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The development of effective flame retardant polymeric materials is of great 

interest to the fire protection community. To enable intelligent design of flame retardant 

polymeric materials, it is important to understand the relation between the material 

composition and the chemical and physical properties that control the fire growth 

process. This work details a generalized methodology to characterize flame retardant 

materials for the development of pyrolysis models that relate the fire behavior to 

material composition. 

The methodology employs thermogravimetric analysis, differential scanning 

calorimetry, and microscale combustion calorimetry, to measure the sample mass loss, 

heat required to decompose the sample, and the heat released from the complete 

combustion of the gaseous products evolved during the sample decomposition, 



  

respectively. Through inverse analysis of the milligram-scale experimental 

measurements using a numerical pyrolysis framework, ThermaKin2Ds, the 

decomposition kinetics and thermodynamics, and heats of combustion of gaseous 

pyrolyzate are determined. The chemical interactions between the polymer matrix and 

flame retardants are characterized by second-order (two-component) reactions. The 

resulting reaction model reproduces all aforementioned experiments with a high degree 

of detail as a function of heating rate and captures changes in the decomposition 

behavior with changes in the flame retardant contents.  

The methodology also utilizes a new bench-scale controlled atmosphere 

gasification apparatus to measure mass loss rate (MLR), back surface temperature, and 

sample shape profile evolution of 7-cm-diameter disk-shaped samples exposed to well-

defined radiant heating. Inverse analysis of the bench-scale gasification experimental 

measurements using ThermaKin2Ds and the developed reaction model yields 

properties that define heat and mass transport in the pyrolyzing samples. This approach 

is demonstrated using two sets of materials: glass-fiber-reinforced polyamide 66 

blended with red phosphorus and glass-fiber-reinforced polybutylene terephthalate 

blended with aluminum diethyl phosphinate and melamine polyphosphate. The 

resulting pyrolysis model is capable of predicting MLR data as a function of material 

composition and external heating condition. Idealized cone calorimetry simulations are 

conducted to demonstrate that, when the gas-phase combustion inhibition effect is 

excluded, aluminum diethyl phosphinate has a relatively minor impact on heat release 

rate, while the impacts of melamine polyphosphate and red phosphorus are significant.  
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Chapter 1. Introduction 

1.1 Background 

There has been a sharp increase in the use of synthetic polymeric materials during 

the past 60 years. Polymers are widely used in both high technology and household 

applications due to low weight, high tensile strength and low processing cost. Most 

polymers contain a large fraction of carbon and hydrogen atoms, which makes their 

composition similar to that of fossil fuels. Therefore, one key disadvantage of polymers 

is their inherent flammability. Most polymer-containing products must satisfy fire 

safety standards to assure public safety. As a recent example, an exterior aluminum-

polyethylene cladding, which failed to meet the flammability requirements, contributed 

to the destructive Grenfell Tower fire in June 2017 [1]. As this example demonstrates, 

the flammability of polymeric materials is a serious concern. 

A traditional solution to the polymer flammability problem is to incorporate 

flame retardants into the polymer to reduce its fire hazard. A flame retardant is a 

chemical that, when added to a combustible material, slows flame spread of the 

resulting material by promoting the formation of a char layer on the surface of the 

material or by inhibiting the chemical reactions in the flame [2]. Flame retardant 

materials have contributed to a significant reduction in the frequency of occurrence and 

the severity of fire events. For example, the number of television fires in Europe is 

estimated to be at least an order of magnitude higher than in the USA where the fire 

safety classifications for television enclosure materials has been more stringent and 
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flame retardant materials have been used [3]. Therefore, to further reduce the frequency 

of occurrence of fire events, it is very important to develop new and more effective 

flame retardant materials and design a set of methods to evaluate the fire performance 

of the developed materials. 

Several standard test methods [4–6] that mimic fire scenarios have been 

developed and employed to assess the material’s fire behavior. However, each of these 

tests is configuration specific. There has been limited success in attempts to extrapolate 

the generalized results to different scenarios. Additionally, these standard test methods 

offer limited quantitative insights into the fundamental chemical and physical processes 

that occur during pyrolysis.   

The limitations of the standard test methods have necessitated the rapid 

development of computational fire models that are capable of predicting the fire 

response of solid materials over a wide range of scenarios. Such models can provide a 

rapid and cost-effective assessment of material flammability by reducing the number 

of costly physical tests required to assess the flammability of a material. Fire models 

are characterized by a complex coupling of gas-phase and condensed-phase 

phenomena. Much work has focused on understanding the physics in gas-phase 

processes such as gas-phase combustion, turbulence, soot formation, and oxidation. 

However, the condensed-phase pyrolysis of burning materials have been less studied 

and understood due to the complexity of the fundamental physical and chemical 

processes [7]. The condensed-phase pyrolysis process is critical in the burning process 

because it generates the volatiles required for combustion [7]. Therefore, the 
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development of a comprehensive pyrolysis model plays a significant role in predicting 

ignition and growth of fires. 

In order to develop the pyrolysis model, a complete set of material properties as 

model inputs are required. These parameters include decomposition kinetic and 

thermodynamic parameters as well as thermal transport properties. Some success has 

been achieved in evaluating material properties and developing pyrolysis models for 

non-charring, charring, and composite materials [8–13]. As the demand for effective 

flame retardant additives to engineered plastics increases [14], it is crucial to extend 

the current methods to aid in developing pyrolysis models for polymeric materials 

blended with flame retardants.  

1.2 Literature Review 

1.2.1 Review of Pyrolysis Modeling Development 

It is recognized that the condensed-phase pyrolysis process that produces the 

volatiles required for combustion plays an important role in the ignition, flame spread, 

and burning process during the early stage of fire growth [7]. Significant efforts have 

been made to develop mathematical pyrolysis models to gain insight into the pyrolysis 

process. Several studies [15–17] provide useful summaries of the modeling of the 

complex chemical and physical processes that occur in the pyrolysis of solid materials.  

Pyrolysis models may be classified into either simple thermal models or 

comprehensive models based on the assumptions made to simplify the scenario. A 

major distinction between these two types of models is that thermal models rely on the 

assumption of infinite-rate reaction kinetics while comprehensive models account for 
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finite-rate reaction kinetics. In thermal models, the thermal decomposition process 

begins abruptly when the temperature reaches a critical value. The application of the 

critical decomposition temperature greatly reduces the model complexity to a single 

energy balance equation, which effectively decouples the thermal degradation process 

from other physical processes.  

The thermal models can be further categorized into two main groups in terms of 

the solution approach: simple analytical and integral models [16]. Analytical models 

are closed-form solutions for the rate of pyrolyzate production using the critical 

pyrolysis temperature. Despite the simplicity and convenience of analytical models, 

they have very limited usability because of the low accuracy resulting from the 

neglected physical and chemical processes.  

Integral thermal models are less restrictive than analytical models as they account 

for the physical phenomena (i.e. transient heat conduction, charring process, and flame 

heat transfer) ignored in simple models. Integral models also have the advantage of 

being computationally economical. An initial sample temperature distribution that 

depends on the spatial variable is substituted into the heat conduction equation and 

integrated with respect to the spatial variable to obtain the heat balance integral. 

Therefore, the original partial differential problem is simplified into an ordinary 

differential equation with time as the independent variable. A wide range of 

temperature distribution profiles including polynomial and exponential temperatures 

have been reported [18]. Recent studies showed that integral models were able to 

provide a reasonable accuracy for engineering purposes [19–22]. This type of model is 

also known as a Stefan problem. 
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Quintiere developed an integral model to describe the burning rate of solid 

materials [19]. This model included the charring process, vaporization, flame heat 

transfer, and transient heat conduction effects. It was assumed that the fuel decomposed 

to char and volatiles in an infinitesimally thin pyrolysis front at a fixed vaporization 

temperature. This model was applied to the gasification of a non-charring material by 

Quintiere and Iqbal [20]. Further examination of this model was conducted against the 

experimental data of semi-infinite charring solid materials collected by Spearpoint and 

Quintiere [21]. The mass loss and temperatures of four species of wood exposed to 

incident heat fluxes of 25-75 kW m-2 were measured. A second-order polynomial 

function was selected as the temperature distributions for the virgin material. All the 

material properties were assumed to be constant during the experiment. This model was 

found to provide reasonable predictions of the mass loss rates (MLR) and surface 

temperatures. 

Another similar integral model for predicting the burning of non-charring and 

charring materials was successfully demonstrated by Moghtaderi et al. [22]. A 

quadratic profile for the temperature distribution within the material was assumed. All 

the thermal properties were considered constant (independent of temperature and 

location). This model was validated against surface temperature, MLR, and char depth 

of pyrolyzed material obtained from analytical and numerical solutions, as well as 

experimental data. Though the integral models address the shortcoming of closed-form 

solutions, like all other thermal models, integral models employ the critical temperature 

criterion and therefore neglect the effect of chemical kinetics on the overall thermal 



 

 

6 

 

decomposition process. In addition, the simplified heat balance equations with the 

selected temperature profiles are not as accurate as the original un-simplified equations.  

Several comprehensive models have been developed to account for the finite 

chemical reaction rate and solve the partial-differential energy conservation equation. 

The Arrhenius equation is often used to calculate the reaction rate as a function of 

temperature. Comprehensive models utilize a lumped-species reaction scheme to 

provide thermal degradation rates in the condensed-phase. Although several molecular 

dynamics techniques, including reactive empirical bond-order potentials [23], ReaxFF  

force field [24,25], and reactive molecular dynamics [26–29], have been developed to 

provide detailed chemical reaction mechanisms, the simple lumped-species reaction 

scheme provides sufficient mass loss information while greatly saving computational 

cost and efforts [30].  

There are three classes of reaction schemes in the literature [15] including one-

step global reaction scheme, one-step multi-reaction scheme, and multi-step semi-

global reaction scheme. One-step global reaction schemes employ a single reaction to 

describe the total mass loss that occurs in the pyrolysis process [15]. One-step, multi-

reaction schemes use several parallel reactions that include a single reaction step for 

each virgin material [15]. Multi-step semi-global reaction schemes represent the most 

realistic reaction mechanisms and include primary reactions as well as secondary 

reactions that represent further degradation of the intermediate condensed-phase 

products [15]. 

Different levels of approximations have been made when modelling the complex 

physical processes of pyrolysis. In 1945, Bamford et al. [31] adopted a simple approach 
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of a Fourier heat conduction equation with a source term representing the heat 

generated by chemical reaction. Thermal decomposition was represented by a single 

first-order reaction. Reaction kinetics were approximated through measurements of the 

rate of decomposition of wood at various temperatures. A vertical sheet of wood was 

heated on each parallel face by a flame and the central temperatures of pyrolyzing wood 

were measured. This model provided reasonable predictions of the experimental central 

temperatures. Tinney [32] developed a similar mathematical model to describe the 

combustion behavior of small wooden dowels heated externally. In these two studies 

by Bamford et al. and Tinney, the variation of thermal properties in temperature and 

time and the convective heat transfer of volatiles were neglected. In 1972, Kung [33] 

developed a more realistic model that included variable thermo-physical properties and 

also accounted for internal heat convection due to the transport of volatiles. The 

flowing gases were assumed to be in thermal equilibrium with the condensed-phase 

materials.  

More recently, several generalized comprehensive pyrolysis models that can 

simulate the gasification of a variety of solid materials have been developed. The most 

prominent are Gpyro [34], the solid-phase model  for National Institute of Science and 

Technology (NIST) Fire Dynamics Simulator (FDS) [35], and ThermaKin [36]. It 

should be noted that the term “model”, when used in this study, represents both the 

modeling tools and specific sets of material properties.  

Gpyro [34] is an open-source model that is capable of simulating a wide range of 

scenarios. Temperature, species, and pressure distributions inside the sample are 

determined by solving the corresponding conservation equations for both gas-phase 
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and condensed-phase. The energy conservation equation takes into account conduction, 

heats of reaction, convection from the gas-phase components to the condensed-phase 

components, and in-depth absorption. However, the in-depth emission is assumed to 

be negligible and neglected in the model. The heat transfer between the gas-phase and 

condensed-phase components can be calculated using either thermal equilibrium or 

two-temperature (non-equilibrium) formulations. The gas-phase momentum is 

represented using Darcy’s law. The chemical reactions are described in Gpyro with 

Arrhenius reaction parameters and both heterogeneous and homogeneous reactions can 

be captured.  

The FDS solid-phase model [35] at NIST has the advantage of being coupled to 

the FDS gas-phase solver and can be applied in a wide range of fire scenarios. The 

conservation equations of mass, energy, and species are included and solved to predict 

the mass loss data. The energy equation takes into account the conduction in the solid 

phase, heats of reaction, in-depth radiation absorption, and in-depth emission of 

radiation. A “two-flux” model is employed to account for the radiation into and out of 

the sample. The model allows for multiple reactions in parallel or in sequence with an 

Arrhenius expression for the reaction rate. One limitation of FDS solid-phase model is 

that the gases generated in depth are assumed to be transported to the top surface 

instantaneously. In addition, FDS solid-phase model cannot simulate two-reactant 

reactions. The FDS condensed-phase model has been employed extensively in research 

and modeling efforts [37–39].   

ThermaKin was developed by Stoliarov and Lyon [36] at the Federal Aviation 

Administration (FAA). The major difference between ThermaKin and the condensed-
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phase model in FDS is the in-depth radiation absorption model. In ThermaKin, external 

radiation is absorbed within a single element that is selected at each time step using a 

random absorption algorithm. The Beer-Lambert distribution of absorbed energy is 

applied using a probability density function to guide this selection. Radiative heat 

transfer inside the sample is considered by applying the radiation diffusion 

approximation [40]. Both first-order and second-order (two solid components) 

reactions can be defined. This model has a flexibility to define most of the thermo-

physical parameters of a component as functions of temperature using quadratic 

polynomial formulations.  

All of these generalized models require a complete set of materials properties as 

model inputs in order to predict the rate of gaseous pyrolyzate production during 

pyrolysis of solid materials. These parameters include decomposition kinetic and 

thermodynamic parameters and thermal transport properties. A number of techniques 

have been developed to estimate the material properties. Although large-scale methods 

provide the closest representation to the real scenarios encountered in the built 

environment, the most commonly used methods are either milligram-scale or bench-

scale because the complexity and costs for fire tests increase significantly with 

increasing scales. 

Thermogravimetric Analysis (TGA) is a widely used milligram-scale test that 

can be used to determine the thermal degradation kinetics (pre-exponential factor, 

activation energy, and stoichiometric coefficients of reactions). In TGA [41], the 

sample mass is measured as the environmental temperature follows a user-specified 

temperature program in a well-defined gaseous atmosphere. The temperature is 
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controlled by a furnace that is capable of isothermal or dynamic heating (or cooling) of 

the sample. The small sample mass (5 to 10 mg) and low heating rates (10 to 30 K min-

1) are employed to ensure thermally thin behavior (no significant temperature or 

concentration gradients within the sample), effectively decoupling the chemical 

reactions from heat and mass transfer processes. The sample is contained in a ceramic 

or platinum crucible. The crucible may have a lid to improve the uniformity of the 

temperature profile within the sample or may not have a lid to improve the interaction 

between the sample and the atmosphere. A well-defined flowing atmosphere (often 

nitrogen or air), with a flow rate on the order of 100 mL min-1, helps to reduce 

condensation and deposition of gaseous products, flush out the corrosive byproducts, 

and reduce the possibility of secondary reactions.  

The Arrhenius equation was utilized to represent the solid-state chemical 

reactions [42]. The application of the Arrhenius equation to solid-state kinetics was 

justified by Galwey and Brown [43]. The Arrhenius equation and its relation to the 

sample MLR are shown in Eq. (1.1).  

dαcon

dt
= Aexp(

−E

RuT
)f(αcon)                                                                                                 (1.1) 

αcon =  
(m0−m)

(m0−mf)
                                                                                                              (1.2) 

αcon  is the extent of conversion, defined in Eq. (1.2). A  and E  are the pre-

exponential factor and activation energy, respectively. Ru represents the universal gas 

constant. T denotes the temperature. m0 indicates the initial sample mass, mf denotes 

the final mass, and m represents the instantaneous mass at time t. f(α) is the reaction 

model. The first-order reaction model, where the reaction rate is only dependent on one 
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reactant concentration, was widely adopted and found to be applicable for most solid 

materials [8,17,40,44–46]. A set of different reaction models applied to describe 

thermal decomposition in solids can be found in a study by Vyazovkin and Wight [47]. 

Isothermal and non-isothermal heating (usually constant heating rate) are two 

commonly used methods to estimate the reaction rate [48]. The isothermal method 

[49,50] yields time-evolved measurements at constant temperature. The main 

advantage of this method is that changes in the reaction mechanism are detectable 

because decomposition rates are obtained at a single temperature. In contrast to the 

non-isothermal method, the kinetic parameters are easily determined analytically. The 

disadvantage of the isothermal method is that the sample experiences a non-isothermal 

heating period (transition from one single temperature to another) and undergoes 

unknown transformations that likely affect the calculations. The non-isothermal 

technique mitigates this issue by heating the sample to a very high temperature at a 

prescribed heating rate. However, the reaction parameters in this case do not have 

analytical solutions and are more difficult to determine.  

Model-fitting [51] and model-free (iso-conversional) [52] methods have been 

developed to determine the reaction parameters. One disadvantage with model-fitting 

method is that different sets of Arrhenius parameters are able to predict the same 

experimental results due to the kinetic compensation effect [47,53]. This uncertainty in 

the kinetic triplet (reaction model, activation energy, and pre-exponential factor) may 

result in unreliable parameterization of kinetic parameters. 

The iso-conversional method relies on multiple heating rates and is able to yield 

the activation energy as a function of the extent of conversion (Eαcon
). It is called 
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“model free” because activation energy can be obtained independent of the reaction 

model. Several iso-conversional methods have been developed to determine the 

reaction parameters [52]. Friedman [54] proposed a differential iso-conversional 

method which required numerical differentiation of the experimental αcon with respect 

to T. However, this method often resulted in noisy data and thus, unstable Eαcon
. 

Integral iso-conversional methods [52,55,56] were developed to avoid this issue. 

Integral iso-conversional methods are computed either by approximation or numerical 

integration since analytical solutions did not exist.  

Differential scanning calorimetry (DSC) [57] is a method that measures the 

difference between the heat flow rate to a milligram-sized sample and a standard 

reference. The system is subjected to a well-defined temperature program and a well-

controlled gas environment. The sample and reference are both held in crucibles with 

lids to improve the uniformity of the temperature profile within the sample and 

reference. In this work, the TGA instrument operates in combination with DSC to 

simultaneously measure the mass loss and heat flow, which decreases the number of 

tests required and uncertainty between mass loss and heat flow data.   

There are two main types of DSC [58] (heat flux DSC and power-compensated 

DSC) and the main difference between the two types of DSC lies in the construction 

and principle of the measurement. In a heat flux DSC, there is a single furnace that 

heats both the sample and reference. The primary measurement is the temperature 

difference between the sample and the reference while the sample undergoes glass 

transition, melting or chemical reactions. The temperature difference is related to the 

heat flow to the sample through a calibration curve determined based on the heats of 
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melting of several salts and metals that are well characterized in literature. In a power-

compensated DSC, there are two independent furnaces. The temperatures of the sample 

and reference are kept at the same value via independent heating. As the sample absorbs 

energy due to sensible enthalpy changes, the sample furnace increases the heating 

power to maintain the temperature program. The difference in heating power provides 

a direct measurement of the heat flow to the sample. The analysis of DSC 

measurements allows for the determination of thermodynamic parameters of thermal 

decomposition. In this work, simultaneous thermal analysis (STA) was employed to 

simultaneously conduct both TGA and DSC tests to reduce the number of experiments 

as well as accurately determine decomposition kinetics and thermodynamics.  

In addition to defining decomposition kinetics and thermodynamics, a pyrolysis 

model requires the quantification of thermal transport parameters including optical 

properties and thermal conductivity. The optical properties are the surface emissivity, 

surface absorptivity, and absorption coefficient. The optical properties have been found 

to have a significant effect on the time to ignition [59].  

Most fire scenarios have temperatures around 1200 K or lower, which means that 

most of the energy released by radiation from the fires is in the infrared part of the 

spectrum around 2 μm  or higher [60]. Tsilingiris [60] conducted an analysis to 

calculate the total infrared transmission of various polymer film materials for a broad 

range of radiant source temperatures from 273 to 873 K. Polyethylene and 

polypropylene were found to have a very high transmission while materials like 

fiberglass, kapton, and mylar had a low transmission. The effects of source 

temperatures on the total transmission were found to vary from sample to sample.  
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Försth and Roos [61] conducted an extensive study to measure the absorptivity 

of 62 products in the wavelength region of 0.3 – 20 μm. An integrating sphere was 

utilized to perform the reflectance and transmittance measurements.  All of the 

measurements were conducted at room temperature. The effective absorptivity of most 

of the tested materials changed less than 10% when the temperatures of heat sources 

varied from 674 K to 1300 K. The authors also found that the effective absorptivity of 

some materials exposed to a cone heater decreased with increased exposure time.  

Linteris et al. [62] measured the absorption coefficients and total reflectance of 

11 commonly used thermoplastics. The absorption coefficients were calculated from 

data collected with two different methods, an integrating sphere and a broadband 

method. The first method measured the reflected or transmitted energy through the 

sample, and a ratio to the reference beam through the empty reference port of the sphere 

was computed. The second approach is similar to that developed by Jiang et al. [63] 

where the absorption coefficients were determined by comparing the radiative heat flux 

transmitted through the sample with the heat flux incident to the sample. It was found 

that both methods provided reasonably consistent results with each other. The average 

absorption coefficient was found to be highly dependent on the sample thickness and 

source temperature.  

While optical properties can be measured directly, it is very difficult to measure 

the thermal conductivity of samples that undergo thermal degradation. The existing 

methods for the measurement of thermal conductivity can be classified as steady state 

and dynamic/transient. The steady state methods, for example, guarded-hot-plate [64] 

and heat flow meter apparatus [65], are governed by a similar principle where heat 
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fluxes through the materials are measured while the temperatures at both sides of 

sample are maintained constant. However, these methods require samples with parallel 

sides and the dimensions to remain unchanged during the measurements. In addition, 

such methods require a relatively long time to reach steady state.  

Several transient methods have been developed and are used to measure the 

thermal conductivity as a function of temperature. Most of the existing studies only 

focused on measurements up to a temperature that was below the onset of 

decomposition.  Harada et al. [66] used the flash method [67] to measure the thermal 

properties of wood from room temperature up to 543 K. Zhang and Fujii [68] employed 

the transient short-hot-wire method [69] to measure the thermal conductivity and 

thermal diffusivity of nine polymers up to about 500 K. The design of a short-hot-wire 

(about 10 mm long) allowed for the use of a small amount of sample, which ensured 

uniformity inside the sample. This method was especially suitable for measurements of 

molten polymers. Assael et al. [70] improved the transient-hot-wire technique by 

introducing a soft-paste material to minimize the thermal-contact resistance. The 

thermal conductivity of poly(methyl methacrylate) (PMMA) was measured from room 

temperature up to 350 K. Stoliarov el al. [8] measured the thermal conductivity of 

several polymers using a Thermoflixer apparatus that was based on the transient line 

source method. The measurements of several polymers were performed in the 

temperature range between 315 K and the stability limit point (50 K below the onset of 

the decomposition).  

Those transient methods require two or more measurement points at well-defined 

locations and a good thermal contact to obtain accurate measurements. However, 
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samples may expand/shrink and/or form porous structures during the pyrolysis process. 

Therefore, these methods cannot measure thermal conductivity of the intermediate 

products or char produced during decomposition process.  

It is challenging to accurately measure all the material properties of pyrolyzing 

materials. Any changes and/or uncertainties of the properties will affect the predictions 

of the burning rate and heat release rate. Comprehensive sensitivity analyses have been 

conducted to identify the most relevant parameters. Stoliarov et al. [71] employed 

ThermaKin to analyze the effect of independently varying polymer properties (thermal, 

optical, and chemical properties) on the rate of burning. A number of literature sources 

containing information on synthetic polymers were used to determine the average 

values and boundaries of these properties. It was found that the heats of decomposition, 

char yield, pre-exponential factor, and activation energy are of key importance for the 

prediction of the peak and average burning rates. Density, heat capacity, and thermal 

conductivity are of little significance.  

Linteris [72] performed an additional sensitivity analysis to study the effects of 

properties variation on the time-dependent MLR (time to ignition and time to peak 

MLR) in addition to the effects on global parameters (such as peak heat release and 

average heat release) reported by Stoliarov et al [71]. It was found that the heats of 

reaction and thermal conductivity have the greatest and least effects on the prediction 

of the polymer decomposition, respectively. The absorption coefficient influenced the 

shape of the MLR curve and ignition time. The variation of material thickness also 

showed significant effects on the shape of the MLR curve and time to peak MLR. These 

sensitivity studies can be helpful in reducing the dimensionality and complexity of 
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models for a given application and guiding experimental design to focus on the most 

critical properties. 

In addition, the design of customized bench-scale flammability apparatuses have 

contributed to the development of pyrolysis modeling. The cone calorimeter is one of 

the most widely used bench-scale methods to investigate the material burning process 

and to estimate the material properties [8,34,39,40,73,74]. One issue with the cone 

calorimeter is that the tests are conducted in well-ventilated, open air whereas 

ventilation is usually limited during real fire scenarios. Additionally, the effects of 

oxidation and gas-phase combustion on condensed-phase pyrolysis cannot be 

eliminated in the poorly defined boundary conditions of cone calorimeter tests. 

Therefore, specialized bench-scale gasification techniques were required to provide 

well-defined boundary conditions and to decouple these additional effects from 

condensed-phase pyrolysis. These instruments includes NIST gasification apparatus 

[75], fire propagation apparatus (FPA) [76], mass loss calorimeter [77], and controlled 

atmosphere pyrolysis apparatus (CAPA) [78]. These techniques enable the 

simultaneous measurement of sample mass loss and sample temperature in an 

anaerobic environment. Several methods have been proposed to determine a complete 

set of material properties based on the data obtained from these bench-scale tests. 

