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ABSTRACT 
 
 

 Mass spectrometric techniques have been developed to measure the molar yields of 
pyrolysis products from ablative resins and composite materials at heating rates that are 
relevant to flight conditions. Thermal decomposition mechanisms of phenolic and an 
epoxy-novolac resin systems are reviewed. New insights into the thermal decomposition 
mechanisms of PICA (Phenolic Impregnated Carbon Ablator) and epoxy-novolac D.E.N. 
438 (Dow Epoxy-Novolac) are proposed and are based on the measurements of molar 
yields from these materials. Molar yield data have been provided in the appendices of this 
thesis for use in material response models.  
 The thermal decomposition of phenolic impregnated carbon ablator (PICA) has 
been investigated with the objective of measuring molar yields of pyrolysis products at 
heating rates that are relevant to MSL flight conditions. The relative molar yields of 14 
pyrolysis gases were obtained in conjunction with mass loss measurements. These 
measurements allowed for the calculation of absolute molar yields and mass yields as a 
function of temperature and heating rate, as well as the simulation of TGA curves. 
Pyrolysis product yields change as a function of heating rate, and this behavior has been 
attributed to two mechanisms that compete during the initial stages of thermal 
decomposition. The results of this study are now available for use in material response 
models. 
 The thermal decomposition of an epoxy-novolac resin system has also been 
investigated. Samples of D.E.N. 438 were cured using NMA (methyl-5-norbornene-2,3-
dicarboxylic anhydride) as a crosslinking agent and BDMA (N-benzyldimethylamine) as 
a catalyst. A radiative heating method was developed to minimize experimental 
uncertainties that may emerge from thermal gradients that are established across the 
samples as they experience high rates of heating.  The molar yields of the six dominant 
pyrolysis products were measured at a heating rate of 8 °C s-1.   The molar yields of 
pyrolysis products provide new insight, and a new thermal decomposition mechanism is 
proposed
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CHAPTER ONE 
 
 

INTRODUCTION 
 
 

1.1 THE ATMOSPHERIC ENTRY ENVIRONMENT AND THERMAL PROTECTION 
SYSTEM MODELLING 

 
 

 When a spacecraft transitions from orbit to the surface of a planet, it must withstand 

the extremely high temperatures in the shock layer between the leading edge of the 

spacecraft and the planet’s atmosphere.1 At 11km/s, (Apollo space capsule) the tremendous 

kinetic energy of the freestream is converted to internal energy of the gas across the bow 

shock wave.1 This phenomenon creates temperatures that can be as high as 11,600 K in the 

shock layer.1 Some of this energy is absorbed by the heat shield and is conducted internally. 

 To prevent catastrophic failure, spacecraft need materials that mitigate the transfer 

of thermal energy to the substructure of the vehicle. Ablative thermal protection systems 

(TPSs) have been developed to mitigate the effects of the harsh atmospheric-entry 

environment. In general, ablative TPSs are manufactured by infiltrating a network of 

carbon with a sacrificial resin that is meant to absorb energy through the thermal 

decomposition of molecular bonds. Figure 1.1 represents theoretical core TPS samples 

collected from a spacecraft heatshield during atmospheric entry, and it helps to illustrate 

the complex process by which TPSs operate.  
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Figure 1.1. Schematic representation the thermal decomposition process for an ablative 
thermal protection system.  

 
 

 At the onset of heating, thermal energy is absorbed by the virgin material and is 

conducted towards the bondline between the TPS and the spacecraft substructure. As time 

progresses, the interface between the char and the virgin material advances closer to the 

bond line. In concert with this progression, several zones are formed, with all zones present 

after the initial decomposition of the virgin material. In the pyrolysis zone, chemical bonds 

in the polymer begin to break down into gaseous molecules. These gaseous molecules then 

diffuse through a hot carbonaceous char layer. Some of these molecules may coke the char 

layer through heterogeneous reactions, and therefore, the distribution of molecules that 

make it to the boundary layer can be altered. The final distribution of pyrolysis products 
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enters the boundary layer where they may participate in gas-phase reactions. Boundary 

layer gases, such as dissociated O2, or CO2 if the spacecraft is traversing the Martian 

atmosphere, may react with the TPS and ablate the outer char layer.  

 With the retirement of the space shuttle and a renewed focus on blunt body spacecraft 

that enter planetary atmospheres at high velocity, there has been a renewed development 

of TPS material response models.  Ideal material response models can accurately predict 

the recession rate of the TPS front, the in-depth temperature response, and the maximum 

temperature of the bondline between the TPS and the spacecraft substructure.  The 

validation of emerging material response codes requires accurate experimental data from 

pyrolysis and thermogravimetric analysis (TGA) experiments.2-3  Accurate measurements 

of the molar yields from the pyrolysis of TPS materials are especially useful to inform 

high-fidelity models that take chemical reactions in the decomposing TPS material into 

account.3-4  

 State-of-the-art material response models require Arrhenius rate constants, which are 

typically derived from TGA mass loss measurements.5 The majority of relevant TGA 

studies have been performed at much lower rates (<0.3 °C s-1) than the in-depth heating 

rates measured during flight (frequently >10 °C s-1).6-8 In general, for lower heating rates 

(<5 °C s-1), TGA curves shift to higher temperatures as the heating rate increases.  It has 

been suggested that this behavior is caused by the large thermal gradients that develop 

between the crucible and the sample at high heating rates.  As a result, decomposition 

reactions that would normally take place at a particular temperature appear to occur at a 
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higher temperature because the sample temperature lags behind the measured crucible 

temperature.9   Arrhenius parameters for higher heating rates have thus been extrapolated 

from lower heating rate data.  Models that incorporate extrapolated Arrhenius parameters 

suggest that thermal decomposition is delayed to higher temperatures as the rate of heating 

increases.   On the other hand, it has also been suggested that Arrhenius parameters derived 

from experiments performed at lower heating rates cannot be used to make predictions for 

higher heating rates.10  Very few studies have been performed that have successfully 

collected TGA data on the pyrolysis of pure phenolic resins at high heating rates.11-13  Of 

these studies, none has correlated the observed temperature-dependent mass loss with the 

identities and quantitative yields of specific pyrolysis products. 

 
1.2 THERMAL PROTECTION SYSTEM MATERIALS AND RESINS 

 
 

  A variety of ablative TPSs are needed to shield spacecraft from the wide range of 

heating environments that spacecraft can encounter as a function of different mission 

parameters.14  For example, the Mars Viking lander experienced a relatively mild peak heat 

flux of  ~25 W/cm2 and the Galileo probe (Jupiter) was subject to a peak heat flux of  

~30,000 W/cm2.15 To accommodate the wide range of heating environments and other 

mission critical parameters, new ablative TPS materials are being developed.16 

 Examples of phenolic-based rigid ablative TPSs include PhenCarb 28/15 (Applied 

Research Associates), BPA-FG (Boeing), and Graded MonA (Lockheed).17 Additionally, 

a new type of TPS, Heatshield for Extreme Entry Environment Technology (HEEET) has 
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been developed, and it incorporates a dual-layer of woven carbon fiber and phenolic based 

material.18  

 A state-of-the-art TPS is phenolic impregnated carbon ablator (PICA), which was 

developed at NASA Ames Research Center and which offers low mass per unit volume 

and high ablation performance.19  PICA gained heritage during the successful re-entry of 

the Stardust sample return capsule as well as the recent successful entry, descent, and 

landing (EDL) of the Mars Science Laboratory (MSL) onto the surface of Mars.20-23  A 

similar material, PICA-X, is used on Space-X’s commercial crew vehicle.24 PICA is 

manufactured by impregnating a carbon fiber preform with a phenolic resole resin. The 

manufacturing process results in a material with a low density and an ablative resin with a 

high surface area.  

 Another heritage material, Avcoat, was the TPS selected for the Apollo space 

capsules, and a new variant has been selected for NASA’s Orion space capsule.25 Heritage 

Avcoat consisted of phenolic microballoons, milled E-glass, chopped silica fibers, and 

epoxy-novolac resin (D.E.N. 438).26  

 Finally, additional polymers are being investigated for enhanced performance 

properties. Examples include cyanate ester, phthalonitrile, and polyimide.27 This thesis 

focuses on the thermal decomposition mechanisms of phenolic and epoxy-novolac resins.  
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1.3 PREVIOUS WORK 
 
 

 During flight, it is expected that most of the pyrolysis products are produced 

through the thermal decomposition of the resin in these TPS systems. Therefore, this 

section of the thesis is a brief review the copious literature on the pyrolysis of epoxy-

novolac (D.E.N. 438), and phenolic resole resin systems. 

 
1.3.1 THERMAL DECOMPOSITION OF PHENOLIC RESIN 
 
 The work presented in this thesis builds on the substantial literature on the 

decomposition mechanisms of phenolic resins and carbon/phenolic composites at elevated 

temperatures.   The phenolic polymers that have been studied are generally similar, but 

there can be important differences in the molecular structure that depend on the details of 

how the polymer was synthesized and cured.  The resulting molecular structure can 

influence the decomposition mechanisms, including the identity and relative molar yields 

of pyrolysis products.  The final structure of the cured polymer depends on the ratio of 

formaldehyde to phenol used as reagents, the type of catalyst used during synthesis, the 

cure time, the cure temperature, and the curing environment.  Two types of phenolic resins, 

resole and novolacs (Fig. 1.2), may be synthesized by the reaction of phenol with 

formaldehyde.  Resole resins are synthesized with an excess of formaldehyde and a basic 

catalyst.  Novolacs are synthesized with an acidic catalyst and formaldehyde-to-phenol 

mole ratio of less than one, and they require a crosslinking agent 

(hexamethylenetetramine).28  
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Figure 1.2.  General synthesis of resole and novolac phenolic resins. 
 
 
 In general, the structure of a cured phenolic resin consists of a three-dimensional 

network of phenol molecules joined together by methylene crosslinks.  Earlier studies 

suggest that dibenzyl ether crosslinks are formed in resole resins during the curing stage 

and that methylol groups may also remain after curing, which may affect the process of 

thermal degradation.29-30  Jackson and Conley suggested that oxygen in the polymer 

structure plays a significant role in the degradation of resole-type resins,29 in contrast to 

the conclusions from a study performed by Moterra and Low,30 who reported that such 

incorporated oxygen does not play a significant role in the thermal degradation of novolac-

type resins.  Ouchi and Honda performed a study in which the pyrolysis products of seven 

different phenolic resins were analyzed by mass spectrometry.31 The resins were 

synthesized with varying amounts of substitution by hydroxyl and methyl groups on 

phenol; their structures prior to synthesis are illustrated in Table 1.1. Ouchi and Honda 



8 
 

 
 

reported that there is a direct relationship between the identity of each phenol molecule 

used to synthesize the resin and the relative molar yields of products that were evolved 

during pyrolysis.  For example, a key result was that the mole ratio of CO to CH4 increased 

with increasing hydroxyl substitution in the molecular structure, while this ratio decreased 

with increasing methyl substitution (see Table 1.1).  Thus, the nature of the phenolic resin, 

resole or novolac, as well as the functional group substitution on the phenol rings in the 

polymer (resulting either from the synthesis or the curing environment) will likely affect 

the decomposition mechanisms and the observed relative yields of gaseous pyrolysis 

products.  

 
Table 1.1.  Relationship between phenol precursor structure, formaldehyde:phenol ratio, 
catalyst, and the relative yields of CO and CH4 during pyrolysis of the corresponding 
phenolic resin.  Based on the results of Ouchi and Honda.20 
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Previous work on the pyrolysis mechanisms of phenolic resins has revealed three 

overlapping stages of pyrolysis.29,31-33 A schematic representation of the stages of pyrolysis 

is presented in Fig. 1.3.  As the resin is heated from ambient, there is outgassing of the 

resin as absorbed gases are released (labeled “Stage 0” in Fig. 1.3).  The first stage of 

pyrolysis occurs when the temperature is elevated sufficiently (T ≈ 200-550 °C) such that 

the phenolic resin depolymerizes and produces phenol and its methyl substituted 

derivatives.  In addition to depolymerization, cross-linking of the phenolic backbone takes 

place between hydroxyl or methylol functional groups, as evidenced by the evolution of 

H2O.29,31 Another product, as shown in the results reported here, is CO, which is produced 

in relatively low yields in the first stage of pyrolysis.  During the second stage of pyrolysis 

(T ≈ 400-800 °C), bonds created from the previous cross-linking events are broken, leading 

to the evolution of H2, CO, and CH4.29,31-32 H2 is the dominant product evolved during the 

third stage of pyrolysis (T ≈ 560-1000 °C) as aromatic rings fuse to form a carbonaceous 

char.31-32 

 

 

Figure 1.3 Four overlapping, temperature-dependent stages of phenolic pyrolysis, labeled 
with the corresponding major gas-phase pyrolysis products.  Stage 1 (blue) spans an 
approximate temperature range of 200-550 °C.  Stage 2 (green) spans the range 400-800 
°C.  Stage 3 (red) corresponds to temperatures above 560 °C.  Absorbed gases may escape 
from the material during the earliest stage of heating (Stage 0: Outgassing).   
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Although the general pyrolysis behavior of phenolic resins has been gleaned from 

previous studies, these studies disagree on the specific steps involved in the decomposition.  

The contradictions have been discussed in detail by Trick and Saliba33 and are summarized 

here.  Experiments performed by Ouchi and Honda31 and similar work was done later by 

Jackson and Conley29 have led to opposing explanations for the early evolution of water 

(Stage 1, T ≈ 200-550 °C).  In the mechanism proposed by Ouchi and Honda, a 

condensation reaction takes place between the phenol groups of the polymer to form a 

diphenyl ether bond.  On the other hand, Jackson and Conley suggest that methylol groups 

that are attached to phenol undergo a condensation reaction that results in methylene 

crosslinks.  Jackson and Conley further propose that ether crosslinks are not formed at these 

temperatures.  Parker and Winkler32 propose that H2O evolves as a consequence of the 

decomposition of ether linkages but only during the latter stages of pyrolysis (T ≈ 700-800 

°C).  Parker and Winkler also suggest that phenol polymer units that have multiple bonds 

to adjacent phenol groups are retained in the polymer and that any observed phenol or 

cresol products are the result of the decomposition of pendant phenol groups.32  During the 

cross-linking stage of pyrolysis (Stage 2, T ≈ 400-800 °C), Parker and Winkler, as well as 

Jackson and Conley, suggest that the evolution of CO is a direct consequence of the 

decomposition of carbonyl crosslinks that have been formed previously.  Originally, Ouchi 

and Honda suggested that CO evolves as a result of the decomposition of ether groups 

formed from condensation reactions that occur in the first stage of pyrolysis.  However, in 

a later study Ouchi revised the pyrolysis mechanism to include carbonyl functional groups 
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as a source of CO, following the observation of infrared absorption bands at 1660 cm-1 to 

1630 cm-1.34 Ouchi and Honda31 and Parker and Winkler32 predicted H2 as the dominant 

species evolved toward the end of pyrolysis, with H2 coming from aromatic rings as they 

become carbonized.  Jackson and Conley,29 however, did not predict the evolution of H2 at 

any point during the process of thermal degradation.  

