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Study of gases released under incomplete combustion using PCFC-

FTIR

Almanese Decimus’ - Rodolphe Sonnier' - Pascal Zavaleta” - Sylvain Suard?® « Laurent Ferry’

Abstract

In order to get new insights on cable behavior during real-scale fires, the gases released under incomplete combustion in
pyrolysis combustion flow calorimeter were recorded for several PVC and halogen-free flame-retardant cables. Incomplete
combustion was monitored by changing combustion temperature between 600 and 900 °C. Gases were identified using
PCFC-FTIR coupling. Quantitative assessment of different gases produced during combustion was also carried out. It
appears that larger amounts of unburnt gases are produced for PVC cable at low temperature (< 650 °C). Moreover, CO
release is observed for PVC cable up to 800 °C while this gas disappears between 700 and 750 °C for halogen-free flame-
retardant cables. Interestingly, the CO production is non-monotonous upon the temperature range investigated. These
analyses would be useful to assess the risk of multiple re-ignitions during cable burning in real-scale fires, especially in

confined compartments.
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Introduction

Electrical cables represent a major cause of fire hazard in
nuclear power plants (NPPs). Cables can be classified
according to the materials composing their sheath. Poly-
vinyl chloride (PVC) and low-density polyethylene
(LDPE), and its copolymers such as EVA (ethylene—vinyl
acetate), are the main polymer types used for wire and
cable insulation [1]. Since the 1950s, PVC has played a
dominant role in cable sheathing due to its very good
processing properties, flexibility and fire behavior. How-
ever, several tragic public fires demonstrated that the main
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dangers of PVC are related to smoke and toxic gases
emission during combustion. Moreover, the potential
health effect of phthalates (the main PVC plasticizer
family) constitutes another drawback of this polymer. A
new generation of halogen-free sheathing based on poly-
ethylene flame-retarded with aluminum hydroxide (ATH)
has progressively replaced a part of PVC cables.

Both types of cables are present in NPPs. To be used in
such facilities, cables have to pass specific tests relative to
flame propagation (IEC 60332-2) [2] or smoke emission
(IEC 61034-2) [3]. Cables are also tested in trays to get
closer from real installations [4]. These tests enable
determining horizontal and vertical flame propagation rate
in a stack of horizontal trays filled with cables. Cable trays
are mainly encountered in confined rooms where com-
bustion could be significantly influenced by the ventilation
conditions. It has been shown in the literature that venti-
lation may affect the fire behavior and the decomposition
products of different fuels such as hydrocarbon, alcohol,
PMMA or wood [5-9] and also more complex products as
cables [10]. Under-ventilated fires are characterized by the
production of CO and other unburnt gases. As part of the
OECD PRISME-2 project [11], Zavaleta et al. indeed
showed that CO and unburnt hydrocarbon gases were
produced from under-ventilated cable tray fire tests carried



out in confined compartments [12, 13]. Successive igni-
tions of these unburnt gases and extinctions were then
observed in the upper part of the fire compartment. The
nature of released gases and their ability to be oxidized
have obviously a great impact on the occurrence of the
ignition events, and some efforts were thus made to
determine the nature of the unburnt gases during the real-
scale fire tests [12]. Due to the large facility, some inac-
curacies may remain and additional studies with detailed
multi-gas characterizations are necessary.

In order to address this issue, this study aims at focusing
on the analysis of gases released during the incomplete
combustion of three cable sheaths: one PVC-based sheath
and two halogen-free flame-retardant sheaths. A very use-
ful laboratory-scale fire test is cone calorimeter, and dif-
ferent PVC and PE-based cables have already been tested
using this device [14—16]. Nevertheless, cone calorimeter
is a well-ventilated test and gases released correspond
mainly to (almost) complete combustion. Therefore, this
study is based on pyrolysis combustion flow calorimeter
(PCFC) [17] and on the coupling between this apparatus
and a Fourier transform infrared (FTIR) spectrometer [18].
PCFC has already been coupled with FTIR or alternatively
to a CO/CO, gas analyzer [17-25]. Lyon’s team is able to
control continuously the ratio between fuels and O,
[23, 24] using a modified PCFC. Nevertheless, our appa-
ratus does not allow such control. Therefore, it is not
possible to directly study the role of the ventilation in
PCFC. A more convenient possibility is to decrease the
combustor temperature in order to reduce the combustion
efficiency. This work is based on the reasonable assump-
tion that data obtained from this procedure may be used to
study the influence of under-ventilated conditions during
real-scale fires.