Lautenberger et al. [79] proposed a methodology that employed an automated 

optimization technique integrated with the NIST FDS pyrolysis model to estimate the 

materials properties from experimental data collected from cone calorimeter tests. Two 

charring materials (redwood and red oak) and one thermoplastic material 

(polypropylene) were tested and surface temperatures and MLR were recorded. A 
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genetic algorithm (GA) that imitates the principles of natural selection and mutation 

was developed. The initial set of property values are randomly generated and the next 

set are created by stochastic mutations. The magnitude of the mutations is decreased 

with each iteration until convergence is achieved and no subsequent improvements 

occur. GA’s advantages include excellent performance in high-dimensional and non-

linear problems, resistance to solution being trapped in a local optima, and wide 

exploration of the parameter space. GA was used to determine parameter sets that 

provided near-optimal agreement between the model predictions and experimental 

data. All the properties were assumed to be independent of temperature. The developed 

models provided satisfactory predictions of experimental data.  

Chaos et al. [76] employed a more advanced optimization scheme (Shuffled 

Complex Evolution (SCE) approach) to determine the material properties from 

pyrolysis data collected in FPA tests. SCE has the advantage of considerably reducing 

the number of iterations required for convergence and providing more accurate 

predictions compared to GA. The one-dimensional (1D) pyrolysis model developed by 

Chaos et al. was based on the principles of Gpyro [34]. The model coupled with SCE 

was employed to estimate the parameters of three materials: PMMA, single-wall 

corrugated board, and chlorinated polyvinyl chloride. It should be noted that only MLR 

data were used to develop the pyrolysis model. The surface temperature data measured 

with an infrared pyrometer were not used in model development due to the unknown 

surface emissivity. The temperature-dependency of properties was not considered. This 

approach predicted the MLR data of the tested materials exposed to several heat fluxes 

very well. It is noted that Chaos et al. attempted to estimate all the material properties 
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though a single set of experimental data for pyrolyzing materials that undergo a 

complex coupling of physical and chemical processes. The resulting material properties 

may not be representative of the actual physical and chemical properties and thus the 

extrapolation to scenarios outside of calibration conditions were unjustifiable [34,80].  

Therefore, it is crucial to design an approach to yield more physically realistic 

parameters that can describe material response to conditions outside the calibration 

scenarios.  

Li et al. [9,46,78,81] developed a methodology to parameterize the material 

properties for pyrolysis model development of solid materials in a hierarchical way. 

This methodology was based on the TGA, DSC, and CAPA experiments coupled with 

inverse numerical modeling of these experimental data using ThermaKin. First, TGA 

and DSC tests where the chemical reactions were decoupled from the mass and heat 

transport processes were conducted to determine to the kinetics and thermodynamics 

of decomposition, respectively. Second, the back surface temperatures were obtained 

by focusing a calibrated infrared camera on the bottom sample surface through a gold-

coated flat mirror in CAPA experiments. An inverse analysis of the measured back 

surface temperatures was employed to determine the thermal conductivity of 

components. The temperature-dependency of the parameters were considered. Third, 

the MLR data obtained from CAPA tests, not used as parameter calibration, were 

employed to validate the resulting parameters. This methodology has been successfully 

applied to a set of non-charring and charring polymers [9,46,78,81]. The resulting 

pyrolysis models were able to predict the experimental burning rates collected at 

different heat fluxes beyond the calibration range.  



 

 

20 

 

McKinnon et al. [12,82] extended this existing methodology to construct 

pyrolysis models for highly complicated composites. Microscale combustion 

calorimeter tests were also introduced to determine the complete heats of combustion 

of evolved volatiles [83]. The heats of combustion are critical for fire risk assessments 

as it relates the burning rate to the heat release rate. In the study of the multilayer floor 

covering [82], McKinnon and Stoliarov parameterized each layer individually to 

identify its contribution to the overall response of the composite. The combination of 

different layers produced a fair agreement between the experimental and simulated data 

of the composite. The potential physical and chemical interactions between layers were 

not considered.  

As the demand for more effective and environmentally friendly flame retardant 

additives to engineered plastics increases [14], it is crucial to extend this methodology 

to flame retardant materials for pyrolysis model development. Girardin et al. [84] 

attempted to develop a pyrolysis model of a multi-component flame retardant system. 

During the model construction, the blend was treated as a single component and the 

potential chemical and physical interactions between each component were not taken 

into account. Knowledge of the interactions enables a quantitative understanding of the 

relation between the fire behavior and the material composition (flame retardant 

content), which plays a critical role in designing flame retardant materials with optimal 

fire resistance and other excellent mechanical properties.  

1.2.2 Review of Characterization of Flame Retardant Materials 

A number of flame retardants, which act on a material with different physical and 

chemical mechanisms to improve the material fire performance, have been explored 
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for various polymers. In general, flame retardants can be classified into three different 

types based on the mechanisms of flame retardant action [85]: gas-phase flame 

retardancy, char-forming flame retardancy, and endothermic flame retardancy. The 

first and second flame retardancy methods are more widely adopted.  

Halogenated flame retardants have been in use since the 1930s and have been 

found to be the most effective for a wide range of polymers. Among all the halogenated 

flame retardants, brominated flame retardants are most widely used since they are 

highly efficient and relatively inexpensive [86]. It was found that the C-Br bond is 

stable enough for environmental exposure and yet unstable enough that heat can easily 

break the bond, releasing the bromine under fire conditions to inhibit free radical 

combustion reactions in the vapor phase. However, significant concerns have been 

raised regarding the persistence of brominated flame retardants in the environment, the 

tendency of brominated flame retardants to bio-accumulate and their potential toxicity 

[87,88]. Efforts have been made to develop environmentally friendly alternatives to 

halogenated flame retardants.   

Halogen-free phosphorus-based flame retardants have gained increasing 

popularity for various polymeric materials since they can be effective in both vapor 

phase through flame inhibition and condensed-phase by producing and enhancing char 

layers [89–92]. Phosphorus-based flame retardants can vary greatly from inorganic to 

organic forms and vary between oxidation states (0, +3, +5) [93]. Even at a relatively 

low loading level (mass concentration), the phosphorus-based flame retardants 

demonstrate effective flame retardancy [94]. In addition, the phosphorus compounds 

act as acid catalysts in the intumescent systems to initiate the char formation process to 
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produce a protective carbon layer. An intumescent system [95] consists of three 

components: an acid catalyst, a carbon source, and a blowing agent. The intumescent 

systems are typically used to provide fire protection for fire barriers and applications 

requiring a high level of fire safety.  

In this work, two widely used phosphorus-containing flame retardant polymers 

are investigated: glass fiber reinforced polyamide 66 (PA66/GF) blended with red 

phosphorus (RP) and glass fiber reinforced polybutylene terephthalate (PBT/GF) 

mixed with aluminum diethyl phosphinate (DEPAL) and melamine polyphosphate 

(MPP). The engineering plastic PA66 has an excellent electrically insulating property, 

high tensile strength, and high ductility, and has been widely used as electrical 

insulator. However, pure PA66 has poor dimensional stability and  poor resistance to 

long-term heat exposure [94]. Therefore, additives are always incorporated into PA66 

to maintain dimensional stability and increase fire resistance before use in electrical 

and electronic products where fire resistance is required. The incorporation of glass 

fiber helps to prevent the PA66 from dripping. However, glass fiber reinforced PA66 

is more combustible than the pure PA66 due to the “wick effect” [96,97] where the 

molten polymer is transported from regions of higher concentration to regions of lower 

concentration. Phosphorus-containing additives have been found to be very effective 

in improving the fire performance of PA66/GF. Red phosphorus blended with 

PA66/GF is the most widely used [93,98]. It was found that the incorporation of 6-8 

wt.% of red phosphorus (RP) into glass fiber reinforced polyamide blends yields a V-

0 rating in UL 94 tests [94]. UL 94 [5] is a standard test for flammability of polymeric 
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materials used for parts in devices and appliances. Materials that obtain a V-0 rating 

are classified to be flame resistant.  

Schartel et al. [99] conducted an extensive study of the decomposition and 

combustion behavior of seven glass fiber reinforced PA66 blends. Thermogravimetry 

(TG) coupled with Fourier Transform Infrared Spectroscopy, and TG coupled with 

Mass Spectroscopy, were used to investigate the thermal decomposition of the blends. 

A cone calorimeter was employed to analyze their combustion behavior. With the 

introduction of RP, the MLR curves showed two separate decomposition peaks in TG 

results. The temperature regions of the decomposition MLR curve of RP-containing 

blends were broadened. The cone calorimeter results showed that RP acted in 

condensed-phase decomposition by increasing the amount of char. The produced char 

acted as a barrier layer that inhibited the mass and heat transfer, which resulted in a 

decrease in total heat release.  

PBT is used for various insulating parts in the electrical and electronic industries, 

like lamp holders, switches, circuit breakers, and motor casings. It has high heat 

resistance, good mechanical strength, water resistance, and excellent electrical 

insulating properties [100]. However, pure PBT is highly combustible, so it is necessary 

to improve its fire retardancy to meet the fire safety requirements of electrical and 

electronic applications. GF is added into PBT to help prevent dripping and maintain 

integrity when burning. However, PBT/GF is more flammable than pure PBT due to 

the wick effect. Phosphorus-based additives are added into PBT to improve the fire 

resistance and are found to be very effective in both the condensed-phase by promoting 

char formation and gas-phase by inhibiting the flame [101–103]. The introduction of 
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melamine derivatives as a synergist with phosphorus flame retardants was found to 

further contribute to the fire resistance of the polymer matrix [102,104,105]. Braun et 

al. [103] investigated the effects of different flame retardants on the pyrolysis and fire 

behavior of PBT/GF by means of TGA-infrared spectroscopy and cone calorimeter 

tests as well as scanning electron microscopy. It was found that PBT/GF, flame 

retardant with DEPAL and melamine cyanurate, achieves a V-0 classification in UL 94 

test and has an increased LOI of 44%. 

Most of the previous studies of flame retardant materials focused on the 

qualitative or semi-quantitative analysis of the thermal decomposition and combustion 

behavior [92,96,99,103,105–109]. None of them can provide a quantitative 

understanding of the relation between the fire behavior and material composition. 

Knowledge of this relation allows for intelligent design of flame retardant materials 

with optimized fire resistance and other excellent mechanical properties. Therefore, in 

this work, special attention has been focused on the development of a condensed-phase 

pyrolysis model that quantitatively relates the flame retardant contents to the fire 

behavior. 

1.3 Objective and Current Approach 

The present research seeks to characterize flame retardant materials for the 

development of pyrolysis models that quantitatively relate the flame retardant contents 

to fire behavior of flame retardant materials. Relating the fire behavior to material 

composition enables informed design of flame retardant materials with optimized fire 

performance while maintaining optimal mechanical properties. A combined 
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experimental and modeling methodology is detailed to estimate the model inputs 

(material properties) for the development of comprehensive pyrolysis models of flame 

retardant materials. Two sets of widely used flame retardant materials (PA66/GF/RP 

blends and PBT/GF/DEPAL/MPP blends) are examined in this work to demonstrate 

the generality of the methodology [110–113]. 

The methodology employs milligram-scale experiments (TGA, DSC, and MCC) 

to measure the sample mass loss, the heat required to decompose the sample, and the 

heat released from the complete combustion of the gaseous products evolved during 

the sample decomposition. The small sample mass and low heating rate used in the 

milligram-scale experiments facilitate decoupling the chemical reactions from the mass 

and thermal transport processes. Through an inverse analysis of the TGA, DSC, and 

MCC measurements using a fully verified and validated numerical pyrolysis 

framework, ThermaKin2Ds, the decomposition kinetics and thermodynamics, and 

heats of complete combustion of gaseous pyrolyzate released from decomposition are 

determined. The decomposition kinetics and thermodynamics include the reaction 

kinetics, heat capacities of condensed-phase reactants and products, and heats of 

decomposition or melting. The extrapolating capability of the developed reaction 

model is validated against data collected at different heating conditions and for blends 

with new material compositions that differ from those employed in the model 

calibration.  

The methodology also relies on a new controlled atmosphere pyrolysis apparatus 

II (CAPA II) to simultaneously measure the MLR, back surface temperature, and 

sample shape profile evolution of pyrolyzing samples exposed to well-defined radiant 



 

 

26 

 

heating. CAPA II has been developed to enable carefully controlled gasification 

experiments of intumescent and charring materials through a joint effort between 

several colleagues. Interpretation of the CAPA II measurements using the reaction 

model and ThermaKin2Ds yields the properties that define heat and mass transport in 

the pyrolyzing samples. A complete pyrolysis model is developed using the resulting 

reaction model and thermal and mass transport properties. The extrapolating capability 

of the pyrolysis model is examined against data obtained at different external heating 

conditions and for blends with new compositions that are outside of those used in the 

model calibration.  

Additionally, idealized cone calorimetry simulations are conducted to 

demonstrate the action of flame retardants on the fire performance of a material based 

on the heats of combustion of gaseous products obtained in MCC and the developed 

pyrolysis model. To the best of my knowledge, it is the first time that a quantitative 

relation between the fire behavior and material composition has been developed for 

multi-component flame retardant systems. This work is critical for intelligent design of 

flame retardant materials with optimal fire resistance and other optimal properties 

tailored for specific applications.  
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Chapter 2. Materials 

2.1 PA66/GF/RP Blends  

The glass fiber reinforced polyamide 66 mixed with red phosphorus tested in this 

work was provided by BASF. The compounds were mixed and produced on a twin-

screw extruder. The extrudate was pulled through a water bath for cooling prior to 

becoming granulated. Samples for gasification tests were prepared via injection 

molding [114] into 3.8 mm thick plates. 

The formulation name and composition of PA66-based blends are shown in 

Table 2.1. These materials were selected to represent a range of compositions that are 

commonly encountered in industrial and commercial applications. Three blends, 

PA66/GF25, PA66/GF25-RP1.5, and PA66/GF-RP6.0, were employed to develop the 

reaction mechanism. Glass fiber was assumed to be chemically inert. PA66, 

PA66/GF25-RP3.0, PA66/GF-RP4.5, and PA66/GF-RP9.0 were used to validate the 

developed reaction mechanism. The first four blends in Table 2.1 were employed to 

develop the pyrolysis model that was built on the foundation of the developed reaction 

mechanism. Two blends with new compositions, PA66/GF-RP4.5 and PA66/GF-

RP9.0, were used to validate the pyrolysis model. It should be noted that PA66 was 

also included in the pyrolysis model development to enable the parameterization of the 

thermal transport properties of PA66 and the physical interaction between PA66 and 

GF when developing the pyrolysis model.  

The samples for TGA, DSC, and MCC tests were prepared by either cutting or 

grinding the plates into 3-7 mg specimens. Each test was repeated multiple times using 
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varying sample mass and shape to verify that the test results were not sensitive to these 

factors and thus ensure thermally thin behavior (no significant temperature or 

composition gradients within the sample). The samples for gasification tests were 

prepared by cutting the 3.8 mm thick plate with a computer numerical control milling 

machine into a circle with a diameter of 0.07 m. The samples were further machined to 

have a thickness on the order of 1 × 10−3  m for broadband radiation absorption 

measurements. All samples were conditioned in a desiccator in the presence of Drierite 

for a minimum of 48 hours prior to testing to obtain measurements with negligible 

contribution from moisture. 

Table 2.1 PA66-based materials tested in this study. 

 

Formulation Name 
PA66 (wt.%) 

A24 * 

GF (wt.%) 

OCF DS 1110 * 

 

RP (wt.%) 

 

Model 

Development 

PA66 100 0 0 

PA66/GF25 75 25 0 

PA66/GF25-RP1.5 73.5 25 1.5 

 PA66/GF25-RP6.0 69 25 6.0 

Model 

Validation 

PA66/GF25-RP3.0 72 25 3.0 

PA66/GF25-RP4.5 70.5 25 4.5 

PA66/GF25-RP9.0 66 25 9.0 

* Commercial name 

2.2 PBT/GF/DEPAL/MPP Blends 

Glass fiber reinforced polybutylene terephthalate mixed with aluminum diethyl 

phosphinate and melamine polyphosphate blends tested in this work were provided by 

BASF. They were produced by first mixing the polymer matrix and additives and then 
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extruding the mixture into 3.8 mm thick plates in the same manner as described in 

Section 2.1. The formulation name and composition of the PBT-based materials are 

shown in Table 2.2. Five blends, PBT/GF25, PBT/GF25-DEPAL8, PBT/GF25-

DEPAL16, PBT/GF25-MPP4, and PBT/GF25-MPP8, were employed to develop the 

reaction mechanism. Glass fiber was assumed to be chemically inert. PBT, PBT/GF25-

DEPAL8-MPP4, and PBT/GF25-DEPAL16-MPP8 were subsequently used to validate 

the reaction mechanism. The first six blends in Table 2.2 were employed to develop 

the pyrolysis model. The last two blends in Table 2.2, PBT/GF25-DEPAL8-MPP4 and 

PBT/GF25-DEPAL16-MPP8, were used to validate the pyrolysis model. It is noted 

that PBT was also included in the pyrolysis model development, unlike the reaction 

mechanism development, to enable the parameterization of the thermal transport 

properties of PBT and the physical interaction between PBT and GF when developing 

the pyrolysis model. 

The samples for TGA, DSC, and MCC tests were prepared by either cutting or 

grinding the plates into 3-7 mg specimens. Each test was repeated multiple times using 

varying sample mass and shape to verify that the test results were not sensitive to these 

factors and thus ensure thermally thin behavior (i.e., no significant temperature or 

composition gradients within the sample). The samples tested in gasification tests were 

carefully cut with a computer numerical control milling machine to have a diameter of 

0.07 m and a thickness of 3.8 mm. All samples were conditioned in a desiccator in the 

presence of Drierite for a minimum of 48 hours prior to testing to ensure negligible 

contributions from moisture.  
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Table 2.2 PBT-based materials tested in this study. 

 

Formulation Name 

PBT  

Ultradur 

B4500
* 

(wt. %) 

GF  

Glass fiber 

PPG 3786
*
 

(wt. %) 

DEPAL 

Exolit OP 

1240
*
 

(wt. %) 

MPP 

Melapur 

200
* 

(wt. %) 

Model 

Development 

PBT 100 0 0 0 

PBT/GF25 75 25 0 0 

PBT/GF25-DEPAL8 67 25 8 0 

PBT/GF25-DEPAL16 59 25 16 0 

PBT/GF25-MPP4 71 25 0 4 

PBT/GF25-MPP8 67 25 0 8 

Model 

Validation 

PBT/GF25-DEPAL8-MPP4 63 25 8 4 

PBT/GF25-DEPAL16-MPP8 51 25 16 8 

* Commercial name 
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Chapter 3. Experimental Methods 

3.1 Milligram-scale Experiments 

3.1.1 Simultaneous Thermal Analysis (STA) 

A Netzsch 449 F3 Jupiter Simultaneous Thermal Analyzer was employed to 

conduct TGA and DSC tests simultaneously. This apparatus combines a TGA 

instrument equipped with a 1 μ g-resolution microbalance and a heat flux DSC 

implemented using a Netzsch TGA-DSC sample carrier equipped with P-type 

thermocouples. Figure 3.1 depicts a schematic of the STA. More information on the 

design of the 449 F3 Jupiter STA can be found in the manufacture’s brochure [115].  

All STA tests followed a carefully prescribed temperature program. The 

temperature program for these tests had a conditioning period in which the sample was 

maintained at 313 K for 25 min, followed by a linear heating up to 873 K. The majority 

of the tests were conducted at a nominal heating rate of 10 K min-1 (0.167 K s-1) to 

ensure that the heating rate was sufficiently low to decouple the chemical reactions 

from the mass and thermal transport. The tests were performed in an anaerobic 

environment established by continuously purging the analyzer’s furnace with nitrogen 

at a rate of 50 mL min-1.  Platinum-Rhodium crucibles with lids were utilized in all 

tests to maximize temperature uniformity and heat flow sensitivity. The lids had a small 

opening for ventilation to allow gaseous pyrolyzate to escape the crucible. It was shown 

in a previous study [45] that the lid does not interfere with the transfer of gaseous 

decomposition products out of the crucible. The mass and heat flow data were collected 

simultaneously as a function of time and sample temperature. 
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The temperature and heat flow sensors of this instrument were calibrated using a 

set of seven organic and inorganic compounds with known melting points and heats of 

melting. The temperature calibration provided a relation between the measured and 

actual sample temperatures. The heat flow sensors calibration provided a conversion 

between the difference in the voltage generated by the sample crucible and the 

reference crucible, and the actual sample heat flow. The calibration tests were 

performed under the same test conditions (temperature program, flow rate, and type of 

crucible) as those utilized in the majority of actual experiments.  The stability of the 

calibrations were checked once a month and the apparatus was completely recalibrated 

every 3 months.  

Each sample test was preceded by a baseline test where the empty sample and 

reference crucibles were subjected to the same heating program as the actual test. The 

mass and heat flow data of the baseline were subtracted from the corresponding data 

obtained from the actual sample test. All the TGA and DSC data presented in this work 

have been baseline corrected. A detailed description of the instrument calibration and 

testing protocol can be found in an earlier publication [45]. 

The STA tests of both PA66-based and PBT-based blends employed in the 

reaction mechanism development were conducted at 10 K min-1 and repeated ten times 

to ensure reproducibility and accumulate necessary statistics. Additional TGA-only 

tests (no heat flow signal was collected) of these blends were performed at 5 K min-1 

and 20 K min-1. These TGA-only tests were repeated three times and were used to 

verify that the developed reaction model correctly extrapolated the material’s behavior 

to alternate thermal conditions. Only TGA tests on the remaining PA66-based blends 
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used for reaction model validation were conducted at 10 K min-1 and repeated three 

times. The STA tests on the remaining PBT-based blends used for reaction model 

validation were conducted at 10 K min-1 and repeated five times to produce reliable 

DSC data. The TGA tests of MPP were performed at 10 K min-1 in triplicate. The mass 

and heat flow data obtained from repeated tests were averaged prior to use to minimize 

random errors. 

 

Figure 3.1 Schematic of Simultaneous Thermal Analysis. 

3.1.2 Microscale Combustion Calorimetry (MCC) 

MCC is a standardized test method used to measure the heat release rate (HRR) 

from complete combustion of gaseous products evolved from a pyrolyzing solid. Figure 

3.2 shows a schematic of Microscale Combustion Calorimeter. The primary 

components of this apparatus consist of a pyrolyzer and a combustor. The MCC tests 

were performed at the same prescribed heating rate of 10 K min-1 as used in STA tests 

to enable a direct comparison with the STA measurements. A slightly higher 
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temperature of 348 K was set as the initial temperature. All the samples were pyrolyzed 

in a ceramic crucible without a lid in nitrogen at a flow rate of 80 mL min-1. The gaseous 

pyrolyzate was purged by nitrogen into the combustor, where the pyrolyzate was mixed 

with excess oxygen, supplied at a flow rate of 20 mL min-1, and oxidized. The 

temperature of the combustor was set at 1173 K to ensure complete combustion. The 

heat released from the combustion process was measured using the principle of oxygen 

consumption [83]. The HRR was recorded as a function of time and pyrolyzing sample 

temperature. A detailed description of the MCC method can be found elsewhere [83]. 

The MCC apparatus was carefully calibrated on a monthly basis following the 

recommended procedures [83]. A temperature calibration that relied on the melting 

point of several pure metals (Indium, Lead, Zinc, and Aluminum) was conducted to 

ensure accurate sample temperature measurements. The oxygen sensor was calibrated 

against a standard O2/N2 mixture to ensure accurate HRR measurements. Polystyrene 

tests were conducted prior to the sample test to ensure the stability of the instrument. 

MCC tests were subsequently performed on the materials used in the reaction model 

development. Each test was repeated three times due to their high reproducibility. The 

HRR data obtained from repeated tests were averaged prior to further analysis. 
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Figure 3.2 Rendering of the Microscale Combustion Calorimeter. 

3.2 Bench-scale Experiments 

3.2.1 Broadband Radiation Absorption 

The broadband radiation absorption coefficient measurement was based on a 

methodology described by Linteris et al. [62], which was adopted in several additional 

studies [78,82,116]. The method involved irradiating a material specimen with a 

thickness about 1× 10−3 m, at a well-defined radiant flux from an electric conical 

heater. The radiation flux transmitted through the sample was measured with a 

Schmidt-Boelter heat flux gauge (1.2 × 10−2  m diameter). A schematic of the 

measurement setup is provided in Figure 3.3. The radiation was collimated by Kaowool 

PM insulation board with a cylindrical hole in the center, comparable in size to the 

diameter of the heat flux gauge, to direct the light waves through the sample specimen. 



 

 

36 

 

The heater was set at a temperature of 940 K that corresponded to the radiant heat flux 

of 45 kW m-2 to the sample surface in the gasification experiment, described in Section 

2.3. The sample was positioned 0.07 m below the base of the heater housing and the 

heat flux gauge was positioned directly below the sample.  

 

Figure 3.3 Schematic of apparatus to measure the absorption coefficient. 

The incident radiation flux to the heat flux gauge was first measured for 30 s, 

with the sample removed. After 30 s, the sample was placed under the insulation and 

the transmitted flux was measured for the first 3 s of sample radiation exposure to 

ensure the conduction through the sample did not contribute significantly to the 

measurement. Each test was performed in duplicate to accumulate necessary data 

statistics. The averaged data collected in these measurements were used to calculate the 

effective absorption coefficient with Eq. (3.1), adapted from [62]. In Eq. (3.1), κ  is the 

absorption coefficient, ρ is the density measured at room temperature, and δ is the 

sample thickness. x is the coordinate parallel to the direction of the heat flow. ε 

represents the sample surface emissivity, which was obtained based on literature data. 
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Ix=δ and Ix=0 are the radiation measured by the heat flux gauge through the sample and 

with the sample removed, respectively. 

