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Abstract

The combustion of polymers is a complex coupled process characterized by energy feedback from
a flame to the polymer surface and subsequent gasification of the polymer to generate
combustible degradation products. Energy feedback characteristics for two different burning
configurations, pool burning and vertical wall burning, are discussed. Thermal degradation of
polymers and heat transfer in polymer samples are briefly discussed in order to determine
polymer gasification rates at specified external heat fluxes. Transient burning rates of two
polymereric materials, PMMA and Douglas Fir, are calculated in a pool flame configuration for
two different diameters and the predicted results are compared with the experimental data. A
similar comparison is made for upward flame spread in the corner of a room. To improve the
fire performance of polymers, use of a nonhalogenated char-forming flame retardant is suggested,
and its benefits are discussed. The fire performance of a newly developed char forming flame
retardant additive combination in a variety of polymers is described. Although its flame retardant
mechanism has been studied by analyzing the char structure in the presence of the additives using
solid-state NMR, at present it is not clearly understood.

Introduction

Today, synthetic polymeric materials are rapidly replacing more traditional materials such as steel
and nonferrous metals as well as natural polymeric materials such as wood, cotton, natural rubber,
and so on. They also are attractive materials in their own right, posessing unique and valuable
physical properties. However, one weak aspect of synthetic polymer materials compared with
steel and other materials is that these materials are combustible under certain conditions. Thus,
the majority of polymer-containing end products (for example, cables, carpets, furniture) must
pass some type of regulatory fire test to help assure public safety. Therefore, it is important to
understand how synthetic polymers burn and how to best modify the materials to make them less
flammable in order to pass such tests without compromising their uniquely valuable physical
properties and also significantly increasing the cost of end products. This paper briefly describes
chemical and physical processes occuring in the gas and condensed phases during the combustion
of synthetic polymers and methods to reduce their flammability.

1 Contribution from the National Institute of Standards and Technology; not subject to copyright.
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Combustion Process

Combustion of synthetic polymer materials is characterized by a complex coupling between
condensed phase and gas phase phenomena. Furthermore, the phenomena in each phase consist
of a complex coupling of chemical reactions with heat and mass transfer processes. The role of
the condensed phase is to supply combustible gaseous products by receiving a sufficient amount
of heat from the gas phase, and the role of the gas phase is to feed a small fraction of heat
release from the gas phase oxidation reactions back to the material surface. Characteristics of the
critical role in each phase are briefly described below.

Gas Phase

The heat release rate is one of the key quantities characterizing the hazard of a material.
However, the heat from oxidation reactions in a flame is released in two components; one is
convective and the other is radiative. The fraction of each component, the convective fraction
X, and the radiative fraction X, (normalized by the idealized heat of combustion of the material),
depends strongly on the chemical structure of the material. Typical results for a pool flame
configuration as a function of fuel mass flux are shown in Fig.1 and Fig. 2 for methane (and
natural gas) and acetylene, respectively [1]. The term X, is the fraction of the idealized heat
release, which is fed back to the fuel surface. In these flames, the flame becomes taller and
larger with an increase in mass flux. For large size methane (and natural gas) flames, roughly
80% of the heat release is convected away and roughly 20% of the heat release is radiated. A
small fraction, about 2-3% of the total heat release, is fed back to the fuel surface. However, for
small flames, the radiative fraction of the heat release becomes quite small due to the smaller
flame size and the feedback fraction, X, increases. For acetylene flames, the radiative fraction
increases up to slightly above 30% and the convective fraction decreases to as low as 45%.
Combustion efficiency, X, (the measured chemical heat release (X + X)) divided by the idealized
heat release), decreases to about 65% with an increase in the fuel mass flux. Unsaturated
materials and aromatic materials tend to have similar characteristics as acetylene and their
radiative fraction tends to be between 30 and 40% due to an increase in soot particle
concentration in their flames. These results show clearly that heat release characteristics and heat
feedback rates depend not only on the chemical structure of the materials but also the diameter
of a pool flame and the fuel mass flux.