 In a more recent qualitative study, Trick and Saliba33 collected infrared spectra of 

the material remaining after the pyrolysis of a carbon fiber/phenolic composite, and they 

drew many of the same conclusions as Ouchi and Honda,31 Parker and Winkler,32 and 

Jackson and Conley,29 as well as some new conclusions that contradicted the previous 

studies.  For instance, Trick and Saliba33 proposed a one-step mechanism for the evolution 

of CH4, in contradiction to the two-step mechanism that was proposed by Ouchi.34  Trick 

and Saliba33 also suggested that that there is little evidence to support carbonyl formation 

even though they detected a very weak signal for a carbonyl stretch at 1658 cm -1  On the 

other hand, Jackson and Conley29 and Ouchi34 unequivocally suggested the formation of 

carbonyl functional groups in the decomposing phenolic polymer.  The discrepancies in 

the reported qualitative thermal degradation mechanisms of phenolic resins need to be 

resolved in order to enhance our basic understanding and validate emerging models 

designed to predict quantitative yields of pyrolysis products.  This resolution and the 

consequent model validation may come from reliable measurements of the quantitative 

yields from a material whose thermal degradation is the focus of model simulations. 

Quantitative yields have been reported for the pyrolysis of various phenolic-based 

materials, although questions remain about the accuracy of the results.  The majority of 
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such studies were conducted during the development of the Apollo spacecraft,31,35-37 and 

there have also been more recent studies during the last two decades.38-40 The most common 

techniques employed in the 1960s were mass spectrometry (MS) as well as gas 

chromatography (GC).  More recent efforts have implemented modern versions of GC and 

MS, as well as the combination of the two (GC-MS).  As mentioned above, Ouchi and 

Honda performed an experiment in which the thermal decomposition mechanisms of 

several different phenolic resins were studied (in steps of approximately 100 °C) using 

mass spectrometry.31   Although this work was helpful in demonstrating the relationship 

between the reagents used during synthesis and the relative yields of pyrolysis products, 

the manner in which the products were collected and analyzed was subject to significant 

errors.  After the resin was pyrolyzed, the gaseous products were collected and stored in a 

reservoir at relatively high pressure (50 Torr) until pyrolysis was complete, thus providing 

the opportunity for secondary reactions to occur.  In addition, analysis of the pyrolysis 

products was incomplete.  While the permanent gases were analyzed by MS, H2O and other 

condensable products were trapped on a cold finger.  H2O was measured by gravimetric 

methods, and the remaining products were weighed and defined as “lower molecular mass 

substances,” which presumably were a mixture of phenol and substituted phenols.  There 

were potential errors in other studies as well.  Friedman performed an experiment in which 

a phenol-formaldehyde sample was quickly pyrolyzed with a flash lamp, and the 

decomposition products were subsequently analyzed with the use of a time-of-flight mass 

spectrometer.35 Direct temperature measurements of the sample were not made, and the 

measurements of decomposition products were limited to time intervals of thirty minutes 
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because of the slow pumping speed of the reaction chamber.   Shulman and Lochte 

performed a pyrolysis experiment on two resole phenolic resins using the MS thermal 

analysis method (MTA).36 The MTA method is implemented by heating a sample in a 

furnace that is located directly beneath an electron beam.  As the resin is heated, pyrolysis 

products are immediately ionized and subsequently analyzed in a time-of-flight mass 

analyzer.  Shulman and Lochte reported day to day variations in sensitivity and 

instrumental settings, resulting in measurements with limited absolute accuracy.  

Quantitative analysis using GC as an analytical technique was performed on a novolac 

resin by Sykes.37 In order to analyze all of the pyrolysis species evolved from the resin, 

three different columns were used in separate experiments in order to characterize H2O, 

non-condensable gases, and aromatic hydrocarbons, respectively.  The use of three GC 

columns made it difficult to obtain accurate relative yields of products that were analyzed 

with different columns.  In a recent effort to obtain more accurate quantitative data, Wong 

et al. performed a pyrolysis experiment using a batch reactor.38 They loaded a phenolic 

resole sample into a quartz tube, which was then placed inside a ceramic furnace.  The 

sample was pyrolyzed while the furnace was set to a specific temperature and held for one 

hour to ensure complete degradation of the material.  Permanent-gas products from 

pyrolysis were analyzed by GC, and products that are liquids at room temperature were 

trapped in a condenser for analysis at a later time.  Again, the possibility of secondary 

reactions exists, and perhaps more importantly, the batch-reactor approach does not lend 

itself well to non-equilibrium measurements of evolving products in real time.  On the other 

hand, the approach of Wong et al. allows for mass balance, including the determination of 
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the masses of the gaseous products and the total mass loss of the sample, after the pyrolysis 

of the sample has been quenched by lowering its temperature. 

 Several of the more modern studies have combined GC with MS in order to 

quantify the molar yields of pyrolysis products, but they, too, were incomplete or subject 

to inaccuracies.  Sobera and Hepter39 used GC-MS to pyrolyze novolac and resole phenolic 

resins, but their experiments were limited to temperatures of 650 °C, 770 °C, and 900 °C.  

Although yields of volatile organic pyrolysis products were reported (benzene, phenol, 

cresol, etc.), Sobera and Hepter did not report yields of permanent gases (H2, CO, CO2, 

etc.) that are known to dominate at the temperatures used in their study.   In another recent 

study, Bennett et al. used a combination of GC, MS, and infrared spectroscopic techniques 

in order to measure total quantitative yields of pyrolysis products from a phenolic resole 

resin over a large temperature range (intervals of 100 °C from 100 °C to 800 °C).40  A 

pyroprobe (CDS 5200 pyrolyzer) was coupled to a GC-MS system to measure organic 

products, and yields of permanent gases were measured by coupling the pyroprobe to a 

Fourier transform infrared (FTIR) spectrometer.  Even though both organics and permanent 

gases were measured, yields of H2 were not quantified.  Ultimately, Bennett et al. reported 

inconsistencies in the data and suggested that more consistent data would be gathered when 

one sample is analyzed with two analytical techniques simultaneously.  Bennett et al. also 

suggested that another method, such as GC coupled to thermal conductivity detection, 

would be needed to detect H2.   
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1.3.2 THERMAL DECOMPOSITION OF EPOXY-NOVOLAC D.E.N. 438 RESIN 
SYSTEM 
 

Epoxy-novolac resins are used in ablative TPSs such as Avcoat. Avcoat was the 

thermal protection system used by the Apollo space capsules in the 1960’s, and a new 

variant has been selected for the Orion crew capsule.41 Typically, Avcoat consists of an 

epoxy-novolac resin system that contains a certain weight percentage of phenolic 

microballoons with additional silica-based fillers.26   

Pyrolysis of a large variety of epoxy-novolac resin systems were studied during the 

1960s and 1970s. Most of the epoxy-novolac resin systems were cured using an anhydride 

as a crosslinking agent and a tertiary amine as a catalyst. One such resin system was made 

by curing D.E.N. 438 (epoxy-novolac resin) with NMA (methyl-5-norbornene-2,3-

dicarboxylic anhydride, or nadic methyl anhydride) as the crosslinking agent and BDMA 

(N,N-dimethylbenzylamine, or benzyldimethylamine). The components of this resin 

system are illustrated in Fig. 1.4. The mechanism for tertiary amine catalyzed 

polymerization between anhydrides and epoxide groups is well known.42 The anhydride 

ring is opened upon activation by the tertiary amine to form a carboxyl anion and a carbonyl 

group. The carbonyl group is coupled to the tertiary amine. Finally, carboxyl anion reacts 

with the epoxide group to form an ester bond. The reaction continues with the displacement 

of the tertiary amine by an alkoxide ion to form an additional ester bond. The anhydride 

ring may also be activated by a hydroxy group.43-44 It has been suggested that residual 

hydroxyl groups on the phenolic backbone of the epoxy-novolac can initiate 

polymerization with the anhydride, resulting in an ester bond that is closer to the backbone 

of the polymer than an ester formed between the anhydride and epoxide.43 
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Figure 1.4 Components of epoxy novolac resin system studied in chapter 5.  
 
 

It has been suggested that residual hydroxyl groups on the phenolic backbone of the 

novolac polymer, which have not been substituted with an epoxy group, can initiate 

polymerization with the anhydride. This reaction results in an ester bond that is closer to 

the backbone of the polymer than an ester formed between the anhydride and the epoxide 

of the epoxy-novolac resin.43 Figure 1.5 represents the structure of the crosslink formed 

between a residual hydroxyl group of an unsubstituted portion of a novolac polymer, an 

epoxy group from a substituted portion of the novolac polymer, and NMA. The crosslink 

structure in Fig. 1.5 was first proposed by Fleming and is used as a basis for the discussion 

in chapter 5 of this thesis.43  
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Figure 1.5. Molecular structure of the crosslink proposed by Fleming.43 The R group 
attached to the crosslink can be a hydrogen atom or an additional crosslink to a diester 
group.  

 
 

 Modern thermal degradation studies have been performed on a wide variety of 

epoxy-novolac resins.45 However, as previously mentioned, most of the research performed 

on ablative plastics was performed during the Apollo era.43, 46-50 Out of all the research 

performed over the course of the era, only two papers focus on the exact same epoxy-

novolac system that is investigated in this thesis (e.g., D.E.N. 438, NMA, BDMA).43,47 

Other studies from this era focus on the thermal decomposition of epoxy-novolac systems 

made from D.E.N. 438 and NMA but employing a different catalyst (e.g., DMP-30, DB 

VIII). However, all of the catalysts used in these studies are tertiary amines, and it is unclear 

if the different varieties of catalysts have an effect on the distribution of molar yields from 

pyrolysis.   

  Early attempts at measuring absolute molar yields of pyrolysis products suffered 

from the same shortcomings as early and even present-day pyrolysis studies on phenolic 
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resins. For example, molar yields of permanent and condensable pyrolysis gases were 

measured in separate steps. Condensable gases were measured by collecting condensable 

species with a cold trap for post-pyrolysis analysis, and permanent gases were fed directly 

into a mass spectrometer. Additionally, pyrolysis species were collected over a long period 

of time as the samples were heated in a step-wise fashion.47,50   

 Lee performed one of the first studies aimed at quantifying pyrolysis species from 

the same epoxy-novolac resin system described in this thesis.47 Pyrolysis products were 

collected at 350 °C and 450 °C. The major products of pyrolysis detected at 350 °C were 

H2, H2O, CO2, and methylcyclopentadiene (MCPD). At 450 °C, these products remained 

dominant, but the distribution shifted such that CO2 and MCPD became the most prevalent 

species. CH4 was detected in small quantities at these two temperatures, and fragments 

associated with the breakdown of the novolac backbone of the polymer (e.g., toluene) were 

also reported in small amounts.  

 Gac. et al., measured molar yields of the thermal decomposition products the 

epoxy-novolac system by heating samples in multiple steps over the course of hours.50 At 

300 °C to 450 °C, the major products of pyrolysis were CH4, H2O, CO, and CO2.  At higher 

temperatures (T = 450 °C – 800 °C) the main products of pyrolysis were H2, CH4, H2O, 

CO, and CO2.  Again, at higher temperatures, the distribution of pyrolysis products changed 

such that H2 became the most dominant product of pyrolysis, and CH4 was measured in 

greater amounts in this temperature range than at lower temperatures.  

 Thermal decomposition mechanisms have been proposed in the literature for the 

epoxy-novolac resin system studied in this thesis. However, most of the proposed 
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mechanisms only attempt to explain the process by which CO, CO2, and MCPD are lost 

during the first steps of thermal decomposition.  

 TGA of this resin system generally shows mass loss in two stages. The first stage 

is associated with the loss of the monoacid-monoester species to form the original 

anhydride, over a temperature range that spans from T ∼ 230 °C – 350 °C (see Fig. 5.8, red 

trace).  

 

 

Figure 1.6. Decomposition of a monoacid-monoester species to reform NMA and a primary 
alcohol.  

 
 

 The second stage (T > 350 °C) is associated with the decomposition of the diester. 

The most common mechanism proposed for the decomposition of the diester involves the 

loss of MCPD to form an unsaturated polyester followed by decomposition of the 

unsaturated polyester to form several small molecules (e.g., CO, CO2, and MCPD). Figures 

1.7 and 1.8 were created based on a mechanism discussed by Freeman, and it is 

representative of mechanisms that have been proposed by others on this resin system.43, 47-

48 The figures omit certain portions of the crosslink by showing R groups where additional 

carbon-carbon bonds and the aromatic backbone are found (see Fig. 1.5). This simplistic 

view does not account for contributions that the additional carbon-carbon bonds and 
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aromatic species may make to the decomposition mechanism. Furthermore, the mechanism 

does not attempt to explain the appearance of H2, H2O, and CH4 over the course of thermal 

decomposition.  

 

 

 

Figure 1.7. Decomposition of diester crosslink to form unsaturated polyester and MCPD.   
 
 

 

Figure 1.8. Decomposition of unsaturated polyester crosslink to form CO and CO2.  
 
 

Shortcomings of each of the previous studies have resulted in uncertain quantitative 

yields of pyrolysis products.  In fact, there has not been a study in which a single technique 

has been used to measure the quantitative yields of the complete range of pyrolysis 

products as a function of time over the full range of temperatures for either of the materials 

in this study.  The uncertainties in the measurements are compounded by the unknown 

differences in the decomposition mechanisms for the different types of phenolic and epoxy-

novolac samples in each study, leading to the current situation where there is not a “go-to” 
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set of data that can be used for the validation of new models aimed at predicting the thermal 

degradation of thermal protection systems that incorporate phenolic and epoxy-novolac 

resins.  