κ =  
2 ln(ε)−ln (

Ix=δ
Ix=0

)

ρδ
                                                                                                       (3.1)   

3.2.2 Controlled Atmosphere Pyrolysis Apparatus II (CAPA II) 

The CAPA II, as depicted in Figure 3.4, is a newly designed gasification 

instrument that enables carefully controlled pyrolysis of intumescent and charring 

materials. CAPA II consisted of an electrical radiant conical heater, a gasification 

chamber, a balance, an infrared camera, and a video camera. The electric radiant heater, 

capable of providing up to 100 kW m-2 heat flux, was positioned on a moving track to 

enable its fast placement and removal from above the gasification chamber. Inside the 

gasification chamber, there is a steel sample holder with an inner diameter of 82 mm. 

Figure 3.5 shows the top-view of the gasification chamber and cross-section of CAPA 

II. The chamber was constructed from two concentric, circular, aluminum tubes that 

were water-cooled. The top of the outer tube was located 0.03 m above the initial 

sample surface and 0.01 m below the bottom of the radiant heater housing to minimize 

the entrainment of ambient air. The inner wall of the outer aluminum tube was coated 

with a high emissivity paint to suppress reflections of the heater’s radiation. A 

continuous flow of gas was introduced to the apparatus within the channel between the 

aluminum tubes. The gas was purged through a layer of glass beads with a diameter of 

6.4 mm to ensure a homogenized flow. The gas composition can be prescribed.  

Material samples of 0.03 to 0.07 m in diameter and 1 to 20 mm in thickness can 

be accommodated within the apparatus. Kaowool PM insulation board was used to 
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thermally insulate the samples around the perimeter, as detailed in Figure 3.5. A piece 

of 0.76 mm thick, diamond-shaped aluminum mesh covered with a thin (0.025 mm) 

copper foil supports the bottom of the sample. The sample, thermal insulator, aluminum 

mesh and copper foil were all contained within the sample holder.  

The CAPA II diagnostics include three main components: sample mass, back 

surface temperature, and sample shape profile. The instantaneous sample mass was 

recorded using a high precision (1 mg resolution) Sartorius Cubis balance at a 

frequency of 2 Hz. A FLIR E40 infrared camera was focused on the thin painted copper 

foil holding the sample to measure the back surface temperature at a frequency of 7.5 

Hz. The foil was coated with a high (0.94) emissivity paint to ensure accuracy of this 

measurement. Due to geometrical constraints, a gold mirror (with average reflectance 

of 0.96) was used to provide the view to the back of the sample. The emissivity in the 

infrared camera has been adjusted to account for the transmission loss in the gold 

mirror, and was validated against thermocouple based temperature measurements. A 

Logitech C930e high definition camera was focused on the sample through a quartz 

observation window to monitor evolution of the sample shape profile. Independent 

measurements were performed with 3 thermocouples positioned within the channel 

between the aluminum tubes and above the glass beads, to obtain the averaged gas 

temperature at each prescribed heat flux.  
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Figure 3.4 Three-dimensional drawing of CAPA II 

 

Figure 3.5 Top-view of the gasification chamber (left) and cross-section of CAPA II 

(right) 

The apparatus provided well-defined boundary conditions. The gasification 

chamber was purged with nitrogen at a constant flow rate of 185 SLPM at 298 K and 

101 kPa. At this flow rate, the mean oxygen concentration in the pyrolysis zone was 

controlled to below 1 vol.% to ensure that the measurements were free of oxidation 

effects. A detailed quantification of the gaseous condition was provided in a previous 

study [117].  
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The incident radiative heat flux from the conical heater was carefully 

characterized using a water-cooled Schmidt-Boelter heat flux gauge to account for 

changes in the sample surface position, including the surface’s angular orientation. The 

incident radiation measurements were performed at a series of vertical distances hx 

from the initial top sample surface position. At each distance hx, the heat flux was 

measured at several horizontal radial distances from the sample’s center (rz). Most 

measurements were performed with the gauge’s sensor facing straight upward. 

However, a subset of measurements were conducted with the sensor positioned at 

several polar angles (θ) to capture the impact of local surface orientation. hx was 

normalized by the distance from the sample surface to the bottom of the heater housing, 

H=0.04 m. r was normalized by the initial sample radius, R=0.035 m. The results of the 

dependence of the incident radiative heat flux (q′′) measurements on surface position 

are summarized in Eq. (3.2).  

q′′(
hx
H

,
rz
R

,θ)

q′′(
hx
H

=0,
rz
R

=0,θ=0)
 = (a2 (

rz

R
)

2

+ a1 (
rz

R
) + 1) (b2 (

hx

H
)

2

+ b1 (
hx

H
) + 1) (g2θ2 +

g1θ + 1)                                                                                                                   (3.2)   

In this equation, a2 and a1 coefficients were used capture the radial trends. b2 

and b1 coefficients were used to capture the axial trend. g2 and g1 coefficients were 

vertical distance dependent coefficients used to capture the angular trends. a2 =

a22(hx/H) 2 + a21(hx/H) + a20  and a1 = a12(hx/H)2 + a11(hx/H) + a10  where 

a22 =0.126, a21 =0.040, a20 = -0.044, a12 =  -0.088, a11 =0.092 and a10 =-0.008, 

b2 = -0.393 and b1 = 0.438 coefficients are used to capture the axial trend. c2 and c1 

are vertical distance dependent coefficients: g2 =  c22 (hx/H)2 + c21 (hx/H) + c20 
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and g1 = c12 (hx/H)2 + c11 (hx/H) + c10 , where c22 =  −0.191 , c21 =  −0.136 , 

c20 =  −0.029, c12 = 0.482, c11 = 0.261, and c10 = −0.440. 

Eq. (3.2) provided a capability to compute the incident radiant heat flux 

distribution for an intumescent material sample from a known heat flux set point. 

Variation of this set point from 30 to 70 kW m-2 was examined. It was found that the 

mean difference between the model prediction and measured heat fluxes was about 1%, 

regardless of the set point selection. The convective heat losses on the top and bottom 

sample surface were quantified through detailed simulations and further validated 

against experimental measurements, which is detailed in Section 4.2. It is noted that 

the instantaneous gas temperatures were quantified and used for convective heat flux 

calculations. 

In this work, the CAPA II tests on PBT-based samples were conducted at nominal 

radiative heat fluxes of 30, 45, and 60 kW m-2. The gasification tests of the six blends 

employed for calibration (PBT, PBT/GF25, PBT/GF25-DEPAL8, PBT/GF25-

DEPAL16, PBT/GF25-MPP4, and PBT/GF25-MPP8) were conducted at both 30 kW 

m-2 and 60 kW m-2. The gasification tests of two blends (PBT/GF25-DEPAL8-MPP4 

and PBT/GF25-DEPAL16-MPP8) employed to examine its extrapolating capability, 

were performed at an intermediate heat flux of 45 kW m-2. The experiment was 

terminated when no significant mass loss was observed. The sample shape profile 

evolutions of PBT-based samples showed that the surfaces of all the studied samples 

remained uniform across the radius during the pyrolysis process. The thickness of pure 

PBT reduced to almost zero at the conclusion of the test. The thicknesses of PBT/GF25, 

PBT/GF25-DEAPL8, and PBT/GF25-DEPAL16 remained approximately constant 



 

 

42 

 

throughout the CAPA II tests. The thicknesses of PBT/GF25-MPP4 and PBT/GF25-

MPP8 increased by approximately 3 mm and 3.5 mm at about 150 s and then remained 

unchanged until the end of the tests.  

The CAPA II tests on PA66-based samples were conducted at nominal radiative 

heat fluxes of 30, 40, 45, and 60 kW m-2. The decomposition of pure PA66 was only 

examined at 60 kW m-2 because the results at the lower heat flux were found to be 

poorly reproducible. The gasification tests of PA66/GF25 were conducted at both 30 

kW m-2 and 60 kW m-2. The gasification tests of PA66/GF25-RP1.5 and PA66/GF25-

RP6.0 were performed at 40 kW m-2 and 60 kW m-2. The RP-containing blends required 

a heat flux of 40 kW m-2 instead of 30 kW m-2 because the thermal stability of the RP-

containing blends was higher than that of PA66/GF25. The gasification tests of 

PA66/GF25-RP4.5 and PA66/GF25-RP9.0 were performed at 45 kW m-2. The 

examination of the sample shape profiles revealed that the sample surface remained 

nearly flat and the sample thickness did not change significantly (< 3 mm) throughout 

the pyrolysis tests. 

Therefore, a 1D assumption was made when simulating the gasification tests, 

given the flat sample surface and small changes in sample thickness for all blends. The 

radiative and convective heat fluxes at the middle point (rz/R = 0.5) were used as the 

averaged values across the sample radius in the simulations. The back surface 

temperature measurements at rz/R = 0, 0.29, 0.57, and 0.86 were found to be similar 

and they were averaged and employed as the inverse modeling target. Each test was 

performed in duplicate to ensure reproducibility and to accumulate necessary data 

statistics. The MLR was computed using a 5 s time differential and normalized by the 
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initial top surface area of the sample. The data were subsequently grouped into 5 s bins 

for which mean MLR and mean time values were computed. The temperature and MLR 

data from repeated tests were grouped together prior to averaging. 
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Chapter 4. Numerical Framework – ThermaKin2Ds 

4.1 Governing Equations 

ThermaKin [36] was first developed to compute the transient rate of gaseous fuel 

production from fundamental physical and chemical properties of constituents of a 1D 

pyrolyzing solid. ThermaKin was later expanded into a two-dimensional (2D) pyrolysis 

solver, ThermaKin2D [118], which incorporated a flexible analytical representation of 

flame spread. A new fully verified and validated numerical framework, ThermaKin2Ds 

[116], was developed to emulate the CAPA II cylindrical geometry (2D axisymmetric) 

and to simulate the gasification experiments.  

ThermaKin2Ds accounts for chemical reactions (chemical mechanisms of 

arbitrary complexity can be modeled), transient conduction (governed by temperature-

dependent properties), in-depth thermal radiation absorption and emission, mass 

transport of gaseous species through the condensed-phase, and expansion or 

contraction of the pyrolyzing object. The material is represented by a mixture of 

components. By default, the maximum number of components is restricted to 50. All 

components are divided into 3 categories: solids, liquids, and gases. Every component 

is characterized by density, heat capacity, thermal conductivity, a gas transfer 

coefficient, emissivity, and a radiation absorption (or extinction) coefficient. The first 

four properties are defined by a flexible function of temperature, T, given by Eq. (4.1). 

property =  p0 + p1 + pnTn                                                                                  (4.1) 
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Where p0, p1, pn, and n are user-specified parameters. The emissivity and 

absorption coefficient are defined by single (constant) values.   

Chemical reactions are defined in ThermaKin2Ds as occurring between one or 

two components to produce zero to two components, given by Eq. (4.2).  

θ1COMP1 +  θ2COMP2 → θ3COMP3 + θ4COMP4 + hi                                      (4.2) 

θ1  to θ4  denote the stoichiometric mass coefficient, which is negative when 

component is the reaction’s reactant and positive when it is this reaction’s product. The 

subscript i represents the i-th reaction. hi is the temperature dependent heat released or 

absorbed for each chemical reaction or phase transition, which can be defined as a 

temperature-dependent quantity with Eq. (4.1). hi  is positive when the reaction is 

endothermic. The Arrhenius reaction rate, ri, is defined in Eq. (4.3)  

ri = Ai exp (−
Ei

RuT
) ξCOMP1ξCOMP2                                                          (4.3)                  

Ai and Ei are the Arrhenius pre-exponential factor and activation energy for 

reaction i. Ru  is the universal gas constant. ξCOMP1  and ξCOMP2  represent the mass 

concentration of reactants. In the absence of the second reactant, ξCOMP2 is set to 1. Eq. 

(4.4) provides the mass conservation for the j-th component in terms of the mass 

concentration of the component. In the 2D axisymmetric module, a material object is 

defined using the cylindrical coordinates x (axial) and z (radial). The mass conservation 

accounts for consumption or production of j-th component due to chemical reactions, 

mass transport of gaseous products (labeled with subscript g) within the condensed-

phase given by Eq. (4.5) (in both axial and radial directions), and mass transport 
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associated with contraction or expansion of the material with respect to a stationary 

boundary (x = 0). No expansion or contraction is allowed in the radial (z) direction. 

∂ξj

∂t
= ∑ θi

j
ri

Nr
i=1 −

∂Jj
x

∂x
−

1

z

∂(zJj
z)

∂z
+

∂

∂x
(ξj ∫

1

ρ

∂ρ

∂t
dx

x

0
)                                          (4.4)     

Jg
x = −ρgλ

∂(ξg ρg⁄ )

∂x
; Jg

z = −ρgλ
∂(ξg ρg⁄ )

∂z
                                                           (4.5)                                      

Where t and Nr represent the time and the number of reactions. λ is the gas 

transfer coefficient. It is noted that only gaseous components are considered to be 

mobile and λ does not depend on the nature of the gas that is being transferred. The 

thermo-physical properties without subscripts correspond to the property of a mixture, 

and are calculated as either volume- or mass-weighted sums of the properties of each 

component [36].  

Eq. (4.6) represents the energy conservation in terms of temperature. The energy 

conservation accounts for heat flow due to thermal degradation reactions and phase 

transitions, and heat conduction within the condensed-phase, defined in Eq. (4.7) (in 

both axial and radial directions). The energy conservation also accounts for absorption 

of radiant heat from external sources, defined in Eq. (4.8), radiant heat loss from the 

material to the environment, defined in Eq. (4.9), convective heat transfer due to gas 

transport, and energy flow associated with contraction or expansion of the material with 

respect to a stationary boundary (x = 0).  

∑ ξjcj
∂T

∂t

N
j=1 = ∑ hiri

Nr
i=1 −

∂qx

∂x
−

1

z

∂(zqz)

∂z
−

∂Iex

∂x
+

∂Irr

∂x
− ∑ cg (Jg

x ∂T

∂x
+

Ng

g=1

Jg
z ∂T

∂z
) + cρ

∂T

∂x
∫

1

ρ

∂ρ

∂t
dx

x

0
                                                                                       (4.6)              
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qx = −k
∂T

∂x
; qz = −k

∂T

∂z
                                                                                       (4.7)            

∂Iex

∂x
= −Iex ∑ κjξj

N
j=1                                                                                               (4.8) 

∂Irr

∂x
=

εσT4

Iex
0

∂Iex

∂x
                                                                                                        (4.9) 

The symbols in Eqs. (4.6-4.9) are defined as follows: N represents the number of 

components, c is the heat capacity, k is the thermal conductivity, κ is the absorption 

coefficient, and ε is the emissivity. Iex is the radiation flux absorbed by the sample 

(including in-depth) from external sources. The superscript 0 in Iex
0  denotes net external 

radiation flux through the material boundary (incident flux minus reflected), and σ is 

the Stefan-Boltzmann constant. Irr is radiant heat loss from the material to the 

environment. A more detailed explanation of the terms of the governing equations, as 

well as their numerical solution methodology, can be found in earlier publications 

[36,116,118]. 

These equations rely on the assumptions that the radiative exchange between the 

material object and environment only occurs in the axial direction and that the rate of 

local heat transfer between gases and condensed-phase components is infinitely fast.  

The latter assumption is implemented in the convective heat flow terms (sixth right-

hand-side terms in Eq. (4.6)). An approximate finite rate correction to this assumption 

can be made by scaling gas heat capacities (cg) downward from their actual values.  The 

last right-hand-side term in Eq. (4.6) accounts for the heat transfer associated with 

contraction or expansion of the material object with respect to a stationary boundary (x 
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= 0). It is also assumed that the momentum from the gases transported in the solid 

material is negligible. 

4.2 Boundary Conditions 

The boundary condition specification in ThermaKin2Ds is subdivided into three 

object geometries: 1D, 2D, and 2D axisymmetric. The boundary conditions defined for 

1D and 2D objects are the same as those in ThermaKin [36] and ThermaKin2D.   [118]. 

All the geometries share the same description of mass transport at the boundary. The 

mass transport boundary conditions are defined to enable the mass transport between 

the sample and surroundings. The mass transport at the boundary is specified with a 

linear function generally used to remove gaseous pyrolyzate from the solid sample 

surface. Alternatively, an exponential function may be applied as the boundary 

condition to simulate surface reactions (such as oxidation) or dripping [36].  

The external heat flux (radiative or convective) is defined using a piecewise-

linear spatial distribution function analogous to the 2D object [118]. An additional 

external heat flux module is provided to enable modeling of pyrolysis experiments in 

the CAPA II [117] through accounting for the effects of sample surface changes on the 

radiation and convection. The dependence of incident radiative heat flux on the sample 

surface changes was characterized in Section 3.2.2. The dependence of convective heat 

flux on the sample surfaces is characterized through computational fluid dynamics 

(CFD) calculations and provided later in this section. This additional CAPA II module 

can be turned on and off at user-specified times.  All external and CAPA II heat fluxes 

are added together.   
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CFD calculations have been conducted to analyze convective heat transfer at the 

sample surfaces. The calculations were performed using the Fire Dynamics Simulator 

(FDS) version 6.2.0 [119] in the direct numerical simulation mode with the radiation 

sub-model turned off. An axisymmetric computational domain, built to represent the 

CAPA II gasification chamber, is shown in Figure 4.1. 

 

Figure 4.1 Schematic of CFD model of CAPA II 

A series of scenarios representative of those likely to be encountered in the 

gasification experiments have been explored in these calculations. In all scenarios, the 

inlet flow temperature and velocity (Tin = 363 K and Vin = 0.348 m s-1) and the 

temperatures of the heater and the plate on the top of heater (Theater = 999 K and Ttop = 

423 K) were specified to correspond to those measured in the experiments conducted 

at 51.5 kW m-2 heat flux set point. The sample surface temperature (Ts) and sample 

shape were varied from scenario to scenario as indicated in Table 4.1 and Figure 4.2. 

Nitrogen was defined as the gaseous media in all scenarios with the exception of #6, 
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where air was used instead. Scenario #6 was employed to analyze convective losses 

from the bottom sample surface. Thus, the choice of gaseous media reflects the fact 

that, in the CAPA II, the enclosure containing this bottom surface is not purged with 

nitrogen. 

The convective heat flux, qc
′′ , was calculated as the product of the gas 

temperature gradient taken along a direction orthogonal to the sample surface (using 

the grid points nearest to the sample surface) and the thermal conductivity of the gas at 

the film temperature. The dots shown in Figure 4.2 depict locations where qc
′′ values 

were computed. To increase computational efficiency, the computational domain was 

subdivided into two parts, as shown in Figure 4.1. da and db represent the grid size in 

the region below and above the bottom of the heater, respectively. A grid convergence 

study was conducted using scenario #3 (corresponding to the highest sample surface 

temperature). It was determined that selecting 0.25 and 0.5 mm grid sizes for da and db, 

respectively, produces qc
′′ values that are within 3% of those computed using a much 

finer, 0.125 mm sized grid.  

Table 4.1 Summary of input parameters used in the CFD calculations. Slope represents 

the ratio of maximum height versus radius of the top sample surface for scenarios #1-

5 and the bottom surface for scenario #6. 

Scenario # Ts (K) Slope 

1 500 0 
2 700 0 
3 900 0 
4 700 0.5 
5 700 1.0 
6 600 0 
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Figure 4.2 Scenarios explored in the CFD calculations. Slope represents the ratio of 

maximum height versus radius of the sample surface. The dots depict locations where 

qc
′′ values were computed 

The CFD simulations of each scenario were carried out for 18 s. Scenarios #2-5 

displayed oscillating flows; thus, the duration of the simulations was selected to reveal 

the periodic character fully. A set of temperature distribution snapshots taken over one 

oscillation period for scenario #3 are shown in Figure 4.3. It appears that, despite 

significant forced flow through the gasification chamber, near the sample’s surface, the 

flow is driven primarily by buoyancy and the observed oscillation is a manifestation of 

the Rayleigh–Taylor instability. 
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Figure 4.3 Oscillating temperature profile in one period (14 – 16 s) obtained for 

scenario #3 

The convective heat fluxes computed for scenario #3 at two representative radial 

positions (rz/R = 0.286 and rz/R = 0.857) are shown in Figure 4.4. To convert these 

heat fluxes to convection coefficients, they were first averaged in time over the 

oscillation period (or over 5 s in the cases of non-oscillating flows). To examine the 

impact of surface temperature on the convection, the convection coefficients obtained 

for the scenarios where this temperature was varied (scenarios #1, 2 and 3) were further 

averaged over the top sample surface area using Eq. (4.10): 

h̅c =
2

R2 ∫ hcrdr
R

0
                                                                                                     (4.10) 

Where hc represents time averaged and position specific convection coefficient, 

hc = qc
′′/(Ts − Tin).  h̅c (time and position averaged convection coefficient) was found 

to increase from 6.2 to 9.8 W m-2 K-1 with Ts increasing from 500 to 900 K. This change 

in h̅c was deemed to be insufficiently large to justify an increase in the complexity of 

the convective loss model through introduction of a surface temperature dependent 

convection coefficient. Therefore, the convection coefficients computed at Ts = 700 K 

for the top sample surface and Ts = 600 K for the bottom sample surface were 

postulated to be representative of the corresponding surface temperature ranges. 
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Figure 4.4 Convective loss heat fluxes computed for scenario #3 at rz/R = 0.286 and 

rz/R = 0.857 

The time averaged top surface convection coefficients, hc
top

, computed for 

different scenarios are plotted with respect to the radial distance in Figure 4.5. Slope 

represents the ratio of maximum height versus radius of the sample surface. These 

scenarios also explore the impact of the shape of the sample on the convective loss 

from the top surface. The results indicate that the shape of the sample has a minor effect 

of the convection coefficient, while the impact of radial position is significant. This 

radial dependence is captured with Eq. (4.11): 

hc
top

= e1(rz/R) + e0                                                                                                  (4.11)                                                    

Where e1= 8.45 W m-2 K-1 and e0= 2.97 W m-2 K-1. 

In addition to the sample geometries explored in these scenarios, the impact of a 

recessed top sample surface (3 mm below the edge of the sample holder) was also 

explored. It was determined that this geometry was well represented by the same 

parameters. The convection coefficient for the bottom surface was found to be weakly 
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dependent on radial distance and its surface area averaged value was determined to be 

4 W m-2 K-1. 

 

Figure 4.5 Time averaged convective heat transfer coefficients computed for Slope = 

0, 0.5, 1.0. Slope represents the ratio of maximum height versus radius of the sample 

surface. The line is the fit of the data with Eq. (4.11).   

An averaged value of hc
top

 computed for the top surface was validated against an 

experiment where a copper plate, coated with a 0.95 emissivity paint and attached to 

Kaowool PM insulation board, was placed into the gasification chamber instead of a 

material sample and heated with the radiant heat flux set at 25 kW m-2. The temperature 

of the plate was measured with embedded thermocouples and compared with results 

computed using hc
top

averaged over the top surface area of the plate with Eq. (4.11) in 

ThermaKin2Ds. The thermo-physical properties of copper and insulation can be found 

elsewhere [120,121]. As Figure 4.6 indicates, the modeled temperature is in excellent 

agreement with the results of the experimental measurement. 
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Figure 4.6 Comparison of experimental and modeled temperatures of the copper plate 

exposed to the incident radiant heat flux set at 25 kW m-2. 

4.3 Solution Methodology 

To solve the mass and energy conservation equations, a material object is divided 

into finite volumes (or elements).  For 2D axisymmetric objects, the elements were 

characterized by two sizes: x and z. These sizes represent discretization with respect to 

the corresponding axial and radial coordinates. Each element is also characterized by 

masses of components and temperature. Changes in these parameters with time are 

computed using a small time-step, t.  For the x dimension, the time integration is based 

on the Crank-Nicolson scheme [122]. A detailed description of this integration 

procedure can be found in an earlier publication [36]. For the z dimension, a simple 

explicit integration is used. Previously performed simulations [118] indicate that the 

integration in the x dimension is stable at a wide range of selected values of x and t. 

The accuracy of the results gradually decreases with increasing value of either of these 
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parameters. Therefore, to ensure that a given simulation is converged, a sensitivity of 

the results to the values of the integration parameters should always be examined. x = 

5×10-5 m and t = 0.01 s represent a good initial guess for a typical pyrolysis problem.  

The stability of the solution in the explicit integration dimension (z) is subject to a well-

defined condition: 

(∆z)2

∆t
> 2A                                                                                                                 (4.12) 

Where A represents either the gas transfer coefficient (λ) or thermal diffusivity 

(α =
k

ρc
), of the object, whichever is greater. 

4.4 Verification of ThermaKin2Ds 

To ensure that the 2D axisymmetric module was implemented correctly, its 

performance was compared to relevant analytical solutions. Four verification cases 

were examined, including heat conduction in the x and z directions as well as mass 

diffusion in both directions. The integration of chemical kinetics and solution of the 

radiation transport were verified previously within the framework of the original 

ThermaKin [36] and therefore did not require further verification in the 2D 

axisymmetric module. 

4.4.1 Heat Conduction in the Axial Direction 

A cylindrical object with temperature independent properties was employed to 

analyze the heat conduction in the axial direction. The cylinder had a height of L = 

0.005 m and radius of W = 0.005 m. The initial temperature of the cylinder was at Ti = 

300 K. The origin of the cylindrical coordinates was at the center of the bottom cylinder 
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surface. The top surface boundary (x = L) was set at a constant temperature, TL = 1000 

K, while the bottom and side boundaries were defined as adiabatic. The density, heat 

capacity, thermal conductivity, gas transfer coefficient, and emissivity of the cylinder 

were set at 1000 kg m-3, 2000 J kg-1 K-1, 0.2 W m-1 K-1, 1 × 10−6  m2 s-1, and 0, 

respectively. 

The governing equation for the 1D heat conduction in the axial direction is given 

by Eq. (4.13), obtained from Carslaw and Jaeger [123]. 

∂2T

∂2x
=

1

α

∂T

∂t
                                                                                                                  (4.13) 

The analytical solution to this problem is given by Eqs. (4.14 – 4.16). 