Radiation from the flame to the sample surface is a major heat feedback mode. The measured
radiant flux using a miniature radiant flux gauge at the surface of 30 cm diameter methanol,
heptane, and toluene pool flames is shown in Fig.3 [2]. Although the methano! flame is blue and
does not generate soot particles, there is still a significant amount of radiative feedback by CO,
and H,O band emissions. The radiative heat feedback has a non-uniform spatial distribution.
The fraction of radiation in the total heat feedback is about 80% at the center and gradually
decreases to about 10% at the edge of the methanol pool flame. For the sooty toluene flame,
however, this fraction is nearly constant (about 100%) across the pool surface [2]. It appears that
the radiative feedback rate from a pool flame might not increase with a pool diameter beyond a
certain size due to radiative blanket effects caused by absorption of radiation from the pool flame
to the pool surface by the vaporized fuel gas near the pool surface [3]. In order to predict the



energy feedback rate from a pool flame to the fuel surface, a model needs to be able to predict
temperature and chemical species distributions in the flame. However, since detailed
understanding of chemical reactions with measured kinetic constants of the numerous possible
reactions is limited to small alkanes or to a simplified flow field at present, a global approach has
been used in the field of fire research. In this approach, a flame is approximated as a
homogeneous mixture of combustion products, unburnt fuel, and inert nitrogen with global,
uniform values of soot volume fraction, temperature, concentrations of CO, and H,O, and flame
height. These values can be calculated from the amount of entrained air flow into the flame, an
energy balance between the heat release and the radiative heat loss, an empirically-obtained
combustion efficiency or specific heat of combustion, and an empirically-obtained soot volume
fraction correlation.

The flame height can be correlated by the non-dimensionalized heat release rate [4]

Q'= Qp,C,Toe"*D*?) (1)

Then, the flame height, Z can be expressed as

Z/D = o' @

where Q is the heat release rate per unit area of the burning surface, p is the gas density, Cp is
the specific heat, g is gravity, D is a pool diameter and c is a proportionality constant. The
subscript (, denotes at ambient conditions. The entrained air flow rate can also be expressed as
a function of the non-dimensionalized heat release rate, the combustion efficiency, the radiative
fraction, heat of combustion and stoichiometric constant for various heights of pool flames [5].
Using this global approach in the gas phase and (later described) condensed phase, burning rates
of horizontally mounted PMMA slabs and Douglas Fir slabs with two different diameters are
calculated and compared with experimental results. This comparison will be discussed
subsequently.

Another important fire configuration is flame spread up a vertical wall. Previous experimental
data indicate that the heat feedback rate distribution with respect to the height of the wall could
be correlated more universally with the non-dimensionalized heat release rate, Q*L, than is the
case for the pool flame. Here, Q" is

Q" =Qu/(pC,Tog L") 3)

where the subscript | denotes per unit width. The parameter L is the width of the sample. A
typical correlation between heat feedback rate and normalized height is shown in Fig. 4 [6]. The
results show that heat feedback rate is nearly constant along the surface under the solid flame
from the pyrolysis front and then it decreases sharply. A similar correlation was also obtained
for flame spread in a vertical corner configuration though here the flame is taller for a given heat
release rate [7].



The above approach requires much experimental data to correlate heat feedback rate with the
characteristic length scale and heat release rate. However, recently, another approach solving the
partial differential equations of continuity, momentum, energy, and chemical species concentra-
tions numerically has been initiated. Although this approach could calculate flame height, heat
feedback rate, and many other characteristics, it requires much information regarding chemical
reactions and radiative characteristics. Since such detailed information is limited to end products,
it might not be practical to apply such an approach to end products. However, it might be quite
useful to apply it to well-defined polymer samples to test the accuracy of the method and also
to examine the validity of the approximations used in the global approach described above. It
is expected that new results based on detailed models will appear in the near future.

Condensed Phase

In order to burn a polymeric material, thermal energy must be added to it to raise its temperature
sufficiently to initiate degradation. This energy could be from an external source, in the case of
an ignition event, or from an adjacent flame as heat feedback in the case of flame spread and
burning. Thermal radiation is the primary mode of energy transfer from the flame to the polymer
surface as discussed above except for small samples (roughly less than 10 cm diameter). The
amount of energy absorbed by the polymeric material depends on the level and the spectral
characteristics of the radiant flux, absorption characteristics of the material, and the material
surface reflectance with respect to the emission spectrum of the incident radiation. Generally, as
discussed above, the emission spectra of large flames are continuous in the infrared, due to high-
temperature soot particles, with additional strong emission bands from H,0 and CO, [8]. The
absorption spectra of polymeric materials consist of numerous absorption bands in the infrared
wavelength region, depending on the vibration modes of the molecular bonds in the polymer
structure. However, most theoretical models in the fire research field make the approximation
that radiative feedback and external radiation are completely absorbed at the material surface.
This approximation tends to predict higher surface temperatures and shorter ignition delay times.