Experimental

As sheath is the first component exposed to fire, all anal-
yses described below have been carried out on cable
sheath; other components of cables have not been taken
into account. Three cables were considered (Fig. 1). Two
of them are halogen-free flame-retardant cables (called A

(a) (e)

Fig. 1 From left to right, cables A, B and C

and B), and one is a PVC cable (called C). As the more
severe ignitions (i.e., those which led to the highest pres-
sure peaks) occurred for the PVC cable (C) [13, 26], the
article focuses on it. The results for cables A and B are
briefly presented and compared with cable C in the last part
of the work. The two first cables are EVA/PE cables, filled
with around 60 mass% of aluminum hydroxide (ATH).
Trimethylolpropane trimethacrylate (TMPTMA) was
identified by Py-GC/MS in cable B sheath, evidencing that
the sheath has been cross-linked. Their flammability has
been studied in detail using cone calorimeter tests [14].

Carbon contents in sheath and residue (after anaerobic
pyrolysis in TGA) were measured with a energy-dispersive
x-ray detector coupled with a SEM microscope (FEI
Quanta 200 SEM).

X-ray diffraction (DRX) patterns were recorded on a
Bruker AXS D8 Advance X-ray powder diffractometer
using the Cu Ko radiation. The powders are compacted
with a glass slide for analysis.

The Py-GC/MS analytical setup consisted of an oven
pyrolyzer connected to a GC/MS system. A Pyroprobe
5000 pyrolyzer (CDS Analytical) was used to pyrolyze the
samples in a helium environment. This pyrolyzer is sup-
plied with an electrically heating platinum filament. One
coil probe enables the pyrolysis of samples (less than
1 mg) placed in quartz tube between two pieces of quartz
wool. The sample is successively heated at 300, 400, 500
and 600 °C. Each temperature was held for 15 s before
gases were drawn to the gas chromatograph for 5 min. The
pyrolysis interface was coupled to a 450-GC gas chro-
matograph (Varian) by means of a transfer line heated at
270 °C. In this oven, the initial temperature of 70 °C was
held for 0.2 min and then raised to 310 °C at 10 °C min~".
The column is a Varian Vf-5 ms capillary column
(30 m x 0.25 mm), and helium (1 mL min_l) was used as
the carrier gas; a split ratio was set to 1:50. The gases were
introduced from the GC transfer line to the ion trap ana-
lyzer of the 240-MS mass spectrometer (Varian) through
the direct coupled capillary column. Identification of the
products was achieved comparing the observed mass
spectra to those of the NIST mass spectral library.

Thermogravimetric analyses were carried out using a
Setaram Sestys apparatus. The heating rate was fixed at
60 °C min~"' under nitrogen flow up to 800 °C.

Pyrolysis combustion flow calorimetry (FTT, United
Kingdom) was used to study the combustion efficiency and
the gases released under incomplete combustion. The
procedure has been explained in previous work [17].
Pyrolysis is anaerobic from 100 to 750 °C at 60 °C min™ ',
and gases are sent to a combustor in excess of oxygen (ratio
0,/N; = 0.2) during 10 s, at different temperatures (be-
tween 600 and 900 °C). At 900 °C, combustion is com-
plete. When temperature of combustion decreases, the



combustion becomes more and more incomplete and dif-
ferent carbon-containing species are observed. Energy
released is calculated using oxygen depletion method
according to Huggett’s relation. Combustion efficiency is
calculated according to Eq. (1):

_ Aor _ THRq
Ao,o00  THRogo

b (1)
with Ao, and THRt the oxygen consumed and the total
heat released at combustor temperature equal to T °C.

Of course, pyrolysis combustion flow calorimetry does
not represent an actual fire situation, especially because
combustion and pyrolysis are well separated (there is no
heat feedback from the flame to the burning material).
Moreover, the sample is very small and no thermal gradient
is expected. But this method allows a very good control of
fire conditions and is very suitable to a deep understanding
of pyrolysis and combustion phenomena.