 
1.4 THESIS ORGANIZATION 

 
 

 Chapter 1 includes parts of the introduction of published journal articles and one 

article that is in preparation for future submission. Chapter 2 describes the experimental 

methods and materials used throughout chapters 3 through 5. Chapters 3 and 4 of this thesis 

consist of journal articles that have been published in ACS Applied Materials and 

Interfaces. Chapter 5 consists of material that has been prepared in a manuscript format for 

future submission. 
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CHAPTER TWO 
 
 

EXPERIMENTAL METHODS AND MATERIALS 
 
 

2.1 RESIDUAL GAS ANALYZER 
 
 

   A Stanford Research Systems residual gas analyzer (RGA200) was used as the 

principle analysis instrument for the studies described in chapter 4 and 5 of this thesis. The 

detection sensitivity of the RGA is the product of the efficiency of the ionization process 

in the electron-impact ionizer, the transmission efficiency or throughput in the quadrupole 

mass filter, and any mass dependent gain in the ion detection system (Fig. 2.1). 

 
 

 

Figure 2.1. Basic Assembly of the residual gas analyzer used to measure molar yields of 
pyrolysis products. 

 
 

 The basic features of the RGA ionizer assembly are the repeller cage, filament, 

anode grid, and the focus plate (Fig. 2.2).  Ionization is accomplished by resistively heating 

a circular thoriated-iridium filament and holding it at a negative potential relative to 

ground. Electrons are emitted thermionically from the filament to an anode grid that is held 
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at a positive potential relative to the filament. Some of the electrons pass through the anode 

grid and are accelerated back towards the center of the anode grid by the repeller cage. The 

repeller cage is held at a negative potential to help focus electrons back towards the center 

of the ionizer. The repeller cage increases the probability that a neutral molecule will 

collide with an electron and become ionized as it passes through the ionizer assembly. Once 

an ion is formed, it is extracted by the focus plate, which is held at a negative potential 

relative to ground. The default settings for the RGA ionizer were used for all the studies in 

this thesis. The electron energy, defined as the difference in voltage between the ionizer 

and the anode grid, was kept at 70 eV. A large range of molecules have maximum electron-

impact ionization cross sections at or near 70 eV, and most reference mass spectra are 

collected at this setting. The spectra collected for the studies in this thesis were also 

collected with the electron energy set at 70 eV. 

 

 

Figure 2.2. Basic ionizer assembly showing the focus plate, filament, anode grid, and 
repeller cage.    
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The ion energy was kept at 12 eV, and it is equal to the voltage biasing of the anode grid 

and the focus plate. The focus plate was kept at -90 V and the emission current of the 

filament was kept at 3.5 mA.  

 After ions are directed through the focus plate, they pass through the center of the 

quadrupole. The quadrupole used in these studies has been given a voltage supply such that 

its mass range extends from 1 to 200 u. An important characteristic of residual gas 

analyzers is the throughput or transmission of ions through the quadrupole. In general, the 

throughput of the filter decreases at higher mass-to-charge ratios (m/z). The decrease in 

transmission efficiency is clearly demonstrated in a study that was published by Ehlers.51 

 The RGA used in these studies was set at the factory to keep the width of the 

bandpass filter, ΔM10%, for the entire range of masses, where ΔM10% is defined as the full 

width of the bandpass filter at which the ion current falls to 10% of the maximum value. 

This condition ensures adequate separation of adjacent masses over the full range, but it 

also leads to reduced transmission at higher m/z values.52 

 After an ion is filtered through the quadrupole, it is guided to the ion detection 

system through an exit lens. The RGA used in these studies is equipped with a Faraday cup 

and a multi-channel continuous dynode electron multiplier (CDEM). The Faraday cup is 

positioned on axis with the quadrupole and exit lens, and the CDEM is positioned off-axis 

and above the entrance to the Faraday cup (Fig. 2.3). Although the CDEM offers superior 

sensitivity (particularly with species that have a low m/z values), the Faraday cup was 

chosen as the ion detector due to the lack of mass dependent gain that is characteristic of 

these devices.51  
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Figure 2.3. Ion detector assembly showing exit lens, Faraday cup, and CDEM.   
 
 

2.2 LARGE VACUUM APPARATUS  
 
 

 The experiments described in chapter 3 utilized a large vacuum apparatus.53-55 The 

apparatus consists of a large vacuum chamber that houses a rotatable mass spectrometer. 

The mass spectrometer system is equipped with a Brink ionizer (electron-impact 

ionization), a quadrupole mass filter with 19 mm rods, and a Daly-type ion counting 

system.56-57 The mass spectrometer system is housed in a triply differentially pumped 

vacuum chamber to insure low backgrounds and high sensitivity. The ionizer resides in the 

innermost region which is maintained at a low base pressure (< 1 x 10-11 Torr).  The main 

chamber of the machine was equipped with two cryogenic pumps (CTI-Cryogenics model 

Cryo-Torr 10, 3000 L s-1).   
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2.3 MEDIUM VACUUM APPARATUS  
 
 

 The vacuum apparatus used for the experiments described in chapter 4 of this thesis 

is illustrated in Fig. 2.4. The main chamber is equipped with a cryogenic pump (CTI 

Cryogenics Model CT-8F, 1500 L s-1), and a turbomolecular pump (Ebara Model 

ET1600WS, 1600 L s-1). Pyrolysis of PICA samples took place in a differentially pumped 

vacuum chamber equipped with a diffusion pump (Edwards model B35031977 2000 L s-

1). The pyrolysis chamber was placed opposite of the RGA (SRS RGA200). The RGA was 

attached to a 2.75” c. f. flange on the main chamber. For this experimental configuration, 

the RGA was not differentially pumped, and the ionizer extended into the main chamber 

of the apparatus (see Fig. 2.5). A variable leak valve was fixed to the top of the main 

vacuum chamber to provide a way to feed calibration gases into the system. 

 
 

 

 
Figure 2.4. Medium vacuum apparatus used to analyze pyrolysis products of PICA. This 
apparatus was used for the experiments described in chapter 4.   
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 The main chamber and source chamber were typically pumped down to 1 x 10-7 

and 1 x 10-6 Torr, respectively, before the start of an experiment. The main chamber and 

source chamber can be pumped down to ultimate pressures as low as 1 x 10-8 Torr.  

 Figure 2.5 illustrates the important parameters for the experiments discussed in 

chapter 4 of this thesis. For this set of experiments, the sample mount (yellow arrow) was 

placed on a breadboard that was attached to a stainless-steel bar, tapped with ¼-20 holes, 

which is welded to the inside of the pyrolysis chamber. A copper aperture with a diameter 

of 1.27 cm was fixed to the front of the pyrolysis chamber. The distance between the 

aperture and the front face of the sample was kept at 17.8 cm (blue arrow). The distance 

between the front of the repeller grid and the copper aperture was 30.5 cm (green arrow).  

 
 

 
 

Figure 2.5. Cutaway view of the medium sized vacuum chamber used for the pyrolysis 
tests described in chapter 4 of this thesis. The arrows show the key dimensions of the 
experimental configuration.  
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2.4 THERMOCOUPLES 
 
 

 For the experiments described in chapters 3 and 4, a K-type thermocouple was 

inserted directly into the sample during each experiment (see Fig. 2.8). Both leads (Alumel 

and Chromel) extended from the sample and passed through a ceramic thermocouple tube. 

A thicker gauge size (nominal lead diameter, 0.5 mm) was used to provide good thermal 

contact between the thermocouple junction and the sample. For the experiments in chapter 

5, a K-type thermocouple (nominal lead diameter, 0.255 mm) was spot welded to the inside 

of a tantalum tube. Temperature measurements for both experiments were recorded using 

a temperature input device (National Instrument model USB-TCO1) that was interfaced 

with a LabVIEW program. 

 Type K thermocouples (obtained from OMEGA engineering) were used because 

they are inexpensive, they are stable in most environments (excluding reducing 

environments), and they accurately measure a large range of temperatures (-200 °C to 

+1350 °C).58 Caution must be exercised when using type K thermocouples in reducing 

atmospheres above 800 °C. A significant amount of H2 is generated during the pyrolysis 

of phenolic and epoxy-novolac resins. However, the amount of H2 that comes into contact 

with the thermocouple leads is low because the testing is done under very low pressure in 

a vacuum chamber. For the experiments described in chapters 3 and 4, a new thermocouple 

was used after three to four experiments to mitigate any potential errors in temperature 

measurement. 
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2.5 SMALL VACUUM APPARATUS 
 
 

 A small vacuum apparatus was constructed for the experiments described in chapter 

5 of this thesis (Fig. 2.6). The small vacuum apparatus is constructed of stainless steel and 

consists of two chambers.  One chamber houses the pyrolysis sample mount and the other 

chamber is used for differential pumping. The pyrolysis chamber is pumped at a rate of 

1400 l s-1 (Pfeiffer Model, TMH 1601 P) and the differential chamber is pumped at a rate 

of 510 l s-1 (Pfeiffer Model, TMH 521 P). An SRS RGA200 was used as the detector for 

the experiments in chapter 5. The RGA was placed behind a small gate valve and pumped 

at a rate of 220 l s-1 with a large ion pump (Varian Model 912-7014). The apparatus is 

easily configured so that a high-throughput mass spectrometer (Extrel Model HT 500) can 

take the place of the RGA. The ion pump sits on a table that can translate so that the mass 

spectrometer is easily aligned to maximize pyrolysis signal. The uppermost table sits on a 

rail system and is fastened to a threaded rod that translates the table, and ion pump parallel 

to the back wall of the differential chamber. The bottom table has been fitted with 

adjustable feet that can translate and tilt the mass spectrometer. A 2.75” conflat-flanged 

bellows tube was inserted between the differential chamber and the small gate valve to 

provide flexibility to the system. 
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Figure 2.6. Schematic representation of the small vacuum apparatus that was designed to 
study the pyrolysis process of the D.E.N 438 resin system. The system was equipped with 
two turbomolecular pumps and large ion pump, and it can be configured to use a mass 
spectrometer or RGA as a detection system.  

 
 

 In Fig. 2.7, one side of the chamber and has been removed to help illustrate the 

important parameters for the experiments described in chapter 5.  The sample mount sits 

on two rails in the pyrolysis chamber. One rail runs halfway across the inlet to the turbo 

molecular pump and is easily translated away from or towards a copper aperture. The 

second rail is positioned on top of the first rail and allows for translation perpendicular to 

the copper aperture. The copper aperture is fastened to the wall that separates the pyrolysis 

chamber and the differential chamber. A copper tube was fashioned into a teardrop shape 

and welded to a copper plate. The copper plate and copper tube press against the same wall 

that the copper aperture is attached to. Water circulates through the copper tube, and the 
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entire assembly serves as a heat sink. The mass spectrometer is housed in a stainless steel 

conflat tee. 

 
 

 
Figure 2.7. Cutaway view of the small vacuum chamber system used to study pyrolysis of 
the epoxy-novolac system described in chapter 5. The vacuum chamber is equipped with a 
chamber to house the sample mount and a chamber for differential pumping. The mass 
spectrometer or RGA are attached to the differential chamber at a 2-3/4” conflat flange.   

 
 

2.6 SAMPLE HEATING METHODS  
 
 

 Composite and resin samples were heated using a combination of resistive and 

radiative heating techniques. A LabVIEW program was written to deliver power to the 

sample or filament in various stages so that the sample is heated linearly. The details of 

each mount are described in the following sections. 
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2.6.1 RESISTIVE HEATING SAMPLE MOUNT 
 
 In chapters 3 and 4 of this thesis, PICA was heated directly by passing current 

through each specimen (Joule or resistive heating). The resistive heating sample mount is 

made of two copper electrodes that are separated by an alumina spacer (Fig. 2.8). Copper 

tubes are welded to the electrodes to deliver water for cooling and current for heating. The 

sample is secured to the front face of the sample mount with a pair of sample clamps. 

During heating, it is expected that large thermal gradients are established between the 

middle of the sample and the ends of the sample.  

 

 
 

Figure 2.8. Resistive heating sample mount design used to pyrolyze samples of PICA up 
to 1200 °C in a matter of seconds. The sample mount was used for the pyrolysis studies 
described in chapters 3 and 4.  

 
 

 It is expected that large thermal gradients are established during heating between 

the middle of the sample and the ends of the sample. An experiment was devised to measure 

the difference in heating rate between the middle of the sample and the ends. Three 

thermocouples were attached to the front face of a PICA sample. One thermocouple was 

placed in the middle of the sample, and the outermost thermocouples were placed 0.525 

cm from the center. The distance between each copper clamp is 1.55 cm.  Time and 
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temperature data were collected, and heating rates were calculated by performing linear 

regression from 100 °C to the ultimate temperature of each curve. Figure 2.9 shows the 

results of an experiment at a high heating rate. The nominal heating rate at the center of the 

sample was 27.3 °C s-1.  The heating rates on the edge of the sample were calculated to be 

22.4 °C s-1 (bottom) and 21.3 °C s-1 (top). This procedure was repeated for lower heating 

rates, and in each case, the rate measured at the edge of the sample was about 20% lower 

than the rate of heating in the middle of the sample. For additional details see chapter 4.2.3.  

 

 
Figure 2.9. Temperature as a function of time measured by three type K thermocouples 
positioned in the middle and at the edges of a sample of PICA. 

 
 

 Mass loss was determined for each heated sample.  A copper clamp system was 

designed to minimize material loss during handling, as PICA is very brittle (Fig. 2.10).  

The copper clamps served the purpose of holding the sample to the water-cooled electrodes 

(with stainless steel screws) and securing the sample when it was not attached to the 

electrodes.  The clamps, screws, and sample were weighed before and after the experiment.  

The screws that connected the copper clamps were removed after the clamps were secured 

to the electrodes prior to each experiment and then replaced after the experiment was 
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finished so that the sample could be handled again without any additional mass loss.  This 

procedure allowed for total mass loss measurements of each sample.   