T(x, t) = TL + ∑ Bn
∞
n=1 cos(λnx) exp (−λn

2αt)                                                       (4.14) 

Bn =
2

L
∫ (

L

0
Ti − TL) cos(λnx) dx                                                                             (4.15) 

λn = (n −
1

2
)

π

L
                                                             (4.16)      

The infinite series was evaluated at n = 1000 to make sure that the resulting term 

was converged. In the ThermaKin2Ds simulation, the element sizes in x and z 

directions, and time step were set at 5 x 10-5 m and 5 x 10-3 m, and 0.01 s. The 

convergence of the numerical solution was verified by demonstrating that the results 

were not sensitive to a factor of four change in the integration parameters. Figure 4.7(a) 

portrays the comparison between the numerical results from ThermaKin2Ds (open 

symbols) and the analytical solution (red solid line) for several different times. The two 

solutions are in a perfect agreement with each other. 
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Figure 4.7 A comparison of the temperature profiles of transient heat conduction in 

the (a) axial and (b) radial directions between the ThermaKin2Ds simulation and 

corresponding analytical solutions [123]. 

4.4.2 Heat Transfer in the Radial Direction 

The same cylindrical object with the same constant material properties was 

employed to examine the transient heat conduction in the radial direction. The initial 

temperature of the cylinder was prescribed as Ti = 300 K. The temperature at z = W (in 

the radial direction) was set to a constant value, TW = 1000 K. The top and bottom 

surface boundaries were defined as adiabatic. The analytical solution for the 1D 

transient heat conduction in the radial direction is given as Eq. (4.17) [123]. 

1

z

∂

∂z
(z

∂T

∂z
) =

1

α

∂T

∂t
                                                                                                   (4.17) 

The analytical solution to this problem is given by Eq. (4.18) 

T(z, t) = TW +
2(Ti−TW)

W
∑ (

J0(λnz)

λnJ1(λnW)
∞
n=1 exp (−αλn

2t))                                                      (4.18) 

Where J0 and J1 represent Bessel functions, and the eigenvalues are the roots of 

J0 (λnW) = 0. The infinite series was evaluated at n = 308 to make sure that the resulting 
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term was converged. In the ThermaKin2Ds simulation, the element sizes in axial and 

radial directions, and time step were set at 5 x 10-3 m and 5 x 10-5 m, and 0.01 s. A 

comparison of this solution with the ThermaKin2Ds simulation is shown in Figure 

4.7(b). The two results are in good agreement, which indicated that the heat transport 

in the radial direction was solved correctly in the 2D axisymmetric module. 

4.4.3 Mass Transfer in the Axial Direction 

The transient mass diffusion in the axial direction was examined using the same 

cylindrical object (same dimensions and same physical properties) as that defined in 

Section 4.4.1. The initial gas concentration (C) inside the cylinder was set as Ci =0 kg 

m-3. No mass transport was allowed through the side or bottom surface boundaries (x 

= 0). The gas concentration at the top surface boundary (x = L) was set to be a constant 

value of CL = 250 kg m-3. The temperature of the cylinder and environment was set at 

a constant value of 300 K. 

According to Crank [124], the analytical solution for the 1D mass diffusion in 

the axial direction is given by Eq. (4.19): 

∂2C

∂2x
=

1

λ

∂C

∂t
                                                                                                               (4.19) 

λ is the gas transport coefficient. The analytical solution to this problem is given 

by Eqs. (4.20 - 4.22).  

C(x, t) = CL + ∑ Bn
∞
n=1 cos(λnx) exp (−λn

2λt)                                                       (4.20) 

Bn =
2

L
∫ (

L

0
Ci − CL) cos(λnx) dz                                                                             (4.21) 

λn = (n −
1

2
)

π

L
                                                             (4.22)      

The infinite series was evaluated at n = 1000 to make sure that the resulting term 
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was converged. In the ThermaKin2Ds simulation, the element sizes in x and z 

directions, and time step were set at 5 x 10-6 m and 5 x 10-3 m (a single element in the 

radial direction), and 0.001 s. The convergence of the numerical solution was verified 

by demonstrating that the results were not sensitive to a factor of four change in the 

integration parameters. Figure 4.8(a) portrays the comparison of the gas concentration 

profiles in the axial direction obtained from the analytical solution and simulation. The 

results are in perfect agreement with each other. 

  

Figure 4.8 A comparison of the concentration profiles arising as a result of transient 

mass diffusion in the (a) axial and (b) radial directions between the ThermaKin2Ds 

and corresponding analytical solutions [124]. 

4.4.4 Mass Transfer in the Radial Direction 

The mass transfer in the radial direction was verified use the same cylindrical 

object with the same physical properties. The initial gas concentration condition was 

prescribed as Ci = 0 kg m-3. The gas concentration at z = W (in the radial direction) was 

set as CW = 250 kg m-3. No mass transport was allowed at the top and bottom surface 

boundaries. The temperature of the cylinder and environment was set at a constant 
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value of 300 K. The governing equation for the mass transfer in the radial direction is 

given by Eq. (4.23), obtained from Crank [124]. 

1

z

∂

∂z
(z

∂C

∂z
) =

1

λ

∂C

∂t
                                                                                                                 (4.23) 

The analytical solution to this problem was given by Eq. (4.24). 

C(z, t) = CW +
2(Ci−CW)

W
∑ (

J0(λnz)

λnJ1(λnW)
∞
n=1 exp (−λλn

2t))                                                       (4.24) 

J0 and J1 represent Bessel functions, and the eigenvalues are the roots of J0 (λnW) 

= 0. The infinite series was evaluated at n = 308 to make sure that the resulting term 

was converged. In the ThermaKin2Ds simulation, the element sizes in axial and radial 

directions, and time step were set at 5 x 10-3 m (a single element in axial direction) and 

5 x 10-5 m, and 0.001 s. Figure 4.8(b) portrays the comparison between the numerical 

results from ThermaKin2Ds (open symbols) and the analytical solution (red solid line) 

for several different times. The excellent agreement between the two solutions provides 

a verification that the numerical model is correct. 

4.5 Modeling Setup 

4.5.1 Modeling Milligram-scale Experiments 

In the modeling of the milligram-scale experiments, all samples were treated as 

thermally thin and simulated using a single spatial element. The gas transfer coefficient 

was set at 2 × 10−5 m2s−1  for all gaseous decomposition products to enable an 

unimpeded gas flow through the condensed-phase. The mass flow boundary for the top 

sample surface was defined to provide no resistance to the outflow of the gaseous 

pyrolyzate. No mass flow was allowed through the back surface boundary. The element 
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temperature was forced to follow the mean experimental temperature profile by 

defining a sufficiently high convection coefficient (1×105 W m-2 K-1) at the element 

boundary. To account for the thermal inertia preventing the STA and MCC from 

reaching the nominal heating rate instantaneously [82,125], the actual experimental 

temperature profile was approximated by expressing the heating rate as an 

exponentially-decaying sinusoidal function, described in Eq. (4.25).  

dT

dt
(t) = u1(1 − (exp(− u2 t))(cos( u2 t) + u4 sin(u3 t)))                      (4.25) 

This function was added to the modeling formulation to define the temperature 

of the simulated sample as a function of time. The parameters of this function were 

determined to reproduce heating rate profiles observed in the STA and MCC 

experiments. For each set of materials (PA66-based and PBT-based blends), the heating 

rate profile was re-fitted (polymer matrix was used to represent each set of blends). An 

example of the comparison of the fitted and experimental heating rate profiles for 

PA66/GF/RP blends of STA tests at 10 K min-1 is shown in Figure 4.9. The values of 

the resulting parameters are provided in Table 4.2. The heating rate functions were also 

parametrized for the STA tests at 5 K min-1 and 20 K min-1 and MCC tests at 10 K min-

1. The corresponding values of the parameters in Eq. (4.25) are also reported in Table 

4.2.  
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Figure 4.9 Instantaneous heating rate as a function of time for PA66/GF/RP 

blends of STA tests at 10 K min-1  

Table 4.2 The values of parameters in Eq. (4.25) determined for STA and MCC tests. 

(MCC tests were marked with asterisk).  

 
Heating Rate 

K min-1 

u1 

K s-1 

u2 

s-1 

u3 

s-1 

u4 

 

PA66/GF/RP 

5 0.0835 0.0033 0.0049 -0.9278 

10 0.166 0.0030 0.0046 -0.9922 

20 0.333 0.0024 0.0054 -0.6971 

10 * 0.167 0.0034 0.0046 -0.2403 

PBT/GF/DEPAL/MPP 

5 0.0835 0.0033 0.0049 -0.9278 

10 0.1662 0.0030 0.0046 -1.094 

20 0.333 0.0024 0.0054 -0.6971 

10 * 0.167 0.0034 0.0046 -0.2403 

* Represent the MCC tests 

4.5.2 Modeling Bench-scale Experiments 

In this work, a 1D assumption was made when simulating the bench-scale 

gasification experiments due to the approximately flat sample surface and small 

changes in sample thickness. Therefore, all calculations were conducted using x =  1 ×
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10−5  m and z = 3.5 × 10−2  m (a single element in the radial direction) spatial 

discretization and 0.01 s time step. Every integration parameter was varied by a factor 

of two, while keeping the others fixed, and the simulation results were compared to 

ensure that all numerical solutions were fully converged. The gas transfer coefficient 

was set at 2 × 10−5 m2s−1  for all gaseous decomposition products to enable an 

unimpeded gas flow through the condensed-phase. The gaseous products were assumed 

not to contribute to the volume of the sample. The mass flow boundary for the top 

sample surface was defined to provide no resistance to the outflow of the gaseous 

pyrolyzate. No mass flow was allowed through the back surface boundary, which 

simulated the presence of the copper foil underneath the sample [117]. The sample 

thickness evolution was modeled by prescribing the densities of condensed-phase 

decomposition products to capture the overall change in sample volume as done 

previously [82].  

As discussed in Section 3.2.2, the instantaneous gas temperatures (Te) were 

quantified and used in the calculations of convective heat flux at top sample surface. 

The gas temperature evolution was expressed through Eq. (4.26). It is important to note 

that a constant top background temperature (Ttop,e) of 290 K, which corresponds to the 

temperature of the heat flux gauge, was used as a baseline for the temperature fitting. 

The associated fitting parameters of Eq. (4.26) were determined for each applied 

incident heat flux, as shown in Table 4.3. 

Te = T1
e exp(T2

et) + T3
e exp(T4

et) + 290                                                                       (4.26) 

The background temperature at the bottom surface was assumed to be the same 

as measured inner chamber wall temperature which showed an initial rise (from 300 



 

 

65 

 

K) until about 800 s and then stayed constant. The initial temperature rise was 

approximately fitted using a linear function. The transition point/temperature 

(Tbottom,e) at 800 s for each heat flux is determined and reported in Table 4.3. 

Table 4.3 The values of the fitting parameters for the gas temperature and the 

background temperature at the top and bottom surface. 

Nominal heat 

flux [kW m-2] 

T1
e 

[K] 

T2
e  

[s-1] 

T3
e 

[K] 

T4
e  

[s-1] 

Ttop,e 

[K] 

Tbottom,e 

[K] 

30 48.1 3.11 x 10-8 -26.6 -1.28 x 10-2 290 316 

40 66.5 9.80 x 10-6 -35.0 -1.29 x 10-2 290 322 

45 73.8 2.11 x 10-6 -42.5 -1.06 x 10-2 290 325 

60 90.5 1.19 x 10-5 -54.7 -8.98 x 10-3 290 334 
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Chapter 5. Characterization of PA66/GF/RP Blends 

5.1 Milligram-scale Results and Analysis 

5.1.1 Overall Approach to Reaction Model Development for PA66/GF/RP 

Blends 

The generalized reaction model for the PA66/GF/RP system was developed 

through a quantitative analysis of the thermal degradation behavior of PA66/GF25, 

PA66/GF25-RP1.5, and PA66/GF25-RP6.0 blends. This development process 

consisted of four steps.  First, a PA66 decomposition model was derived from the TGA 

and DSC data obtained for the PA66/GF25 blend.  The GF component was assumed to 

be chemically inert. 

In the second step, an attempt was made to simulate the TGA and DSC data 

obtained for the PA66/GF25-RP1.5 blend using a combination of the PA66 

decomposition model and a reaction representing sublimation of RP, the kinetics of 

which was initially estimated using literature data.  Significant differences between this 

simulation and experimental data were identified.  These differences were interpreted 

as evidence of a chemical interaction between PA66 and RP. The parameters of 

reactions representing this interaction were determined thorough a fitting of the TGA 

and DSC data obtained for PA66/GF25-RP1.5 and PA66/GF25-RP6.0 blends. 

In the third step, the reaction model including this interaction was employed to 

simulate MCC experimental data for PA66/GF25, PA66/GF25-RP1.5, and 

PA66/GF25-RP6.0 blends.  Heats of combustion (hcom) of all gaseous reaction products 
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were derived from these simulations.  In the final step, the validity of the developed 

reaction model was verified by demonstrating that this model successfully predicts 

TGA data for a series of blends with a wide range of RP content.  It was also shown 

that the reaction model captures the kinetics of decomposition of these materials at 

lower and higher heating rates than those utilized in the parameterization process. 

5.1.2 Inverse Modeling of TGA and DSC Data of PA66/GF/GF Blends 

The mean experimental results of the TGA and DSC tests of PA66/GF25 blend 

are shown as open symbols in Figure 5.1.  Figure 5.1(a) displays the dependence of the 

sample mass, m, and MLR normalized by the initial mass, m0, on temperature, T.  

Figure 5.1(b) contains initial-sample-mass-normalized heat flow and integral heat flow 

dependences on temperature.  All error bars were calculated as two standard deviations 

of the mean.  The experimental MLR profile contains a single peak at 700 K 

corresponding to the decomposition process.  This decomposition produced 27 wt.% 

condensed-phase residue, which included 25 wt.% of GF.  The normalized heat flow 

curve contains two distinct maxima.  The first (535 K) maximum represents the melting 

process; the second (700 K) maximum represents thermal decomposition. 
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Figure 5.1 Experimental and simulated (a) TGA and (b) DSC data obtained for 

PA66/GF25 at 10 K min-1 

During the inverse modeling process, several criteria were defined to help bring 

the agreement between modeled and experimental curves within the experimental 

uncertainties. The kinetic parameters were adjusted until the experimental and modeled 

final mass residues, and positions and magnitudes of MLR maxima were within 3%, 5 

K and 8%, respectively. The thermodynamic parameters were adjusted until the 

predicted magnitudes of heat flow maxima were within 10%, temperatures of the 

maxima were within 5 K, and final integral heat flow was within 5% of the average 

experimental results. 

A reaction scheme consisting of four consecutive steps, Reactions (1-4), given in 

Table 5.1 was found to be required to capture the experimental TGA and DSC data of 

PA66/GF25 with the accuracy defined by the aforementioned criteria. Reaction (1) was 

used to represent the melting process. Reactions (2-4) were required to accurately 

capture the shape and magnitude of both the MLR and heat flow peaks corresponding 

to the decomposition. The component names used in this reaction scheme are self-

explanatory. The key reaction parameters, including the pre-exponential factor, A, and 

activation energy, E, are provided in Table 5.2. The reaction parameters were derived 

through a manually iterative process that is discussed in detail in earlier publications 

[12,82] and Appendix II.  

The heat capacity of GF was obtained from the literature [126]. The heat 

capacities of PA66 and PA66_Melt components were determined through the fitting of 

the corresponding regions of the experimental PA66/GF25 DSC data. The heat capacity 
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of the component representing the final residue, PA66_Res3, could not be resolved due 

to an extremely small yield (2 wt.%). Therefore its heat capacity was assumed to be 

equal to the average heat capacity of chars, 1700 J kg−1K−1 [46], produced by several 

common polymers.  The heat capacities of the intermediate condensed-phase products, 

PA66_Res1 and PA66_Res2, were assumed to be equal to the average heat capacity of 

the PA66_Melt and PA66_Res3.  The heat capacity values of all condensed phase 

components are listed in Table 5.3.  The heats of reactions, h, were fitted into the 

corresponding regions of the DSC curve after all heat capacities were determined; the 

values of h are listed together with the kinetic parameters in Table 5.2. Additional 

details of the thermodynamic parameter determination process are provided in earlier 

publications [12,82,110,125] and Appendix II.  

Table 5.1 Reaction model for all tested materials. 

# Reaction 

1 PA66→PA66_Melt 

2 PA66_Melt→0.83 PA66_Res1+0.17 PA66_Gas1 

3 PA66_Res1→0.4 PA66_Res2+0.6 PA66_Gas2 

4 PA66_Res2+PA66_Res2→0.14 PA66_Res3+1.86 PA66_Gas3 

5 RP→RP_Gas 

6 PA66_Melt+0.03 RP→1.03 PA66_RP 

7 PA66_RP→0.04 PA66_RP_Res1+0.96 PA66_RP_Gas1 

8 PA66_RP+0.02 RP→0.49 PA66_RP_Res2+0.53 PA66_RP_Gas2 

9 PA66_RP_Res2→0.21 PA66_RP_Res3+0.79 PA66_RP_Gas3 

Table 5.2 Kinetic and thermodynamic parameters of reactions of the thermal 

decomposition of PA66/GF/RP system (the positive heat values correspond to 

endothermic processes). 
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# A (s-1 or m3 kg-1 s-1) E (J mol-1) h (J kg-1) 

1 2.0 × 1040 4.28 × 105 9.1 × 104 

2 1.5 × 1030 4.13 × 105 1.3 × 105 

3 1.1 × 1019 2.80 × 105 4.4 × 105 

4 9.7 × 1014 2.75 × 105 8.4 × 105 

5 1.5 × 1018 2.74 × 105 5.5 × 105 

6 1.0 × 1019 2.49 × 105 0 

7 1.5 × 1020 3.02 × 105 6.5 × 105 

8 1.1 × 1017 2.69 × 105 3.1 × 105 

9 1.5 × 1017 2.69 × 105 2.9 × 105 

Table 5.3 Heat capacities of condensed-phase components. 

Component c (J kg-1 K-1) Component c (J kg-1 K-1) 

PA66 −640 + 7.32T PA66_Res3 1700 

GF 442 + 1.24T  PA66_RP 606 + 4.10T 

RP 510 + 0.50T PA66_RP_Res1 1700 

PA66_Melt 610 + 4.30T PA66_RP_Res2 1153 + 2.05T 

PA66_Res1 1155 + 2.15T PA66_RP_Res3 1700 

PA66_Res2 1155 + 2.15T   

The RP is known to sublime at 671 K [127]. Therefore, Reaction (5) was added 

to the reaction scheme (see Table 5.1) to represent this transition. Subsequently, an 

attempt was made to fit the PA66/GF25-RP1.5 TGA and DSC experimental data shown 

in Figure 5.2 by adjusting the parameters of this reaction. This fitting attempt was 

unsuccessful because the magnitude of the MLR maximum increased significantly 

(with respected to that produced by PA66/GF25 blend and shown in Figure 5.1(a)), 

while the amount of added RP (1.5 wt.%) was close to negligible.  The position of the 

maximum also shifted to a higher temperature (710 K), which was impossible to 
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explain by the sublimation reaction. Therefore, a reaction between PA66_Melt and RP, 

Reaction (6), was added to the reaction scheme (see Table 5.1). 

This Reaction (6) in Table 5.1 was assumed to occur at a temperature below the 

onset of the thermal decomposition of PA66 (630 K) and to consume a majority of the 

PA66_Melt component in the PA66/GF25-RP1.5 blend. These assumptions were 

supported by the fact that neither the onset nor peak MLR associated with the 

decomposition of PA66_Melt were evident in the PA66/GF25-RP1.5 experimental 

data. Aside from converting PA66_Melt to a new condensed-phase component, this 

reaction produced no heat or mass loss, as indicated by the experimental data shown in 

Figure 5.2.  It is possible that the reason why this reaction did not manifest itself directly 

in the experimental data is because it took place during the material manufacturing 

process as RP is known to be highly reactive even at relatively low temperatures [127]. 

Subsequently, a reaction of decomposition of the product of the PA66_Melt and 

RP interaction, Reaction (7) in Table 5.1, was added and its kinetic parameters were 

determined through fitting of the main MLR peak observed for the PA66/GF25-RP1.5 

blend.  This new reaction mechanism (Reactions (1-7) in Table 5.1) was utilized to 

predict the experimental data obtained for the PA66/GF25-RP6.0 blend and shown in 

Figure 5.3.  The two MLR maxima (at 678 and 730 K) observed for this material were 

not successfully predicted by this reaction scheme even after the parameters of 

Reaction (5) were varied in an attempt to fit the experimental data. 
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Figure 5.2 Experimental and simulated (a) TGA and (b) DSC data obtained for 

PA66/GF25-RP1.5 at 10 K min-1 

 

Figure 5.3 Experimental and simulated (a) TGA and (b) DSC data obtained for 

PA66/GF25-RP6.0 at 10 K min-1 

The simplest explanation of this result is that, in the PA66/GF25-RP6.0 blend, 

the remaining RP, which is not consumed in the reaction with PA66_Melt, reacts with 

the PA66_Melt and RP interaction product, PA66_RP, to produce a gaseous 

component and condensed-phase residue.  This additional reaction, Reaction (8) in 

Table 5.1, competes with Reaction (7) and, together with further decomposition 

reaction, Reaction (9), create a dual peak MLR structure consistent the experimental 

data shown in Figure 5.3(a). 

The kinetic parameters of Reactions (8), (9) and (5) in Table 5.1 were adjusted 

to fit the experimental MLR observed for the PA66/GF25-RP6.0. The variation in the 
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parameters of the reaction representing sublimation of RP (Reaction (5)) was 

constrained to keep this reaction’s onset temperature equal to the reported sublimation 

point (671 K [127]).  The heat capacity of RP was obtained from the literature [127].  

The heat capacity of PA66_RP was calculated as the average of heat capacities of 

PA66_Melt and RP weighted by the stoichiometric coefficients of Reaction (6) in Table 

5.1.  The heat capacity of PA66_RP_Res1 and PA66_RP_Res3 was assumed as the 

average heat capacity of chars, 1700 J kg−1K−1  [46]. The heat capacity of the 

intermediate condensed-phase product PA66_RP_Res2 was determined as the average 

of heat capacities of PA66_RP and PA66_RP_Res3.  The heats of Reactions (5-9) in 

Table 5.1 were determined through fitting of the DSC data obtained for PA66/GF25-

RP1.5 and PA66/GF25-RP6.0 blends. The kinetic and thermodynamic parameters of 

these reactions can be found Table 5.2 and 5.3.    

As indicated by the red solid lines in Figure 5.2 and 5.3, the developed reaction 

model successfully predicts the TGA and DSC data for PA66/GF25-RP1.5 and 

PA66/GF25-RP6.0 blends.  This model (Reactions (1-9) in Table 5.1) also successfully 

predicts the thermal of decomposition of PA66/GF25. For consistency, all model 

predictions shown in Figures 5.1-5.3 were generated using the same (complete) 

reaction mechanism. 

5.1.3 Inverse Modeling of MCC Data of PA66/GF/RP Blends 

The heat of combustion of RP_Gas was computed using the oxygen consumption 

method [128]. The heats of combustion of other volatiles were first estimated by 

dividing the MCC experimental HRR data by the MLR computed in ThermaKin2Ds 
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using the heating rate history specific to the MCC [12]. Comparisons between the 

experimental HRR and modeled MLR profiles revealed some discrepancies. The 

experimental HRR curves had a tendency to be shifted to a lower temperature by 0-5K, 

which was apparent because some portions of the curves indicated heat release in the 

absence of concurrent mass loss. The experimental HRR data were shifted to a higher 

temperature to correct these discrepancies. The magnitude of the shift was determined 

using the principle that any significant heat release required a concurrent mass loss.  

A predicted HRR curve was subsequently generated by multiplying the rates of 

production of each gaseous component, computed using ThermaKin2Ds, by the 

corresponding estimated value of hcom and adding these contributions. The values of 

hcom were further refined until the predicted and experimental MCC data agreed within 

the established criteria. The criteria were defined as differences of less than 5% 

between the height of the experimental and modeled HRR maxima, less than 8K 

between the positions of the HRR maxima and less than 8% between the final integral 

HRR values. The results of hcom are reported in Table 5.4. All hcom values are within 

the range, 1.69 − 3.8 × 107  J kg-1, consistent with the hydrocarbon nature of these 

gases [129]. Figure 5.6 shows the comparisons of the experimental and simulated MCC 

data obtained for all the tested systems. The non-modified and shifted experimental 

data are less than 5K apart and therefore only the shifted experimental data are shown 

to avoid congestion. The model captures the experimental HRR and integral HRR of 

the three materials very well.  
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Figure 5.4 Experimental and simulated MCC data for (a) PA66/GF25, (b) 

PA66/GF25-RP1.5, and (c) PA66/GF25-RP6.0 at 10 K min-1 

Table 5.4 Heats of combustion of gaseous decomposition products (here, the positive 

heat values correspond to exothermic processes) 

Component hcom (J kg-1) Component hcom (J kg-1) 

PA66_Gas1 3.80 × 107 PA66_RP_Gas1 2.65 × 107 

PA66_Gas2 2.85 × 107 PA66_RP_Gas2 3.10 × 107 

PA66_Gas3 2.90 × 107 PA66_RP_Gas3 2.68 × 107 

RP_Gas 1.69 × 107   

5.1.4 Milligram-scale Model Validation for PA66/GF/RP Blends 

The final reaction model (summarized in Table 5.1) has been formulated to 

accurately reproduce TGA, DSC, and MCC data of PA66/GF25, PA66/GF25-RP1.5, 

and PA66/GF25-RP6.0 blends. To validate the model, first, its ability to predict thermal 

decomposition dynamics of the same blends at lower (5 K min-1) and higher (20 K min-

1) heating rates than those used in the model parameterization process was examined. 

