spectroscopy investigations,
which are more sensitive. Even with the most
sensitive resolution (10~ '2 A) for the ion current
no trace of PHy (m/e = 34) could be found. The
typical mass for HCN (m/e = 27) was found in the
mass spectra but has to be interpreted as the
common fragment C,Hg (m/e = 27), given that it
occurs parallel to fragments with the masses 39,
41, 42, and 56 that clearly indicate a series C,H,.

Thermal Decomposition: Kinetics

For ABEG5 and A3X2G5 the kinetics of decompo-
sition were investigated by varying the heating
rates in the TG experiment. For low heating rates
the two main steps of decomposition can be dis-
tinguished for both samples with and without red
phosphorus. The data evaluation was based on
the isoconversion method and therefore it re-
quires a model-free kinetics data evaluation.!®1”
The processes are thermally activated and can be
described with an Arrhenius equation. The acti-
vation energy is constant only for a certain con-
version. A model for the reaction is not required
but is assumed to be unchanging for a certain
conversion. Such a data evaluation is applicable
to both simple and complex processes, delivers
reliable results with low relative errors, and does
not bear the ambiguity peculiar to alternative
methods. It is obvious that the decomposition
here is complex, at least in the sense of a compet-
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Figure 4 Activation energy dependent on the conver-
sion.

itive multistep reaction, suggesting such a model-
free data evaluation is most suitable. The ob-
tained results for the activation energy are given
versus the conversion in Figure 4 for ASBEG5 and
A3X2G5. The qualitative behavior of the activa-
tion energy versus the degree of decomposition is
similar for both samples. It can be differentiated
in two regions, confirming that two subsequent
processes are dominant. This behavior corre-
sponds to the two main subsequent processes con-
cluded for the DTG data. Up to a 60% degree of
decomposition, sample ASEG5 shows a moderate
increase of the activation energy from 95 to 165
kd/mol. Beyond a 60% degree of composition the
activation energy increases sharply up to a value
of approximate 320 kJ/mol. The activation energy
was not found to be constant for any range of
conversion. Hence, an overlap of different pro-
cesses can be concluded for the whole range of
conversion. For sample A3X2G5 the two regions
are more clearly separated than they are for
A3EGS5. This difference corresponds to the sepa-
ration of the two processes observed in the DTG
data for red phosphorus—containing samples. The
activation energy (119 kd/mol) is nearly constant
in the region between 0 and 60% conversion. The
constant activation energy is characteristic for
one active process. Beyond 60% conversion it in-
creases to a value of approximately 230 kd/mol. It
becomes clear that the red phosphorus results in
a decrease of the activation energy, especially for
high degrees of decomposition. The results are in
good correspondence with comparable results in
the literature.”'® An increase of the activation
energy (130-225 kJ/mol) was reported in depen-
dence on the decomposition for PA 66 and a two-
step process was found for phosphorus-containing
fire-retardant compounds, that is, PA 66 with am-
monium polyphosphate. The latter system was
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characterized by decreased activation energies to
120 and 165 kd/mol. The change of the behavior
upon reaching a decomposition of 60% was as-
sumed to indicate that a radical process would
become increasingly important.

Taking into account the results for DTG and
the release of the distinct products, two main
processes are identified. The first process leads to
the production of NH;, CO,, H,O, and cyclopen-
tanone and is characterized by an activation en-
ergy around 120 kdJ/mol. The second process is
characterized by production of hydrocarbons and
amines and by higher activation energies.