 
Figure 2.10.  Copper clamp design used to minimize sample loss during handling. The 
figure illustrates what a sample looks like before (A) and after (B) heating.  

 
 

 Figure 2.11 shows a picture of an actual post-test sample. The ends of the sample 

did not pyrolyze because these regions of the sample were actively cooled by water-cooled 

electrodes and clamps. To measure the original mass of the charred portion of the sample, 

the virgin material at the ends was cut away, and the remaining char was weighed.  The 

total mass lost was added to the charred mass to give the initial mass of the pyrolyzed 

region of the sample.  A Mettler Toledo MS104S NewClassic MF balance, with a precision 

of 0.1 mg, was used to make each mass measurement. 
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Figure 2.11 Actual post-test sample of PICA. The ends did not char because they were in 
contact with water-cooled copper electrodes.  

 
 

2.6.2 RADIATIVE HEATING SAMPLE MOUNT 
  
 For the studies described in chapter 5, the samples were heated using a new sample 

mount (Fig. 2.11). The new sample mount shares many features with the sample mount 

described in the last section (i.e., water-cooled copper electrodes), but it has new features 

that give it versatility. A semicircle with a radius of 0.5” was drilled into the bottom center 

of each electrode to accommodate a 1” diameter quartz nozzle. Additionally, a variety of 

alumina blocks were designed to fit over the center of the hole to accommodate alumina 

thermocouple tubes. The new design features adjustable copper clamps that can accept a 

sample as thick as 0.75”.  The thinner portion of each electrode extends 0.75” from the 

main block, and the distance between the top and bottom of the thinner portion measures 

1.25”. The space between each electrode extension was designed so that new methods of 

heating could be implemented.   
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Figure 2.12 The new sample mount shown here is configured to heat samples radiatively.  
 
 

 Figure 2.13 helps to illustrate the heating method employed for the pyrolysis studies 

described in chapter 5. The motivation for the new heating method was driven by a need 

to minimize the thermal gradient across the sample during pyrolysis and therefore decrease 

experimental uncertainty. For this set of experiments, a sample of resin was cured inside 

of a tube made from tantalum. The tantalum tube was constructed by wrapping a 12 mm 

wide by 18 mm long section into a tube with a nominal diameter of 5 mm. Half of the tube 

was then filled with resin and cured with a specified schedule (see section 2.8.2).  
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Figure 2.13. Configuration used to heat pure resins and composite materials radiatively. 
The resin sample and tantalum tube rested on an alumina thermocouple tube. The 
tantalum tube was surrounded by a tantalum filament which was resistively heated. The 
filament was surrounded by an alumina mat.  

 
 

 Before each experiment, a fresh type K thermocouple (Ø = 0.255 mm) was prepared 

by spot welding the Chromel and Alumel leads together. The welded junction had a 

diameter of roughly twice the diameter of each lead. The thermocouple junction was placed 

directly behind the sample (Fig. 2.14). The K-type thermocouple was then fed through an 

alumina thermocouple tube. 1 mm of the back section of the tantalum tube was fit onto the 

5 mm diameter thermocouple tube for stability.  
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Figure 2.14. This figure shows the placement of the thermocouple junction. The junction 
was placed directly behind the resin and spot welded to the tantalum foil.   

 
 

 The alumina thermocouple tube was secured inside of a larger alumina tube (O. D. 

8.5 mm) that was attached to an alumina block. The alumina block was then fit to the front 

face of the sample mount with a pair of 4-40 screws. Next, a tantalum coil was made by 

wrapping a 1.0 mm diameter tantalum wire around a rod so that the inside of the coil 

measured 8.5 mm in diameter. The coil had a total length of 23 mm, and the spacing 

between each coil measured 1 to 1.5 mm. The back 6 mm of the coil fit tightly around the 

large alumina tube.  

 
2.7 DATA ANALYSIS 

 
 

 Mass spectrometers have been used for the quantitative determination of molecular 

species (e.g., hydrocarbons) since the early 1940’s.59 Modern quantitative mass 

spectrometry is usually accomplished by passing an analyte mixture through a 

chromatography column and into a mass spectrometer (e.g., GC-MS, LC-MS). The 

hyphenated methods are poorly suited to measure pyrolysis products from charring 

polymers as a function of time. For example, when GC-MS is chosen as the analytical 
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technique, different classes of capillary columns are necessary in order to analyze groups 

of compounds (e.g., volatile, non-volatile). This restriction eliminates the ability to 

measure the full range of pyrolysis products that are produced from thermosetting resins.   

 Mass spectrometers have been used as a stand-alone technique for the quantitative 

determination of molecular species (e.g., simple hydrocarbon mixtures) since the early 

1940’s.59-60 Quantitative analysis of spectra collected from simple mixtures can be 

accomplished using several techniques.61 The first step for both techniques involves 

collecting a reference library of analyte mass spectra. Spectra of analyte species are 

collected with the mass spectrometer parameters (e.g., electron energy, ion energy, etc.) 

fixed at the same settings that are used during experimentation.  

 In the first technique, a linear combination of reference spectra is fit to an 

experimental spectrum by adjusting the coefficients until a good fit is achieved. The 

goodness of fit is monitored by minimizing the residual between the amplitude of the 

reference spectra and the experimental spectrum. The coefficients that result from the 

fitting procedure represent relative molar yields of each of the analyte species.  When 

fitting the spectra manually, a best practice is to start fitting the experimental spectrum by 

adjusting the coefficient in the linear combination that represents the analyte species with 

the highest mass and sequentially working towards lower masses. The next step is to correct 

the relative molar yield of each species by applying a detection sensitivity correction factor 

(see section 4.3.1) This technique is best used when the products of pyrolysis have 

significant spectral overlap (e.g., methyl substituted derivatives of phenol).  
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 The second technique shares similarities to the first procedure but is better suited 

to analyze mass spectra that do not have significant spectral overlap. The matrix inversion 

technique described here is based on a procedure developed by Lilienkamp.61 In this 

technique, matrix algebra is used to solve a set of N simultaneous linear equations with N 

unknowns. The matrix equation for the peak heights of an experimental mass spectrum is 

represented by: 

                  [A][P] = [h]                 (1) 

Where the A matrix is an N x N matrix that is derived from the mass spectrum of each 

analyte species. The columns of the A matrix represent the peak height of each analyte 

molecule at specific m/z. For instance, the A matrix for a gas mixture made of H2, CH4, 

CO, and CO2 is represented in Fig. 2.15.   

 

 

Figure 2.15. 4 x 4 matrix used to solve for the partial pressure of each component in a 
gaseous mixture of H2, CH4, CO, and CO2. (A 6 x 6 matrix was used to solve for the 
partial pressures of the six molecules evolved during the pyrolysis of an epoxy-novolac 
resin system.)   
 
 
The P matrix is a column matrix that represents the partial pressures of each gas, and the h 

matrix is a column matrix that represents the peak heights of each analyte molecule. 

Solving for P gives:  

                                             [A]-1[h] = [P]                 (2) 

m/z H2 CH4 CO CO2

2 1.000 0.000 0.000 0.000
16 0.000 1.000 0.006 0.080
28 0.000 0.000 1.000 0.064
44 0.000 0.000 0.000 1.000
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Solving this equation requires that the A matrix is invertible. After solving for the column 

matrix P, the resulting relative molar yields are corrected by sensitivity correction factors 

(see section 4.3.2).  

 
2.8 MATERIALS 

 
 

2.8.1 PHENOLIC IMPREGNATED CARBON ABLATOR (PICA) 
 
 PICA samples were obtained from Fiber Materials, Inc. and stored in a desiccator 

to minimize adsorption of atmospheric water to the surface of the resin, as phenolic resins 

are hygroscopic. Samples of PICA are easily shaped to any dimension by using a sharp 

stainless-steel blade. Once the sample is cut to the desired dimensions, great care must be 

taken to ensure that mass loss is minimized as PICA is a very brittle material. The testing 

of samples of PICA is described in chapters 3 and 4 of this thesis. 

 
2.8.2 EPOXY-NOVOLAC D.E.N. 438 

 
 D.E.N. 438 resin samples were obtained from Olin Epoxy through E. T. Horn. 

Epoxy-novolac resin samples were prepared by mixing D.E.N. 438 with methyl-5-

norbornene-2,3-dicarboxylic anhydride (NMA, 85 phr) as a crosslinking agent, and N,N-

dimethylbenzylamine (BDMA, 1.5 phr) as the catalyst. The curing agent and catalyst were 

purchased from Sigma-Aldrich. The resulting mixture was then heated (54 °C) and 

degassed in a small vacuum chamber to remove trapped air before curing. Samples of the 

resulting mixture were heated to 150 °C for 1 minute to decrease viscosity. The warm resin 

was inserted into 5 mm diameter x 6 mm long tantalum cylinders using a pipette and cured 
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under atmosphere (Ney Centurion). The cure schedule for this study was chosen to reflect 

the same conditions that were used by Lee (see Fig. 2.16).47  

 

Figure 2.16 Epoxy-novolac samples are cured in three stages. Each stage consists of a 
temperature ramp (blue arrow) and a temperature soak (horizontal bar).   

 
 

2.8.3 PHENOLIC MICROBALLOONS COMPOSITE MATERIAL 
 

 Composite materials were prepared by adding phenolic microballoons (5.60 wt%) 

to the epoxy-novolac mixture. Samples of the resulting composite material were then cured 

under the same conditions as the pure resin (see section 2.8.2). The phenolic microballoons 

(BJO-0930) were purchased online from U. S. Composites. 

 
2.8.4 METHYLCYCLOPENTADIENE (MCPD) 

 
 Methylcyclopentadiene (MCPD) was produced using a procedure described by 

Darkwa.62 100 ml of the dimer is placed in a round bottom flask and maintained at a 

temperature of 180 °C.  The monomer vapor was separated from the dimer with a Vigreux 

column, and the distillate was collected in an ice-cooled Erlenmeyer flask. The resulting 

distillate was purified by repeating the procedure twice. The distillate was then stored at -

30 °C before testing. The dimer was purchased from Sigma Aldrich.  
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CHAPTER THREE 
 
 

PYROLYSIS OF PHENOLIC IMPREGNATED CARBON ABLATOR (PICA) 
 
 

3.1 INTRODUCTION 
 
  Thermal protection systems (TPSs) are required to shield spacecraft from the high 

temperatures generated in the stagnation region during atmospheric entry.  TPSs can be 

designed to act as heat sinks, which use a material with a high heat capacity to absorb 

energy, or they can be designed to ablate and carry away thermal energy.63-64 Composite 

ablative TPS systems are designed such that an organic resin matrix, surrounding a carbon 

fiber substrate, pyrolyzes to gaseous products and leaves a carbonaceous char behind.  The 

gaseous products eventually make their way into the boundary layer and act as a 

transpirant, effectively cooling the leading edge of the spacecraft.  The remaining char layer 

continues to absorb heat until it decomposes through sublimation or is removed by 

spallation.65  

At present, analysis and design of new ablative heat shields relies on material 

response models based on 50-year-old methodologies.66-67 As a consequence, large 

uncertainties and margins are inherent in the design process, which leads to unnecessarily 

heavy heat shields and an inability to quantify the reliability of the resultant space 

hardware.23  Building models that are based on fundamental understanding of the material 

behavior and validating them with high fidelity data will enable optimized risk and margin 

recommendations for a whole generation of future NASA and commercial space missions.  

The current ablation models assume thermodynamic equilibrium chemistry to estimate the 
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recession rate, and these models are known to be deficient because they over predicted the 

recession rate, for example, during the MSL entry into the Martian atmosphere.68  Clearly, 

non-equilibrium chemistry is important in such environments; therefore, the new non-

equilibrium models that are required must be founded on a fundamental understanding of 

the relevant non-equilibrium chemical kinetics and dynamics, which may be obtained from 

in situ measurements of dynamic chemical processes in real time.  Chemical processes of 

relevance include the high-temperature decomposition of PICA-class materials and the 

interactions of decomposition products and boundary layer gases with each other and with 

the evolving ablator surfaces. Such detailed data will dramatically deepen our 

understanding of the processes occurring at the interface of a high-temperature hypersonic 

flow and an ablator, as well as provide a rigorous test of any new model that is developed.  

The work described herein is the first step in the development of a laboratory approach to 

understand the non-equilibrium ablation chemistry during atmospheric entry of 

carbon/phenolic composite TPS materials using advanced techniques that are well 

established in the field of reaction dynamics but have not previously been applied to the 

understanding of the chemical processes in an atmospheric entry environment.    

Mass spectral measurements taken in situ provide an excellent way to obtain accurate 

and precise data for the whole range of pyrolysis products, and they are well suited for 

probing the time-dependent decomposition mechanisms of materials under controlled 

heating conditions.  A key objective of the work described herein was, therefore, to develop 

the methodology to measure relative molar yields of pyrolysis products under conditions 

where (1) time and temperature are independent variables and (2) there is no interaction of 
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products with each other, with the hot sample surface, or with any container walls after 

they leave the decomposing material.  A second important objective was to improve our 

understanding of the decomposition mechanisms of the specific carbon/phenolic 

composite, PICA, as this material has been chosen for several NASA missions and is an 

important model material for ongoing theoretical efforts to describe the in-depth 

temperature response of ablative TPS materials.  Our approach was to use a mass 

spectrometer to detect the pyrolysis products in situ as they desorbed from a PICA sample 

that was heated in high vacuum and to determine relative molar yields of the products by 

a validated interpretation of the mass spectral data. 

 
3.2 EXPERIMENTAL METHODS 

 
 

The experiments utilized a crossed molecular beams apparatus with a rotatable mass 

spectrometer detector.53-55 For the experiments described here, a heated PICA sample was 

placed in front of the detector in vacuum, and mass spectra of pyrolysis products were 

collected as the temperature of the sample was increased.  Figure 3.1 shows a diagram of 

the experimental set-up.  A fitting method was developed to derive relative molar product 

yields from the mass spectral data. 
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Figure 3.1. Schematic diagram of the experimental set-up, where the resistively heated 
PICA sample is placed in a separate vacuum chamber in front of a triply differentially 
pumped mass spectrometer detector with an electron-impact ionizer, a quadrupole mass 
filter, and a Daly-type ion counter.  Volatile products desorb from the sample in all 
directions, but only those products that exit the surface from a roughly 3 mm x 3 mm square 
area of the surface pass through the apertures of the detector and reach the ionizer.   