A comparison of the experimental TGA data obtained at these heating rates (open 

symbols) with model predictions (red solid lines) is shown in Figure 5.5. This 

comparison indicates that this model successfully captures the impact of heating rate 

on the rate of production gaseous species. 
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Figure 5.5 Experimental and simulated TGA data obtained for PA66/GF25, 

PA66/GF25-RP1.5, PA66/GF25-RP6.0 at (a) (b) (c) 5 K min-1 and (d) (e) (f) 

20 K min-1 

Subsequently, an ability of the model to predict outcomes of TGA experiments 

conducted on material compositions that differ from those used in the parameterization 

process was tested.  A comparison of the modeling predictions with experimental 

results obtained for pure PA66, PA66/GF25-RP3.0, PA66/GF25-RP4.5, and 

PA66/GF25-RP9.0 materials is shown in Figure 5.6. The model predicts all 

experimental data well, with a possible exception of pure PA66.  The model 

underpredicts the temperature of the PA66 MLR peak by 18 K.  This discrepancy is 

likely a consequence of unique behavior of this material in the TGA tests.  In these 

tests, the material had a tendency to partially re-condense on the top lid of the crucible 

thus creating a physical separation and associated temperature lag between the sample 

and the sensor (located below the bottom of the crucible). The rest of material 
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compositions studied in this work (including PA66/GF25 blend) did not exhibit re-

condensation. The peak experimental MLR for the PA66/GF25-RP3.0 blend was also 

somewhat underpredicted. However, the overall agreement was deemed acceptable 

because the mass evolution trend, including the onset of mass loss and final residue 

yield, was captured well. 

 

Figure 5.6 Experimental and simulated TGA data obtained for (a) PA66, (b) 

PA66/GF25-RP3.0, (c) PA66/GF25-RP4.5, and (d) PA66/GF25-RP9.0 at 10 K min-1 

5.2 Bench-scale Results and Analysis 

5.2.1 Overall Approach to Pyrolysis Model Development for PA66/GF/RP 

Blends 

The pyrolysis model development of PA66/GF/RP blends requires the 

measurement of the kinetics and thermodynamics of thermal decomposition, heats of 

combustion of gaseous products, and thermal transport properties. The kinetics and 
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thermodynamics of thermal decomposition and heats of combustion of gaseous 

products have been parameterized through a manually iterative inverse analysis of 

milligram-scale experimental data in Section 5.1. The resulting reaction model along 

with the determined parameters summarized in Tables 5.1-5.4, are capable of 

predicting TGA, DSC, and MCC data as a function of material compositions and 

heating conditions. The thermal transport properties were determined through an 

inverse analysis of the bench-scale gasification experimental measurements. This 

inverse analysis of bench-scale results for the multi-component blends consisted of four 

steps. 

In the first step, the sample thickness and Tback data of pure PA66 at 60 kW m−2 

were inversely analyzed to determine the thermal transport properties of PA66-based 

condensed-phase components participating in Reactions (1-4) in Table 5.1. The 

resulting thermal transport properties were validated against the corresponding MLR 

data at 60 kW m−2 , which were not used in the parameterization process.  It is 

important to note that the temperature data at the lower heat flux, 30 kW m-2, were not 

employed in the parameterization process because the results were found to be poorly 

reproducible.    

In the second step, the thermal transport properties of GF were determined using 

the sample thickness and Tback data of PA66/GF25 at 30 kW m−2 and 60 kW m−2. 

The parameterization process relied on the thermal transport properties of PA66 

determined in the first step. Initially, GF was modeled as a single component 

throughout the test. However, it was determined that it was impossible to capture the 

temperature profiles at both heat fluxes by treating GF in such simple manner. 
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Therefore, GF was assumed to evolve identically to PA66 decomposition shown as 

Reaction (1-4) in Table 5.1 (GF → GF_Melt, GF_Melt → GF_Res1, 

GF_Res1 →GF_Res2, GF_Res2→GF_Res3). These reactions were assigned the same 

Arrhenius parameters as Reactions (1-4). They were also specified not to contribute to 

mass loss or heat production/consumption. Their purpose was to account for evolution 

of the interface between GF and decomposing PA66; this interface was speculated to 

have a significant impact on the heat transport process. The thermal transport properties 

of GF-based components were subsequently obtained.  

In the third step, the thermal transport parameters of RP-based components 

participating in Reactions (5-7) in Table 5.1 were determined through the inverse 

analysis of sample thickness and Tback data of PA66/GF25-RP1.5 at 40 kW m-2 and 60 

kW m-2. The thermal transport parameters of RP-based components participating in 

Reactions (8-9) in Table 5.1 were determined and validated through the inverse analysis 

of experimental measurements of PA66/GF25-RP6.0 at 40 kW m-2 and 60 kW m-2. The 

lower RP concentration blend, PA66/GF25-RP1.5, was not selected in parameterizing 

the properties of components participating in Reactions (8-9) in Table 5.1 because these 

two reactions were inactive when the RP concentration is low. The parameterization 

was further validated against the MLR data obtained for both RP-containing blends. A 

single pyrolysis model was developed based on the resulting material properties in 

these three steps and previously determined reaction parameters [110]. This pyrolysis 

model was capable of capturing the pyrolysis behavior of PA66, PA66/GF25, 

PA66/GF25-RP1.5, and PA66/GF25-RP6.0.  
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In the final step, the extrapolating capability of the resulting model was further 

examined through predicting experimental measurements obtained for two additional 

blends with new compositions, PA66/GF25-RP4.5 and PA66/GF-RP9.0. The RP 

concentration of PA66/GF25-RP4.5 was in between the blends employed for the model 

development and PA66/GF-RP9.0 had a higher RP concentration than the calibration 

blends. Additional simulations of an idealized cone calorimeter experiment were 

conducted to understand the impact of red phosphorus on HRR data of a burning 

sample and thus evaluate its role in the fire performance of PA66/GF/RP blends.  

5.2.2 Pyrolysis Model Development for Pure PA66 

Inverse analysis of the gasification experimental results of PA66 requires 

knowledge of the optical properties (emissivity and absorption coefficient) of all the 

condensed-phase components participating in Reactions (1-4) in Table 5.1. The 

emissivity of PA66 was obtained from the study by Linteris et al. [62]. The same 

emissivity as PA66 was assigned to PA66_Melt assuming the melting process did not 

affect the sample emissivity. The emissivity of residual component, PA66_Res3, was 

defined as 0.94. This value was determined experimentally by comparing the measured 

back surface temperatures of various residue samples with one-half of the residue 

surface coated with high emissivity paint (0.94) and the other uncoated residue. No 

difference in the sample back surface temperature was identified between the painted 

and unpainted halves. Therefore, the emissivity of the residual component was defined 

to be the same as the paint emissivity, 0.94. PA66_Res2 and PA66_Res3 were 

produced within a similar temperature range and thus PA66_Res2 was assumed to have 

the same emissivity as PA66_Res3. The emissivity of intermediate product 
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(PA66_Res1) that represented the gradual transformation from PA66_Melt to 

PA66_Res2, was assumed to be equal to the averaged value of PA66_Melt and 

PA66_Res2.  

The absorption coefficient of PA66 was measured through the broadband 

radiation absorption experiment described in Section 3.2.1. The final residue was 

observed to appear very optically dark and graphitic in nature. Therefore, the 

absorption coefficient of the final residue, PA66_Res3, was defined sufficiently high 

(100 m2 kg-1) to ensure that no significant radiation was allowed to transmit through 

the residue. The intermediate components, PA66_Melt, PA66_Res1, and PA66_Res2, 

were the products of the consecutive reactions, describing the gradual physical and 

chemical transformation from the original component to the final decomposition 

product. Therefore, the absorption coefficients of these intermediate components were 

defined to be equally spanned between the values of initial component (PA66) and final 

residue (PA66_Res3). It should be noted that the absorption coefficients reported in the 

current study were normalized by the corresponding densities. The resulting emissivity 

and absorption coefficients are provided in Table 5.5.  

Subsequently, the densities of five condensed-phase components, PA66, 

PA66_Melt, PA66_Res1, PA66_Res2, and PA66_Res3, were defined to capture the 

observed experimental sample thickness evolution. The density of PA66 was measured 

at room temperature. At 60 kW m-2, 1 wt. % of residue remained at the end of the test. 

The densities of all the components were initially defined to be equal to PA66. 

Subsequently, the densities of PA66_Res1 and PA66_Res2 were refined based on the 

experimental observations (no reduction in the sample thickness during the early stage 
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of pyrolysis test). The density of PA66_Res3 was defined to be equal to PA66 

component to correctly capture the final reduction of sample thickness. The resulting 

densities are provided in Table 5.5.  

Table 5.5 A full set of thermal transport properties of each condensed-phase 

component. 

Component ρ (kg m−3) ε κ (m2 kg−1) k (W m−1 K1) 

PA66 1173 0.95 2 0.08+2×10-4 T 

PA66_Melt 1173 0.95 26.5 0.22 

PA66_Res1 974 0.945 51 0.1 

PA66_Res2 974 0.94 75.5 0.06 

PA66_Res3 1173 0.94 100 0.06 

GF 2600 0.81 1.6 0.36 

GF_Melt 400 0.84 26.2 0.09 

GF_Res1 2600 0.87 50.8 0.85 

GF_Res2 510 0.91 75.4 0.85 

GF_Res3 349 0.94 100 1×10-10 T3 

RP 2000 0.95 30 0.06 

PA66_RP 600 0.95 28.3 0.15 

PA66_RP_Res1 65 0.94 100 -0.07 + 8×10-10 T3 

PA66_RP_Res2 350 0.94 100 0.13 

PA66_RP_Res3 180 0.94 100 8×10-10 T3 

Figure 5.7 depicts the averaged experimental back surface temperatures (black 

dashed line) and MLR data (symbol) of pure PA66 exposed to radiant fluxes at 60 kW 

m-2. Shaded area corresponds to the maximum and minimum temperatures across the 

sample surface from the repeated experiments. The error bars of MLR data were 

computed as two standard deviations of the mean. The temperature profile was cropped 

at the time when 70 wt. % of the sample was decomposed. This was done because the 
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1D assumption was not valid after a majority of sample was consumed. Toward the end 

of the experiments, the residue had a tendency to agglomerate in the center rather than 

remain as a uniform layer.  

The thermal conductivity, k, of these five condensed-phase components were 

determined through the inverse analysis of back surface temperature profile. It is worth 

noting that the thermal conductivities are the only undefined properties. The data of 0 

- 100 s, 100 - 150 s, and 150 - 200 s at 60 kW m-2 in Figure 5.7(a) were inversely 

modeled to determine the thermal conductivities of PA66, PA66_Melt, and 

PA66_Res1, respectively. The data of 200 - 275 s at 60 kW m-2 in Figure 5.7(a) were 

fitted to determine the thermal conductivity of PA66_Res2 and PA66_Res3 that were 

produced at a high temperature. The principle of the inverse fitting process is to keep 

the smallest parameter set as possible while the agreement between the experimental 

and modeled curves is within the experimental uncertainties on average. The resulting 

thermal conductivities are reported in Table 5.5. The pyrolysis model, that included 

thermal transport properties determined in this section and the reaction parameters 

determined in Section 5.1.2 and summarized in Tables 5.1-5.3, was employed to 

produce the temperature profile obtained at 60 kW m-2, shown as the red solid line in 

Figure 5.7(a).  

The developed pyrolysis model of pure PA66 was employed to predict the 

experimental MLR data of pure PA66 obtained at 60 kW m-2. These MLR data were 

not utilized in the inverse analysis model calibration and served as the model validation. 

The predicted MLR data are shown as a red solid line in Figure 5.7(b). The model 

predicts the experimental MLR profiles well with the exception of an abrupt MLR 
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decrease to zero at the end. This is likely due to the invalid 1D assumption at the end 

of the experiment when the residue agglomerated in the center rather than remained as 

a uniform layer. 

 

Figure 5.7 Experimental and simulated (a) back surface temperatures and (b) MLR 

data of pure PA66 exposed to radiant flux set at 60 kW m-2. Shaded area corresponds 

to the maximum and minimum experimental temperatures across sample surface from 

repeated tests. 

5.2.3 Pyrolysis Model Development for PA66/GF25 

The resulting material properties of pure PA66 in Section 5.2.2 remained 

identical and were employed to characterize the pyrolysis model of PA66/GF25. As 

was discussed in Section 5.2.1, GF was assumed to evolve in the same manner as PA66 

to account for the changes in thermal transport interaction between PA66 and GF 

associated with PA66 decomposition. Therefore, the thermal transport properties of 

GF-based components were estimated to capture the experimental measurements of 

PA66/GF25.  
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The emissivity of GF was assumed to be the same as that in PBT-based system 

(see Section 6.2.3). The absorption coefficient of PA66/GF25 was measured using the 

method described in Section 3.2.1. The absorption coefficient of GF was calculated by 

subtracting the value of PA66 from the value of PA66/GF25 based on their mass-

weighted contributions. The emissivity and absorption coefficient of final residual 

component, GF_Res3, were defined as 0.94 and 100 m2 kg-1 in the same manner as the 

final product of PA66 decomposition, PA66_Res3. The emissivity and absorption 

coefficient of these intermediate components, GF_Melt, GF_Res1, and GF_Res2, were 

defined to be equally spanned between the values of initial GF and GF_Res3. The 

resulting emissivity and absorption coefficients are summarized in Table 5.5.  

The density of PA66/GF25 was measured at room temperature. The density of 

GF was determined by the known density of PA66 and mass composition of 

PA66/GF25. The densities of GF_Melt, GF_Res1, GF_Res2, and GF_Res3 were 

determined to capture the observed sample thickness of PA66/GF25. The resulting 

densities are summarized in Table 5.5.  

Subsequently, the back surface temperature data of PA66/GF25 at 30 kW m-2 and 

60 kW m-2 in Figure 5.8 were inversely modeled to determine the thermal 

conductivities of GF-based components. The thermal conductivities are the only 

undefined parameters for characterizing the pyrolysis of PA66/GF25. The temperature 

data of 0 - 250 s and 250 - 500 s at 30 kW m-2 in Figure 5.8(a) were used to determine 

thermal conductivities of GF and GF_Melt. The temperature data of 500 - 800 s and 

800 - 1350 s at 30 kW m-2 were used to determine the conductivities of GF_Res1 and 

GF_Res2. The temperature data of 400 - 600 s at 60 kW m-2 in Figure 5.8(b) were 
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employed to determine the thermal conductivity of GF_Res3 because GF_Res3 is the 

dominant component. Due to the high porosity and temperature of the residue, radiation 

was assumed to be the dominant mode of heat transfer inside the residue. The radiation 

diffusion approximation [130] was used to describe the thermal conductivity of the 

residual component, GR_Res3, with a third-power temperature dependence. The 

resulting thermal conductivities were adjusted to fit the temperature data within the 

experimental uncertainties at both heat fluxes. The simulated temperature profiles are 

shown as the red solid lines in Figure 5.8. 

   

Figure 5.8 Experimental and simulated back surface temperatures of PA66/GF25 

exposed to radiant fluxes set at (a) 30 kW m-2 and (b) 60 kW m-2. Shaded area 

corresponds to the maximum and minimum experimental temperatures across the 

sample surface from repeated tests. 

The pyrolysis model developed in the previous sections was employed and 

validated against the MLR data of PA66/GF25 obtained at 30 kW m-2 and 60 kW m-2 

that were not utilized in the model parameterization. Figure 5.9 shows the experimental 

(symbols) and predicted (blue dotted lines) MLR data at both heat fluxes. The MLR 

peaks were underestimated by 25% and 45% at 30 kW m-2 and 60 kW m-2, respectively. 
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An additional analysis was conducted to understand the cause of this poor agreement. 

First, the temperature profiles and MLR data of pure PA66 in Figure 5.7 were well 

captured, which indicated the accuracy of the reaction parameters and thermal transport 

parameters of pure PA66. Second, the well-captured temperature profiles of 

PA66/GF25 in Figure 5.8 indicated the accuracy of the thermal transport parameters of 

GF-based components. It is noted that the thermal conductivity definitions were 

experimented and none of the attempts to redefine thermal conductivities lead to 

improvement in the MLR prediction. Therefore, the significantly underestimated MLR 

data of PA66/GF25 in Figure 5.9 demonstrated that additional mass transport features 

should be included.  

According to the literature information, the wick effect or capillary action was 

observed in the glass fiber reinforced polymers [96,97,103]. Wick effect of glass fiber 

resulted in an accelerated flow of the molten polymer along the smooth and high-energy 

glass fiber surface to the top flame zone [97]. Due to the wick effect, the molten 

polymer is transported from regions of higher concentration to regions of lower 

concentration. The known wick effect of glass fiber is a possible explanation for the 

underestimated MLR data. 
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Figure 5.9 Experimental and predicted MLR data of PA66/GF25 exposed to radiant 

fluxes set at (a) 30 kW m-2 and (b) 60 kW m-2. 

The existence of wick effect was subsequently confirmed through experimental 

measurements. If the transport behavior exists during the gasification test of 

PA66/GF25, the molten polymer will migrate from the bottom layer to the top layer 

where the concentration of molten polymer is lower due to an earlier decomposition of 

PA66. Therefore, the concentration of the final residual component, PA66_Res3, in the 

top layer of PA66/GF25 residue obtained from CAPA II test at 60 kW m-2 (fully 

decomposed) is expected to be higher than that of the fully decomposed virgin sample 

without transport. To examine this hypothesis, the concentrations of the final residual 

component for both samples were estimated and compared to determine the presence 

of the transport behavior. Figure 5.10 details the three-step examination process and 

results. The first step was to obtain Sample A from the top layer of virgin PA66/GF25 

sample, and Sample B from the top layer (~ 1 mm) of PA66/GF25 residue after the 

CAPA II test at 60 kW m-2. The second step was to heat Sample A and Sample B (4 - 

7 mg) up to 600 ℃ in N2 at a prescribed heating rate of 10 K min-1 in TGA tests. The 

small sample mass and low heating rate allowed us to assume that the sample was 

thermally thin (no significant concentration and temperature gradient inside the 

sample). The second step was conducted to ensure that both samples were fully 

decomposed into final residual component, PA66_Res3. The third step was to re-heat 

the residue of both samples after the second step up to 600 ℃ in air at a prescribed 

heating rate of 10 K min-1. The change in the mass of the samples observed in the air 

experiments was indicative of how much of the final residual component, PA66_Res3, 
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each sample contained (unlike the glass fiber, PA66_Res3 fully oxidizes and volatilizes 

when heated in the presence of oxygen). The mass loss of Sample B was twice larger 

than that of Sample A. This was because due to the wick effect, the molten polymer 

migrated to the top layer where the PA66 decomposed earlier and the concentration of 

molten polymer was lower. This larger mass loss of Sample B confirmed the existence 

of wick effect. 

 

Figure 5.10 Three-step confirmation process of the existence of wick effect 

Therefore, the wick effect or transport behavior was included in the current 

pyrolysis model. Both molten polymer and the first decomposition intermediate 

product, PA66_Melt and PA66_Res1, were assumed to be capable of undergoing the 

transport process because of their apparent low viscosity. The transport rate was 

characterized by a single mass transport coefficient. The value of the transport 

coefficient was determined to be 3.3×10-8 m2 s-1 through inversely modeling the MLR 

data of PA66/GF25 obtained at 30 kW m-2. All other material properties remain 

identical as in the previous model (without transport). The new transport model was 

checked against the MLR data of PA66/GF25 obtained at 60 kW m-2. The simulated 

MLR profiles at both heat fluxes using the new transport model are shown as the red 

solid lines in Figure 5.9. It captures the MLR peak at 30 kW m-2 very well. The 

prediction of the magnitude of MLR peak at 60 kW m-2 is improved by 25%. However, 
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the magnitude and temperature of MLR peak at 60 kW m-2 are still underestimated. 

The underestimations were likely due to fact that the transport behavior may also 

depend on the temperature gradients inside the sample and thus cannot be fully 

characterized by a single transport coefficient. However, no more complexity of the 

transport behavior was included to avoid further complicating the model because the 

increased dependence of transport behavior on the higher external heat flux was less 

notable when flame retardant additive was added. The evidence of the less notable 

dependence is provided in Section 5.2.4. The new transport model was also employed 

to simulate the back surface temperature profiles of PA66/GF25. No significant 

difference was identified between the simulated temperature results calculated by the 

model with transport and the model without transport. The red solid lines in Figure 5.8 

represent the simulated temperature profiles for both models with and without 

transport.  

5.2.4 Pyrolysis Model Development for PA66/GF/RP Blends 

Figure 5.11 shows the back surface temperature profiles of PA66/GF25-RP1.5 at 

40 and 60 kW m-2. The experimental results of lower RP concentration blend, 

PA66/GF25-RP1.5, were used to parameterize the properties of component in 

Reactions (5-7) in Table 5.1. They were not employed for Reactions (8-9) in Table 5.1 

because these two reactions were inactive when RP concentration was low. It was 

assumed that RP component had the same transport rate as PA66_Melt and 

PA66_Res1. The rest of the RP-based components did not transport. The emissivity of 

RP was assumed to be the same as that of PA66 due to a small amount of RP in the 

blend. The absorption coefficient of PA66/GF25-RP1.5 was measured using the 
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method explained in Section 3.2.1. The absorption coefficient of RP was calculated by 

subtracting the values of PA66 and GF from the values of PA66/GF25-RP1.5 based on 

their mass-weighted contributions. PA66_RP_Res1 was one of the final decomposition 

products and thus its emissivity and absorption coefficient were defined to be 0.94 and 

100 m2 kg-1 in the same manner as the final residual component, PA66_Res3. The 

emissivity and absorption coefficient of interaction product, PA66_RP, were assumed 

to be the same as the averaged values of PA66_Melt and RP.  

The density of PA66/GF25-RP1.5 was measured at room temperature. The 

density of RP was calculated based on the sample mass, material composition of 

PA66/GF25-RP1.5, and densities of PA66 and GF. It was observed that at 40 kW m-2, 

the sample thickness of PA66/GF25-RP1.5 had an increase of 2 mm at the end, and at 

60 kW m-2, the sample thickness remained unchanged throughout the test. The densities 

of PA66_RP and PA66_RP_Res1 were defined to capture the sample thickness 

evolution. The resulting parameters are summarized in Table 5.5.  

Figure 5.11 shows the mean experimental back surface temperatures (dashed 

line) of PA66/GF25-RP1.5 at both 40 kW m-2 and 60 kW m-2. These temperature 

profiles were employed to determine the only remaining undefined thermal 

conductivities. The temperature data of 0 - 250 s and 250 - 600 s at 40 kW m-2 were 

used to determine the thermal conductivity of RP and PA66_RP. The temperature data 

of 450 - 800 s at 60 kW m-2 were used to determine the thermal conductivity of 

PA66_RP_Res1 since it was produced at a relatively high temperature. Due to the high 

porosity and temperature of the residue, radiation was assumed to be the dominant 

mode of heat transfer inside the residue. The radiation diffusion approximation [130] 
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was used to describe the thermal conductivity of the residual component, 

PA66_RP_Res1, with a third-power temperature dependence. These resulting 

conductivities were adjusted in order to fit both temperature profiles within the 

experimental uncertainties. The resulting parameters are summarized in Table 5.5. The 

simulated results are shown as the red solid lines in Figure 5.11. The model captures 

the profiles well except for a slight overestimation of temperature data from 200 - 450 

s at 40 kW m-2. 

 

Figure 5.11 Experimental and simulated back surface temperatures of PA66/GF25-

RP1.5 exposed to radiant fluxes set at (a) 40 kW m-2 and (b) 60 kW m-2. Shaded area 

corresponds to the maximum and minimum experimental temperatures across the 

sample surface from repeated tests. 

The experimental results of PA66/GF25-RP6.0 were inversely modeled to 

determine the properties of components in Reactions (8-9) in Table 5.1. 

PA66_RP_Res2 was a product preceding the final residual component, 

PA66_RP_Res3. Therefore, the emissivity and absorption coefficient of 

PA66_RP_Res2 and PA66_RP_Res3, were defined to be equal to those of other final 

decomposition residues, 0.94 and 100 m2 kg-1. The sample thickness of PA66/GF25-
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RP6.0 was increased by 3 mm at the end for both heat fluxes. The densities of 

PA66_RP_Res2 and PA66_RP_Res3 were defined to capture this increase in sample 

thickness. The resulting parameters are summarized in Table 5.5.  

Figure 5.12 shows the back surface temperature profiles of PA66/GF25-RP6.0 at 

40 and 60 kW m-2. The temperature data of 800 - 1250 s at 40 kW m-2 were used to 

determine the thermal conductivity of PA66_RP_Res2. The temperature data of 600 - 

950 s at 60 kW m-2 were used to determine the thermal conductivity of PA66_RP_Res3 

since it is the dominant component within such a high temperature range. These 

resulting thermal conductivities were adjusted in order to fit both temperature profiles 

within the experimental uncertainties. The simulated results are shown as the red solid 

lines in Figure 5.12. The resulting thermal conductivities are reported in Table 5.5. 

 

Figure 5.12 Experimental and simulated back surface temperatures of PA66/GF25-

RP6.0 exposed to radiant fluxes set at (a) 40 kW m-2 and (b) 60 kW m-2. Shaded area 

corresponds to the maximum and minimum experimental temperatures across the 

sample surface from repeated tests. 
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Subsequently, the MLR data of both RP-containing blends obtained at 40 kW m-

2 and 60 kW m-2, not utilized in the inverse analysis model calibration, were used to 

further validate the properties determined in this section. Figure 5.13 shows the 

experimental and predicted MLR data of PA66/GF25-RP1.5 and PA66/GF25-RP6.0 at 

40 kW m-2 and 60 kW m-2. When RP was added, the experimental MLR peaks at 60 

kW m-2 were reduced compared to those of PA66/GF25. Additionally, as more RP was 

added, a greater reduction in the MLR peak was obtained. The pyrolysis model 

reasonably predicts the MLR data of both blends at both heat fluxes except for an 

underestimation in the magnitude and temperature of MLR peak of PA66/GF25-RP1.5 

at the higher heat flux shown in Figure 5.13(b). Similar underestimation was observed 

in the predictions of the MLR data of PA66/GF25 in Figure 5.9(b). The underestimation 

was likely due to fact that the transport behavior may also depend on the temperature 

gradients inside the sample, which is not captured by the model. The underestimation 

was not present at the high RP concentration, as indicated by Figure 5.13(d). This 

observation indicates that, as was already discussed in Section 5.2.3, the addition of the 

flame retardant reduces the impact of the wick effect at high heating intensity. 
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Figure 5.13 Experimental and predicted MLR data of (a) (b) PA66/GF25-RP1.5 and 

(c) (d) PA66/GF25-RP6.0 exposed to radiant fluxes set at 40 kW m-2 and 60 kW m-2. 