When temperatures near the surface become high, thermal degradation reactions occur and these
evolve small gaseous degradation products. The majority of the evolved products from polymers
is combustible. Depending on the nature of the polymer, thermal degradation reactions may
proceed by various paths. Since there are several recent books and articles describing thermal
degradation chemistry in detail [9-11], only an extremely brief discussion is presented here. It
has been accepted that the majority of vinyl polymers degrade thermally by a free radical chain
reaction path. Free radical chain reactions consist of random or chain-end initiated scission,
depropagation, intermolecular or intramolecular transfer, and termination reactions. Polyethylene,
PE, is a typical example of a polymer that undergoes scission at random locations on the main
chain to yield many smaller molecular fragments. Polystyrene, PS, polypropylene, PP, and
polymethylacrylate, PMA, belong to this group. Polymethylmethacrylate, PMMA, undergoes a
reversal of the polymerization reaction after the initial breakage and yields mainly monomer
molecules. Polyoxymethylene, poly-o-methystyrene, polytetrafluoroethylene belong to this group.
These two groups of polymers undergo almost complete degradation while leaving hardly any



char (carbonized polymer residue). Polymers with reactive side groups attached to the backbone
of a polymer chain may degrade initially as a result of interactions or instabilities of these groups;
such reactions may then lead to scission of the backbone. Polyvinylchloride, PVC, and polyvinyl
alcohol, PVA, are examples of such polymers. This group tends to undergo cyclization,
condensation, recombination or other reactions which ultimately yield some char. Diene
polymers, polyacrylonitrile, and many aromatic and heterocyclic backbone polymers also belong
to this char-forming group. Common to the pyrolysis of all these polymers is the formation of
conjugated multiple bonds, transition from a linear to a cross-linked structure, and an increase
of the aromaticity of the polymer residue [12). For polymers containing aromatic carbon- and/or
heterocyclic links in the main chain of the polymer structure, general features of their pyrolysis
and char yield have been derived [13,14]. Some features are: (1) The thermal stability and the
char yield increase with the relative number of aromatic groups in the main chain per repeat unit
of the polymer chain, (2) the thermal stability of heterocyclic polymers increases with the
aromatic component of the heterocycles, (3) pyrolysis begins with the scission of the weakest
bonds in the bridging groups connecting the aromatic rings or heterocycles. Char-forming
thermoplastics often swell and intumesce during their degradation/combustion and one recent
flame retardant approach promotes the formation of such intumescent char, as discussed later in
this paper.

Degradation of a polymer is often affected by the presence of abnormal structures which are
usually less thermally stable than the regular structures. Some such structures are inherent
consequences of the method of polymerization. If a vinyl polymer is polymerized with a free
radical initiator, termination reactions yield unsaturated end groups and also a head-to-head
linkage within the chain. These abnormal structures were found in PMMA and it was shown that
they lowered the thermal stability of the polymer and reduced ignition-delay time and increased
the burning rate [15,16].

As described above, the type of polymer structure, thermal properties, and the amount of heat
transferred to the polymer determine the depth over which the polymer is heated sufficiently to
degrade. Since the boiling temperatures of some of the degradation products are much less than
the polymer degradation temperatures, these products are superheated as they form. They nucleate
and form bubbles. Then, these bubbles grow with the supply of more small degradation products
by diffusion from the surrounding molten polymer [17]. Since the polymer temperature is higher
near the surface than farther below, the polymer sample is more degraded there and its molecular
weight, M, is lower. Since the viscosity of the molten polymer, i, depends strongly on molecular
weight and temperature (for example, n=cM>* or n= exp{-M/E(T-T )} [18]), the viscosity near
the surface is much less than that in the interior. The net result is a hxghly complex generation
and transport of bubbles containing small molecules from the interior of the polymer melt
outward through a strong viscosity gradient that heavily influences bubble behavior. A qualitative
description of this complex transport process and its effect on gasification rate has been given in
ref.19.

There are several types of theoretical models describing the transient gasification rate history of
polymeric materials under specified external heat fluxes such as energy feedback from flames




discussed above. Although detailed thermal degradation reactions have been modeled [20-22],
the models did not include any heat and mass transport processes in polymer samples. On the
other hand, if heat transfer and mass transport processes were included [23, 24], the degradation
reactions were approximated by a one-step global endothermic reaction for thermoplastics. For
char-forming polymers, a minimum of two simultaneous global reactions, one for char formation
and the other for formation of gaseous products, are used [25]. However, the majority of models
used in the fire research field are based simply on condensed phase heat conduction with a unique
pyrolysis surface temperature and heat of gasification for the sample. This approach (sometimes
called a thermal model) requires only a few quantities describing the condensed phase and has
been applied to thermoplastics and also extended to char-forming materials (Basically, it is
assumed that the heat transfer characteristic time in the condensed phase is much longer than the
degradation reaction time and the characteristic time of mass transport of degradation products
through the sample.). For char-forming materials, a unique pyrolysis temperature is specified to
form char and gaseous degradation products with a global heat of gasification [26]. The char
layer is formed with a specified char yield from the pyrolysis and it remains inert.