 
 

The samples were heated by passing current through them.  The sample mount (Fig. 

3.2) consists of two water-cooled copper blocks that are electrically isolated by a ceramic 

spacer and connected to a TDK-Lambda GEN 30-25 power supply.  Current flowed 

through copper cooling tubes.  Cooling water was circulated through the mount by a pair 

of chillers, each held at a temperature of 25 °C.   
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Figure 3.2. Mount used to heat PICA samples.  The top and bottom copper blocks act as 
electrodes and are separated by a ceramic spacer and cooled with water that flows through 
copper tubes attached to the back.  The copper tubes also carry the electrical current used 
to heat the sample restively. 

 
 

PICA samples were obtained from Fiber Materials Inc.  Each sample in this study 

was cut to the dimensions of 25 mm long x 6 mm wide x 5 mm thick.  A K-type 

thermocouple was attached to the center of the back side of the PICA sample during each 

experimental run in order to obtain precise temperature measurements.  Before each 

experimental run, a fresh PICA sample was mounted, and the vacuum chamber was 

pumped out overnight to a base pressure in the low 10-7 Torr range. 

The mass spectrometer is triply differentially pumped (Fig. 3.1), to ensure an 

extremely low pressure (<10-11 Torr) in the ionization region and therefore low background 

and high detection sensitivity.  Pyrolysis products emerge continuously from the heated 

sample and pass through three apertures and then enter the electron-impact (EI) ionizer.  

Ions are focused into a quadrupole mass filter, and the mass-selected ions are converted 
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into electrical pulses by a Daly-type ion counter.55 The values of m/z accepted by the 

quadrupole are varied with time by control electronics, and the ion signal (which is 

proportional to number density) as a function of time is accumulated with a multichannel 

scaler.  The m/z accepted by the mass filter as a function of time allows the data 

accumulated with the multichannel scaler to be converted into a mass spectrum, which is 

number density as a function of m/z ratio.  The products that are not ionized pass through 

the ionization region and enter a different region of differential pumping, thus ensuring that 

any products that scatter from surfaces in the detector cannot re-enter the ionizer and have 

a second chance to be ionized.  Details of the mass spectrometer detector have been 

described previously.55   

Samples were heated initially from room temperature to 100 °C within a matter of 

seconds, and then they were heated to nearly 950 °C in roughly 50 °C steps, with a hold 

time of 15-20 minutes at each temperature step.  Mass spectra were collected at specific 

times after each heating increment.  Associated with each heating increment was a pressure 

jump in the vacuum chamber, as pyrolysis products desorbed quickly from the sample.  

The high flux of gases desorbing from the sample immediately after each heating increment 

saturated the detector, so a gate valve that isolates the mass spectrometer detector from the 

sample chamber was closed during the initial moments of each heating increment and then 

opened later for data collection.  Figure 3.3 shows an example of the partial pressure change 

in the sample chamber for three pyrolysis products, H2, CO, and CH4, after a sample was 

heated from 686.6 °C to 729.0 °C.  Data for this figure were collected with a residual gas 

analyzer (RGA) in the sample chamber.  After the heating current was increased, the 
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temperature of the sample rose to its final value within seconds, and the partial pressure of 

pyrolysis gases rose quickly to a maximum and then decayed at a relatively slow rate, on 

the time scale of minutes.   In general, after the pressure in the sample chamber had 

decreased to an acceptable level (~6 x 10-7 Torr), mass spectra were collected repeatedly 

(with 30 s being required to collect a mass spectrum).  After the difference in intensity 

between two successive spectra had decreased to less than 20%, a set of five mass spectra 

were collected and summed.  Thus, data for a particular temperature were typically 

collected during a 2.5 min period in the range of 12-15 min after each temperature step.  

The typical range over which mass spectra were collected after a temperature step is 

illustrated in Fig. 3.3.  The pyrolysis products were thus monitored essentially after a steady 

state had been reached at a given temperature.  Each individual mass spectrum was 

collected by scanning m/z values in steps of 0.045 amu, with a dwell time of 10 ms at each 

step.  The summed spectrum collected at each temperature was used to determine the 

relative molar yields of pyrolysis products using a procedure, described in the next section, 

that involved fitting the summed mass spectrum.  Similar temperature-dependent mass 

spectral data were collected for four different samples, and the results were averaged.   
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Figure 3.3.  Partial pressure of H2, CO, and CH4 in the sample chamber as a function of 
time after a PICA sample was raised (starting at 1.5 minutes from an arbitrary time zero) 
from 686.6 °C to 729.0 °C, measured with a residual gas analyzer (RGA).  Five mass 
spectra were collected consecutively during the time from “Start” to “Stop”, and these mass 
spectra were summed to give the mass spectrum corresponding to a temperature of 729.0 
°C.  Hydrogen was clearly detected by the RGA, even though it was not monitored during 
the collection of mass spectra with the detector depicted in Fig. 3.1.   

 

3.3 RESULTS AND ANALYSIS 
 
 

3.3.1 ANALYSIS OF MASS SPECTRA 
 

The relative molar yield of each detected species at a given sample temperature was 

derived from the mass spectrum collected at that temperature.  The relative molar yields 

are equivalent to the relative fluxes of the products that desorb from the sample.  All 

products exit the surface in thermal equilibrium, and their fluxes emanating from a given 

point on the surface should, therefore, have a cosine angular distribution about the surface 

normal.  When the angular distributions of the products are the same, the relative flux 

integrated over all exit angles can be obtained from the flux measured at one exit angle.  
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Thus, all products were collected with the mass spectrometer oriented along the surface 

normal.  Although the EI ionizer makes the mass spectrometer a number density detector, 

it is a simple matter to convert the measured signals to relative flux.69     

A list of 34 compounds that might be produced from PICA pyrolysis was generated 

from observations of pyrolysis products that have been reported in the literature on the 

pyrolysis of the neat phenolic resins, as well as composite materials made with similar 

resins.  Table 3.1 lists all the compounds that were used to construct the list.  All 

compounds on the list are stable, as it was assumed that any radical species that might have 

been produced initially had ample time to react (for example, by abstracting a hydrogen 

atom) and form a stable species while following a tortuous path through the decomposing 

polymer and incipient char layer.  H2 is undoubtedly among the pyrolysis products, but it 

was not included in the list of potential products because our mass spectral range at the 

time the data were collected did not include m/z ratios less than 10.  
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Table 3.1.  List of compounds selected as potential pyrolysis products and their respective 
electron-impact ionization cross sections.  Of the 34 compounds listed, only 14 (shown in 
color and larger font) made a significant contribution to the fit of the experimental mass 
spectra.  The total EI ionization cross sections were taken from several sources35-37 and 
scaled to give a set of cross sections that were consistent with those reported in the NIST 
database.38 Electron-impact ionization cross sections for 2,2-dimethyl-propanol-1-ol and 
hexamethylenetetramine were not found in the literature, so the relative molar yields for 
these species were not corrected for ionization cross section.  The lack of correction for 
ionization cross section would lead to an overestimate of the relative molar yield, but even 
without correction, the yields of these two species were negligible.   

 

 

 
 

The calculation of relative molar yields required the knowledge of the EI ionization 

mass spectra for the compounds on the list in Table 3.1, which were taken from the National 

Institute of Standards and Technology (NIST) database.70   The first step in the calculation 

of the relative molar yield of each molecular species was to fit every peak in its NIST 

reference mass spectrum with a Gaussian function representative of the mass resolution of 

our mass spectrometer (~1 u).  Next, linear combinations of the Gaussian-fit mass spectra 
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for individual species were fit to an experimental mass spectrum.  Figures 3.4 and 3.5 

display representative mass spectra that were collected at relatively low and high 

temperatures, respectively.  The raw data, with background subtracted, are indicated by the 

green dots, and the fits are indicated by the solid blue lines.  Each fit was optimized by 

minimizing the residuals.  Relative molar yields were obtained from the coefficients in the 

linear combination that gave the best fit to the experimental mass spectrum by weighting 

each coefficient by the total EI ionization cross section for the respective chemical species 

and then dividing the result by the square root of the molecular mass of the species to obtain 

flux.69  The total EI ionization cross sections were taken from several sources71-73 and 

scaled to give a set of cross sections that were consistent with those reported in the NIST 

database.74  The values that were used to determine the relative molar yields reported here 

are listed in Table 3.1.   

 

Figure 3.4. Representative mass spectrum and associated fit of pyrolysis products detected 
with a PICA sample temperature of 350.6 °C.  The small peak at m/z = 115 suggests that a 
diphenyl ether group might be evolved at this temperature. 
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Figure 3.5.  Representative mass spectrum and associated fit of pyrolysis products detected 
with a PICA sample temperature of 686.6 °C.  CO and CH4 dominate the spectrum at this 
temperature, as crosslinks are broken, and the material is reduced to a char. 

 
 

There are some key assumptions in the analysis that add much uncertainty to the 

relative molar yields.  Implicit in the analysis that was done is the assumption that the 

fragmentation patterns of the compounds in the NIST database are identical to those for 

our mass spectrometer.  We have not conducted a systematic study of fragmentation 

patterns of all the compounds listed in Table 3.1, but we have verified that the 

fragmentation patterns of phenol and o-cresol measured in our mass spectrometer are 

similar to those in the NIST database.  Another assumption in the analysis is that the 

transmission probability of ions through the quadrupole mass filter is constant over the m/z 

range in our experiments.  The transmission function probably favors higher-mass products 

in our experiments,69 in which case the relative molar yields of the higher-mass products 

that we observed (e.g., phenol and its methylated derivatives) would actually be lower than 
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what we report.  The uncertainties associated with these assumptions are difficult to 

estimate.  Nevertheless, our reported relative molar yields can be considered to be 

qualitatively, and even semi-quantitatively, correct.  Work is underway to determine the 

transmission function of our mass filter and build our own database of fragmentation 

patterns for the possible pyrolysis products, in anticipation of future experiments where the 

temperature-dependent relative molar yields of the products will be measured under non-

equilibrium conditions in real time. 

 
3.3.2 RELATIVE MOLAR YIELDS 
 

Of the 34 species chosen as potential gas-phase products for fitting the mass spectra, 

only 14 species consistently contributed significantly to the fits.   A table of the 14 species, 

with their relative molar yields at each pyrolysis temperature, is presented in Appendix A.   

Most of the molecules that have been included in the list shown in Table 3.1 were chosen 

because they have been suggested as decomposition products in prior literature.  The four 

molecules, hexamethylenetetramine, hexane, isopropanol, and methanol, where chosen 

because they are commonly used as solvents during the synthesis of phenolic resins.  The 

inclusion of these molecules and Ar improved the fit of the mass spectra at low 

temperatures, but their relative molar yields quickly vanished at temperatures exceeding 

200 °C.  The appearance of Ar among the desorbed products at low temperatures suggests 

that it must have been trapped in the polymer, but the source of Ar is unknown, and we can 

only speculate that an Ar-rich atmosphere might have been used during the processing of 

the PICA composite.  The possible decomposition product, diphenyl ether, has a parent 

mass (m/z = 170) that is above the mass range used, and we could only obtain good fits to 
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the mass spectra by considering possible daughter fragments from diphenyl ether.  The 

small peak in the mass spectrum at m/z = 115, which corresponds to a daughter fragment 

of diphenyl ether, supports the assumption that diphenyl ether might be a minor product.  

But the very low yield of this assumed product and the lack of detection of its parent mass 

do not give us sufficient confidence to report diphenyl ether as a significant pyrolysis 

product.  Three of the species that were detected, xylene, cresol, and dimethyl phenol, may 

have different isomeric structures, but the differences in the fragmentation patterns of the 

isomers of these species are not sufficient to allow their distinction in our mass 

spectrometer.  For example, o-xylene and p-xylene have maxima in their mass spectra at 

the same daughter mass of m/z = 91.  Relative to this largest peak, both isomers have parent 

and daughter peaks of very similar magnitudes at m/z = 106 (parent), 77, 65, and 39.  

Because of the indistinguishability of the isomers by our mass spectrometer, the molar 

yields reported for xylene, cresol, and dimethyl phenol include all the isomers of the 

respective species.  Neglecting Ar, diphenyl ether, and the four solvent species mentioned 

above, and grouping the isomers of detected species, the focus of the results is on eight 

significant species that were detected during the pyrolysis of PICA: H2O, CH4, CO, CO2, 

phenol, xylene, cresol, and dimethyl phenol. 

 Figure 3.6 shows a plot of the relative molar yields of the species mentioned above 

as a function of pyrolysis temperature.  The relative molar yields are plotted as the observed 

yield relative to the maximum yield (where the observed yields are in arbitrary units) which 

came from CO at 444.8 °C.  The detected lower-mass pyrolysis products were H2O, CH4, 

CO, and CO2, while the higher-mass (aromatic) products were xylene, phenol, cresol, and 
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dimethyl phenol.  H2O and CO were the dominant products that were detected over the 

temperature range in this study, with H2O being the dominant product below ~400 °C.  The 

yield of CO2 rises up at 150 °C where it levels off until about 400 °C and then begins to 

drop, disappearing completely near 650 °C.  CH4 begins to evolve around 300 °C, and its 

yield reaches a maximum near 450 °C.  All the higher-mass products evolve from 300 °C 

to 450 °C and have maxima in their yields between 350 °C and 400 °C.  The higher-mass 

products have much lower relative molar yields than the lower-mass products.  

 

 

Figure 3.6. Normalized yields of gaseous pyrolysis products as a function of PICA 
temperature. The yield of each species at each temperature has been normalized to the yield 
of CO at 444.8 °C.  

 
 

3.3.3 TEST OF ANALYSIS PROCEDURE WITH A BINARY MIXTURE 
 

 The methodology used to derive relative molar yields from the mass spectra was 

tested with the use of a binary mixture of phenol and o-cresol.  A vessel containing these 

two liquids (purchased with a stated purity of 99% from Sigma-Aldrich) with known mole 
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fractions of 0.54 and 0.46, respectively, was immersed in a temperature-controlled ethanol 

bath, and the vapor from the mixture at a given temperature was expanded through an 

effusive nozzle and interrogated with the mass spectrometer detector.  Mass spectra of the 

vapor were collected with the liquid mixture at different temperatures, starting at 20 °C and 

reduced in 5 °C increments down to 0 °C.  A representative mass spectrum collected at 20 

°C and the corresponding optimized fit are shown in Fig. 3.7 In general, the mass spectrum 

is fit well using the procedure discussed above.  