5.2.5. Extrapolation to New Compositions 

The pyrolysis model that was derived from previous sections was capable of 

capturing the back surface temperature and MLR data of all four calibrated 

PA66/GF/RP blends for any thermal exposure. In this section, the extrapolating 

capability of the resulting model was validated against data obtained for two blends 

with new compositions, PA66/GF25-RP4.5 and PA66/GF25-RP9.0. The RP 

concentration of one blend lied in between and another one had a higher RP 

concentration than those of calibrated blends.  

Figure 5.14 shows the experimental and predicted back surface temperature and 

MLR data of these two blends at 45 kW m-2. No significant difference was observed in 

the experimental results for the two blends. It should be noted that these experimental 

measurements were not employed in the model parameterization process. The model 

predicts the experimental temperature data of both blends very well except for an 

overestimation of the temperature data between 200 - 400 s for PA66/GF25-RP4.5. 
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However, the model provides reasonable predictions considering the complexity of the 

pyrolysis model and the blends. 

 

 

Figure 5.14 Experimental and predicted Tback and MLR data of (a) (b) PA66/GF25-

RP4.5 and (c) (d) PA66/GF25-RP9.0 exposed to radiant flux set at 45 kW m-2. 

5.2.6. Impact of Flame Retardant Additive on HRR of Burning Blends 

Additional simulations were conducted to understand the impact of the flame 

retardant additive on the fire performance of the blends. HRR is a critical parameter to 

assess the fire hazard of a material. Therefore, a simple 1D simulation that mimics the 

cone calorimetry experiment was conducted. In the simulation, a 4.0× 10−3 m thick 

sample was subjected to an external radiant heat flux of 50 kW m-2 incident to the top 
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sample surface. This heat flux represents the heat flux corresponding to surface heating 

from small laminar flames [131] up to fully involved room fires [132]. The heat flux 

was constant throughout the entire simulation. The convective heat losses from the top 

sample surface were neglected and the bottom sample surface employed adiabatic 

boundary conditions. The simulation neglected the potential impact of sample surface 

oxidation prior to ignition. Moreover, the additional heat flux provided by the flame 

that formed on the sample surface upon ignition was also ignored in these simulations. 

An idealistic scenario was simulated to eliminate the effect of imperfection of 

experimental setup on evaluating the fire behavior of a material. It is noted that this 

work is also capable of simulating more complex experimental scenarios. The 

calculations were terminated when no additional mass loss was observed. The rates of 

gaseous fuel production or MLR, of the burning sample were computed by 

ThermaKin2Ds using the developed pyrolysis model. The product of the resulting 

MLR and the complete heats of combustion of gaseous products obtained in MCC 

[110] yielded the HRR of the burning sample.  

A comparison of the simulated HRR profiles for four blends with varied 

compositions exposed to radiant heat flux set at 50 kW m-2 is shown in Figure 5.15(a). 

The incorporation of RP significantly reduced the magnitude of HRR and the integral 

HRR by about 38% and 12% on average compared to that of PA66/GF25. It is noted 

that the pyrolysis model developed in this work underestimates the experimental MLR 

peak of PA66/GF25 at 60 kW m-2 approximately by 20%, shown in Figure 5.9(b). 

Therefore, it is expected that the role of RP in reducing the HRR and integral HRR is 

more significant when the underestimations are eliminated. Figure 5.15(a) also shows 
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that no significant differences in these HRR profiles are identified with the RP 

composition changing from 2.0 wt. % to 9.0 wt. %. Similar trend was observed in the 

experimental HRR data obtained from actual cone calorimeter tests. The actual 

experimental data were not shown in the present work due to a confidential disclosure 

agreement between BASF and University of Maryland. Some previous studies [90,133] 

also showed that no further improvement on HRR reduction was achieved when the 

RP concentration was higher than a certain value.   

Figure 5.15(b) shows the corresponding simulated MLR profiles, which have the 

similar trend as HRR profiles. The incorporation of RP reduces the magnitude of MLR 

by about 30% on average. The additional 8% reduction in HRR data compared to the 

MLR data indicates that RP plays a role in the gas-phase fuel dilution. A parameter 

sensitivity analysis demonstrates that the thermal transport properties of RP-based 

components are primarily responsible for the observed reduction in the MLR and HRR 

data. In other words, RP chemically reacts with PA66 and produces condensed-phase 

products that act as a thermal barrier. The excess amount of RP vaporized instead of 

interacting with PA66-based components, which did not further affect the thermal 

transport process and thus no additional reduction was seen in the MLR and HRR data. 

It is worth noting that the gas-phase flame inhibition effect of RP  [90,134] was not 

considered as the heats of combustion were obtained from MCC wherein all volatiles 

were forced to complete combustion. Additional work that also accounts for its 

combustion efficiency impact is required to completely assess the role of RP in 

improving a material’s fire performance.  
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Figure 5.15 Simulated area-normalized (a) HRR and (b) MLR data of PA66/GF25, 

PA66/GF25-RP2.0, PA66/GF25-RP5.0, and PA66/GF25-RP9.0 exposed to radiant 

fluxes set at 50 kW m-2. 

5.3 Summary 

Chapter 5.1 outlined an approach to develop a reaction model that predicted the 

thermal decomposition behavior of a thermoplastic blended with a condensed-phase-

active flame retardant. This approach was based on TGA, DSC and MCC experiments 

and inverse numerical modeling of their results. While the developed model does not 

resolve chemical species involved in the decomposition process, it does capture all 

essential aspects of thermal decomposition behavior relevant to the material’s ability 

to sustain and grow fire. Moreover, through the introduction of two-component 

reactions, this model gained a capability to provide accurate prediction of thermal 

decomposition dynamics for a material of any composition that consisted of the same 

initial components (in this case: PA66, RP and GF).  

Chapter 5.2 detailed a combined experimental and modeling methodology to 

develop a pyrolysis model for PA66/GF/RP based on the reaction model constructed 
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in Chapter 5.1. The decomposition kinetics and thermodynamics obtained from 

Chapter 5.1 served as a core subset of the model inputs. The remaining required model 

inputs that define mass and heat transport within the condensed-phase were estimated 

through inversely modeling the simultaneous measurements of MLR, Tback , and 

sample thickness obtained from CAPA II experiments. The resulting single pyrolysis 

model was capable of quantitatively relating the flammability behavior to material 

composition.  

The wick effect of glass fiber was revealed during the pyrolysis model 

construction and incorporated into the pyrolysis model to improve the accuracy of 

MLR data predictions. The addition of RP reduced the dependence of the wick effect 

on the temperature gradients in the condensed-phase. The resulting new pyrolysis 

model with the wick effect predicted the MLR profiles of all the tested blends at a heat 

flux ranging from 30 to 60 kW m-2 with an approximate error of 15% on average.  

Chapter 5.2 provided a quantification of the action of the flame retardant additive 

(RP) on the fire behavior of a PA66/GF/RP blend and an understanding of the physical 

and/or chemical phenomena responsible for its action. It was concluded that when the 

gas-phase combustion inhibition effect was excluded, the impact of RP on the HRR 

was significant (38% reduction in the magnitude of HRR). The RP-based components 

are primarily responsible for the observed significant reduction in the HRR. No 

significant difference in the HRR reduction was observed when the concentration of 

RP changed from 2 wt.% to 9 wt.%. The RP appeared to provide no additional 

improvements to the HRR when added in excess of 2 wt.% because the surplus RP 

simply vaporized without interacting with other components. The addition of RP 
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reduced the magnitude of MLR data by only 30%, which indicated that RP also acted 

through fuel dilution.  
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Chapter 6. Characterization of PBT/GF/DEPAL/MPP 

Blends 

6.1 Milligram-scale Results and Analysis 

6.1.1 Overall Approach to Reaction Model Development for 

PBT/GF/DEPAL/MPP Blends 

The development of a generalized reaction model for the PBT/GF/DEPAL/MPP 

blends consisted of five steps. In the first step, a PBT decomposition model was derived 

from the TGA and DSC data obtained for the PBT/GF25 blend. The GF component 

was assumed to be non-volatile and chemically inert. 

In the second step, an attempt was made to simulate the TGA and DSC data 

obtained for the PBT/GF/DEPAL blends using a combination of the PBT 

decomposition model and DEPAL decomposition model, which was based on 

information available in the literature [135]. Significant differences between these 

simulations and experimental data were identified. These differences were interpreted 

as evidence of a chemical interaction between the polymer matrix and DEPAL. The 

reaction parameters of this interaction were initially estimated through a fitting of the 

TGA and DSC data obtained for PBT/GF25-DEPAL8 (a blend with a low 

concentration of DEPAL) and further adjusted by fitting of the data collected for 

PBT/GF25-DEPAL16 (a blend with a high concentration of DEPAL) until the best 

compromise in representing both data sets was achieved. In the third step, the same 

procedure was used to develop a reaction mechanism for the PBT/GF/MPP blends. 
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In the fourth step, the combined reaction model (including PBT, DEPAL, and 

MPP decomposition, PBT-DEPAL and PBT-MPP interactions) was employed to 

simulate experimental MCC data for all blends used for the reaction model 

development (see Table 6.1). Heats of combustion of all gaseous products were derived 

from these simulations. In the final step, the combined reaction model was validated 

by testing its ability to predict TGA and DSC data at heating rates and for material 

compositions not used in the model development process. 

6.1.2 Inverse Modeling of TGA and DSC of PBT/GF25 

The mean experimental results of TGA and DSC tests conducted on the 

PBT/GF25 material are shown as symbols in Figure 6.1. Figure 6.1(a) shows the 

dependence of sample mass and MLR normalized by the initial mass on temperature. 

Figure 6.1(b) contains the initial-sample-mass normalized heat flow and integral heat 

flow as a function of temperature. The error bars were calculated from the scatter of 

the experimental data as two standard deviations of the mean (Error bars that are 

comparable in size to the data symbols are omitted). The experimental MLR profile 

contains a single peak at 680 K corresponding to the thermal decomposition process. 

The decomposition produced 31.5 wt.% of residue including 25 wt.% of GF. The heat 

flow curve contains two distinct maxima. The first (500 K) and second (680 K) maxima 

represent melting and decomposition process, respectively. 

Inverse modeling of the TGA and DSC data was performed using the same 

approach described in detail in Section 5.1.2. Only a brief description is provided here. 

A single first-order reaction was initially employed to model the TGA data. The 

stoichiometric coefficients of this reaction were initially set to capture the residue yield 
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observed in the TGA experiments. The Arrhenius parameters of this reaction were 

initially estimated using analytical expressions [136] relating these parameters to the 

temperature and height of the targeted MLR peak. Subsequently, these parameters were 

refined through a manually iterative process using ThermaKin2Ds until the modeling 

results were found to be in agreement with the experimental data. The reaction 

parameter manipulation was based on the following observations: an increase in the 

activation energy shifted the MLR curve to a higher temperature and reduced the height 

of the peak; an increase in the pre-exponential factor shifted the MLR curve to a lower 

temperature and increased the height of the peak. The agreement was declared to be 

satisfactory when the differences between the average experimental and modeled final 

mass residues, and temperatures and magnitudes of MLR maxima were found to be 

within 3%, 5 K, and 8%, respectively. If it was impossible to achieve such agreement, 

an additional reaction was added to the reaction scheme and its parameters were 

adjusted iteratively to achieve further improvement.  

 

Figure 6.1 Experimental and simulated (a) TGA and (b) DSC data obtained for 

PBT/GF25 at 10 K min-1. 

In the case of PBT/GF25, two consecutive reactions, Reactions (2-3), were 

required to accurately capture the initial rise, maximum and final decay of the MLR. 
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These reactions are defined in Table 6.1. The component names used in the reaction 

definitions are self-explanatory. The reaction contributions to MLR profiles are 

depicted in Figure 6.1; their parameters are summarized in Table 6.2. 

Table 6.1 Reaction mechanism for all the material is examined in this study. 

Model  # Reaction Equation 

PBT 

1 PBT → PBT_Melt 

2 PBT_Melt → 0.84 PBT_Res1 + 0.16 PBT_Gas1 

3 PBT_Res1 → 0.12 PBT_Res2 + 0.88 PBT_Gas2 

PBT&DEPAL 

4 DEPAL → 0.07 DEPAL_Res1 + 0.93 DEPAL_Gas1 

5 PBT_Melt + 3.6 DEPAL → 2.0 PBT_DEPAL_Res1 + 2.6 

PBT_DEPAL_Gas1 

PBT&MPP 

6 MPP → 0.4 MPP_Res1 + 0.6 MPP_Gas1 

7 PBT_Res1 + 0.04 MPP → 0.92 PBT_MPP_Res1 + 0.12 PBT_MPP_Gas1 

8 PBT_MPP_Res1 → 0.07 PBT_MPP_Res2 + 0.93 PBT_MPP_Gas2 

Table 6.2 Kinetics and thermodynamics of melting and decomposition reactions 

(positive heats of reaction, h, correspond to endothermic processes). 

# A (s-1 or m3 kg-1 s-1) E (J mol-1) h (J kg-1) 

1 2.0 × 1040 4.00 × 105 6.0 × 104 

2 2.0 × 1025 3.41 × 105 1.4 × 105 

3 2.4 × 1020 2.90 × 105 3.1 × 105 

4 1.0 × 1012 2.09 × 105 0 

5 2.0 × 1020 3.19 × 105 2.4 × 106 

6 2.5 × 1020 2.88 × 105 6.9 × 105 

7 2.0 × 1020 2.70 × 105 1.5 × 105 

8 2.5 × 1020 2.87 × 105 4.0 × 105 

The heat flow data were analyzed by first focusing on the regions not associated 

with melting or decomposition. The data corresponding to these regions were divided 

by the instantaneous heating rate and fitted with linear functions representing heat 

capacities of the corresponding condensed-phase components. The heat flow data 
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between 313 and 460 K and 510 and 590 K were used to determine the heat capacity 

of PBT and PBT_Melt, respectively. The heat capacity of GF was obtained from the 

literature [126]. The heat capacity of PBT_Res2 was impossible to resolve due to its 

small yield. Therefore, its heat capacity was assumed to be equal to the average heat 

capacity of chars produced by several common polymers, 1700 J kg-1 K-1 [46]. The heat 

capacity of the intermediate condensed-phase product (PBT_Res1) was assumed to be 

equal to the average heat capacity of the PBT_Melt and PBT_Res2. All heat capacity 

values are listed in Table 6.3. 

The sensible heat flow baseline was subsequently calculated as a product of the 

mass fractions of condensed-phase components, whose temporal evolution was 

computed by ThermaKin2Ds, corresponding heat capacities and instantaneous heating 

rate. The baseline obtained for the PBT/GF25 is shown as a green dotted line in Figure 

6.1(b). Subtraction of this baseline from the normalized experimental heat flow and 

subsequent integration of the differences yielded the values of the heat of melting and 

heats of decomposition, h. Reaction (1) (see Table 6.1) was added to the mechanism to 

simulate the melting process. The kinetics of this reaction and heats of melting and 

decomposition were refined until the overall heat flow curve simulated using 

ThermaKin2Ds was in agreement with the experimental data. This agreement was 

defined by the simulated heat flow maxima within 10%, temperatures of the maxima 

within 8 K, and the final integral heat flow value within 5% of the corresponding 

experimental data. The results of this exercise are shown in Figure 6.1(b). The heats of 

melting and decomposition reactions are listed in Table 6.2. 

Table 6.3 Heat capacities of condensed-phase components. 
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Component c (J kg-1 K-1) Component c (J kg-1 K-1) 

PBT −524 + 5.60 × T DEPAL_Res1 1700 

PBT_Melt 2100 + 0.20 × T PBT_DEPAL_Res1 1700 

PBT_Res1 1900 + 0.10 × T MPP −990 + 4.20 × T 

PBT_Res2 1700 MPP_Res1 1700 

GF 442 + 1.24 × T PBT_MPP_Res1 1900 + 0.10 × T 

DEPAL −2750 + 11.8 × T PBT_MPP_Res2 1700 

6.1.3 Inverse Modeling of TGA and DSC Data for PBT/GF/DEPAL Blends 

Figure 6.2 displays the mean experimental results of TGA and DSC tests on 

PBT/GF25-DEPAL8 and PBT/GF25-DEPAL16 material systems. With the 

introduction of DEPAL, the MLR profiles gain an additional, barely discernable peak 

at 765 K. This peak becomes somewhat more evident as the concentration of DEPAL 

increases to 16 wt.%. 

 

Figure 6.2 Experimental and simulated TGA and DSC data obtained for (a) (b) 

PBT/GF25-DEPAL8 and (c) (d) PBT/GF25-DEPAL16 at 10 K min-1 
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Duquesne et al. [135] investigated the decomposition of pure DEPAL using 

TGA, which was conducted in nitrogen at a heating rate of 10 K min-1. They found that 

DEPAL decomposed at about 750 K through a single step and produced 7 wt.% of final 

residue. Given a similarity between the position of the second MLR peak observed in 

this study and that of pure DEPAL, this second peak was attributed to DEPAL 

decomposition. Reaction (4) (see Table 6.1) was added to the mechanism to represent 

this process. The stoichiometric coefficients of this reaction were determined from 

Duquesne et al. results; the kinetic parameters were estimated based on the second 

MLR peak (765 K) observed in the current experiments. 

The results of addition of Reaction (4) to the mechanism are shown as green 

dashed lines in Figure 6.2(a) and 6.2(c). These simulations significantly overestimate 

the size of the second MLR peak for both blends indicating that some DEPAL is 

consumed in a reaction with the polymer matrix prior to reaching its decomposition 

temperature. To account for this interaction, a reaction between PBT_Melt and 

DEPAL, Reaction (5) (see Table 6.1), was added to the mechanism. The stoichiometry 

and kinetics of this reaction were adjusted to correctly reproduce the experimental 

MLR peaks observed for the PBT/GF25-DEPAL8 and PBT/GF25-DEPAL16 blends. 

The final inverse modeling results using Reactions (1-5) (see Table 6.1) are shown in 

Figure 6.2(a) and 6.2(c) as red solid lines; the reaction parameters are summarized in 

Table 6.2. The first simulated MLR peak is still primarily associated with the 

decomposition of PBT_Melt, only a relatively small fraction of which is consumed in 

the reaction with DEPAL. The second simulated peak is associated with the 

decomposition of the portion of DEPAL that did not react with PBT_Melt. 
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The experimental heat flow data obtained for PBT/GF25-DEPAL8 and 

PBT/GF25-DEPAL16 in the temperature range between 313 and 460 K were used to 

determine the heat capacity of DEPAL. The sensible heat contributions of PBT and GF 

were subtracted from the heat flow data to determine DEPAL’s contribution. Heat 

capacities of DEPAL_Res1 and PBT_DEPAL_Res1 components could not be 

determined from the heat flow data due to their small yields and, therefore, were 

assumed to be equal to the average heat capacity of chars produced by several common 

polymers, 1700 J kg-1 K-1 [46]. The heats of Reaction (4) and (5) (see Table 6.1) were 

subsequently determined by fitting the heat flow data for both blends. These final heat 

flow modeling results that agree with experimental results within the criteria defined 

in Section 6.1.2 are shown in Figure 6.2(b) and 6.2(d). The values of heat capacities 

and heats of reaction are reported in Table 6.3 and 6.2, respectively.  

6.1.4 Inverse Modeling of TGA and DSC Data for PBT/GF/MPP Blends 

The mean experimental results of TGA and DSC tests of PBT/GF25-MPP4 and 

PBT/GF25-MPP8 blends are shown as symbols in Figure 6.3. With the incorporation 

of MPP into the GF-reinforced PBT, the main MLR peak increases in height (by 20% 

upon addition of 4 wt.% of MPP) and becomes considerably more narrow in 

temperature. The char yield was not affected by the addition of MPP. An attempt was 

made to capture this behavior by adding a reaction of decomposition of MPP, Reaction 

(6) (see Table 6.1), to the mechanism. This reaction was parameterized by matching 

the final residue yield and temperature of the main MLR peak observed in the TGA 

experiments conducted in this work on pure MPP. However, as indicated by green 

dashed lines in Figure 6.3(a) and 6.3(c), the resulting model (no interaction) 
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significantly underestimated the heights of the main MLR peaks; the initial rise and 

final decay of the MLR curves were not captured. Also, the final residue yields were 

underestimated by about 5%. It was further deduced that it is the reaction of 

decomposition of PBT_Res1 (Reaction (3)) that was primarily responsible for the 

observed discrepancies. Therefore, a reaction between PBT_Res1 and MPP, Reaction 

(7) (see Table 6.1), was added to the model to compete with Reaction (3). Finally, one 

more consecutive reaction, Reaction (8) (see Table 6.1), was added to accurately 

capture the final decay of the MLR peaks observed for both blends. These inverse 

modeling results using Reactions (1-3) and (6-8) are shown in Figure 6.3(a) and 6.3(c) 

as red lines. The kinetic parameters of these additional reactions are summarized in 

Table 6.2. 

 

Figure 6.3 Experimental and simulated TGA and DSC data obtained for (a) (b) 

PBT/GF25-MPP4 and (c) (d) PBT/GF25-MPP8 at 10 K min-1 
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The heat capacity of MPP was obtained in the same way as the heat capacity of 

DEPAL (see Section 6.3). The heat capacities of MPP_Res1 and PBT_MPP_Res2 

could not be resolved and were assumed to be equal to the average heat capacity of 

chars produced by several common polymers, 1700 J kg-1 K-1 [46]. The heat capacity 

of PBT_MPP_Res1 was taken as the average heat capacity of PBT_Melt and 

PBT_MPP_Res2. The heats of Reaction (6-8) (see Table 6.1) were subsequently 

determined by fitting the heat flow data for both blends. The final heat flow modeling 

results are shown in Figure 6.3(b) and 6.3(d). The values of heat capacities and heats 

of reaction are reported in Table 6.3 and 6.2, respectively. 

6.1.5 Inverse Modeling of MCC Data of PBT/GF/DEPAL/MPP Blends 

The mean experimental HRR normalized by the initial sample mass and the 

integral HRR for PBT/GF25, PBT/GF25-DEPAL8, PBT/GF25-DEPAL16, 

PBT/GF25-MPP4, and PBT/GF25-MPP8 blends are shown as symbols in Figure 6.4. 

Initial comparisons between the experimental HRR and modeled MLR profiles 

generated using the heating rate temporal profiles specific to the MCC experiments 

revealed minor discrepancies that were attributed to sample/sensor temperature non-

uniformities present in the MCC and associated with the use of open ceramic crucibles. 

To correct for these non-uniformities, the experimental HRR curves were shifted to a 

higher temperature by 5-10 K using the guiding principle that any detected heat release 

required a concurrent mass loss. The experimental data presented in Figure 6.4 are the 

shifted data; the original data are not presented because they are nearly 

indistinguishable from the shifted results. 
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Figure 6.4 Experimental and simulated MCC data obtained for (a) PBT/GF25, (b) 

PBT/GF25-DEPAL8, (c) PBT/GF25-DEPAL16, (d) PBT/GF25-MPP4 and (e) 

PBT/GF25-MPP8 at 10 K min-1 

The heats of combustion of all gaseous products were first set to a single value 

that yielded the final integral HRR equal to that observed in the experiments. 

Subsequently, individual hcom values were adjusted up or down to capture the shapes 

of the experimental HRR peaks. As in the case of inverse modeling of TGA and DSC 

experiments, the iterative process continued until the differences between the modeled 

and experimental data satisfied specific criteria. These criteria were defined as 

differences of less than 8% between the values of HRR maxima, less than 10 K between 

the temperatures of the maxima and less than 8% between the final integral HRR 

values. The resulting heats of combustion that satisfy these criteria are given in Table 

6.4. All hcom values are within the range, 0.7 − 3.8 × 107 J kg-1, consistent with the 
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hydrocarbon nature of these gases [129]. The final simulated MCC results are shown 

in Figure 6.4. 