Since the chemical composition of real end products is often not known, even the above global
model might not be able to be applied without knowing the required information on the materials.
Then, a more direct approach to characterize the condensed phase (and also some of the gas phase
characteristics) of polymeric materials is used, such as the use of bench scale flammability test
methods, for example, the Cone Calorimeter [ASTM E 1354] or the LIFT (Lateral Ignition and
Flamespread Test, ASTM E 1321) to measure ignition delay time, heat release rate, combustion
products and flame spread characteristics. Then, the effective thermal properties of the materials,
pyrolysis temperature, and heat of gasification can be deduced from the results; these are key
quantities for a thermal model.

Selected Cases of Polymer Combustion

Horizontal Slab Burning

The combustion of a horizontal slab of polymeric material burning while subjected to an external
radiant source was modeled using the above described global approaches in the gas phase and in
the condensed phase and the predicted results were compared with experimental data. The slabs
had several different diameters and a finite thickness. Two different polymeric samples were
burned, one was PMMA and the other was wood, Douglas fir. The global modeling of the gas
phase for the two materials is the same except for values of the material combustion characteris-
tics for the gas phase such as the stoichiometric constant, the heat of combustion, the soot volume
fraction, and the combustion efficiency, which were specific to the material in question. The
shape of the flame was approximated as a right cylinder and radiative feedback rate from the
flame to the material surface was calculated by a mean beam length to represent the characteristic
path length [27].



The condensed phase model was different for the two materials. For PMMA, the model was
divided into three parts based on the experimentally observed trends: first the preheating period
up to ignition, second the transition period from ignition until a steady pyrolysis surface
temperature was obtained, and the third a gasification period. The second period began when the
surface temperature reached the specified ignition surface temperature of 290 °C. Then, a critical
mass flux at piloted ignition [28] was used to initiate flaming and the coupling between the gas
phase feedback and the fuel mass flux. When the surface temperature reached the specified
pyrolysis temperature of 400 °C, the surface temperature did not increase any more. Then, the
absorbed heat feedback from the flame was spent to gasify PMMA with a specific global heat
of vaporization and was also lost by conduction to the interior of the sample. The thermal
properties of PMMA were taken from our previous study [29]. Comparison of the calculated
surface temperature history with the measured result at an external radiant flux of 22.5 kW/m?

is shown in Fig.5. The results show close agreement except during the transition period where
the measured surface temperature increased much quicker than the calculated result. A
comparison between the calculated mass burning rate and the measured results is shown in Fig.
6. The calculated results predicted the correct trend, such as the fact that the mass burning rate
was higher for the larger diameter sample, although their predicted values were much less than
the measured values. As discussed below, this discrepancy is mainly caused by the flame
temperature calculation in the gas phase model. Both results show that the mass flux increased
rapidly in the later part of the tests due to less heat loss from the unexposed surface to a calcium
silicate board (with lower thermal conductivity than PMMA) used as a backing material in the
experiment and approximated as an adiabatic boundary in the calculation. The numerical
calculation was terminated when the remainder of the PMMA became less than 2 % of the
original weight. Higher burning rates for the larger diameter sample are due to a higher heat
release rate (total combustible fuel supply increased with the larger surface area) and consequently
larger/taller flames were produced, which increased the radiative heat feedback rate to the PMMA
surface.

For Douglas Fir, a global one-step degradation reaction was used in the condensed phase model
to form char and to generate combustible degradation products. The kinetic constants and
thermal properties of Douglas Fir and char were taken from Ref. 30. Its thickness was 1.9 cm.
Similar to the model for PMMA, during the pre-piloted-ignition period the sample was exposed
to only external radiant flux. Heat losses from the exposed hot surface to the environment were
by re-radiation and convection and the unexposed surface was adiabatic. Upon reaching the
minimum mass flux for piloted ignition, the exposed surface received heat flux from the flame
as well as an external radiant flux. Heat loss from the exposed surface by radiation continued
but convective loss ceased since the exposed surface started to receive convected heat from the
flame. The comparison of calculated and measured mass burning rates is shown in Figs. 7a and
7b, for 0.1 m diameter and 0.6 m diameter samples, respectively. Mass flux sharply increased
shortly after piloted ignition but it rapidly decreased after the formation of a char layer which has
lower thermal conductivity than virgin wood. Thus, the surface temperature became higher and
consequently re-radiation loss from the hotter surface increased. These figures show that the
calculated results are reasonably close to the measured data but tend to be lower. This trend is
consistent with the case for PMMA and further improvement in the flame temperature calculation



is needed. The uncertainty in the flame temperature calculation is primarily a result of the
uncertainty in the amount of entrained air flow. At a late stage of burning, numerous cracks in
the char layer were observed in the experiments. This increased the gasification rate of wood as
the virgin wood layer was exposed to the external radiation and the heat feedback from the flame.
Such a phenomenon was not included in this model.