 

Figure 3.7.  Mass spectrum of the vapor from a binary mixture of phenol and o-cresol (with 
mole fractions of 0.54 and 0.46, respectively) that was held at 20 °C.  The raw data are 
represented by the green dots, and the blue line represents the fit using the procedure 
described in the text. 
 
 

The accuracy of the procedure was validated by comparing the known partial 

pressure ratio in the vapor to the partial pressure ratio derived from the mass spectra.  The 

known partial pressure ratio in the vapor comes from the finding of Rhodes et al. that 
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phenol and o-cresol form an ideal solution.75  The vapor pressure of the pure substance for 

each species in the binary mixture was calculated from the integrated Clausius-Clapyeron 

equation, whose parameters are available in the literature.76  According to Raoult’s Law, 

the vapor pressure for each pure substance was multiplied by its corresponding mole 

fraction in the liquid mixture to yield the partial pressure of each constituent at each 

temperature in the experiment.  Figure 3.8 shows a comparison between the calculated 

partial pressure ratios of phenol to o-cresol at different temperatures and the partial pressure 

ratios that were derived by fitting the mass spectra using the same methodology that was 

described in section 3.3  (Note that when comparing with partial pressure ratios, which are 

proportional to number density ratios, the 1 m  correction to flux that was mentioned in 

Section 3.3.1 is not used.)  Within experimental error, the ratios derived from the mass 

spectral fitting methodology agree with the calculated ratios.  There appears to be a slight 

systematic deviation at lower mixture temperatures, where the measured ratio is lower than 

the calculated ratio.  This deviation may be explained by the preferential evaporation of the 

more volatile phenol during the course of the experiment.  The experimental measurement 

accurately determines the partial pressure ratio of the vapor pressure of this binary solution 

and is even sensitive enough to detect changes in the composition of the mixture as one 

component evaporates preferentially over another.  Thus, our analysis procedure appears 

to be a credible approach for determining relative mole fractions from mass spectral data.  

It should be noted, however, that this validation experiment used two compounds of similar 

molecular mass and therefore is not sensitive to a systematic error caused by setting the 

mass-dependent transmission function to a constant value. 
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Figure 3.8.  Partial pressure ratios in the vapor of a binary mixture of phenol and o-cresol 
that was held at various temperatures from 0 °C to 20 °C.  Blue triangles are the ratios 
calculated by fitting mass spectra of the vapor collected for each temperature.  Data for two 
identical experiments are averaged.  Green dots are partial pressure ratios that are 
calculated for this ideal mixture.  Error bars represent ±1σ, where σ is the standard 
deviation based on the two experiments.   

 
 

3.4 DISCUSSION 
 
 

3.4.1 COMPARISON OF PYROLYSIS YIELDS TO PREVIOUS WORK 
 
  Our results are consistent with the general description of three overlapping stages of 

pyrolysis as represented in Fig. 1.3 of this thesis.  Earlier results suggest that H2O and 

phenol, as well as phenol’s methyl, substituted derivatives, are evolved in the first stage (T 

≈ 200-550 °C).  We observe H2O from 100 °C to nearly 700 °C, with the peak yield coming 

at a temperature of 350 °C (see Fig. 3.6).  The evolution of H2O well below 300 °C is likely 

to be the result of the outgassing of H2O that was simply absorbed by PICA, which is 
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known to be hygroscopic.   Note that no attempt was made to de-gas the samples (other 

than holding them in vacuum overnight) before they were subjected to heat.  As the sample 

temperature approaches 300 °C, the desorption of absorbed H2O should be complete and 

additional H2O would be expected to be produced by condensation reactions.  Ouchi and 

Honda31 suggested that the evolution of water from a phenolic resin near 350 °C is the 

result of a condensation reaction that leads to the formation of a diphenyl ether crosslink 

between phenol groups, as illustrated in Fig. 3.9.  FTIR measurements collected by Trick 

and Saliba33 on a carbon/phenolic composite corroborate the existence of a diphenyl ether 

group, as evidenced by an observed absorption at 1264 cm-1.  A small peak at m/z = 115 in 

our mass spectral data is also possible evidence that diphenyl ether is an intermediate in 

the pyrolysis of PICA (Fig. 3.4).  The m/z = 115 peak, which could be from a daughter 

fragment of diphenyl ether, begins to evolve at 250 °C, rises to a maximum at 350 °C, and 

becomes insignificant between 450 °C and 500 °C, which is consistent with the 

observations made by Ouchi and Honda.  However, 2-methyl-naphthalene is another 

possible minor product that has a daughter fragment at m/z = 115, but the structure of this 

molecule consists of two fused benzene rings and more closely resembles a product that 

would be expected from the char layer.  It is generally accepted that the char layer consists 

of fused aromatic rings, and volatile products from the char layer are therefore expected to 

be observed at higher temperatures.  Thus, if an unconsidered high-mass species is 

contributing to the signal at m/z = 115, diphenyl ether is the more likely possibility, but it 

will be necessary to extend the data to higher mass ranges to verify the production of this 

species.   



69 
 

 
 

 
 

 

Figure 3.9 Condensation reaction between two adjacent hydroxyl groups to form a diphenyl 
ether group and H2O.  Based on a mechanism proposed by Ouchi and Honda31 and Ouchi.34 

 
 

 Phenol and its methyl substituted derivatives are also liberated during the first 

pyrolysis stage (T ≈ 200-550 °C).  Our results show that higher-mass species, including 

phenol, cresol, and dimethyl phenol are observed from 250 °C to 450 °C, with a maximum 

at 350 °C.  Parker and Winkler32 proposed that aromatic groups that are part of the polymer 

backbone are retained and that only pendant aromatic groups are released as phenol and 

cresol (they did not discuss dimethyl phenol in this context, but one might imagine that it 

could also come from the liberation of a pendant group), see fig. 3.10.  Our results support 

this proposed decomposition pathway, as we observe phenol and its methylated derivatives 

over a narrow temperature range and in relatively small quantities.  Xylene is also assigned 

in the mass spectra and appears in the same temperature range as phenol and its methyl 

substituted derivatives.  The mechanism of xylene production has not been discussed 

previously, and its origin is unknown.  In fact, the assignment of xylene as a product is still 

ambiguous (vide infra).  If the assignment is correct, then the shift in maximum yield 

toward higher temperatures relative to phenol and its derivatives might indicate a transition 

in the pyrolysis mechanism where the evolution of oxidized aromatic species is giving way 

to less oxidized aromatic species that are still volatile. 
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Figure 3.10.  Liberation of a pendant group in the form of a phenol molecule.  Based on 
the proposal by Parker and Winkler32 that phenol (and presumably its substituted 
derivatives) can only be produced from pendant groups on the polymer backbone.   

 
 

  CO2 is also observed in the first pyrolysis stage but with relatively low yield 

(Fig. 3.6).  CO2 reaches a maximum yield at 200 °C and stays relatively constant, with a 

slight dip at 250 °C, until 400 °C where it begins to drop.  Jackson and Conley29 suggested 

that CO2 is evolved from the decomposition of carboxylic acid groups that are formed by 

the oxidation of methylol groups remaining after the resin has cured.  This idea was 

supported by infrared spectra that revealed the presence of residual methylol functional 

groups even after curing at 120 °C.  Post-curing in air would presumably lead to the 

oxidation of these methylol groups, and subsequent heating would release CO2 (Fig. 3.11).   

 
 



71 
 

 
 

 

Figure 3.11.  Oxidation of a methylol group leads to formation of a carboxylic acid group 
that subsequently decomposes and releases a CO2 molecule.  Based on a mechanism 
proposed by Jackson and Conley.29 

 
 

The predominant pyrolysis product that we observed during the second stage of 

pyrolysis (T ≈ 400-800 °C) was CO, which actually evolved over the entire experimental 

temperature range.  Our results indicate that CO has a relatively low yield at 

temperatures below ~300 °C.  Above 300 °C the CO yield rises steeply with temperature 

to a maximum at 450 °C, after which the yield drops quickly as the temperature increases 

to 600 °C and then only slowly decreases as the temperature increases further.  Mechanisms 

proposed by Jackson and Conley29 and by Ouchi34 suggest that CO is produced as a result 

of the decomposition of a carbonyl crosslink in the polymer (Fig. 3.12).  The FTIR studies 

of Trick and Saliba33 showed direct evidence for a carbonyl stretch at 1658 cm-1, but the 

low intensity of the absorption did not support the decomposition of carbonyl crosslinks as 
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the main mechanism for the production of CO.  The mass fragments collected in our 

experiment were limited to a range from m/z = 10 to 119, which did not enable the unique 

detection of a high-mass product containing a carbonyl crosslink.  We do, however, 

observe a small peak at m/z = 105, which might be evidence for a larger, carbonyl-

containing compound, such as benzophenone or 4-(methylphenyl)-phenyl-methanone.  

The main peak in the mass spectrum of benzophenone appears at m/z = 105, and 4-

(methylphenyl)-phenyl-methanone has a significant daughter fragment at this value of m/z.  

Benzophenone has a significant peak at m/z = 182, and 4-(methylphenyl)-phenyl-

methanone has a significant peak at m/z = 196.  The observation of peaks at either m/z = 

182 or m/z = 196 in conjunction with the observed peak at m/z = 105 would give strong 

evidence for a carbonyl crosslink.   Ouchi and Honda31 also suggested that CO may be 

released from the decomposition of the diphenyl ether bonds created during the first stage 

of pyrolysis.  The observation of H2O during Stage 1 of the pyrolysis (see curve for H2O 

in Fig. 3.6) and the likely production of diphenyl ether bonds during this process (Fig. 3.9) 

suggest that ether crosslink species might be involved in the production of CO.  

Unfortunately, we do not have any direct evidence for either proposed pathway to CO.  

Such evidence must wait for future experiments which cover a higher mass range of 

products.  Under the assumption that carbonyl crosslinks are the main source of CO, we 

suppose that these cross links persist in low concentration even at relatively high 

temperatures, as CO continues to be evolved well above 600 °C.  Without proof of carbonyl 

crosslinks from mass spectra collected with a higher mass range, we have fit the m/z = 105 

peak in our mass spectra with xylene, as mass spectra of the methyl benzene derivatives 
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(e.g., xylene) also have peaks at m/z = 105.  It is unsatisfactory at this point, however, that 

we cannot propose a chemical mechanism for the production of xylene.  Thus, the curve 

associated with xylene in Fig. 3.6 might actually arise from a daughter of a compound with 

a carbonyl functional group, which would imply that xylene is not actually a pyrolysis 

product. 

 

 

Figure 3.12.  Two-step decomposition of a carbonyl crosslink to produce CO.  The carbonyl 
crosslink may be the result of the oxidation of a methyl crosslink during the post-cure of 
the phenolic resin in air.  Based on similar mechanisms proposed by Jackson and Conley29 
and by Ouchi.34 

 
 

CH4 is another significant product that evolves during the second pyrolysis stage (Fig. 

3.6).  Ouchi34 proposed that CH4 is the product of a two-step decomposition mechanism 

between methylene crosslinks and H2, followed by the thermal decomposition of the 

methyl functional groups that are produced (Fig. 3.13).  The first step in the reaction 

mechanism involves the reaction of hydrogen with the carbon crosslink to form a methyl 

substituted benzene ring and benzene.  H2 then reacts further with the methyl substituted 
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aromatic ring to form methane.  Alternatively, Trick and Saliba33 propose that H2 reacts 

with a methylene crosslink to form a single bond between the two aromatic groups, 

resulting in the evolution of methane (Fig. 3.14).  In both mechanisms, H2 would 

presumably come from the fusing of aromatic rings (Fig. 3.15), although one could imagine 

similar mechanisms to those shown in Figs. 3.14 and 3.15, where breaking bonds create 

radical sites which abstract H atoms from nearby C-H moieties and H2 is not an actual 

reactant.  A variety of substituted aromatic molecules might possibly be evolved in addition 

to methane in the two-step mechanism proposed by Ouchi.  We do observe substituted 

phenol products in the temperature range 300 – 450 °C.  CH4 is evolved at slightly higher 

temperatures, which is reasonable if the second step to produce CH4 (Fig. 3.13) requires 

more energy.  Thus, our data are consistent with the proposed mechanism of Ouchi.  We 

did not have the capability when we conducted our experiments to observe the high-mass 

polyphenyl products that would support the mechanism proposed by Trick and Saliba.  
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Figure 3.13.  Two-step decomposition of a methylene bridge to produce CH4.  Based on a 
mechanism proposed by Ouchi.34 

 
 

 

 

Figure 3.14.  One-step decomposition of methylene bridge to produce CH4.  Based on a 
mechanism proposed by Trick and Saliba.33 

 
 

H2 is expected to be the dominant pyrolysis gas as temperatures climb above 560 °C 

into the third stage of pyrolysis.31-32 Although our mass spectrometer was not set up for 

detecting H2 when we performed these experiments, we did detect its presence with a 

residual gas analyzer that was in the sample chamber.  This observation supports the 

carbonization mechanism proposed by Ouchi and Honda31 (Fig. 3.15) and is in direct 

contrast to the mechanism proposed by Jackson and Conley,29 in which H2 is not evolved 

during the entire course of pyrolysis.  Parker and Winkler32 predicted the evolution of water 
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and hydrogen at temperatures that approach 700 °C to 800 °C.  Our quantitative data do 

not support this mechanism, as we do not observe water above 700 °C.  Furthermore, GC 

studies by Sykes37 and by Wong et al.38 both detected H2 as the dominant product when 

the pyrolysis temperature of a phenolic resin exceeded 480 °C.   