Combustion Behavior: Visual Observation

At the beginning of the cone calorimeter experi-
ments, a black skin was observed for both kinds of
materials. This is ascribed to thermooxidative de-
composition reactions that take place on the sur-
face of the sample before ignition. Such a decom-
position under air was previously described for
TG experiments on nylon.® It is characterized by
the production of a more stable char in compari-
son to decomposition under nitrogen. The subse-
quently observed bubbling under this skin can be
interpreted as anaerobic decomposition because
the skin does not increase in thickness. After ig-
nition, the polymeric materials burn homoge-
neously with a stable flame zone above the sur-
face. The polymer decomposition is assumed to
occur in the absence of oxygen apart from the
described effect at the beginning of the experi-
ments. The samples without red phosphorus com-
bust almost completely. A brittle, glassy white
glass-fiber framework remains after the combus-
tion. It is widened during the combustion so that
the thickness of the samples increases by a factor
of 1.2-2. For the samples with red phosphorus an
intumescent behavior is observed. A black residue
is obtained and the sample thickness increases by
a factor of 4-5.3 for samples A3X2G5, A3X2G7,
A3X3G7, and A3X3G7 and by a factor of 1.35-4.6
for sample A3XZG5. With increasing external
heat fluxes, the remaining material becomes brit-
tle. The residues indicate that their difference
from that of a glass-fiber framework vanishes for
increasing heat fluxes, even though the different
color still proves a residue beyond the glass fibers.
This qualitative interpretation is discussed quan-
titatively in terms of the total mass loss in the
following section. However, apart from the re-
maining skin for these materials, all samples look
quite homogeneous after burning. It can be con-

cluded that the pyrolysis zone moved through the
complete sample in all experiments.

Combustion Behavior: Fire Risks

In Table II the fire risks are summarized in terms
of the time to ignition, the total heat release, and
peaks of the heat release rate. The obtained data
for the time to ignition are according to eq. (1),
which is considered suitable to describe the de-
pendency of the time to ignition on the external
heat flux.'®?° The data and the fits using eq. (1)
are plotted in Figure 5 and correlate well with
each other.

2 = €
ig 5
\/5 kpc(Ty, — T)

"
q ext

h (T, — Ty) + sang
\2Roe(T,, — Ty)

(D

where t,, is the time to ignition; T, is the ignition
temperature; A, is the convective heat transfer
coefficient; T, is the temperature for ¢ = 0; o is the
Stefan—Boltzmann constant; % is the thermal con-
ductivity; p is the density; € is the emissivity; c is
the specific heat; and g i, is the external heat flow
per unit time per unit area.

Based on the data fits, ignition temperatures
can be calculated using eq. (1), assuming an emis-
sivity of € = 1 for all samples. They were calcu-
lated to values between 740 and 820 K. Decreased
times to ignition were determined for samples
containing red phosphorus for low external heat
fluxes. This is consistent with the described be-
havior of the decomposition onset in the TG ex-
periments. However, the times to ignition do not
vary significantly. Furthermore, the difference
between the times to ignition vanishes for high
external heat fluxes.

The maximum heat release rate and the total
heat release are both important to determine the
fire risks. The peak heat release rate influences
the flame spread. The total heat release contrib-
utes to the total heat release in a fire. The heat
release rate was found to correspond with the
mass loss rate and the total heat release with the
total mass loss. These relationships correspond to
the TG experiments, proving that no significant
change occurs in the kind of pyrolysis products.
Again, we found that red phosphorus acts in the
solid phase rather than in the gas phase. Just
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Table II CC Results Versus the External Heat Flux for the Distinct Samples