Upward Flame Spread on a Wall

Flame spread up a vertical wall is a component of many fire scenarios; it is important to be able
to predict whether a flame will spread up the wall or not (and, if so, how fast) when a small
ignition source is located at the bottom of the wall. If the flame spreads partially, how far up
will it go ? There are several relatively simple models to answer such questions using material
parameters inferred from the Cone Calorimeter and LIFT or equivalent bench scale tests. Slightly
more detailed models are also available [26,3 1] but the most simplified model [32] is used here
to demonstrate how the flammability properties measured in the above tests can be used to predict
upward flame spread phenomena. The advantage of this most simplified model is that an
analytical solution can be derived and the physical factors influencing upward flame spread can
be clearly identified. In this model, the movement of the pyrolysis front measured relative to the
bottom of the wall, y, is expressed as [32]

Yoo (atl) par_ 1 (4)
Yo o o

where a—th"avg -1, ¥, is the initial pyrolysis length due to the ignition source and yo-le’o
The parameter k, is a constant in the relation between the average flame tip height and the total
heat release rate per unit width [33] and Q"avg is the average heat release rate per unit area of the
pyrolyzmg material, Q’ o is the heat release rate of the ignitor per unit width, and T_T/t where
tig is the ignition delay time of the material at the average flame heat flux. The parameter o
must be greater than zero in order for the upward flame spread process to accelerate, as shown
in Eq.(4). The values of Q" ave and tig are measured in the Cone Calorimeter and LIFT tests’.

The comparison of the predicted results based on the above approach with the experimental data
in the corner of a room is shown in Fig.8 [32]. A series of full scale room lining fire tests was
performed at the Swedish National Tesing Institute [34]. The test scenario consisted of lining
the walls and ceiling of the room (2.43 m x 3.66 m x 2.43 m in height with an opening of 2 m
by 0.9 m) with a given material. A 0.17 m by 0.17 m propane sand burner was placed in the
corner of the room. Initially, a 100 kW fire was allowed to burn in the corner. If this fire did
not cause flame spread in 10 minutes, then the burner output was increased to 300 kW. Figure
8 shows that the predicted results using the materials characteristics determined by bench scale

2 There are more detailed models of flame spread but they are beyond the scope of this paper;
generally, however, increased detail is in the gas phase instead of the condensed phase.

3 There is some uncertainty in this model regarding under what external flux these values should
be measured.



tests as inputs to Eq.(4) with a prescribed igniti(;n source agree reasonably well with the
experimental data.

Flame Retardants

The fire safety of materials can be enhanced by increased ignition resistance, reduced flame
spread rates, lesser heat release rates and reduced amounts of toxic and smoke products,
preferably simultaneously. The use of more thermally stable polymers, of which many are
available, might be a valid solution to these requirements but generally the cost of these materials
is relatively high and, furthermore, their physical properties or processability may not be as
desirable as those of less stable polymers. The most common approach to enhance fire safety
performance is the use of flame retardant additives to inexpensive polymers (large volume
commodity polymers such as PE, PP, PS, PVC, and so on). The additives must have a minimum
impact on physical properties and product cost. Although halogenated flame retardants are highly
effective for reducing the heat release rate of commodity polymers, the future use of these
retardants faces some questions. Public perception of the environmental impact of recycling and
combustion of certain halogenated flame retardants has become an issue in Europe [35,36].

Although there are many possible approaches to non-halogenated flame retardancy such as the
use of aluminum trihydrate or magnesium hydroxide (both generate water and act as a heat sink),
an interesting and promising approach is the formation of char; only the current status of this
latter approach is discussed in this paper. There are three mechanisms whereby the formation
of char reduces flammability: (1) part of the carbon (and hydrogen) stays in the condensed phase,
thus reducing the amount of gaseous combustible degradation products evolved; (2) the low
thermal conductivity of the char layer over the exposed surface acts as thermal insulation to
protect the virgin polymer beneath [37]; and (3) a dense char acts as a physical barrier to gaseous
combustible degradation products [38]. As described in ref.19, some polymers form char when
degraded in a fire but others do not. In order to understand how to form char or to increase the
amount formed, it is important to study the chemical and physical structure of char. Reference
39 presents excellent work on detailed analysis of the residues formed from aromatic engineering
polymers to determine their chemical structure. These results indicate that when BPA-PC and
other aromatic polymers are heated, they lose most of their aliphatic groups resulting in
predominantly protonated and unprotonated aromatic carbons in the residual char.

