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Abstract
The method of diffusion opposed flow flames of polymers was applied to
study the mechanism of triphenylphosphate (TPP) flame retardancy for ultrahigh-molecular weight polyethylene (UHMWPE). The method of mass
spectrometry and the microthermocouple technique were used to study the
structure of the diffusion flame of UHMWPE and UHMWPE+5%TPP in
the opposed air flow. The main UHMWPE degradation products were identified and the mass peak intensity profiles of the main degradation products
of UHMWPE, oxygen and combustion products in flames with TPP additive
and without it were found. Temperature profiles of opposed air flow flame
of pure UHMWPE and with additive TPP were measured. New mass peaks
in the (UHMWPE+TPP)/air flame, which may be related to TPP and phosphorus-containing products of its degradation were detected.
Introduction
Polyethylene is a widespread polymer material all around the world
due to its unique properties and low cost. However it is combustible as all
organic polymers. Hereupon there is an important goal to reduce polymers
combustibility. A profound understanding of the mechanism of polymers
combustion under condition close to real fire makes possible to improve
methods for decrease in combustibility of not only polyethylene but all
polymers. In present work we study the structure of opposed flow flame of
pure ultrahigh molecular weight polyethylene (UHMWPE) and that doped
with triphenylphosphate (TPP), which acts as a fire retardant, with air.
Earlier the flames of pure polyethylene were studied according the
same scenario. In paper [1] the structure of diffusion opposed flow flame of
pure low-density polyethylene (LDPE) with air was studied using chromatography. The specimens of polyethylene were cylindrical shape. The burner
was designed and optimal parameters for stationary combustion including
distance to the nozzle, the specimen diameter, air velocity and temperature
of thermostatically controlled jacket were determined. A quartz microprobe
with orifice diameter of 75 microns was used. In the study concentrations of
main combustion products were measured versus the distance from the surface of LDPE. Main combustible flame species included methane, ethane,
ethylene and acetylene. The width of the flame zone determined from the
concentration profile of oxygen was shown to about 2 mm. The flame was
of cupola shape, i.e. the width of luminous zone increased as approaching
the specimen center. The mass flow of the fuel was 6.6 g×m-2×s-1 while the
air velocity was 48 cm/s. The temperature of the burning surface was 627
°C.
Combustion of polyethylene and some other polymers in opposed
flow flames was studied in paper [2]. Here a burner similar to that described
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in Ref. [1] was used. Authors determined the linear burning rate dependence
on velocity of opposed flow air velocity. At velocity of 42 cm/s the burning
rate of polyethylene was shown to be 15 µm/s. Maximal flame temperature
measured by a 75-micron thermocouple (radiative heat losses were taken
into account) was shown to be 1527 °C.
Thermal analysis, pyrolysis and flame structure of polyethylene of
low and high density (HDPE) were studied in paper [3]. Combustion of
polyethylene in a opposed flow flame with air was studied experimentally
using the setup described in [1, 2]. The profiles of the destruction products
of polyethylene and polypropylene were measured. The width of luminous
zone was 0.8 mm. The mass burning rate for LDPE was 6 g×m-2×s-1. The
temperature of the burning surface was 480 °C and maximal flame temperature 1500 °C (thermocouple diameter was 25 µm).
Thus, the data on the structure of opposed flow flames of various
types of polyethylene are available in literature. Nevertheless, results on the
structure of opposed flow flame of ultrahigh molecular weight polyethylene
(neither pure nor doped with fire retardants) with air were not found.
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Experimental
The opposed flows polymer/air flame structure was investigated on a
specially designed burner (Fig.1), with similar characteristics of the device
used in [1]. The samples of UHMWPE (MW=2.5·106) and
UHMWPE+5%TPP with diameter of 14 mm and
30-40 mm long were prepared using the hot pressing method from powders of the above substances
6
at the temperature of 150 °С and pressure of 150
atm. Density of samples and their burning veloci1
2
ties are indicated in Table 1. The distance between the nozzle and the sample was ~14 mm.
5
After the samples were ignited with a heated wire,
the flame was stabilized by moving the sample
7
with a step-by-step motor, with the velocity equal
3
to the burning velocity. The samples burnt stably
4
during 15-20 minutes. Sampling was conducted
with a quartz probe in Hiden HPR-60 mass specFig. 1. A photo of an opposed air flow burner: 1- nozzle, 2 –
trometer. The temperature was measured by a Ptair flow, 3 – thermostatically controlled jacket; 4 – a polymer
PtRh (10%) thermocouple with the diameter of 50
sample inside the jacket; 5 – flame. 6 – thermocouple. 7 –
quartz probe.
microns, covered with anticatalytical SiO2 coating
(thickness ~12 µm).
Table 1. Characteristics of samples and their burning velocities