Peak of Heat
Release Rate

Time to Total Heat Total
Heat Ignition  Residue/ Release (kW/m? Smoke CO Yield—6-min
Flux (s [x2 (% Mass  (MJ/m? [+£5 [+=10 (s [=5  Released Average (kg/kg
Sample  (kW/m?) s]) [+1%]) MJ/m?]) kW/m?]) s]) (£50) [+£0.003 kg/kgl)
A3EG5 30 110 30.8 81.3 354 300 800 0.0134
40 74 26.9 84.7 383 134 733 0.0130
50 42 26 83.6 520 122 697 0.0125
60 30 24.3 89.6 619 98 680 0.0120
75 19 25.1 88.8 721 86 745 0.0138
A3X3G5 30 92 57.8 12.8 59 234 1136 [0.0831]
40 65 43.8 54.3 133 117 1569 0.118
50 39 39.3 62.8 222 63 1361 0.1358
60 27 32.1 74 269 53 1770 0.1402
75 18 28.7 75.3 303 45 1965 0.1267
A3X2G5 30 89 53.2 52.2 192 120 1304 0.1396
40 62 47.3 66.6 213 83 1473 0.1411
50 37 40.1 64.0 237 63 1712 0.1471
60 28 33.1 77.4 280 57 1997 0.1463
75 18 28.7 80.7 320 42 2189 0.1314
A3XZGb 30 101 49.9 484 158 138 1438 0.1631
40 70 41.7 59.1 209 92 1722 0.1678
50 41 38.7 64.2 237 77 1848 0.1685
60 31 29.4 70.5 267 54 2170 0.1713
75 19 27.8 80.3 310 54 2288 0.1301
A3EGT7 30 113 40.6 79 372 276 586 0.0202
40 71 38.8 77.1 364 186 710 0.0169
50 43 35.9 73.7 472 128 790 0.0141
60 31 34.4 83.2 552 92 700 0.0137
75 21 34.2 80.3 647 77 835 0.0150
A3X3G7 30 117 65.6 25.2 101 144 888 0.0985
40 68 55 51 167 84 1137 0.1177
50 43 50.8 56.2 194 66 1152 0.1280
60 31 44 63.3 221 53 1535 0.1426
75 20 40.1 57.4 249 39 1670 0.1284
A3X2G7 30 98 66.4 29.2 127 123 761 0.0921
40 66 58.3 42.7 176 84 1002 0.1188
50 41 50.5 56.8 187 62 1233 0.1313
60 30 45.8 61.2 225 48 1479 0.1392
75 20 40.6 62 236 44 1701 0.1285

The fire risks (time to ignition, total heat release, and the peak of the heat release rate) and the fire hazards (total smoke release,
CO production) are illustrated in comparison to the residue mass. All the displayed values are average values based on duplicate

measurements.

after ignition, no difference was observed in the
increase of the heat release rate for both types of
samples. After an effective char layer is built up
for the flame-retardant materials, the heat re-
lease rate differs significantly. An example for
this behavior of the heat release rate and the
corresponding total heat release is given in Fig-
ure 6 for samples without and with red phospho-

rus at the same external heat flux. For each ma-
terial the results of two tests are shown, to dem-
onstrate the good reproducibility. Just after the
ignition the heat release rate curves are similar
for both materials for a time period of 20 s before
the red phosphorus—containing material displays
a maximum heat release rate far below the max-
imum values for the materials without fire retar-
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Figure 5 Time to ignition and corresponding fits us-
ing eq. (1) versus external heat flux.

dancy. Obviously, this maximum for the sample
with red phosphorus is reached in a shorter time
interval. We conclude that the heat barrier prop-
erties of the char at the top of the sample result in
a decrease of the pyrolysis temperature. Further-
more, the barrier properties for volatiles and the
decreased pyrolysis temperature restrict the
mass transfer to the flame zone. This decreased
mass transfer results in a reduced amount of heat
production in the flame zone and therefore to a
decreased feedback to the sample, which can be
interpreted as a self-reinforcing fire-retardancy
mechanism.

According to the TG experiments the tempera-
ture interval for the occurrence of a stable char is
broadened, compared to that of the pure polymer,
rather than its stability for high temperatures to
be improved. Furthermore, a decreased pyrolysis
temperature does not conclusively result in a re-
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Figure 6 Heat release rate and total heat release for
a system without (ASEG7) and with (A3X2G7) red
phosphorus versus the time for an external heat flux of
75 kW/m?. For each material the results of two samples
are shown.
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Figure 7 Heat release rate and total heat release for
A3EGH5 by varying the external heat flux.