 

 

Figure 3.15.  An unstable char coalesces to a stable char and H2 is evolved.  Based on a 
mechanism proposed by Trick and Saliba33 

 
 

3.4.2 QUANTITATIVE YIELDS OF PYROLYSIS PRODUCTS 
 

 Quantitative yields of pyrolysis products of phenolic resins as a function of 

temperature have been measured by Sykes37 and by Wong et al.38, who both used GC.  GC 

can provide absolute measurements of the components of a gaseous or liquid mixture, but 

it has limitations for quantifying pyrolysis products because the products are not measured 

in situ.  Instead, they are typically collected over a much longer time period (~1 hr) than 

the 0.5-10 minute data collection times used in our study, and then they are analyzed later 

by GC, often with multiple columns because of the broad range of volatilities of the 

pyrolysis products.   

A comparison of our experimental results to the results obtained by Sykes37 and later 

by Wong et al.38 reveals similarities and differences between the relative product yields.  

First, it should be made clear that Sykes studied a novolac phenolic resin, Wong et al. 

studied a pure resole phenolic resin, and we studied the carbon/phenolic, PICA.  All three 
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studies reveal similar results with respect to the production of H2O, which has the highest 

yield relative to other pyrolysis products during the first stage of pyrolysis.  The data 

collected by Sykes suggested that H2O desorption reaches a maximum at 450 °C.  On the 

other hand, our data indicate that H2O desorption has a maximum at 350 °C, which is close 

to the peak value of 374 °C obtained by Wong et. al.   

  Sykes and Wong et al. reported a higher yield of CH4 than CO over the temperature 

range of pyrolysis, while our results show the opposite trend.   Ouchi and Honda31 found a 

relationship between the quantity of oxygenated species evolved and the degree of 

hydroxyl substitution on the phenol molecules used in the synthesis of phenolic resins.  

Specifically, they discovered that higher degrees of hydroxyl substitution lead to higher 

yields of H2O, CO, and CO2 relative to the yield of CH4.  Ouchi also reported that the peak 

production of CO and CO2 shifts to lower temperatures with an increase in hydroxyl 

substitution.  In light of Ouchi’s findings, our results suggest that the resin used in the 

fabrication of PICA might have a higher degree of hydroxyl functional group substitution 

than what is present in the parent phenol molecule.  This result is difficult to confirm from 

the manufacturer because of the proprietary nature of the material.  We also cannot confirm 

that the phenolic resin used by Sykes and by Wong et al. had a lower degree of hydroxyl 

group substitution because the details of the polymer were not reported. 

 Ouchi and Honda31 also studied the relationship between methyl substitution and 

CH4 production, and they found that a higher degree of methyl substitution on the phenol 

molecule leads to a shift in the peak production of CH4 to lower temperatures.  A similar 

result was found for the point at which CH4 was first detected.  Ouchi and Honda postulated 
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that two different reactions account for the production of CH4.  First, any methyl groups 

that remain in the polymer after it has been synthesized are dissociated during the early 

stage of pyrolysis.  Second, the cleavage of methylene crosslinks and their subsequent 

reaction with any available hydrogen provides a source of CH4 at higher temperatures.  In 

the study performed by Ouchi and Honda, the temperature range for the detection of CH4 

from resins synthesized without methyl substituted phenol consistently spanned 300 °C to 

850 °C, with peak CH4 production between 580 °C and 600 °C.  CH4 was detected between 

250 °C and 800 °C when they pyrolyzed two separate resins synthesized from m-cresol and 

3,5-dimethyl phenol.  CH4 was detected with a peak in its production at 500 °C for both 

resins, suggesting that methyl substitution tends to facilitate the release of CH4 at lower 

temperatures.  Our results are similar to those that Ouchi and Honda observed with the 

methyl substituted resins.  We observed CH4 desorption over a range of temperatures that 

span 300 °C to 750 °C, with a maximum yield at 450 °C.  We thus surmise that the phenol 

resin in PICA has significant methyl functional group substitution.   

 Sykes37 reported the detection of higher molecular weight species in the form of 

phenol and 2,4-dimethyl phenol, with a maximum yield at 500 °C.  Wong et al. did not 

report yields of phenol and its derivatives in their study.  Our analysis shows that phenol, 

cresol, and dimethyl phenol have maximum yields at ~350 °C, which is shifted to lower 

temperatures relative to the data collected by Sykes.  Sykes did not report the observation 

of xylene or any related derivatives, but Wong et al. reported maximum yields of benzene, 

toluene, and xylene at 527 °C.  We did not observe toluene or benzene but did (possibly) 

observe xylene with a maximum yield at 400 °C.  Our observation of substituted 
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phenol/benzene derivatives with maximum yields at lower temperatures than those 

observed by Sykes and Wong et al., respectively, may be explained the higher degree of 

methyl and hydroxyl group substitution in PICA, as suggested above.  Our results indicate 

that dimethyl phenol and cresol desorb with higher yields than phenol, which is further 

evidence that the phenol backbone in the resin in PICA has significant methyl substitution. 

 

3.5 CONCLUSION 
 
 

Relative molar yields of the main pyrolysis products from the carbon/phenolic 

ablator, PICA, with molecular masses from 10 to 119 amu, have been derived from in situ 

measurements in vacuum, with the use of a differentially-pumped mass spectrometer 

detector.  A fitting procedure for the analysis of mass spectra collected at approximately 

50 °C intervals, spanning a temperature range from 100 °C to 935 °C, has been implemented 

in order to calculate the relative molar yields as a function of temperature.  These yields 

are discussed in light of prior work on the pyrolysis of various phenolic resins and 

phenolic/carbon composites.  A consistent qualitative description of the decomposition 

pathways that occur in three stages of pyrolysis covering the temperature range from ~200 

°C to ~1000 °C has emerged, with light gases being produced in the highest yields at all 

stages.  H2O is the dominant product in the first stage, with some CO2 also being formed.  

CO is the main product during the second stage, and CH4 is also significant during this 

stage.  H2 becomes dominant in the third stage, as the production of CO decreases.  The 

heavier products (e.g., phenol, its methylated derivatives, and possibly even heavier 

species) have relatively low yields and desorb mainly during the second stage.  The 
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quantitative yields are apparently strongly influenced by the exact molecular structure of 

the phenolic resin.  A comparison of our results with those of earlier studies suggests that 

the phenolic resin used in PICA has significant hydroxyl and methyl substitution on the 

phenyl rings of the polymer.  The relative molar yields and the general mechanistic 

understanding provided by this work should be directly applicable to developing material 

response models that target PICA as a focus material.   The in situ mass spectrometric 

method that has been described here is well suited for follow-on studies of the 

decomposition kinetics as a function of temperature under non-equilibrium conditions, 

with the potential to provide even more detailed data for increasingly sophisticated models 

that seek to describe the thermal behavior of practical carbon/phenolic heat shields such as 

PICA in an atmospheric entry environment.  
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CHAPTER FOUR 
 
 

DECOMPOSITION OF PHENOLIC IMPREGNATED CARBON ABLATOR AS A 

FUNCTION OF TEMPERATURE AND HEATING RATE 

 
4.1 INTRODUCTION 

 
   As high-speed spacecraft traverse planetary atmospheres, they experience high-

temperature effects from radiative and convective heat transfer.1 The kinetic energy of the 

gaseous flow around the capsule is converted into internal energy through a strong bow 

shockwave, resulting in very high temperatures in the shock layer.  This heat is transferred 

to the material on the leading surfaces of the spacecraft, with resulting heat fluxes that can 

exceed 1 kW cm-2.  Thus, thermal protection systems (TPSs) are necessary to shield 

spacecraft from the high heat loads of atmospheric entry.   

 Ablative thermal protection systems are one category of TPSs.  Ablative TPSs block, 

absorb, and dissipate heat by taking advantage of the thermal and chemical properties of 

polymeric composite materials.  Heat is blocked by the insulating properties of the 

polymer, while it is absorbed by endothermic bond-breaking processes and dissipated 

through radiation or the removal of hot volatile species from the decomposing material.  A 

well-known ablative TPS is phenolic impregnated carbon ablator (PICA).19 PICA is 

manufactured by impregnating a carbon fiber preform with a phenolic resole resin having 

the designation SC-1008.  This material offers low mass per unit volume and high ablation 

performance.  PICA gained flight heritage during the successful re-entry of the Stardust 
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sample return capsule and the more recent successful entry, descent, and landing (EDL) of 

the Mars Science Laboratory (MSL).22-23,77  A variant of this material, PICA-X, is currently 

used on Space-X’s Dragon capsule.24  Additional phenolic-based composite materials have 

been used78 or are under development.79-80  

 Although many studies have been conducted on the pyrolysis of phenolic resins and 

related composite materials, molar yields of volatile pyrolysis products have been reported 

in only a few studies.37,40,81-83  One of these studies was part of a previous effort undertaken 

in our laboratory to develop an experimental methodology by which the pyrolysis products 

could be measured using in situ mass spectrometry.83  In this previous study, which focused 

on PICA, relative molar yields of pyrolysis products were derived from mass spectra that 

spanned the range from 10 u to 119 u.  As a consequence of the somewhat limited mass 

range, the relative molar yield of molecular hydrogen (H2) was not measured, although it 

is known to be one of the main products from the pyrolysis of phenolic resin.  In addition, 

the upper limit of 119 u prevented some potential heavy products (e.g., dimethyl phenol, 

trimethyl phenol, diphenyl ether) from being detected.  For the previous study, the data 

were collected under stepwise heating conditions, with each individual mass spectrum 

being obtained during quasi-steady-state conditions at a constant temperature after the 

sample temperature had been incremented about 50 °C.  A mass spectral fitting procedure 

was developed in which a linear combination of reference mass spectra, from the National 

Institute of Standards and Technology (NIST) database, were fit to each experimental mass 

spectrum.  The coefficients of the linear combination represented uncorrected molar yields 
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of each of the evolved pyrolysis species.  These coefficients were corrected for ionization 

cross section (from the NIST database), but they did not account for mass-dependent 

detection sensitivities.  The derived molar yields were compared to yields reported in the 

literature and were found to be in qualitative agreement.  Despite the limited mass range 

and stepwise sample temperature increase, a method was developed which could, in 

principle, be applied to in situ studies of TPS pyrolysis over arbitrarily large mass ranges 

with variable heating rates.  The data that were obtained were used to make inferences 

about the decomposition mechanisms of PICA in light of earlier data that had been reported 

on the pyrolysis of phenolic resins.83  These data did not, however, provide any information 

on the dependence of the pyrolysis processes on heating rate, nor did they provide 

independent insight into the decomposition mechanisms or absolute molar and mass yields 

that could directly inform material response models.   

  The study reported here is an extension of our previous work and employs a new 

experimental apparatus to make accurate measurements of absolute yields of pyrolysis 

products as a function of temperature with heating rates that are relevant to flight 

conditions.  The heating rates were chosen to reflect the in-depth heating rates collected 

during the entry, descent, and landing (EDL) of MSL.23,77 Forebody heating rates were ~20 

°C s-1 at the thermocouple closest to the TPS surface and decreased to ~1 °C s-1 at the 

deepest thermocouple.  Although there may be some nonlinearity in the heating rates in 

particular regions of the heat shield, we chose to use approximately linear heating rates for 

our experiments.   Increased accuracy of the derived molar yields was achieved by carefully 
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measuring the response of a mass spectrometer detector to a set of compounds that could 

potentially be released during PICA pyrolysis.  In addition, the detected mass range was 

increased from 1 u to 150 u.  As a result, the molar yields of H2 and several high mass 

compounds were measured in addition to the compounds that were measured in our 

previous study.   The new data, which provide accurate molar and mass yields as a function 

of temperature over a broad range of heating rates, permit the calculation of the 

temperature-dependent mass loss curves.  These curves simulate traditional TGA curves 

but at rates that are not achievable in modern TGA instruments.  The absolute product 

yields depend on heating rate, and the observed dependencies have allowed us to make 

inferences about the nonequilibrium chemical decomposition mechanisms that must be 

occurring. 

 
4.2 EXPERIMENTAL METHODS 

 
 

4.2.1 EXPERIMENTAL CONFIGURATION 
 

The experimental configuration is illustrated in Fig. 4.1.  A sample mount, holding a 

PICA sample (Fig. 4.1 B), was placed in a differentially pumped source chamber that was 

attached to a larger, “main,” vacuum chamber (Fig. 4.1 A).  The front face of the sample 

was situated 17.8 cm behind a 1.27 cm dia. aperture on the front of the source chamber.  

The source chamber was equipped with an Edwards Model B35031977 (2,000 l s-1) 

diffusion pump, and the main vacuum chamber was pumped by both a turbomolecular 

pump (Ebara Model ET1600WS, 1,600 l s-1) and a cryogenic pump (CTI Cryogenics Model 

CT-8F, 1,500 l s-1).  The source and main vacuum chambers were pumped to pressures less 
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than 1 x 10-6 and 5 x 10-7 Torr, respectively, before collection of pyrolysis data.  During 

pyrolysis of a sample, the maximum pressures in the source and main chambers did not 

exceed 1 x 10-4 and 8 x 10-5 Torr, respectively.  The main vacuum chamber housed a 

Stanford Research Systems residual gas analyzer (RGA 200) that was positioned directly 

in front of the aperture of the source chamber.  The nominal distance from the aperture to 

the electron-impact ionizer of the RGA was 30.5 cm.  The ionizer settings used in this study 

were: ion energy (12 eV), electron energy (70 eV), focus voltage (-90 V), and emission 

current (1.0 mA).  A Faraday cup was chosen as the ion detector in this study because of 

its relative stability, lack of mass-dependent discrimination, and ability to operate at higher 

pressures as compared to electron multipliers. 

 
 

 

Figure 4.1.  (A) Experimental configuration, showing sample mount in differentially 
pumped source chamber and mass spectrometer (RGA) ionizer in main vacuum chamber.  
(B) Sample holder for resistive heating of PICA samples. 
 
 

 Each sample of PICA was cut from a billet obtained from Fiber Materials, Inc. such 

that its dimensions were 2.5 cm long x 0.90 cm wide x 0.70 cm thick, and then the sample 

was loaded into the sample mount such that one of the 0.90 cm-wide surfaces faced the 

ionizer of the RGA.  The sample mount (Fig. 4.1 B) consists of two water-cooled copper 
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blocks that are electrically isolated by a ceramic spacer and connected to a power supply.  