Table 6.4 Heats of combustion of gaseous products 

Component hcom (J kg-1) Component hcom (J kg-1) 

PBT_Gas1 2.1 × 107 PBT_DEPAL_Gas1 2.8 × 107 

PBT_Gas2 2.5 × 107 MPP_Gas1 1.8 × 107 

DEPAL_Gas1 0.7 × 107 PBT_MPP_Gas1 3.8 × 107 

PBT_MPP_Gas2 2.5 × 107   

6.1.6 Model Performance at Different Heating Rates 

The reaction mechanism shown in Table 6.1 and corresponding parameters 

reported in Tables 6.2-6.4 reproduce TGA, DSC, and MCC data collected at a nominal 

heating rate of 10 K min-1 for PBT/GF25, PBT/GF25-DEPAL8, PBT/GF25-DEPAL16, 

PBT/GF25-MPP4, and PBT/GF25-MPP8 blends with the accuracy defined by the 

criteria discussed in Section 6.1.2 and 6.1.5. To further validate this reaction model, 

the mean experimental TGA data obtained at lower, 5 K min-1, as well as higher, 20 K 

min-1, heating rates on the same blends were compared with the corresponding 

predictions. This comparison is summarized in Figure 6.5; no MLR data are shown on 

this figure to avoid congestion. Overall, good predictions were obtained for all blends 

and heating conditions. The model slightly (by 5-10 K) underestimates the 

temperatures of the onset of the experimental mass loss at 20 K min-1 for all blends, 

perhaps, due to some minor non-uniformities in the sample/sensor temperature arising 

at this heating rate (and not corrected for by the STA temperature sensor calibration, 

which was carried out at 10 K min-1).  
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Figure 6.5 Experimental and simulated TGA data obtained for (a) PBT/GF25, (b) 

PBT/GF25-DEPAL8, (c) PBT/GF25-DEPAL16, (d) PBT/GF25-MPP4 and (e) 

PBT/GF25-MPP8 blends at 5 K min-1 and 20 K min-1 

6.1.7 Modeling of Different Material Compositions 

To validate the model assumption that GF acts as an inert additive, TGA and 

DSC experiments were performed on pure PBT samples. The results of these 

experiments are compared with the model predictions in Figure 6.6. The experimental 

TGA data are in nearly perfect agreement with the model. The experimental heat flow 

is slightly underpredicted toward the end of the experiment. This discrepancy is likely 

to be associated with the uncertainties in the high temperature portion of the 

experimental heat flow baseline, which may not have been completely resolved in the 

five STA runs from which these data were derived (ten STA runs were used to generate 

all model calibration data).  
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Figure 6.6 Experimental and simulated (a) TGA and (b) DSC data obtained for pure 

PBT at 10 K min-1 

Finally, the predictions of the reaction model were compared with the 

experimental results obtained for material blends containing both flame retardants 

(PBT/GF25-DEPAL8-MPP4 and PBT/GF25-DEPAL16-MPP8). This comparison is 

shown in Figure 6.7. The model captures all TGA and DSC experimental data well, 

with a possible exception of a slight overprediction of the maximum heat flows. In 

addition to validating the model, this comparison indicates absence of significant 

interactions between DEPAL and MPP additives. The same conclusion was reached by 

Samyn and Bourbigot who studied the thermal decomposition of DEPAL-MPP blends 

[107]. 
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Figure 6.7 Experimental and simulated TGA and DSC data obtained for (a) (b) 

PBT/GF25-DEPAL8-MPP4 and (c) (d) PBT/GF25-DEPAL16-MPP8 at 10 K min-1 

6.2 Bench-scale Results and Analysis 

6.2.1 Overall Approach to Pyrolysis Model Development for 

PBT/GF/DEPAL/MPP Blends 

The pyrolysis model development of PBT/GF/DEPAL/MPP blends requires the 

measurement of the kinetics and thermodynamics of thermal decomposition, heats of 

combustion of gaseous products, and thermal transport properties. The kinetics and 

thermodynamics of thermal decomposition and heats of combustion of gaseous 

products have been parameterized through a manually iterative inverse analysis of 

milligram-scale experimental data in Section 6.1. The resulting reaction model along 

with the determined parameters summarized in Tables 6.1-6.4, are capable of 

predicting TGA, DSC, and MCC data of pyrolyzing blends as a function of material 
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compositions and heating conditions. The thermal transport properties were determined 

through an inverse analysis of the bench-scale gasification experimental results. The 

inverse analysis process for the pyrolyzing multi-component flame retardant blends 

consisted of five steps. 

The first step is to parameterize the pyrolysis model of pure PBT. The sample 

thickness and Tback  data of pure PBT at both 30 kW m−2  and 60 kW m−2  were 

inversely analyzed to determine the thermal transport properties of PBT-based 

condensed-phase components participating in Reactions (1-3) in Table 6.1. The 

resulting thermal transport properties were validated against the corresponding MLR 

data that were not used in the parameterization process. In the second step, the thermal 

transport properties of GF were estimated using the sample thickness and Tback data of 

PBT/GF25 at 30 kW m−2 and 60 kW m−2. The parameterization process in the second 

step relied on the thermal transport properties of PBT determined in the first step. 

Initially, GF was modeled as a single component throughout the test. However, it is 

impossible to capture the temperature profiles at both heat fluxes by treating GF in such 

a simple manner. It is expected that when PBT melts and decomposes, the interface 

between PBT-based components and GF changes. Therefore, GF was assumed to 

evolve (GF→GF_Melt, GF_Mel→GF_Res1, GF_Res1→GF_Res2) identically to PBT 

decomposition (Reactions (1- 3) in Table 6.1). The same Arrhenius parameters as 

Reactions (1-3) in Table 6.1 were assigned to GF evolution; no mass loss and no heat 

of reactions were assigned. It should be noted that the incorporation of these reactions 

does not mean that GF is chemically reactive. The main purpose is to enable a flexible 

characterization of the effective physical interaction between PBT and GF during the 
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pyrolysis process. The GF in the PA66/GF25 system was treated in the same manner. 

The thermal transport properties of evolved GF-based components were determined 

and validated in a similar manner as the first step.  

In the third step, the thermal transport parameters of DEPAL-based components 

participating in Reactions (4-5) in Table 6.1 were determined through the inverse 

analysis of sample thickness and Tback data of PBT/GF25-DEPAL16 (a higher DEPAL 

concentration blend) at 30 kW m-2 and 60 kW m-2. The resulting properties were 

validated against the Tback data of a lower DEPAL concentration blend, PBT/GF25-

DEPAL8, as well as the MLR data of both DEPAL-containing blends at both heat 

fluxes. In the fourth step, similar to the DEPAL-containing blends, the thermal 

transport parameters of MPP-based components participating in Reactions (6-8) in 

Table 6.1 were determined and validated through the inverse analysis of experimental 

measurements of two MPP-containing blends. In the final step, the extrapolating 

capability of the resulting model based on all the parameters determined in previous 

steps was examined through predicting experimental measurements obtained for two 

additional blends with new compositions, PBT/GF25-DEPAL8-MPP4 and PBT/GF25-

DEPAL16-MPP8. In addition, simulations of an idealized cone calorimeter experiment 

were conducted to understand the impact of two additives, DEPAL and MPP, on HRR 

data of a burning material and thus evaluate it role in the fire performance of 

PBT/GF/DEPAL/MPP blends.  

6.2.2 Pyrolysis Model Development for Pure PBT 

The melting and decomposition processes of PBT are characterized by Reactions 
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(1-3) in Table 6.1. The pyrolysis model development of PBT requires the knowledge 

of these reaction parameters and the thermal transport properties (emissivity, 

absorption coefficient, density, and thermal conductivity) of the condensed-phase 

components participating in these reactions. The reaction parameters have been 

obtained in Section 6.1.2 and summarized in Tables 6.1-6.3. The optical properties 

(emissivity and absorption coefficient) were first parameterized. The emissivity of PBT 

was assumed to be the same as the average total emissivity of PBT that was calculated 

from the spectral reflectance measured with the NIST Integrating-sphere device at a 

source temperature of 1081 K by Linteris et al. [62]. The same emissivity as PBT was 

assigned to PBT_Melt and PBT_Res1 by assuming the melting process and first 

decomposition reaction did not affect the emissivity. The emissivity of final residual 

component, PBT_Res_2, was defined as 0.94. This value was determined 

experimentally by comparing the measured back surface temperatures of various 

residue samples with one-half of the residue surface coated with high emissivity paint 

(0.94) and the other uncoated residue. No difference in the sample back surface 

temperature was identified between the painted and unpainted halves. Therefore, the 

emissivity of the residual component was defined to be the same as the paint emissivity, 

0.94.  

The absorption coefficient of PBT was obtained from the study by Linteris et al. 

[62]. The absorption coefficient of PBT was determined as 3720 m-1 at a thickness 

where 80% of the energy was absorbed at a source temperature of 1081 K. It is noted 

that the absorption coefficients provided in the current study were normalized by the 

corresponding densities. PBT_Melt was assumed to have the same absorption 
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coefficient as PBT. The final residue was observed to appear very optically dark and 

graphitic in nature. Therefore, the absorption coefficient of PBT_Res2 was defined as 

100 m2 kg-1 to ensure that no significant radiation was allowed to transmit through the 

residue. The absorption coefficient of intermediate product (PBT_Res1) that described 

the gradual transformation from PBT_Melt and PBT_Res2 was determined to be equal 

to the averaged value of PBT_Melt and PBT_Res2. The resulting emissivity and 

absorption coefficients are provided in Table 6.5.  

Subsequently, the densities of condensed-phase components (PBT, PBT_Melt, 

PBT_Res1, and PBT_Res2) were defined to capture the sample thickness evolution. 

The density of PBT was measured at room temperature. At 60 kW m-2, the sample 

thickness decreased to almost zero at the end. The densities of PBT_Melt, PBT_Res1, 

and PBT_Res2 were defined based on the experimental observation that the sample did 

not change in thickness until late stages of gasification tests. The resulting densities of 

these components are provided in Table 6.5.  

Table 6.5 A full set of thermal transport properties of each condensed-phase 

component. 

Component ρ (kg m−3) ε κ (m2 kg−1) k (W m−1 K1) 

PBT 1333 0.88 2.8 0.12 

PBT_Melt 1333 0.88 2.8 0.23 

PBT_Res1 1120 0.88 51.4 0.1+1.2×10-4 T 

PBT_Res2 1333 0.94 100 0.18 

GF 2518 0.81 6.4 0.70 

GF_Melt 2518 0.81 6.4 0.03 

GF_Res1 2518 0.88 53.2 0.06 

GF_Res2 413 0.94 100 0.15 
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DEPAL 1570 0.88 2.8 0.40 

DEPAL_Res1 2566 0.94 100 1×10-10 T3 

PBT_DEPAL_Res1 1511 0.94 100 1×10-9 T3 

MPP/MPP* 2188/200 0.88 2.8 0.16 

MPP_Res1 2188 0.94 100 0.16 

PBT_MPP_Res1 200 0.91 51.4 1.4×10-4 T 

PBT_MPP_Res2 53 0.94 100 0.1+2.7×10-10 T3 

Figure 6.8 depicts the mean experimental back surface temperatures (black 

dashed lines) of pure PBT exposed to radiant heat fluxes at both 30 kW m-2 and 60 kW 

m-2. Shaded area corresponds to the maximum and minimum experimental 

temperatures across the sample surface from the repeated experiments. Both 

temperature profiles were cropped at the time when 70 wt.% of the sample was 

decomposed. This was done because the 1D assumption was not valid after a majority 

of sample was consumed. The residue agglomerated in the center rather than remained 

as a uniform layer.  

The thermal conductivities of these four condensed-phase components were the 

only remaining undefined parameters in the development of pyrolysis model. Inverse 

analysis of back surface temperature profiles in Figure 6.8 was conducted to determine 

these thermal conductivities. The first 150 s of experimental temperature profile at 30 

kW m-2 in Figure 6.8(a) was inversely modeled to determine the thermal conductivity 

of PBT component. The initial rise of the Tback curve was chosen as the target for the 

virgin component because PBT was the only component that affected the Tback curve 

early in the test. The thermal conductivities of the intermediate components, 

PBT_Melt, and PBT_Res1, were defined through the inverse analysis of the Tback 

profile of 150 - 300 s and 300 - 690 s obtained at 30 kW m-2. The data at the lower heat 
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flux were chosen as the parameterization target because the distinct modeled 

components are more easily isolated in these data than in the data collected at the higher 

heat flux. The data of 150 - 230 s at 60 kW m-2 in Figure 6.8(b), where the sample was 

almost fully decomposed, were fitted to determine the thermal conductivity of the final 

residual component, PBT_Res2. The remaining data at the higher heat flux were used 

to adjust the initially determined conductivities to capture both temperature profiles. 

The principle of the inverse analysis process is to keep the simplest parameter set as 

possible while the agreement between the experimental and modeled curves is within 

the experimental uncertainties. The resulting thermal conductivities are reported in 

Table 6.5. The pyrolysis model, that included thermal transport properties determined 

in this section and the reaction parameters determined in Section 6.1.2, was employed 

to simulate the temperature profiles obtained at 30 and 60 kW m-2, shown as red solid 

lines in Figure 6.8.   

  

Figure 6.8 Experimental and simulated back surface temperatures of pure PBT 

exposed to radiant fluxes set at (a) 30 kW m-2 and (b) 60 kW m-2. Shaded area 

corresponds to the maximum and minimum experimental temperatures across the 
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sample surface from repeated tests. Blue dotted lines represent the modeling results of 

Model A obtained from the study by Kempel et al.  [39]. 

The developed pyrolysis model of PBT based on the resulting properties in this 

section was validated against the experimental MLR data of PBT obtained at 30 kW m-

2 and 60 kW m-2, shown in Figure 6.9. It is worth noting that the MLR data were not 

utilized in the inverse analysis model calibration. Figure 6.9 shows the mean 

experimental (symbols) and predicted (red solid lines) MLR data at both heat fluxes. 

The error bars of MLR data were computed as two standard deviations of the mean. 2 

wt.% and 15 wt.% residues remained at the end of the 30 kW m-2 and 60 kW m-2 tests, 

respectively. The model predicts the experimental MLR profiles well at both heat 

fluxes with the exception of an abrupt MLR decrease to zero at the end of the 60 kW 

m-2. This is likely due to the invalid 1D assumption at the end of the experiment when 

the residue agglomerated in the center instead of spreading out as a uniform layer. 

The predictions of temperature and MLR data of pure PBT using a pyrolysis 

Model A developed by Kempel et al. [39] are also included as blue dotted lines in 

Figures 6.8 and 6.9. This model captures the initial rise of MLR curves at both heat 

fluxes very well. However, this model consistently over-predicts the Tback data and 

MLR peaks at both heat fluxes. The materials from different manufacturers used in 

these two studies may contribute to the overestimation.  
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Figure 6.9 Experimental and predicted MLR data of pure PBT exposed to radiant 

fluxes set at (a) 30 kW m-2 and (b) 60 kW m-2. Blue dotted lines represent the 

modeling results of Model A obtained from the study by Kempel et al. [39]. 

6.2.3 Pyrolysis Model Development for PBT/GF25 

In the model parameterization of PBT/GF25, the resulting material properties of 

pure PBT in Section 6.2.2 remained identical and the additional properties of GF were 

determined. As discussed in Section 6.2.1, GF was assumed to evolve (GF→GF_Melt, 

GF_Mel→GF_Res1, GF_Res1→GF_Res2) in the same manner as PBT to account for 

the changes in the thermal transport interaction between PBT and GF during the PBT 

decomposition. Therefore, the thermal transport properties of GF-based components 

were estimated to capture the experimental measurements of PBT/GF25.  

The emissivity and absorption coefficient of PBT/GF25 were obtained from a 

study by Linteris et al. [62]. The emissivity and absorption coefficient of GF were 

calculated by subtracting the values of PBT from the values of PBT/GF25 based on 

their volume- and mass-weighted contributions, respectively. The emissivity and 

absorption coefficient of GF_Melt were assumed to be the same as those of virgin 
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component, GF. The emissivity and absorption coefficient of final residue, GF_Res2, 

were defined as 0.94 and 100 m2 kg-1 in the same manner as the final residue of PBT 

decomposition, PBT_Res2. The emissivity and absorption coefficient of GF_Res1 

were assumed to be the averaged values of GF_Melt and GF_Res_2. The density of 

PBT/GF25 was measured at room temperature. The density of GF was determined 

based on the known densities of PBT and PBT/GF25, and mass composition of 

PBT/GF25. The densities of the GF_Melt, GF_Res1, and GF_Res2 were determined 

to capture the approximately constant sample thickness. The resulting parameters are 

summarized in Table 6.5.  

Figure 6.10 shows the mean experimental back surface temperatures (black 

dashed lines) of PBT/GF25 at 30 kW m-2 and 60 kW m-2. When the GF (chemically 

inert) was added into PBT, the Tback data were significantly reduced compare to those 

of PBT. The thermal conductivities of GF-based components were determined through 

inversely modeling the temperature profiles in Figure 6.10. The initial rise of the 

temperature data of 0 - 200 s at 30 kW m-2 in Figure 6.10(a) were used to determine 

the thermal conductivity of GF. The temperature data of 200 - 400 s and after 400 s at 

30 kW m-2 in Figure 6.10 (a) were employed to determine the thermal conductivities 

of GF_Melt and GF_Res1, respectively. The temperature data of 500 - 700 s at 60 kW 

m-2 in Figure 6.10 (b) were employed to determine the thermal conductivity of 

GF_Res2 since GF_Res2 is the dominant component. The resulting thermal 

conductivity values were adjusted to capture the temperature data at both heat fluxes in 

Figure 6.10. These slightly over-predicted temperature data of 250 - 450 s at 60 kW m-

2 can be either due to the imperfections of the model (associated with a relative 
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simplicity of its formulation) or due to small systematic errors in the experimental 

measurements.  

  

Figure 6.10 Experimental and simulated back surface temperatures of PBT/GF25 

exposed to radiant fluxes set at (a) 30 kW m-2 and (b) 60 kW m-2. Shaded area 

corresponds to the maximum and minimum experimental temperatures across the 

sample surface from repeated tests. Blue dotted lines represent the modeling results of 

Model B obtained from the study by Kempel et al. [39]. 

The developed pyrolysis model of PBT/GF25 was validated against the 

experimental MLR data obtained at 30 kW m-2 and 60 kW m-2, shown in Figure 6.11. 

It is worth noting that the MLR data were not utilized in the inverse analysis model 

calibration. Figure 6.11 shows the experimental (symbols) and predicted (green dashed 

lines) MLR data at both heat fluxes. The magnitudes of MLR peaks were 

underestimated by 30% and 50% at 30 kW m-2 and 60 kW m-2, respectively. A similar 

underestimation of the MLR peaks was observed in PA66-based system, shown in 

Figure 5.9 of Section 5.2.3. An additional analysis was also conducted to understand 

the cause of this poor agreement. First, the Tback and MLR profiles of pure PBT in 

Figures 6.8 and 6.9 were well captured, which indicated the accuracy of the resulting 
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reaction parameters and thermal transport parameters of pure PBT. It is noted that the 

same reaction parameters were used for PBT and PBT/GF since the GF is chemically 

inert. In addition, the well-captured temperature profiles of PBT/GF25 in Figure 6.10 

indicated the accuracy of the resulting thermal transport parameters of GF-based 

components. Therefore, the underestimated MLR data of PBT/GF25 in Figure 6.11 

demonstrated that additional mass transport features should be taken into account.  

According to the literature information, the wick effect was observed in the glass 

fiber reinforced polymers [96,97,103]. Due to the wick effect of glass fiber, the molten 

polymer is transported from regions of higher concentration to regions of lower 

concentration. It was found that the incorporation of wick effect helped to improve the 

MLR predictions of PA66/GF25, shown in Figure 5.9 of Section 5.2.3. Therefore, the 

neglected wick effect of glass fiber is also a possible explanation for the underestimated 

MLR data. 

  

Figure 6.11 Experimental and predicted MLR data of PBT/GF25 exposed to radiant 

fluxes set at (a) 30 kW m-2 and (b) 60 kW m-2. Blue dotted lines represent the 

modeling results of Model B obtained from the study by Kempel et al. [39]. 

The existence of wick effect (transport behavior) in PBT/GF25 was confirmed 
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through experimental measurements. If the wick effect exists during the gasification 

test of PBT/GF25, the molten PBT will migrate from the bottom layer to the top layer 

where the concentration of molten PBT is lower due to an earlier decomposition of 

PBT. Therefore, the concentration of the final residual component, PBT_Res2, in the 

top layer of PBT/GF25 residue obtained from CAPA II test at 60 kW m-2 (fully 

decomposed) is expected to be higher than that of the fully decomposed virgin sample 

without transport. Therefore, their concentration of PBT_Res2 were examined to 

confirm the existence of the transport behavior. Figure 6.12 details the three-step 

confirmation process. The first step is to obtain Sample A from the virgin PBT/GF25 

granules or plates, and Sample B from the top layer (about 1× 10−3 m) of PBT/GF25 

residue (3.8× 10−3 m) after the CAPA II test at 60 kW m-2. The second step is to heat 

both Sample A and Sample B (4-7 mg) up to 600 ℃ in N2 at a nominal heating rate of 

10 K min-1 in TGA tests. The small sample mass and low heating rate allowed us to 

assume that the sample was thermally thin (no significant concentration and 

temperature gradient inside the sample). The second step was done to ensure that PBT 

in both samples were fully decomposed into the final residual component, PBT_Res2. 

The third step is to re-heat the sample residues obtained from the second step up to 600 

℃ in air at a prescribed heating rate of 10 K min-1 in TGA tests. The change in the mass 

of the samples observed in the air experiments was indicative of how much of the final 

residual component, PBT_Res2, each sample contained (unlike the glass fiber, 

PBT_Res2 fully oxidizes and volatilizes when heated in the presence of oxygen). The 

fact that the mass loss for the Sample B in the third step is larger than that for the 

Sample A indicates that the molten polymer migrates to the top layer during the 
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pyrolysis process and confirms the existence of wick effect during the gasification test 

of PBT/GF25.  

 

Figure 6.12 Three-step confirmation process of the existence of wick effect 

Therefore, the transport behavior of molten polymer was included and 

characterized using a single mass transport coefficient in the current pyrolysis model. 

The value of the transport coefficient was determined to be 9.5× 10−9 m2s−1 through 

inversely modeling the MLR data of PBT/GF25 obtained at 30 kW m-2. This value was 

smaller than that of transported components in PA66-based system, which is partially 

due to a slightly lower viscosity number of PA66 [137,138]. In this new molten 

polymer transport model, all the material properties remain identical as the previous 

model (without transport). Subsequently, the new transport model was validated 

against the MLR data of PBT/GF25 obtained at 60 kW m-2. The simulated MLR 

profiles at both heat fluxes using the new transport model are shown as the red solid 

lines in Figure 6.11. The new transport model captures the MLR profile at 30 kW m-2 

very well, with an improvement of 30% in the magnitude of MLR peak. The prediction 

of the magnitude of MLR peak at 60 kW m-2 was improved by 30%. However, the 

temperature and magnitude of MLR peak at 60 kW m-2 were still underestimated, 

which was likely due to fact that the transport behavior may also depend on the 

temperature gradient inside the sample and thus cannot be fully characterized by a 
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single transport coefficient. However, no further complexity of the transport behavior 

was included to avoid further complicating the model because when a small amount of 

flame retardant additives was added, the increased dependence of transport behavior 

on the higher external heat flux was less notable. The evidence of the less notable 

dependence is provided in Sections 6.2.4 and 6.2.5.  

The new transport model was also employed to simulate the back surface 

temperature profiles of PBT/GF25 at both heat fluxes. No significant difference was 

identified between the simulated results calculated by the model with transport and the 

model without transport. Therefore, the red solid lines in Figure 6.10 represent the 

simulated Tback profiles for both models.  

The predictions of Tback and MLR data using a pyrolysis Model B developed by 

Kempel et al. [39] are also included as blue dotted lines in Figures 6.10 and 6.11. This 

model initially over-predicts and then under-predicts the Tback data at both 30 kW m-2 

and 60 kW m-2. This model captures the magnitudes of the MLR peaks although it 

significantly underestimates the decaying portion of MLR curves at both heat fluxes. 

The materials from different manufacturers used in these two studies may contribute to 

the unsatisfactory agreement. In addition, the neglected molten polymer transport 

behavior in the model developed by Kempel et al. may also explain the poor agreement. 

It should be emphasized that the pyrolysis model of PBT/GF25 developed in this work 

can be used to capture the pyrolysis behavior for both pure PBT and PBT/GF25. 

However, Model A and Model B obtained from the study by Kempel et al. were 

developed for pure PBT and PBT/GF25 individually and consisted of completely 

independent property sets.  
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6.2.4 Pyrolysis Model Development for PBT/GF/DEPAL Blends 

During the parameterization process of pyrolyzing PBT/GF/DEPAL blends, all 

the properties of PBT-based and GF-based components determined in the previous 

sections were adopted and the additional properties of DEPAL-based components 

participating in Reactions (4-5) in Table 6.1 were obtained. It was assumed that DEPAL 

component had the same transport rate as the molten polymer, PBT_Melt. The 

emissivity and absorption coefficient of DEPAL were assumed to be the same as those 

of PBT due to a small amount of DEPAL in the blend. The emissivity and absorption 

coefficient of final residual components, DEPAL_Res1 and PBT_DEPAL_Res1, were 

also defined as 0.94 and 100 m2 kg-1 in the same manner as the residual component, 

PBT_Res2. The density of PBT/GF25-DEPAL16 was measured at the room 

temperature. The density of DEPAL was calculated based on the known densities of 

PBT, GF, and PBT/GF25-DEPAL16, and mass composition of PBT/GF25-DEPAL16. 

DEPAL partly vaporizes and partly decomposes to a diethyl phosphinic acid vapor and 

an aluminum phosphate residue in the condensed-phase [91]. Therefore, DEPAL_Res1 

was assumed to have the same density as aluminum phosphate [139]. The density of 

PBT_DEPAL_Res1 was estimated to capture the approximately constant sample 

thickness throughout the test. The resulting parameters are summarized in Table 6.5. 

Figure 6.13 shows the mean experimental Tback profiles (black dashed lines) of 

PBT/GF25-DEPAL16 at both heat fluxes. The initial rise of the back surface 

temperature data of 0 - 200 s at 30 kW m-2 was employed to determine the thermal 

conductivity of DEPAL. The back surface temperature data after 300 s at 30 kW m-2 

were used to determine the thermal conductivity of PBT_DEPAL_Res1. The 
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temperature data of 450 - 650 s at 60 kW m-2 were used to determine the thermal 

conductivity of DEPAL_Res1 since it was produced at a relatively high temperature. 

Due to the high porosity and temperature of the residue, radiation was assumed to be 

the dominant mode of heat transfer inside the residue. The radiation diffusion 

approximation [130] was used to describe the thermal conductivity of the residual 

components, DEPAL_Res1 and PBT_DEPAL_Res1, with a third-power temperature 

dependence. The resulting conductivities were adjusted in order to fit both temperature 

profiles within the experimental uncertainties on average. The simulated results are 

shown as the red solid lines in Figure 6.13.  

 

Figure 6.13 Experimental and simulated back surface temperatures of PBT/GF25-

DEPAL16 exposed to radiant fluxes set at (a) 30 kW m-2 and (b) 60 kW m-2. Shaded 

area corresponds to the maximum and minimum experimental temperatures across the 

sample surface from repeated tests. 