duction of the total heat release. Thus it is not
surprising that the time to flame out is found to
be significantly increased, whereas the time to
ignition is approximately equal. Hence, the time
period in which the samples show a significant
mass loss and a corresponding heat release is
increased. Consequently, there are two time
ranges in which the fire-retardant materials dis-
play a higher heat release than that of the A3SE
materials: first, before the generation of a protect-
ing char layer, especially if the external heat flux
is low and the ignition occurs significantly earlier;
second, in the time interval between the flame out
of the samples without and the flame out of the
samples with fire retardant. This observation is
not unusual for fire-retardant polymers, given
that the peak of the heat release rate and the
total heat release can be improved, even though
the burning time period is increased or the igni-
tion time is decreased.

A deeper insight into the effectiveness of the
fire retardancy is achieved by varying the exter-
nal heat fluxes. Additionally, the practical impor-
tance should be noted because different fire tests
and fire scenarios correspond to different external
heat fluxes. Figure 7 displays the rate of heat
release and the total heat release for ASEGS5,
which is employed as an example for the materi-
als without red phosphorus. Figure 8 displays
how the external heat flux influences the rate of
mass loss and the remaining mass for A3X2G5 as
an example for samples with red phosphorus. The
heat release rate corresponds to the mass loss
rate and the total heat release corresponds to the
total mass loss. As already discussed, the time to
ignition increases with decreasing external heat
flux. Also, the decreased external heat flux results
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Figure 8 Mass loss rate and mass loss for A3X2G5 by
varying the external heat flux.

in a decreased mass loss rate and a decrease of
the total mass loss. For samples without red phos-
phorus the latter effect is clearly not as signifi-
cant as the effect on the mass loss rate, in that the
burning time is increased at a high level of mass
loss rate. The samples containing red phosphorus
are characterized by a large influence on the total
mass loss and a less significant change of the peak
heat release rate compared to that of the samples
without red phosphorus.

In Figure 9 an overview of the results for the
peak heat release versus the external heat flux is
given for all investigated samples. The value of
the heat release peaks increases linearly with
increasing external heat flux. The increase in
slope is clearly different for materials without
and with red phosphorus. The relative effective-
ness of the fire retardant red phosphorus in-
creases for high external heat fluxes in terms of
the maximum rate of heat release. This is most
likely attributable to the fact that the mechanistic
origin for the peak is changed from a noncharring
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Figure 9 Heat release rate maxima versus the exter-
nal heat flux.
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Figure 10 Residue versus the external heat flux.

to charring material, as discussed previously. The
peak heat release is determined by the heat flux
affecting the sample. This heat flux is established
by adding the contributions of the external heat
flux and the thermal feedback of the flame zone.
The feedback of the flame zone depends on the
rate of volatile products feeding the flame. This
rate is increased for increasing heat flux resulting
from the enhanced mass loss rate. Important lim-
iting influences are the thermal conductivity of
the sample and the diffusion rates of the products
feeding the oxidation in the flame. Both are re-
stricted for char-forming systems. It becomes
clear that noncharring systems are characterized
by a stronger increase of the peak heat release for
increasing external heat flux compared to that of
charring systems.

The mass losses and therefore the total heat
releases of the materials without the fire-retar-
dant additive increase slightly with increasing
external heat fluxes. Figures 10 and 11, respec-
tively, give an overview of the residues and total
heat release versus the external heat flux for all
investigated samples. The values of the total heat
release just after the flame out was used for a
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Figure 11 Total heat release versus the external
heat flux.
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systematic comparison. The residue at the end of
the measurement was calculated as a percentage
of the starting mass. The residues of the A3E
materials are determined by the remaining glass-
fiber content, which for the G7 materials is about
10% higher than that for G5 materials. In a first
approximation, the change of the glass-fiber con-
tent from G5 to G7 has no influence on all the
investigated properties, except that there is less
combustible polymeric material in the samples.
Therefore the results of corresponding samples
differ by a constant value, which can be clearly
seen in Figures 9, 10, and 11 for the peak heat
release, the residue, and the total heat release,
respectively. The external heat flux exerts only a
minor influence on the residue for the polymers
without red phosphorus, whereas the fire retar-
dant samples show a large linear increase of res-
idue from 5 to 20% in addition to the glass-fiber
content for decreasing external heat fluxes from
75 to 30 kW/m?.