In order to analyze gases, from anaerobic pyrolysis and
from combustion at different temperatures, Fourier trans-
form infrared (FTIR) spectrometer Nicolet iS10, from
Thermo Fisher Scientific, was coupled successively to
TGA and PCFC, via a 2-m heated transfer line. The tem-
peratures of the transfer line and of the gas cell were fixed
at 160 and 165 °C, respectively. The cell path length is
84 mm, and the detector is DTGS (deuterated triglycine
sulfate). FTIR spectra were recorded in the
400-4000 cm™' range with a resolution fixed to 0.5 cm™".
Acquisition time, optical velocity and scan number were,
respectively, set to 10 s, 0.4747 cm s~ ! and 2 in order to
obtain a sufficiently high acquisition frequency with regard
to the chosen heating rate. Spectra were studied using
Omnic software from Thermo Fisher Scientific.

Note that combustion efficiency is modified only by
changing combustion temperature. Another possibility may
be to change oxygen content in combustor [27]. Unfortu-
nately, the ratio between oxygen and fuel changes contin-
uously during a test. Therefore, it is not possible to study
the ability of gases to be oxidized at fixed ratio between
oxygen and fuels. As already stated in introduction, works
based on a continuous control of the ratio between oxygen
and fuel (i.e., equivalence ratio) can be found elsewhere
using a modified PCFC [23, 24].

Methodology

No calibration was available to assess the amount of dif-
ferent gases from TGA-FTIR or PCFC-FTIR couplings. In
order to estimate the mass fractions of carbon released into
CO,, CO or other gases, the following method was used.
The content of carbon fractions in the sheath before
pyrolysis, f., and in the residue after pyrolysis, f.., was

measured using EDX-SEM and allows an estimation of the
carbon content, obtained in the gaseous phase fg.

fe=XXfoe+(1=X) X fo (2)

with X the residue content.

When combustion is complete (i.e., at 900 °C), the
carbon fraction released is fully oxidized into CO, in the
combustor (i.e., feg = fco,). According to the Beer—Lam-
bert law, the absorbance of species is proportional to its
concentration. Therefore, fco, is proportional to the area
under the CO, band Aco, (between 2200 and 2400 cm_l).
This allows calculating the proportionality factor kco,
between CO, concentration and the area under the CO,
band.

Jeg _
Aciz = fco, (3)

kco, =

At lower temperature, the carbon fraction is not fully
oxidized and CO is released concomitantly with CO,.
Therefore, f.; = fco, + fco. The proportionality factor kco
between CO concentration and the area under CO band
Aco (between 2000 and 2200 cm™') is calculated as
follows:

keo _Jee— II;COZACOZ @)
co

and

fco = kcoAco (5)

Finally, at the lowest temperatures, carbon-containing
combustion products include not only CO, and CO but also
poorly or non-oxidized molecules (e.g., methane). The
fraction of these molecules fyue; is estimated as follows:

Sother = feg — fco, — fco (6)

This procedure allows calculating the fractions of the
different species released from the combustor for each
combustor temperature. Note that areas under CO, and CO
bands were divided by the exact initial sample mass for
each analysis.

The residue content X from cable C sheath pyrolysis is
18%. The carbon fractions in the sheath f. and in the
residue f,. are, respectively, 0.63 and 0.57. Therefore, the
carbon fraction released in the gaseous phase f, is 0.64.
From these results, the proportionality factors kco, and kco
are 9.3 and 11.8, respectively.

Note that in this work gas concentration is considered as
proportional to absorbance. Linearity between concentra-
tion and absorbance may be not fully ensured, especially at
high concentration.



Results and discussion
Analysis of the PVC cable sheath

TG analysis was carried out on the sheath under nitrogen
flow (anaerobic pyrolysis). Two decomposition steps can
be observed (Fig. 2). The first one corresponds to the
release of HCI from PVC and to phthalate decomposition.
The second one is probably associated with the decompo-
sition of the PVC backbone but also of CaCO; which
releases 44% of CO,. While CaCO3; decomposition occurs
usually at higher temperature, a reaction with HCI is
expected as evidenced by the presence of CaCl, at rela-
tively low temperature.