Sample

Density,
g/cm3

Velocity of air
flow (NTP), cm/s

Mass burning
rate, g/m2×s

Linear burning
rate, (µm/s)

UHMWPE

0,93

43,9

18

18

UHMWPE+5%
TPP

0,91

43,9

8

7,7

Results and discussion
Shown in Fig. 2 are the temperature and species concentration of the
main destruction and combustion products in the UHMWPE/air flame (H2O,
CO2, CO, propene, butadiene, benzene), depending on the distance from the
polymer surface. The combustion of UHMWPE produces heavier products

in comparison with those in papers [1-3]. It may be explained by different
molecular weights of polyethylene.
To identify the products and to determine their concentration profiles, the results of GS/MS analysis of the samples taken at the distance of
~1 mm from the polymer surface were used. In accordance with the results
of temperature profile measurements, addition of TPP to UHMWPE resulted in the ~1.4-fold increase of the total width of the flame zone (from
3.7 mm to 5 mm), in the shift of the max temperature point from 1.5 mm to
2.2 mm and in the reduction of the max temperature from 1560 °С to 1280
°С (fig. 3)
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Fig. 2. The structure of UHMWPE/air opposed flows flame

Fig. 3. The impact of 5% TPP on the structure of UHMWPE/air
opposed flows flame. Solid symbols – no additive, open and
partially open symbols – with additive.

Visual observations (Fig. 4) showed that the width of the luminous flame
zone of the flame with the addition of TPP significantly wider and changed
color.
a)

b)

Fig. 4. Diffusion opposed-flow flame with air: a) pure UHMWPE b) UHMWPE+5% TPP

As it is seen from Table 1 an addition of 5% of TPP results in a decrease in mass (from 18 to 8 g×m-2×s-1) and linear (from 18 to 7.7 µm/s)
burning rate in about 2.5 times. The burning rate of UHMWPE is in 2 times
higher the polyethylene with lower molecular weight (LDPE and HDPE) [13].
Analysis of the elution of the condensed combustion products
showed the heavy organic substances with the number of carbon atoms
varying from 7 to 27 (Fig. 5) and the chemical formula C1H1.93 to be present
in the zone of pyrolysis products of UHMWPE at the distance of ~1 mm
from the polymer surface. As opposed to the
data from [1], oxygen in
UHMWPE flame was
not registered behind the
glowing flame front
(precision 0.3%). Adding
5% TPP resulted in the
emergence of a small
amount of O2 in the max
temperature point (Fig.
3) and in the emergence
Fig. 5. Composition of condensed products of UHMWPE degradation
of new mass peaks in the
flame (m/e 45, 50, 51,
65, 94), which may be related to TPP and phosphorus-containing products
of its degradation. The data obtained confirm the conclusions of [4] that
TPP works as flame retardant both in the gas and condensed phases.
Part of the samples of pure UHMWPE and with the addition of TPP
during combustion flowed from the surface: ~ 40% and ~ 10% of the initial
mass, respectively. For pure polyethylene elemental analysis showed that
the flowing down condensed products (gross formula - C1H1.95) does not
coincide with the starting material of UHMWPE (C1H1.99, polyethylene
monomer corresponds C2H4). It is noteworthy that elemental analysis failed
to discover a trace of oxidation on the specimen surface after its extinction.
It coincides with absence of oxygen near the burning surface revealed by
mass spectrometry unlike results given in Ref. [1] where amount of oxygen
was estimated. Elemental analysis revealed phosphorus content in the leaking off melt to be in 2 times less than in the specimen (UHMWPE +
5%TPP). It is in accordance with mass spectrometric results obtained in [5].
In Ref. [5] using molecular beam mass spectrometry it was shown that the
fraction of phosphorus coming out the gas phase in diffusion flame (resembling a candle) of UHMWPE + 5% TPP comprises about 50%.
Conclusions
It has been shown that addition of 5% TPP leads to the increase of the width
of the flame zone, reduction of the burning rate, decrease of the maximal
temperature, and change in the composition of the products of UHMWPE
degradation in flame. The method of opposed flow diffusion flames of
polymers may be applied for the study of the flame retardancy mechanism.
A presence of the destruction products of TPP in the gas phase of the flame
was demonstrated. In the flame of the pure polymer no oxygen was determined near the burning surface.
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