This result is consistent with the qualitative
description of the remaining materials described
earlier. The total heat release is decreased for low
external heat fluxes and levels off for high exter-
nal heat fluxes compared to that of materials
without red phosphorus. The relative effective-
ness of the fire retardant red phosphorus in-
creases for low external heat fluxes in terms of the
total heat release. Therefore, the change of rela-
tive effectiveness versus the external heat flux is
contrary for the total heat release compared with
the maximum rate of heat release. It is particu-
larly notable that the investigated system shows
such a differentiation between peak heat release
and total heat release. Therefore it becomes obvi-
ous that the concept of fire retardancy by char-
forming systems works here by two mechanisms.
On the one hand, the char acts as a barrier layer,
influencing the mass and heat transfer, thus re-
sulting in a decrease of the heat release rate. On
the other hand, the char-forming process can lead
to an increase of the thermally stable residue and
consequently to a decrease of the total heat re-
lease resulting from a decrease of the total
amount of combustible volatile products. It
should be noted that for both mechanisms the
occurrence of the other mechanism is not neces-
sary.

The result that the fire-retardant effect dimin-
ishes for high external heat fluxes in terms of
total mass loss and total heat release demands a
further explanation. The burning for all of the
samples results in homogeneous residues after

combustion. Hence, the formation of a thermally
stable char should increase the residue by a cer-
tain amount that is nearly independent of the
heat flux applied. A residue after a decomposition
process, which is not stable at the pyrolysis tem-
perature, should not influence the total mass loss
and total heat release. As already discussed, the
residue built up in the first decomposition step
does not show a thermal stability for high tem-
peratures in the TG experiments. The difference
between the samples with and without red phos-
phorus arises only from the increased tempera-
ture range in which the residue of the first decom-
position characterizes the material. We assume
that in the case of red phosphorus—containing
samples the residue of the first decomposition
step could act as barrier for heat and volatile
products. Consequently, the pyrolysis tempera-
ture is decreased during the combustion com-
pared to that of samples without red phosphorus.
It seems that the effective temperature in the
pyrolysis zone moving through the sample with
red phosphorus is decreased for low external heat
fluxes, such that an increasing amount of residue
from the first decomposition step remains as a
stable residue. For high heat fluxes the effective
temperature in the samples is still high enough to
degrade the material almost completely. To illus-
trate this interpretation we made the following
estimation.

During the combustion of a typical polymer the
pyrolysis takes place at the surface. The surface
temperature of the sample for a cone calorimeter
experiment increases almost linearly until the
ignition temperature is reached. After ignition,
the pyrolysis at the surface occurs approximately
at a constant temperature during the combustion.
Obviously, this description does not perfectly fit
our samples, given that the pyrolysis does not
take place at the surface after the char formed
covers the sample. However, we compared the
residues obtained after the combustion in the
cone calorimeter with the residues for isothermal
TG experiments. The latter residues were calcu-
lated based on the activation energies for the
decomposition we discussed before. The corre-
sponding time for the residues after the cone cal-
orimeter experiment was corrected with the igni-
tion time. Table III shows the results of this com-
parison in terms of an effective decomposition
temperature during the CC experiment for
A3EG5 and A3X3G5. The heat flux determining
the temperature consists of the external heat flux
and the thermal feedback from the flame. The
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Table III Estimated Effective Pyrolysis
Temperature

A3EG5
Heat flux in kW/m? 30 40 50 60 75
T (pyrolysis) in K 693 706 711 723 718
A3X2G5

Heat flux in kW/m? 30 40 50 60 75
T (pyrolysis) in K 643 667 684 699 708

char-forming systems are characterized by effec-
tive pyrolysis temperatures lower than those for
the samples without red phosphorus. The non—
char-forming system shows an increase in tem-
perature about 30 K for external heat fluxes be-
tween 30 and 75 kW/m?, whereas the char-form-
ing system is characterized by a larger increase of
65 K in the same range of external heat fluxes.
Even though the exact values cannot be directly
used, taking into account the rough character of
the approximate model applied, the qualitative
result provides meaningful evidence and illus-
trates our interpretation.