Elemental analysis by EDX-SEM was catried out on the
sheaths before and after anaerobic pyrolysis. Table 1
shows the contents in certain elements. Carbon and chlo-
rine can be assigned to the PVC matrix (and also phthalate
for carbon). Ca evidences the presence of calcium car-
bonate. Pb reveals the presence of a lead-stabilizing agent
which is quite common for PVC [28]. O comes from these
two components as well as from plasticizer (phthalate).
After anaerobic pyrolysis, C content tends to slightly
decrease. Cl content is divided by two due to the release of
HCI during the first step of decomposition. Nevertheless, a
significant part of chlorine remains into the residue. It is
due to the reaction between calcium carbonate and chlo-
rine, leading to CaCl, species. Calcium carbonate and
calcium hydroxide are used to prevent the release of
halogenated species [29, 30]. CaCl, is well observed by
EDX-SEM even at low temperature (370 °C, i.e., during
the first decomposition step). Indeed, Ca and Pb elements
are observed in the same areas (Fig. 3b, ¢). Of course, Ca
and Pb remain mainly in the residue. Therefore, their
contents are much higher into the residue than into the
sheath.
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Fig. 2 TG and derivative thermogravimetric curves for the cable C
sheath

Table 1 Elemental analysis of the cable C sheath and residue after
anaerobic pyrolysis

Element content/mass%

In sheath In residue (after anaerobic pyrolysis)
C 62.91 57.09
O 10.16 12.21
Cl 22.86 11.85
Ca 1.61 10.05
Pb 2.46 8.13

Fig. 3 a SEM pictures of cable C sheath after anaerobic pyrolysis at
370 °C; b Cl mapping; ¢ Ca mapping
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Fig. 4 X-ray diffraction spectrum for the cable C sheath

The X-ray diffractogram of the sheath is shown in
Fig. 4. The presence of calcium carbonate and Pb-based
stabilizer (as lead oxide sulfate hydrate) is confirmed
especially from peaks at 29.5° and 27.2°, respectively. S
element was not detected by EDX-SEM, probably because
its content is very low.

Py-GC/MS was used to have an insight on components
from the identification of their decomposition products
(Fig. 5). At low temperature (< 500 °C), several products
can be assigned to the decomposition of phthalate, and
especially of dioctyl phthalate (DOP): phthalic acid,
2-ethyl hexanol and benzene [31]. Alcenes are also
observed. At higher temperature (> 500 °C), aromatic
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ranged PVC structure after HCI release.

All these findings (multiple decomposition steps of PVC
insulation, release of phthalate during the first step along
with HCI, decomposition of CaCO; and formation of
CaCl,) have already noted by Benes et al. [32].

Considering the low initial Cl content in sheath
(22.9 mass% versus 56 mass% in pure PVC), it can be
considered that PVC content is only 41 mass% in sheath.
From Ca and Pb content into sheaths (Table 1), it can be
calculated that CaCQOs content is around 4 mass% and
hydrated lead oxide sulfate content is around 3 mass%. It
means that phthalate content would be higher than
50 mass%. Considering that all HCl and phthalates are
released during the first decomposition step, the mass loss
should reach 75 mass%. Nevertheless, the mass loss for the
first peak is actually 60 mass%. The reactions between
calcium carbonate and chlorine may explain this discrep-
ancy. TG analyses will show that HCl is released not only
during the first step but also during the second one.

Gases released from anaerobic pyrolysis
and combustion at different temperatures

Gases were firstly identified after anaerobic pyrolysis using
the TGA-FTIR coupling. Figure 6 shows the spectra
recorded at the decomposition peaks (i.e., at 320 and
490 °C). HCl is the main gas released during the first peak
(bands between 2600 and 3200 cm™'). CO, is also
observed between 2200 and 2400 cm ™. A peak centered at
1800 cm ™' may be assigned to phthalates. Peaks between
2800 and 3000 cm™' (under the main narrow peaks related
to HCI) correspond to aliphatic carbons. HCI is still

Phthalate

Absorbance

Aliphatic carbons

3300 3000 2700 2400 2100 1800 1500 1200 900

Wavenumber/cm~1

Fig. 6 TGA-FTIR spectra for the cable C sheath: a first decompo-
sition peak; b second decomposition peak

observed during the second peak, but its intensity is much
lower. CO,, CO and phthalate are observed (CO bands
appear between 2000 and 2200 cm™'). Peaks between
2800 and 3000 cm ™' corresponding to aliphatic carbons
are much more significant. Narrow bands above
3000 cm ™' are assigned to methane.