The physical structure of char has significant effects on polymer flammability. It is generally
preferable to form an intumescent char (swollen char) having a cellular interior structure
consisting of pockets of trapped gas [40]. The dominant protective role of an intumescent char
is mainly via its thermal insulating capability [38,40] rather than an obstacle to the passage of

4 There are numerous publications on the formation and characterization of carbon. Although
these publications are relevant to char, this subject is beyond the scope of this paper.
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volatile and low-viscosity products into the gas phase because low-viscosity polymeric melts can
rise through an intumescent char layer due to capillary forces [41].

The majority of commodity polymers do not form char during their combustion and current
research seeks to determine how to form char from these polymers. This char forming approach
is most successful when the polymer chars rapidly and early in the burning process. To be useful
the charring process must be designed so that it occurs at a temperature greater than the
processing temperature but before the polymer decomposition has proceeded very far. Our
approach to char promotion is to investigate relatively inexpensive additives which form char
from commodity polymers and to gain a fundamental understanding of the additive’s char
formation mechanism with the goal of optimizing the additive’s performance. Recent studies of
the flammability of polymers containing silicon based materials have shown these materials to
be promising fire retardants, either as additives, in blends with organic polymers or in copolymers
[42,43]. We have selected a combination of silica gel and potassium carbonate additives and
determined their effects on flammability properties of commodity polymers[44]. The intention
in using silica gel with K,CO; was to devise a method of in-situ formation of silicon based fire
retardants during combustion. The reaction of silica gel and organic alcohols in the presence of
metal hydroxides has been shown to give multicoordinate organosiliconate compounds [45].
Instead of synthesizing these materials and then combining them with various polymers to
evaluate their effect on polymer flammability properties, we envisioned the reaction occurring in
the condensed phase of the pyrolyzing polymer beneath the burning surface, by combining a
polyhydroxylic polymer, e.g. PVA or cellulose, with silica gel and K,CO;. If the indicated
reaction shown in Fig. 9 occurred between the polymer and the additives it should crosslink the
polymer and might assist in forming a silicon-oxy-carbide, SiOC, type protective char during
combustion.

Polymers and additives used in this study were® silica gel (Fisher Scientific Co., 28-200 mesh),
potassium carbonate, K,CO; (Mallinckrodt, granular) polypropylene, PP (Scientific Polymer
Products, Inc., Mw = 240,000 g/mole), polystyrene, PS (Scientific Polymer Products, Inc., Mw
45,000 g/mole), styrene-acrylonitrile, SAN (GE Polymers), polymethymethacrylate, PMMA (Du
Pont, Elvacite), poly(vinyl alcohol), PVA (Scientific Polymer Products, Inc., Mn = 86,000
g/mole, Mw = 178,000 g/mole, 99.7% hydrolysed via NaOH aq method), nylon 6,6 (Rhone
Poulenc) and alpha cellulose (Sigma Chemical Co., fiber, 99.5%). All were used as received.
The additives were mixed with the polymers by grinding the powders together in a mortar and
pestle (generally, total additive mass percentage was at most 10%). Cone samples were prepared
by compression molding the powdered samples (40 g-55 g) into 75 mm x 7-8 mm disks using
a Carver press with a heated mold (~22 MPa (10 tons) held for 3-5 minutes at 150 °C or at glass
transition temperature).

5 Certain commercial equipment, instruments, materials, services or companies are identified in
this paper in order to specify adequately the experimental procedure. This in no way implies
endorsement or recommendation by NIST.
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The flammability properties of these samples were measured in the Cone Calorimeter at an
incident flux of 35 kW/m? The results are summarized in Table 1 for the polymers and
polymers with the addition of silica gel and K,CO, [44]. Assuming all additives remained in the
polymer residue after the test, the char yield was determined as (polymer residue weight - initial
additives weight)/initial total sample weight. Smoke extinction area was determined by the
extinction measurement of a He-Ne laser beam through the combustion product exhaust duct
divided by the exhaust volume flow rate and sample weight loss rate. This value tends to
indicate the concentration of particulates in the combustion products. The results show that the
additives enhance the formation of carbonaceous char even if the original polymer does not
generate any char such as PP, PS and PMMA. The increases in carbonaceous char yield for PVA
and cellulose is nearly a factor of 10. The reduction in peak heat release rate by the additives
is quite significant, reaching about 50% for PP, PVA, cellulose, and nylon 6,6. A typical result
for the reduction in heat release rate is shown in Fig.10 for PP. However, the heat of combustion
is not significantly affected by the additives and also the concentrations of particulates and CO
in the combustion products do not increase with the additives. These trends are significantly
different from those for halogenated flame retardant additives. The results presented here clearly
demonstrate that the flammability of a wide variety of polymers is dramatically reduced in the
presence of relatively small concentrations of silica gel and K,CO,. However, we have only just
begun to find the effects of the additives on flammability. We are planning to evaluate other
types of basic materials (K,COj, is hygroscopic) and the effects of particle size, internal pore size
and silanol content of the silica gel on flammability.