Combustion Behavior: Fire Hazards

As the main fire hazard, production of smoke and
CO was considered for the investigated system.
The CO production per mass loss and the total
smoke production are almost constant for the ma-
terials without red phosphorous. The CO produc-
tion per mass loss is increased for the red phos-
phorus, for instance, from 0.0142 to 0.1344 kg/kg
in terms of the 6-min average after ignition. The
mass loss is not decreased by the same factor and
the difference in total mass loss decreases for
higher external heat fluxes. Consequently, the
absolute CO production is increased. Similar be-
havior is found for the smoke production. The
smoke production per mass loss as well as the
total smoke production is increased for samples
containing red phosphorus (Fig. 12). Both results
indicate a less complete oxidation in the flame
that, as discussed earlier, could not be confirmed
by a change in the relationship between heat re-
lease and mass loss. The characterization of the
fire hazard completes the investigation on the
fire-retardant systems examined in this study,
even though further investigations are required
to provide a more detailed understanding.

2500 T
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Figure 12 Total smoke release versus the external
heat flux.

CONCLUSIONS

Red phosphorus acts as a flame retardant in the
solid state mainly by influencing the kinetics of
the decomposition processes of fiber-reinforced
PA66. The main products released as volatiles
were unambiguously identified by using both TG-
MS and TG-FTIR. The samples were character-
ized by complex multistep decomposition under
nitrogen with two major processes. The main pro-
cess is connected to the release of NH;, CO,, H,0,
and cyclopentanone, whereas the subsequent de-
composition is characterized by hydrocarbons and
amines. The same products were identified for
both samples without and with red phosphorus,
whereas the temperature region of the decompo-
sition is broadened for red phosphorus—contain-
ing materials. This broadening results in the sep-
aration of the two main decomposition steps, so
that the system is changed from a non-—char-
forming to a char-forming material with respect
to the main decomposition. The activation ener-
gies of the decompositions depend on the conver-
sion. A moderate increase of the activation ener-
gies from about 120 kJ/mol is found up to a con-
version of 60%. Beyond this conversion level a
strong increase of the activation energies occurs
to values > 220 kdJ/mol. Both materials without
and with red phosphorus show qualitatively sim-
ilar characteristics, although the activation ener-
gies for high conversions are clearly decreased by
red phosphorus.

The fire retardancy observed could be attribut-
able to the char-forming behavior, which works in
two different ways. The produced char acts like a
barrier layer for the mass and the heat transfer,
resulting in a decrease of the heat release rate.
Furthermore, we assume that the decrease of the
volatile products release leads to a decrease of
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heat production in the flame zone, providing an
enhancing feedback effect. Second, an increase of
the remaining residue results in a decrease of the
total amount of released combustible volatiles
and therefore to a decrease in the total heat re-
lease. Most notable is that the first effect expands
with increasing external heat flux, whereas the
second effect vanishes almost completely. This
could be explained by the fact that the obtained
char does not show a thermal stability for higher
temperatures as it is shown with TG experiments.
The barrier mechanism decreasing the mass and
heat release rate is also active for this char, which
is stable for only a limited time interval if the
char is produced continuously in the pyrolysis
zone during burning. The second mechanism is
based on the formation of char, which increases
the thermally stable residue. It is concluded that
only for smaller external heat fluxes is the effec-
tive pyrolysis temperature decreased, such that
the char formed contributes to the residue.
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