Note that the main gases identified here (CO, CO,, HCI,
CH,) cannot be observed using Py-GC/MS. Conversely,
some gases observed in Py-GC/MS (Fig. 5) as benzene and
derivatives are not well identified using TGA-FTIR. We
assume that the production of these gases is very limited
and bands appear in noisy range of wavenumbers (around
1500 cm™ ") or are overlapped by other bands.

Figure 7 shows the heat release rate curves for different
combustion temperatures. Heat release is reduced when
temperature decreases below 700 °C. It corresponds to a
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Fig. 7 Heat release rate curves for sheath from cable C at different
combustion temperatures

decrease in the combustion efficiency and the production of
poorly oxidized gases (see below). Note that the first peak
of heat release rate decreases faster than the second one.
Indeed, the first peak is around 140 W g~' at 900 °C. It
starts to decrease at 750 °C. At 600 °C, its intensity is
50 W gfl, ie.,, only 36% of its initial value (50/
140 = 0.36). The second peak is 80-90 W g~ ' even at
700 °C. At 600 °C, its intensity is 40 W g_l, i.e., 44-50%
of its initial value. Similarly, the energy released during the
first step (i.e., the area under the first peak) decreases faster
(Fig. 8—note that some combustion efficiency values are
slightly higher than 1 due to uncertainties measurements).
This is particularly obvious between 675 and 750 °C. It
means that the combustion of gases released during the first
step becomes incomplete more easily than that of gases
released during the second step. This can be obviously
related to the nature of gases. HCI as halogenated gas is
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Fig. 8 Combustion efficiency versus combustion temperature for the
first and second peaks of heat release rate of sheath from cable C

able to limit the combustion of fuels. This effect is called
flame inhibition and is typical of halogenated flame-retar-
dants [33-36].

Gases were also identified after combustion at various
temperatures using the PCFC-FTIR coupling. Figure 9
shows the FTIR spectra corresponding to the first decom-
position peak. The first spectrum (at top) was obtained
using TGA-FTIR. The others were obtained after com-
bustion at 600900 °C using PCFC-FTIR. Note that HCI1
does not undergo combustion. The change of the intensity
of the bands corresponding to HCI in Fig. 9 is only
apparent and due to the increase in the intensity of bands
corresponding to other gases (especially CO,).
Andersson et al. [10] also observed that HCI yield does not
change whichever are the ventilation conditions during
PVC cable burning. Speitel et al. have also noticed that
hydrofluoric acid yield from polyvinylfluoride is constant
whichever is the equivalence ratio in tests based on PCFC
coupled with FTIR [23].

After combustion at low temperature (600 °C), bands
corresponding to phthalate (1800 cm™') and aliphatic
carbons (between 2800 and 3000 cm™') completely dis-
appear. CO, and especially CO bands are much more
intense. Bands above 3000 cm ™' are assigned to the release
of CHy. Methane is produced from the decomposition of
longer molecules released during anaerobic pyrolysis.
Combustion leads very quickly to small molecules con-
taining one to three carbon atoms [36].

Methane is still observed at 625 °C but disappears at
higher combustion temperature.

When temperature increases above 625 °C, the CO/CO,
ratio decreases continuously. Nevertheless, CO bands are
still observed at 800 °C and disappear completely only at
900 °C. It is in good agreement with combustion efficiency
values. Combustion efficiency of gases released during the
first decomposition step is significantly lower than 1 below
800 °C (see Fig. 8).

Figure 10 shows the spectra corresponding to the second
decomposition peak. Bands corresponding to aliphatic
carbons and methane observed on first spectrum (at top,
obtained using TGA-FTIR) disappear completely even
when the combustion temperature is as low as 600 °C. The
CO/CO; ratio decreases when temperature increases. CO
bands disappear completely above 700 °C. This result
confirms that combustion of gases released during the
second decomposition step becomes complete from
700 °C, in good agreement with combustion efficiency
measurements.

As already discussed, the reason for which gases
released during the first decomposition step are not easily
oxidized may be related to the presence of HCI. In their
study about the gases released during cable burning under
well- and under-ventilated conditions, Anderson et al. also



Fig. 9 FTIR spectra of gases
from anaerobic pyrolysis with
and without combustion at
different temperatures at the
first decomposition peak of
sheath from cable C
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mentioned the role of chlorine species as radical scav-
engers. They noted that even in well-ventilated conditions,
chlorine disturbs the combustion, and then, the CO/CO,
ratio does not change as much for PVC cables than for
PVC-free cables when test conditions move from well
ventilated to under ventilated [10].