The material properties determined in this section were first validated against the 

Tback data obtained for a lower DEPAL concentration blend, PBT/GF25-DEPAL8. 

Figure 6.14 shows the experimental and simulated temperature profiles of PBT/GF25-

DEPAL8 at both heat fluxes. The model captures the temperature profiles pretty well 
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except for an overestimation of the data at the end of the 30 kW m-2 test and of the data 

between 250 - 450 s at 60 kW m-2 in Figure 6.14(b). The presence of these minor 

discrepancies can be either due to the imperfections of the model (associated with a 

relative simplicity of its formulation) or due to small systematic errors in the 

experimental measurements.  

Subsequently, the MLR data of both DEPAL-containing blends obtained at 30 

and 60 kW m-2, not utilized in the inverse analysis model calibration, were used to 

further validate the resulting properties. Figure 6.15 shows the mean experimental and 

predicted MLR data of PBT/GF25-DEPAL8 and PBT/GF25-DEPAL16 at 30 and 60 

kW m-2. When DEPAL was added, the experimental MLR peaks were reduced 

compared to those of PBT/GF25. Additionally, as more DEPAL was added, a greater 

reduction in the MLR peaks was obtained. The model captures the MLR profiles at 30 

kW m-2 very well. Despite an underestimation of the decaying of the MLR profiles at 

the higher heat flux, the corresponding magnitudes of the MLR peaks are predicted 

very well. The improved prediction of MLR profiles indicates that, as was already 

discussed in Section 6.2.3, the addition of the flame retardant reduces the impact of the 

wick effect at high heating intensity. 
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Figure 6.14 Experimental and predicted back surface temperatures of PBT/GF25-

DEPAL8 exposed to radiant fluxes set at (a) 30 kW m-2 and (b) 60 kW m-2. Shaded 

area corresponds to the maximum and minimum experimental temperatures across the 

sample surface from repeated tests. 

 

 

Figure 6.15 Experimental and predicted MLR data of (a) (c) PBT/GF25-DEPAL8 and 

(b) (d) PBT/GF25-DEPAL16 exposed to radiant fluxes set at 30 and 60 kW m-2.  

6.2.5 Pyrolysis Model Development for PBT/GF/MPP Blends 

During the parameterization process of pyrolyzing PBT/GF/MPP blends, all the 

properties determined in the previous sections were adopted and the additional 

properties of MPP-based components participating in Reactions (6-8) in Table 6.1 were 
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obtained. It was assumed that MPP had the same transport rate as the molten polymer, 

PBT_Melt. The emissivity and absorption coefficient of MPP component were 

assumed to be the same as those of PBT due to a small amount of MPP in the blend. 

The emissivity and absorption coefficient of residual components, MPP_Res1 and 

PBT_MPP_Res2, were also defined as 0.94 and 100 m2 kg-1 in the same manner as 

PBT_Res2. The emissivity and absorption coefficient of the intermediate product, 

PBT_MPP_Res1, were assumed to be the averaged values of PBT_Melt and 

PBT_MPP_Res2. 

The density of PBT/GF25-MPP8 was measured at the room temperature. The 

density of MPP was calculated based on the known densities of PBT, GF, and 

PBT/GF25-MPP8, and the mass composition of PBT/GF25-MPP8. In order to simulate 

the sample thickness, an additional component MPP* that has the same properties as 

MPP, except for a lower density, was introduced in the model. MPP changed into MPP* 

when its temperature reached 430 K. The value of the transition temperature was 

determined through fitting the measured experimental sample thickness evolution. 

MPP_Res1 was assumed to have the same density as MPP due to a very small amount 

of MPP_Res1 remaining in the residue. The resulting parameters are summarized in 

Table 6.5. 

Figure 6.16 shows the mean experimental back surface temperature profiles 

(black dashed lines) of PBT/GF25-MPP8 at both heat fluxes. With the incorporation of 

MPP, the Tback at 1100 s of 30 kW m-2 was reduced by 40 K and the Tback at 700 s of 

60 kW m-2 was reduced by 65 K compared to those of PBT/GF25 in Figure 6.12. The 

initial rise of the temperature data of 0 - 250 s at 30 kW m-2 was fitted to determine the 
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thermal conductivity of MPP. The thermal conductivity of MPP_Res1 was assumed to 

be the same as MPP due to a very small amount of MPP_Res1 produced in the 

condensed-phase. The temperature data of 300 - 600 s and 600 - 1200 s at 60 kW m-2 

were used to determine the thermal conductivities of PBT_MPP_Res1 and 

PBT_MPP_Res2, respectively. The thermal conductivities were adjusted in order to fit 

both temperature profiles. The resulting parameters are summarized in Table 6.5. The 

simulated results are shown as the red solid lines in Figure 6.16. The model captures 

the profiles very well except for a slight underestimation of temperature data at the end 

of the 30 kW m-2 test.  

 

Figure 6.16 Experimental and simulated back surface temperatures of PBT/GF25-

MPP8 exposed to radiant fluxes set at (a) 30 kW m-2 and (b) 60 kW m-2. Shaded area 

corresponds to the maximum and minimum experimental temperatures across the 

sample surface from repeated tests. 

The material properties determined in this section were first validated against the 

Tback data obtained for a lower MPP concentration blend, PBT/GF25-MPP4. Figure 

6.17 shows the experimental and predicted temperature profiles of PBT/GF25-MPP4 

at both heat fluxes. The model captures the Tback  profiles well except for an 
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underestimation at the end of the 30 kW m-2 test. The presence of these minor 

discrepancies can be either due to the imperfections of the model (associated with a 

relative simplicity of its formulation) or due to small systematic errors in the 

experimental measurements. 

Subsequently, the MLR data of both MPP-containing blends obtained at 30 and 

60 kW m-2 were used to further validate the resulting properties. Figure 6.18 shows the 

mean experimental and predicted MLR data of PBT/GF25-MPP4 and PBT/GF25-

MPP8 at 30 and 60 kW m-2. The experimental MLR peaks of both blends were reduced 

significantly compared to PBT/GF25 wherein MPP was not present. At 30 kW m-2, the 

MLR peaks were reduced by 40% and at 60 kW m-2, the MLR peaks were reduced by 

50%. No significant MLR profile changes were identified with MPP composition 

changing from 8 wt.% to 4 wt.%. The model captures the MLR data very well. The 

good prediction of the high heat flux MLR profiles indicates that, as mentioned in 

Section 6.2.3, the incorporation of MPP reduces the impact of the wick effect at this 

high heating intensity and thus brings the modeling results into nearly perfect 

agreement with the experimental results.  
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Figure 6.17 Experimental and predicted back surface temperatures of PBT/GF25-

MPP4 exposed to radiant fluxes set at (a) 30 kW m-2 and (b) 60 kW m-2. Shaded area 

corresponds to the maximum and minimum experimental temperatures across the 

sample surface from repeated tests. 

  

  

 Figure 6.18 Experimental and predicted MLR data of (a) (c) PBT/GF25-MPP4 and 

(b) (d) PBT/GF25-MPP8 exposed to radiant fluxes set at 30 kW m-2 and 60 kW m-2. 

6.2.6 Extrapolation to New Compositions 

The previous sections demonstrated that the developed pyrolysis model captured 

the Tback and MLR data of all six calibrated PBT/GF/DEPAL/MPP blends for any 

thermal exposure. In this section, the extrapolating capability of the pyrolysis model 
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was validated against the experimental data obtained for two blends with new 

compositions, PBT/GF25-DEPAL8-MPP4 and PBT/GF25-DEPAL16-MPP8. The 

gasification experiments of the two blends were conducted at a nominal radiant heat 

flux of 45 kW m-2 that lies in between the two calibrated heat fluxes.  

Figure 6.19 shows the mean experimental and predicted back surface temperature 

and MLR data of the two blends at 45 kW m-2. It should be noted that these 

experimental measurements were not employed in the model parameterization process. 

The magnitude of experimental MLR peak of PBT/GF25-DEPAL16-MPP8 is slightly 

reduced compared to that of PBT/GF25-DEPAL8-MPP4. The model predicts the 

experimental data well except for the underestimated temperature data (after 180 s) of 

PBT/GF25-DEPAL16-MPP8. It is noted that the current model did not include the 

potential synergetic effect between DEPAL and MPP on the thermal transport process 

in condensed-phase. However, the model provides reasonable predictions considering 

the complexity of the pyrolysis model and the blends, which indicates that the 

synergetic effect on thermal transport process is not significant.  
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Figure 6.19 Experimental and predicted Tback and MLR data of (a) (c) PBT/GF25-

DEPAL8-MPP4 and (b) (d) PBT/GF25-DEPAL16-MPP8 exposed to radiant fluxes 

set at 45 kW m-2.  

6.2.7 Impact of Flame Retardant Additives on HRR of Burning Blends 

Additional simulations were conducted to understand the impact of the flame 

retardant additives on the fire performance of the blends. HRR is a critical parameter 

to assess the fire hazard of a material. Therefore, a simple 1D simulation that mimics 

the cone calorimeter experiment was conducted. In the simulation, a 4× 10−3 m thick 

sample was subjected to an external radiant heat flux of 50 kW m-2 incident to the top 

sample surface. This heat flux represents the heat flux corresponding to surface heating 

from small laminar flames [131] up to fully involved room fires [132]. The heat flux 

was constant throughout the entire simulation. The convective heat losses from the top 

sample surface were neglected and the bottom sample surface employed adiabatic 

boundary conditions. The simulation neglected the potential impact of sample surface 

oxidation prior to ignition. Moreover, the additional heat flux provided by the flame 

that forms on the top sample surface upon ignition was also ignored in the simulation. 
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A simple and idealistic scenario was simulated to eliminate the effect of imperfection 

of experimental setup on evaluating the fire behavior of a material. The calculations 

were terminated when no additional mass loss was observed. The rates of gaseous fuel 

production or MLR, of the burning sample were computed by ThermaKin2Ds using 

the developed pyrolysis model. The product of the resulting MLR and the complete 

heats of combustion of gaseous products obtained in MCC [111], summarized in Table 

6.4, yielded the HRR of the burning sample.  

The simulated HRR profiles for PBT/GF25, PBT/GF25-DEPAL8, PBT/GF25-

DEPAL16, PBT/GF25, PBT/GF25-MPP4, and PBT/GF25-MPP8 exposed to radiant 

flux set at 50 kW m-2 are shown in Figure 6.20. Figure 6.20(a) shows that the 

incorporation of DEPAL into the sample does not reduce the HRR significantly. 

Similar action of DEPAL on the MLR curves was observed. It should be noted that the 

pyrolysis model developed in this work underestimates the magnitude of the 

experimental MLR peak of PBT/GF25 at a higher heat flux approximately by 20%, 

shown in Figure 6.11(b). The underestimation likely weakened the impact of DEPAL 

on the reduction in HRR. A parameter sensitivity analysis demonstrates that the 

reduction in HRR is mainly due to the impact of DEPAL on the kinetic parameters of 

the condensed-phase decomposition. The current model has already accounted for all 

the effects of the additive, DEPAL, on the condensed-phase pyrolysis process. 

However, the role of DEPAL in reducing the efficiency of gas-phase combustion 

[92,140] was not considered as the heats of combustion were obtained from MCC 

wherein all volatiles were forced to complete combustion. Additional work accounting 



 

 

142 

 

for the flame inhibition impact of DEPAL on HRR is required to completely assess its 

role in improving a material’s fire performance.  

Figure 6.20(b) demonstrates that when MPP is added into the blend, the 

magnitudes of HRR curves are significantly reduced by about 20% compared to that of 

PBT/GF25, especially when considering the underestimated magnitude of the MLR 

peak of PBT/GF25 in Figure 6.11(b). The effect of MPP appears to level off after 

addition of just 4 wt.%; i.e., further addition of MPP does not significantly reduce the 

HRR. A sensitivity analysis performed on the model parameters indicates that the 

thermal transport properties of MPP-based components are primarily responsible for 

the observed reduction in the HRR. In other words, MPP chemically reacts with PBT 

and produces condensed-phase products that act as a thermal barrier. The additional 

MPP component does not further contribute to the reduction of HRR because 4 wt.% 

MPP is sufficient to interact with PBT-based components. The excess amount of MPP 

component decomposes by itself, which does not affect the thermal transport 

significantly and thus no addition reduction in HRR was achieved. Previous work 

[91,92] also found that MPP acts in the condensed-phase through the formation of a 

thermal barrier that inhibits the thermal transport underneath.  
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Figure 6.20 Simulated area-normalized HRR data of (a) PBT/GF25, PBT/GF25-

DEPAL8, PBT/GF25-DEPAL16 (b) PBT/GF25, PBT/GF25-MPP4, PBT/GF25-

MPP8 thermal decomposition exposed to radiant fluxes set at 50 kW m-2. 

6.3 Summary 

Chapter 6.1 outlined a methodology to develop a quantitative reaction model for 

a GF-reinforced PBT blended with multiple condensed-phase-active flame retardants, 

DEPAL and MPP. This methodology was based on TGA, DSC, and MCC experiments 

that were analyzed using inverse numerical modeling. The developed model was shown 

to simultaneously reproduce all measurement results for mixtures containing a full 

range of relevant flame retardant concentrations with a high degree of accuracy. While 

this model was based on a lumped species approach (and thus did not explicitly resolve 

individual chemical species), it did capture all essential aspects of the thermal 

decomposition behavior relevant to the flammability of studies materials. Moreover, 

through the presented analysis key binary interactions between the material 

constituents were identified and implemented in the model using second-order (two-

component) reactions.  

Chapter 6.2 detailed an approach to develop a pyrolysis model for 

PBT/GF/DEPAL/MPP based on the reaction model constructed in Chapter 6.1. The 

decomposition kinetics and thermodynamics obtained from Chapter 6.1 served as a 

core subset of the pyrolysis model inputs. These model inputs were combined with 

simultaneous measurements of MLR, Tback, and sample surface profiles provided by a 
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newly developed gasification apparatus, to determine the properties that define heat 

and mass transport in the pyrolyzing blends.  

The bench-scale gasification test results demonstrated that the MLR peaks of 

MPP-containing blends exposed to radiant heat fluxes of 30 kW m−2 and 60 kW m-2 

were reduced by about 40% and 50%, respectively, compared to those of PBT/GF25 

wherein MPP was not present. No significant MLR profile changes were identified 

with MPP content changing from 4 wt.% to 8 wt.%. Smaller reductions of experimental 

MLR peaks were found in DEPAL-containing blends compared to those of PBT/GF25. 

Additionally, as more DEPAL was added, a greater reduction in the MLR peak was 

observed. 

During the model development, it was revealed that the wick effect associated 

with the presence of the glass fiber resulted in the transport of molten polymer from 

regions of higher concentration to regions of lower concentration. Incorporation of the 

wick effect into the pyrolysis model significantly improved the accuracy of the 

PBT/GF25 MLR data prediction. The model was subsequently extended to MPP- and 

DEPAL-containing blends. In addition, the model was shown to accurately predict the 

MLR data of two additional blends containing both flame retardant additives, which 

indicated that the condensed-phase interactions between these two additives were 

insignificant. The error between all experimental and predicted MLR data was 

calculated as approximately 15%, on average. 

Chapter 6.2 provides a quantification of the action of these two flame retardant 

additives on the fire performance of glass-reinforced PBT and allows for identification 

of the physical and chemical phenomena responsible for their action. Specifically, it 
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was concluded that the incorporation of MPP significantly reduced the magnitudes of 

HRR curves. The thermal transport properties of the condensed-phase products of 

reactions between the decomposing matrix polymer and MPP were found to be 

primarily responsible for the observed reduction in the HRR. The effect of MPP leveled 

off after addition of just 4 wt.% because the excess amount of MPP decomposed by 

itself and did not react with PBT-based components. A relatively minor reduction in 

the HRR with the addition of DEPAL was predicted by the developed model, which 

did not account for the DEPAL’s gas-phase activity. This reduction was attributed to 

the impact of DEPAL on the kinetics of the condensed-phase decomposition. 
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Chapter 7. Conclusions and Future Work 

7.1 Conclusions 

This work detailed a generalized systematic methodology to develop condensed-

phase pyrolysis models of pyrolyzing polymeric materials blended with flame 

retardants. This work represented the first development of detailed pyrolysis models 

that provided a quantitative relation between the fire behavior of the flame retardant 

materials to flame retardant content. Knowledge of this relation enables informed 

design of flame retardant materials with optimal fire resistance. 

This methodology was based on milligram-scale (TGA, DSC, and MCC) and 

bench-scale gasification experiments and the inverse modeling of these experimental 

measurements using a numerical pyrolysis framework, ThermaKin2Ds. The 

methodology was demonstrated on two sets of flame retardant polymeric materials that 

are commonly encountered in industrial and commercial applications: PA66/GF/RP 

and PBT/GF/DEPAL/MPP blends. The simultaneous measurements of TGA and DSC 

data improved the efficiency by reducing the number of thermal analysis experiments 

required to determine the decomposition kinetics and thermodynamics by half. Inverse 

analysis of the MCC data allowed for the determination of complete heats of 

combustion of gaseous pyrolyzate evolved from the sample decomposition. A reaction 

mechanism that predicted the decomposition behavior of flame retardant materials was 

developed based on the resulting properties (see Chapter 5 and 6). While the resulting 

reaction mechanism was based on a lumped-species approach (and thus did not 

explicitly resolved individual chemical species), it captured all essential aspects of the 
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thermal decomposition behavior relevant to the flammability of the studied materials 

within the criteria defined in this work. The resulting reaction mechanism was also 

capable of predicting the decomposition behavior as a function of heating rates. 

Moreover, through the introduction of the second-order (two-component) chemical 

interactions between the polymer matrix and flame retardants, the reaction mechanism 

gained the capability to capture changes in the decomposition behavior with changes 

in the flame retardant contents.  

An additional improvement in the efficiency was revealed with simultaneous 

measurement of back surface temperatures, sample shape profiles, and MLR data in 

the bench-scale gasification tests. A pyrolysis model was subsequently developed 

based on the resulting reaction mechanism and the thermal transport properties 

determined through inverse analysis of the gasification experimental measurements 

(see Chapter 5 and 6). During model construction, an additional complicating 

phenomenon was investigated. The molten polymer, when blended with glass fiber, 

was transported from regions of higher concentration to regions of lower concentration 

through the wick effect. Incorporating the wick effect into the pyrolysis model was 

required to capture the associated MLR curves. The developed pyrolysis model was 

capable of predicting MLR data at a bench-scale as a function of material composition 

and external heating conditions. The error between the experimental and predicted 

MLR data of the pyrolyzing samples was calculated as approximately 15% on average 

for external radiative heat fluxes ranging from 30 to 60 kW m-2. 

Finally, the effects of flame retardant additives on the fire performance of flame 

retardant materials were quantified through comparing the HRR curves generated from 
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additional idealized cone calorimetry simulations. It was demonstrated that when the 

gas-phase combustion inhibition effect was excluded, aluminum diethyl phosphinate 

had a relatively minor impact on the HRR profiles, while the impact of melamine 

polyphosphate and red phosphorus was significant. It was demonstrated that melamine 

polyphosphate and red phosphorus resulted in a reduction in HRR magnitudes of 

PBT/GF25 and PA66/GF25 by 20% and 38%, respectively. No significant differences 

in the HRR reduction were observed when the concentration of melamine 

polyphosphate is changing from 4 wt.% to 8 wt.% and the concentration of red 

phosphorus is varying from 2 wt.% to 9 wt.%. This work provides a quantitative 

analysis of the action of the additives and allows for identification of the physical 

and/or chemical phenomena responsible for their action. 

7.2 Future Work 

Following the summary of the present study, some recommendations for future 

work are summarized in the following.  

1. Additional work would be required to account for the impact of oxygen on the 

gas-solid interface on the pyrolysis before the ignition. RP is known to react 

slowly with oxygen at ambient temperatures and more rapidly at elevated 

temperatures. It was found that RP increased the thermo-oxidative stability of 

the polymer matrix by scavenging oxygen at the surface of the polymer and 

thus retarding oxidative process [134,141]. The quantification of this impact 

would enable a more accurate prediction of the ignition time.  
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2. The chemical interactions in the current reaction mechanism were determined 

through analyzing the mass loss and heat flow information obtained from STA. 

STA coupled with Fourier transform infrared spectroscopy and/or mass 

spectrometry would be a very useful technique to provide additional 

information of the interaction through identifying the gaseous species released 

from condensed-phase decomposition.  

3. The current study fully characterized the action of flame retardant additives on 

the condensed-phase pyrolysis process. It is recommended additional 

microscale flaming calorimeter and cone calorimeter tests should be conducted 

to understand the effect of the flame retardant additives on the gas-phase 

combustion process. This would allow for a complete characterization of their 

roles (including the flame inhibition effect) in improving the fire performance 

of a material.  

4. Additional careful characterization of the wick effect in the glass-fiber-

reinforced blends could be conducted to better quantify its dependence on the 

external heating conditions; such improved quantification would enable the 

development of a complete pyrolysis model that provides more accurate 

predictions of burning rates in gasification experiments.  

5. The methodology presented in the work should be applied to additional sets of 

flame retardant materials to further demonstrate its generality. Moreover, it is 

very important to develop a publicly accessible database filled with material 

properties for common encountered flame retardant materials. Such a database 
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would reduce the redundant studies conducted in independent labs and create a 

set of properties accepted by consensus.  

6. Additional larger-scale validation tests, that are more representative of real fire 

scenarios, should be designed to assess the validity of the pyrolysis models 

developed in this work.  
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Appendices 

Appendix I: Explanation of Input Files 

 

Figure A1 PMMA.cmp – an example of components file used to define material 

properties. 
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Figure A2 PMMA.cnd – an example of conditions file used to simulate a thermal 

analysis experiment. 
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Appendix II: Reaction Model Development 

Figure A3 shows the algorithm for building the reaction model for a single-

component material. The process starts with identifying the mass loss rate (MLR) peaks 

and evaluating the corresponding peak mass loss rate (MLRp), peak temperature (Tp), 

and residual mass fraction (θ). An initial estimation for the Arrhenius parameters 

(activation energy, E, and pre-exponential factor, A) for the reaction representing the 

peak is performed using Eq. (A1) and (A2), which are an approximate solution for the 

first-order decomposition under linear heating conditions [136]. 

 E =
eRuTP

2 MLRP
m0

(1−θ)
dT

dt

                                                                                                          (A1) 

A =
MLRP

(
m(TP)−m0θ

1−θ
)

e
E

RuTP                                                                                                (A2)                                           

In these equations, R is the universal gas constant, m(Tp) is the mass at the peak 

temperature, 
dT

dt
  is the instantaneous heating rate, and m0 is the initial mass. Using 

these estimated parameters, ThermaKin2Ds is employed to simulate the reaction and 

produce the mass loss data. The modeled and experimental mass loss curves are 

compared. If the temperature of the experimental peak is not captured within the criteria 

defined in Section 5.1.2 of the present study, the peak temperature is adjusted using the 

equation in the flowchart (Figure A3) to produce a new set of estimated Arrhenius 

parameters and modeled results. The symbol TP,mod  represents the modeled peak 

temperature. If the height of the experimental peak is underestimated, the pre-

exponential factor is increased; if overestimated, the pre-exponential factor is 

decreased. The ThermaKin2Ds modeling is subsequently repeated. This manually 
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iterative process continues until the criteria are met. If, after these adjustments, the 

initial onset and/or the final decay is not captured sufficiently to bring the agreement 

between the predicted curve and the experimental curve to within the acceptance 

criteria, an additional reaction is added to the model. The parameters of the additional 

reaction are evaluated and adjusted using the same process to bring agreement between 

the predicted curve and the experimental data within the acceptance criteria. 
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Figure A3 A flowchart of algorithm employed in the reaction model development: 

Black and blue boxes represent the steps for determining kinetic and thermodynamic 

parameters, respectively. 

After the kinetics of reactions is determined, the heat capacities of condensed-

phase components are computed using the heat flow data normalized by the 

instantaneous heating rate. The parts of the curve that do not contain melting or 

decomposition peaks are fit with linear temperature-dependent heat capacity 

expressions. The heat capacity of the final residue is either measured in a separate DSC 

test or, if the char yield is very low (<5 wt.%), assumed to be equal to the average heat 

capacity of chars produced by several common polymers, 1700 J kg−1K−1 [46]. The 

heat capacities of the intermediate condensed-phase products are assumed to be equal 

to the average heat capacity of the molten polymer and final residue. These heat 

capacities are used to compute a sensible heat flow baseline, HFbase. This baseline is 

calculated as follows: 

HFbase(T) = ∑
mj(T)

m0
 cp,j(T) 

dT

dt

Nc
j=1                                                                            (A3) 

The summation is performed over all the condensed-phase components j. Nc is 

the number of the condensed-phase components. The normalized mass of each 

individual component (mj(T)) is obtained from the ThermaKin2Ds simulation results 

using the kinetic parameters derived from inverse modeling of the TGA data. As an 

example, Figure A4(b) shows the heat flow baseline computed for the PA66/GF25 

blend along with its heat flow data. Subtraction of the baseline from the heat flow curve 

and subsequent integration of the difference (shaded area in Figure A4(b)) produces an 
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initial estimates of the heat of melting and the total heat of decomposition. The heats 

of individual reactions are adjusted to fully capture the shape of the experimental heat 

flow curve, which is simulated using ThermaKin2Ds, starting with the assumption that 

all reaction heats have the same value, the total heat of decomposition. If it is 

determined that the heat flow data cannot be fit with the quality defined by the 

prescribed criteria, an additional reaction is added and TGA and DSC data are re-

modeled.  

In the case of PA66/GF25 blend, this process leads to four consecutive reactions, 

which individual contributions to the mass loss are shown in Figure A4(a). Reaction 

(1) in Table 5.1 represents the melting process (see Figure A4(b)), while Reactions (2-

4) in Table 5.1 are required to represent the mass loss and heat flow data, including the 

onset and final decay of the curves. 

 

Figure A4 (a) MLR curve for PA66/GF25 along with individual contributions from 

each reaction; (b) normalized heat flow data for PA66/GF25 
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