The above results indicate that these additives appear to act in the condensed phase. In order to
understand their effects on polymer pyrolysis, the chars of PVA with silica gel / K,CO; (90:6:4)
and PVA with silica gel only (90:10) isolated following combustion in the Cone calorimeter, were
analyzed using several solid state 3¢ NMR techniques. The spectra are shown in Figures 11 and
12 for the PVA with silica gel only (90:10) char and for the PVA with silica gel / K,CO;
(90:6:4) char, respectively. The normal CP/MAS 13C NMR, shown in the middle of Figure 11,
contains a broad resonance in the aromatic-olefinic region from 110 ppm to 150 ppm and two
weaker broad signals in the aliphatic region, one centered at 20 ppm and the other at 35 ppm.
This spectrum shows that the ratio of aromatic-olefinic (sp ) carbon to aliphatic (sp ) carbon is
~ 3:1. An interrupted decoupling (ID)-CP/MAS spectrum of this char, shown in the bottom
spectrum in Figure 9, reveals only the non-protonated carbons which have cross-polarized.
Comparison of the ID-CP/MAS spectrum (bottom) to the normal CP/MAS spectrum (middle)
reveals that the downfield shoulder in the CP/MAS spectrum, centered at 135 ppm, is due to non-
protonated aromatic-olefinic carbons. The result of subtracting the appropriate intensity of the ID-
CP/MAS spectrum from the CP/MAS spectrum, so that the downfield shoulder is removed, is
shown in the top of Figure 11. This difference spectrum (top) reveals that the narrower upfield
portion of the aromatic-olefinic resonance, at 110 ppm -135 ppm, is due to protonated carbons.
The ratio of non-protonated to protonated aromatic-olefinic carbons in the cross-polarized signal
of this char sample is approximately 1 to 1. Comparison of the set of NMR data above with that
for the char resulting from the pyrolysis of pure PVA reveals that the non-protonated to
protonated aromatic-olefinic carbon ratio is 1:1 in both cases and that the chars appear to have
almost identical structure [46]. However, the presence of silica gel in PVA reduces the peak heat
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release rate from 609 kW/m?, for pure PVA, to 250 kW/m?. The presence of silica gel also
increases the char yield from 5% to 27%. It appears that the silica gel does not change the type
of char formed, since the chars have similar structure, but it does change the rate that it forms
since the char yield is higher and the flammability is lower.

A similar series of spectra of the char from PVA with silica gel and K,CO; (90:6:4) is shown
in Figure 12. The normal CP/MAS spectrum (middle) contains the sharp carbonate resonance at
162 ppm and a broad resonance in the aromatic-olefinic region from 115 ppm to 150 ppm. In
contrast to the spectra for PVA only or for PVA with silica gel (10%) there is little evidence of
any aliphatic (sp3) carbon. Comparison of the ID-CP/MAS spectrum (bottom) to the normal
CP/MAS spectrum (middle) reveals, as was observed for pure PVA and for PVA with silica gel,
that the downfield shoulder in the CP/MAS spectrum, centered at 135 ppm, is due to non-
protonated aromatic-olefinic carbons. The result of subtracting the appropriate intensity of the ID-
CP/MAS spectrum from the CP/MAS spectrum, so that the downfield shoulder is removed, is
shown in the top of Figure 10. The difference spectrum (top) reveals that the upfield portion of
the aromatic-olefinic resonance, at 115 ppm -135 ppm, is due to protonated carbons. The ratio
of non-protonated to protonated aromatic-olefinic carbon in the spectrum of this char sample is
approximately 1.5 to 1, i.e., this char contains a greater fraction of non-protonated aromatic-
olefinic carbons than the char formed in the absence of K,CO;. To the extent that the cross-
polarized signals in these materials reflect the sample-wide chemistries, these data indicate that
the presence of the K,CO; has increased the extent of carbon-carbon bond formation and
therefore of crosslinking in the char. This may be the reason for the even lower flammability
(peak heat release rate: 609 kW/m? for pure PVA; 250 kW/m? for PVA with silica gel; and 194
kW/m? for PVA with silica gel and K,CO;) and for the higher char yield in the presence of
K,COj; (char yield: 5% for pure PVA; 27% for PVA with silica gel; and 43% for PVA with
silica gel and K,COy).