Figure 11 shows how the carbon from sheath is dis-
tributed after anaerobic pyrolysis and combustion at dif-
ferent temperatures. 16% of carbon remains in the
condensed phase as char. Carbon released in the gaseous
phase is growingly converted into CO, when temperature

2400 1900 1400 900

Wavenumber/cm™"

increases. Gases containing carbon except CO, and CO are
observed only at low temperature (600 and 625 °C). More
than 40% of carbon is converted into these species at
600 °C. But this percentage decreases very quickly. The
evolution of the carbon fraction converted into CO is more
complex. When combustion temperature increases from
600 to 650 °C, none or poorly oxidized carbon products are
oxidized into CO and compensates the oxidation of some
CO molecules into CO,; then, CO fraction increases. At
combustion temperature above 650 °C, oxidation is easier
and CO, becomes the main oxidation product at the
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expense of CO whose fraction progressively decreases.
Therefore, the carbon fraction converted into CO reaches a
peak at intermediate temperature (650 °C). At this tem-
perature, this fraction reaches almost 60%.

Figure 12 shows the evolution of the CO/CO, ratio and
the combustion efficiency versus the combustor tempera-
ture for the cable C sheath. It can be observed a quite good
correlation between the CO/CO, ratio and the combustion
efficiency above 625 °C. Higher is the temperature, lower
is the CO/CO, ratio and higher is the combustion effi-
ciency. Below 650 °C, carbon is present not only as CO
and CO, but also as poorly oxidized species. This explains
why the CO/CO, ratio decreases at 600 °C while com-
bustion is more and more incomplete.

Comparison with halogen-free flame-retardant
cables

In this section, the carbon distribution into CO, CO, and
other species after combustion at various temperatures is
compared for PVC cable and two halogen-free flame-re-
tardant cables. The residue content from sheath pyrolysis is
18 mass% for cable C (PVC-based cable) but close to 40
mass% for cables A and B (corresponding to mineral
residue from the decomposition of ATH into alumina). The
decomposition of EVA/PE filled with ATH is well known
and occurs into two steps. The first one (around 380 °C in
TGA) corresponds to release of acetic acid from EVA and
water from ATH. The second peak (around 510 °C in
PCFC) corresponds to the decomposition of the remaining
polymer structure (EVA and PE) [37]. As an example, TG
and DTG curves for cable A sheath can be found in sup-
porting information (Figure S1).

The decomposition kinetics is very close for both cables
A and B. Gases released after combustion are also similar.
Therefore, Figs. 13 and 14 show the FTIR spectra at peaks
of decomposition only for cable A. For the first decom-
position peak, first spectrum (at top in Fig. 13, obtained
using TGA-FTIR, i.e., without combustion) reveals the
presence of CO, but also of acetic acid (bands around
1800 cm™"). The other spectra correspond to gases after
combustion at increasing temperatures. Acid acetic is still
slightly observed at 600 °C but disappears at higher tem-
perature. Above 625 °C, only CO and CO, are observed.
CO/CO; ratio decreases when increasing temperature. CO
bands disappear at temperatures above 700 °C.

Figure 14 corresponds to the second decomposition
peak. The first spectrum (from TGA-FTIR) shows the
presence of CO, CO,, aliphatic carbons (between 2800 and
3000 cm_l) and bands at 1730 cm™'. After combustion at
600 °C, bands corresponding to aliphatic carbons disappear
completely, but bands at 1730 cm ™" are still observed. But
at higher temperature, only CO and CO, are still observed.
CO bands disappear even at temperatures as low as 675 °C.

Figures 15—17 show the evolution of carbon fraction
converted into CO,, CO and other carbon-containing spe-
cies for cables A, B and C. Note that only the carbon
fraction released in gaseous phase is considered (i.e.,
without taking into account the carbon remaining into the
char).

From Fig. 15, it is obvious that the carbon fraction
converted into CO, increases faster for halogen-free flame-
retardant cables A and B than for cable C. This may be
related to the presence of HCIl in cable C as explained
previously. Carbon is completely converted into CO, at
675 °C for cable A and 800 °C for cable C. Cable B shows
an intermediate behavior. At 700 °C, the carbon fraction



Fig. 13 FTIR spectra of gases
from anaerobic pyrolysis with
and without combustion at

combustion
Acetic acid temperature

I.“h‘." No combustion

different temperatures at the
first decomposition peak for the

(from TGA)

600 °C

cable A sheath

625 °C

650 °C

675 °C

Absorbance

700 °C

725 °C

750 °C

800 °C

L,LL:I] e
sl L

900 °C

2900

Fig. 14 FTIR spectra of gases
from anaerobic pyrolysis with

2400 1900 1400 900

Wavenumber/cm™"

combustion
temperature

and without combustion at
different temperatures at the
second decomposition peak for
sheath from cable A

| N

8 PR

—————

L a—
3200 3000 2800 2600

No combustion
(from TGA)

600 °C

e KT

p—

1900 1700 1500

S

———

625 °C

i 650 °C

675 °C

Absorbance

700 °C

725 °C

750 °C

800 °C

>»>>??H |

900 °C

2900

converted into CO, is 55% for cable C but 85% for cable
B.

Figure 16 shows the carbon fraction converted into CO
for the three cables. All the curves exhibit a non-mono-
tonous behavior. The carbon fraction converted into CO
increases and then decreases when temperature increases,
as already discussed for cable C. Nevertheless, the highest
value of this conversion is observed at 625 °C for halogen-
free flame-retardant cables versus 650 °C for cable C.
Moreover, the carbon fraction converted into CO is much

2400 1900 1400 900

Wavenumber/cm™1

higher for cable C between 650 and 800 °C. This fraction
becomes negligible from 675 °C for cable A.

Figure 17 shows the carbon fraction converted into
other carbon-containing gases. These gases disappear very
quickly: from 625 °C for halogen-free flame-retardant
cables and 650 °C for cable C. The carbon fraction con-
verted into these gases is significantly higher for cable C at
600 °C: 50% versus 26 and 32% for cables A and B,
respectively.
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Conclusions

Gases released from anaerobic pyrolysis and incomplete
combustion were studied for the sheaths from three cables,
with a special attention paid to the PVC-based one. The
PVC sheath contains plasticizer, calcium carbonate and
lead-based stabilizer. This sheath decomposes into two
main steps. Gases released from these two steps are dif-
ferent, and their tendency to be oxidized also shows sig-
nificant differences. In particular, combustion becomes
complete at higher temperature in the presence of HCl, i.e.,
for gases released during the first decomposition step. CO
and CO, are obviously the two main carbon gases after
combustion, but other carbon-containing species (as
methane) can be observed at low combustion temperature
(600-650 °C).

Quantitative assessment of the carbon fraction converted
into these different gases was carried out. In the case of
cable C, 16% of carbon remains in condensed phase as
char. More than 40% of carbon (50% of carbon released in
gaseous phase) is converted into poorly oxidized species at
low temperature (600 °C). At higher temperature, this
fraction decreases quickly. The carbon fraction converted
into CO is maximum at 650 °C and is non-negligible up to
800 °C. In the range 600-650 °C, 70-85% of carbon
released in gaseous phase is not fully oxidized. This result
shows that a great part of carbon released as gases can be
further oxidized and then re-ignited. In real fires, incom-
plete combustion can also occur due to oxygen depletion. It
may be assumed that a cable producing a larger amount of
unburnt gases at low temperature will also produce (at least
qualitatively) a larger amount of unburnt gases in under-
ventilated conditions. This assumption needs further
investigations to be evidenced.

In the case of halogen-free flame-retardant cables,
poorly oxidized gases disappear above 625 °C. Carbon
fraction converted into CO is maximum at 625 °C and
reaches 70-80% of carbon released in gaseous phase. This
value is similar to the value measured for cable C. Nev-
ertheless, the carbon fraction converted into incompletely
oxidized gases is significantly lower above 650 °C for
halogen-free flame-retardant cables. Therefore, unburnt
gases should accumulate in larger quantities for PVC
cables than for halogen-free flame-retardant cables in
similar conditions. Hence, it may be assumed that the re-
ignition hazard is higher for PVC cables, in same real
conditions. It should be added that, in real fires, incomplete
combustion can be induced by other scenarios than that
studied here (i.e., variation in fuel release rate or variation
in oxygen concentration) and for which PCFC cannot
account for.
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