We are also characterizing the residues formed from the combustion of the polymers discussed
above using solid state 'H, 27Si, single pulse (more quantitative) !3C NMR, and other
techniques. Our recent 2°Si NMR measurement of the carbonaceous char of PVA in the
presence of the additives showed no signal corresponding to presumed Si-O-C or Si-C bonds.
Therefore, it is not clear at present how silica gel and K,CO; enhance the formation of
carbonaceous char from a wide variety of polymers.
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Table 1. Cone Calorimetry Data

Sample disk  Char LOI = Peak Mean Mean Total Heat Mean Mean
Yield (%) RHR (A) RHR Heat of Released  Ext. Area COyield

ommx $mm () (kw/m?) (kW/m’) Combustion —aqpyedy (210 (k)

MJkg)
PP 0 |- ] 1760 | 800 38 360 690 0.04 ,I

PPw/ 6%SG& || 10 | - 740 510 33 300 710 0.04
4%PC (58%)

PS [ o Tis [ 1,740 [ 1010 25 280 1,420 0.07

PSw/ 6%SG& || 6 |24 | 1,190 720 25 250 1,500 0.07
4%PC (31%)

PMMA 0 |18 720 | 570 23 320 210 0.01

PMMA w/3%SG || 15 |25 | 420 250 21 230 200 0.05
& 1%PC (42%)

PVA 4 - 610 380 17 220 590 0.03

PVAW 6%SG & || 43 | - 190 110 12 100 200 0.03
4%PC (68%)

Cellulose 4 - 310 160 11 100 30 0.02

Cellulose w/ 32 - 150 70 5 30 20 0.04
6%SG & 4%PC (52%)

SAN 2 - | 1,500 840 25 200 1,330 0.07

SAN w/ 6%SG & || 3 - 1 1,130 770 23 170 1,300 0.06
4%PC (25%)

Nylon 6, 6 1 [30 | 1,130 640 23 110 230 0.02
Nylon 6, 6 w/ 5 |33 530 390 22 100 170 0.02
[+) 0

3%SG & 2%PC | (53%
Nylon 6, 6 w/ 6 130 | 550 370 24 100 180 0.02
0, 0,

6%SG & 4%PC (52%)

SG = Silica Gel, PC = K»CO3
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Figure 1. Fractions of idealized heat release dissipated by convection, radiation, and feedback
to the fuel surface with respect to fuel mass flux for methane and natural gas. [ref.1]
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Figure 2. Fractions of idealized heat release dissipated by convection, radiation, energy feedback
to the fuel surface and combustion efficiency with respect to fuel mass flux for acetylene. [ref.1]




Figure 3. Measured axial radiative feedback rate distribution for three different 30 cm diameter
pool flames. [ref.2]

Nwo I [ [ | _ | I | | I I I !

& 3s5p 4 f -
~ Mw - ]
5
— 20 -
O ® o ® P
> 1SH @ © o 0 ¢
I B m®
S5 100 o heptane &l N
© El 8
@~ S5k A {oluene B

O @ I 3®ﬁ_j®_vod_ ! ! l _ ! | | 1 %

O 5 10O 15

radius (cm)




Total wall heat flux (W/cm?)

10 : ] ¥ T_Illﬁ‘ | R AR RRL L) T l[ll‘ll i i IIIT'—E
ﬁ === — I 1 —sfe—11 —--- s :

i £O00 H&RE A A q'V’V=45(X/Qz D) ) .

= g g%" S, FROEE) -

Bg ° R
1 = s

E o© :‘ & .'j"

E ahp .

| solid flame~| I ]

s L B, ~a=2500;2 D)™

A L 3 N
= flame tips :

: 4% :

- \ .

\
- \ -~
L D \ .
° 00375~ Burner, Isothermal wall, N

0.01 00820 Bummer, Isothérmal wall "\ e
- . 00750 Burner, Thin wall \f:_ :

| o Vertical wicks(Ahmad-Faeth) \('\2- i

"+ CO Burner (Liburdy-Faeth) N
0.001 IR EER| oo el e 1o e ! 1\1\<_.J_L

0.1 1 2/3 10 100 1000
X/QL/D ()
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Figure 5. Comparison of of the calculated and experimentally measured surface temperature
history of a circular PMMA slab sample (1.3 cm thick) for two different diameters.
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Figure 7b. Comparison of predicted mass loss rate (burning rate) with experimental data for

Douglas Fir (0.6 m diameter) at 25 kW/m?
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Figure 11. Solid state '3C NMR spectra of char of PVA with silica gel only (90:10).
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Figure12. Solid state 3C NMR spectra of char of PVA with silica gel/K,CO; (90:6:4).