The sample was heated by current that was delivered by a programmable power supply 

(TDK-Lambda GEN 40-19) to the sample through copper tubes that are attached to water-

cooled copper blocks.  A chiller circulated 20 °C water through the sample mount to keep 

it cool during heating.  The bottom electrode accommodates a ceramic tube through which 

a K-type thermocouple was inserted and then pushed into the center of the sample about 3 

mm deep from the back side.  The use of the ceramic tube allowed the thermocouple to be 

inserted into the same position of each sample with respect to the copper electrodes, thus 

allowing sample temperatures to be measured reproducibly.  

 
4.2.2 RGA CALIBRATION  
 

The detection sensitivity of the RGA is the product of the ionization efficiency in the 

electron-impact ionizer, the transmission efficiency of the quadrupole, and the gain of the 

ion counting system.  The ionization efficiency depends on the nature of the molecular 

species, and the transmission efficiency of the quadrupole and the gain of the ion counting 

system depend on the ion m/z.  These three factors are very difficult to determine with 

reasonable accuracy.  Nevertheless, the large uncertainty in determining the absolute RGA 

detection sensitivity may be circumvented by calibrating the response of the RGA to a 

standard reference compound at a known pressure and then using this calibration to 

determine the detection sensitivity of another analyte compound by comparing the RGA 

signals of the standard and analyte compounds in a gas mixture of the two with known 

partial pressures.  The initial RGA calibration may be done by introducing a weak beam of 

pure reference gas into the vacuum chamber, exactly half-way between the ionizer of the 
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RGA and an accurate pressure gauge, with the flow of reference gas being perpendicular 

to a plane that contains the ionizer and gauge. 

 The present study used CO as the standard reference compound.  A beam of pure 

CO gas was introduced, with different flow rates, directly between the ionizer of the RGA 

and a nude Bayard-Alpert ionization gauge.  The ion current registered by the Faraday cup 

was measured with the RGA tuned to m/z = 28 as a function of pressure measured by the 

ion gauge (Fig. 4.2).  The slope of the resulting curve was 9.08 x 10-5 A Torr -1, which is 

the calibration factor for measuring the absolute pressure of CO with the RGA.  This 

calibration factor is expected to remain constant over a large pressure range,84 including 

the range of partial pressures from 1.0 x 10-7 to 6.0 x 10-5 Torr that was relevant for the 

experiments presented here.  The measured calibration factor was set in the RGA software, 

and this setting was used for all the experiments.   

 
 

 

Figure 4.2 Current measured at the Faraday cup of the RGA as a function of CO pressure, 
with the RGA, tuned to m/z = 28. 
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Detection sensitivities relative to CO were determined for a variety of compounds 

that may be liberated from a phenolic resin as it decomposes through pyrolysis.  From these 

relative detection sensitivities, correction factors were derived that allowed the absolute 

partial pressures of analyte gases to be determined from mass spectra.  The correction 

factors account for the ionization cross section of each compound, the quadrupole mass 

filter transmission efficiency, and any mass dependent gain in the ion counting system.  

The relative detection sensitivities and correction factors for the possible pyrolysis 

compounds were calibrated against CO using the following two methods, depending on 

whether the gases are permanent or condensable.   

  4.2.2.1 PERMANENT GASES H2, CH4, CO, and CO2 are permanent gases that 

are expected to be formed from the pyrolysis of PICA.  Each gas, in pure form, was 

introduced into the main chamber through a variable leak valve that was positioned 

perpendicular to the RGA and a nude ion gauge.  A mass spectrum of each compound 

was collected with the same RGA settings that were used throughout this study.  A mass 

spectrum of a mixture of these four gases with known molar ratios was then collected.  

The mass spectrum of the mixture was fit with a linear combination of the mass spectra 

of the individual compounds.  The coefficients used to obtain the optimized fit did not 

correspond to the known molar composition of the mixture because the simple linear 

combination of mass spectra does not account for the species-dependent detection 

sensitivity of the RGA.  Therefore, correction factors were applied to the coefficients in 

order to make them equal to the respective mole fractions based on the known gas 

composition.  This procedure was performed for five pressures from 7.3 x 10-7 Torr to 1.2 
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x 10-5 Torr.  The average correction factor for each compound was calculated and is listed 

in Table 4.1 with ±1σ errors based on the five measurements. 

 4.2.2.2 CONDENSABLE GASES All the condensable gases that were detected 

during the pyrolysis of PICA are listed in Table 4.1.  Individual condensable gases from 

this list were introduced into the main chamber from a heated stainless-steel reservoir 

through a leak valve, and a mass spectrum of each compound was collected with the 

same RGA settings that were used throughout the experimental study.  After a set of 

individual mass spectra had been obtained, a gas manifold was constructed to mix CO 

and a given condensable gas at a known pressure ratio.  An individual condensable gas 

was placed in a reservoir and held at a temperature that produced 1.00 Torr of vapor 

pressure.  The appropriate reservoir temperatures for dimethyl phenol and trimethyl 

phenol were calculated using Antoine parameters from Terres and Andon.85-86  Reservoir 

temperatures for the remaining compounds were derived from the Handbook of 

Chemistry and Physics.88  A mass flow controller was used to introduce CO into the 

manifold, and a thermocouple gauge was placed directly after the mass flow controller to 

monitor the pressure of CO, which typically fell in the range 1700 – 1900 mTorr, before 

it was mixed with the vapor of the condensable gas from the reservoir.  The vapor/CO 

mixture, with a known pressure ratio, then entered the main chamber through the leak 

valve.  A mass spectrum of the resulting mixture was collected and fit with a linear 

combination of the mass spectra of CO and the individual condensable gas.  A correction 

factor was then calculated based on the difference between the known pressure ratio of 
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the two gases and the coefficients used in the fit of the mass spectrum.  The correction 

factor for each condensable compound is listed in Table 4.1.  

 
Table 4.1.  Permanent and condensable gases that were detected from the pyrolysis 

of PICA.  Corresponding correction factors were applied to obtain correct mole fractions 
from the coefficients of a linear combination of individual mass spectra.  Errors represent 
±1σ from the mean. 

 

 
 

4.2.3 COLLECTION OF PYROLYSIS DATA 
 

The resistance of a PICA sample changes as it is heated.  Virgin PICA has a relatively 

high resistance, as a result of the resin content of the material, and as the resin decomposes 

to char, the sample becomes more conductive.  To account for the change in resistance of 

the PICA samples, a LabVIEW program was used to control the power supply in order to 

deliver progressively higher currents to the sample.  It was found that the delivery of three 

stages of current was sufficient to  achieve fairly linear heating rates of PICA samples over 

the temperature range from 100 °C to 1200 °C, measured at the center of the sample.  

Details describing the determination of the heating rates are provided in the appendix B.1.  
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Heating rate curves for the four heating rates used, 25.0 °C s-1 and 12.7 °C s-1, 6.1 °C s-1 

and 3.1 °C s-1, are also provided in Appendix B (Figs. B.2, B.9, B.16, and B.23). 

These four heating rates are nominal rates based on measurements taken with a 

thermocouple inserted into the center of the sample from the back side, about 3 mm deep.  

The heating of the sample occurs in a 1.55 cm long section between the two water-cooled 

electrodes to which the ends of the sample are clamped.  Thus, during heating, a symmetric 

temperature gradient is expected across the sample, with the highest temperature in the 

middle and decreasing temperatures as the distance from the center increases.  In order to 

investigate effect of the temperature gradient on heating rate away from the center of the 

sample, thermocouples were placed in the center and at points 0.525 cm from the center, 

and the heating rates in the center and at the thermocouple positions that were about 2/3 of 

the distance from the center to the water-cooled clamp was determined.  It was found that 

the heating rate at a sample position 0.525 cm away from the center was approximately 20 

percent of the heating rate at the center of the sample.  The reduced heating rate on the 

“wings” of the sample will lead to a final temperature that is lowered by this percentage.  

The variation in heating rate across the sample is unlikely to affect the effective heating 

rate in the experiment by as large of a percentage, because the experimental geometry 

suggests that the pyrolysis products that escape from the center of the sample are most 

likely to pass through the aperture into the main chamber and be detected before they are 

pumped away.  Therefore, we have chosen to report the heating rates measured at the center 

of the sample as the “nominal” heating rates, but it should be understood that these rates 

are maximum values that correspond to the heating rate at the center of the sample.  The 
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data that are collected may reflect processes that occur at heating rates that may be lower 

by 20 percent (or less) of the nominal rate.  Nevertheless, the nominal rates used are 

sufficiently different that the heating-rate ranges corresponding to the four nominal heating 

rates should have essentially no overlap.   

Figure 4.3 shows an example of a set of mass spectra that were collected at a heating 

rate of 12.7 °C s-1.   Mass spectra were collected in the m/z range from 1 to 150 u in 0.1 u 

increments.  The collection of each mass spectrum required 2.8 seconds.  The resolution 

was adjusted to be 1 u, according to the ΔM10% definition, throughout the entire spectrum.  

ΔM10% is the width of the bandpass of the filter, defined as the full width at which the signal 

is 10% of the maximum value. Mass loss was determined for each heated sample, as 

described in section 2.6.1. 

 

 

Figure 4.3.  Mass spectra of PICA pyrolysis products as a function of time, with a nominal 
heating rate of 12.7° C s-1. 
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4.3 RESULTS AND ANALYSIS 
 
 

4.3.1 ANALYSIS OF MASS SPECTRA 
 

 The 14 compounds that constitute all significant pyrolysis products of PICA are 

listed in Table 4.1.  This list of compounds was chosen based on observations from the 

literature and past results,37,40,81-82 as well as significant experience gained from the 

collection of mass spectra of PICA pyrolysis products during the course of our 

experiments.  In our previous study,83 we used 8 compounds (CH4, H2O, CO, CO2, xylene, 

phenol, cresol, dimethyl phenol) to fit the mass spectral data that were collected in the m/z 

range from 10 u to 119 u.  The isomers of xylene, cresol, and dimethyl phenol were not 

distinguished because the isomers of each respective compound have similar mass spectra.  

For the analysis of the new mass spectral data collected over the range 1-150 u, we added 

six compounds: H2, 1-propanol, 2-propanol, benzene, toluene, trimethyl phenol.  H2 and 

trimethyl phenol appeared in the new mass spectra because of the extended mass spectral 

range.  The other four added compounds had relatively low yields, but scrutiny of the mass 

spectra showed that they were indeed observed consistently, and the inclusion of these 

compounds in the analysis provided better fits to the mass spectra.  Benzene and toluene 

have been reported as pyrolysis products from resole resin and PICA,81-82 and the presence 

of propanol among the pyrolysis products is not surprising because it is a well-known 

solvent for the resole phenolic resin used in PICA (SC-1008).  All compounds used in the 

analysis are stable, as it was assumed that any volatile radical species that might have been 

produced would react to form stable products before exiting the decomposing material. 
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 Relative molar yields as a function of temperature were derived from mass spectra 

that were collected at 2.8 second intervals during heating at a programmed rate.  The 

calculation of the relative molar yields of the pyrolysis products began with the mass 

spectra of the pure compounds in Table 4.1, which were measured with the same resolution 

and ionizer settings used during the pyrolysis runs.  Each mass spectrum of a pure 

compound was normalized such that the maximum value of the most abundant peak was 

set equal to 1.0.  Next, linear combinations of the mass spectra of each of the 14 pure 

compounds were fit to an experimental mass spectrum.  Figure 4.4 displays a representative 

mass spectrum that was collected at a relatively low temperature of 368.3 °C.  The raw 

data, with background subtracted, are indicated by the orange dots, and the fits are indicated 

by the solid blue line.  Each fit was optimized by minimizing the residuals.  Partial 

pressures of each compound were obtained by weighting the coefficients of the best-fit 

linear combination by their respective correction factors (Table 4.1).  The partial pressure 

recorded by the RGA is proportional to the number density of molecules that reach the 

electron-impact ionizer. Note that the RGA sampled the density of pyrolysis products that 

had a residence time of tens of milliseconds in the main chamber, so it sampled an 

approximately steady-state gas as opposed to a stream of products that made a single pass 

through the electron-impact ionizer of the RGA.  Thus, the measured partial pressure, iP , 

of a particular pyrolysis product is proportional to its integrated flux from the sample and 

can be thought of as the relative molar yield of that product ( r
in ).         
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Figure 4.4.  Fit of representative mass spectrum collected with a nominal temperature of 
368.3 °C during heating at 25.0 °C s-1. 
 
 
4.3.2 CALCULATION OF ABSOLUTE MOLAR YIELDS, MASS YIELDS, AND 
SIMULATED TGA CURVES 
 

The absolute molar yield of each product may be determined from the relative molar 

yields and total mass loss of the sample.  First, the absolute mass loss at temperature, T, 

must be determined.  The relative mass loss, ( )rm T , at a given temperature may be obtained 

by  

 (1)                                   ( ) ( )r r
i i

i
m T n T MW=∑        

where r
in is the relative molar yield of product i, and iMW  is the molecular weight of 

product i.  The total relative mass loss, r
totalm , integrated over all temperatures is thus 

 (2)                                          ( )r r
total

i
m m T=∑    

The fraction of the total mass loss (TML), ( )mf T , at a given temperature is 
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 (3)                                           ( )( )
r

m r
total

m Tf T
m

=     

Therefore, the absolute mass loss at temperature, T, may be determined as follows: 

(4)                                          ( ) ( )mm T TML f T=        

The absolute mass loss at temperature, T, may be used to find the constant factor, ( )Tχ , 

which relates the relative molar yield to the absolute molar yield 

(5)                                            ( ) ( ) ( )r
i in T T n Tχ=       

            

  

where      

(6)                                        
( )( )

( )r
i i

i

m TT
n T MW

χ =
∑ 

       

            

From the absolute molar yield of a particular product at temperature, T, it is a 

simple matter to calculate the mass yield of that product from its molecular weight: 

 

(7)            ( ) ( )i i im T n T MW=       

        

The fraction of the total mass loss at temperature, T, may be used to calculate a simulated 

TGA curve in terms of weight percentage remaining as a function of temperature.  The 

weight percentage remaining at a particular temperature is given by: 
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(8)          
0

0
0

100weight percentage remaining ( )
T

m j
j T

M TML f T
M =

 
= − 

 
∑     

  

 It is important to note that the value of each function of T in the equations above is 

determined from an area of the relevant distribution that is calculated from the trapezoid 

rule.  The temperature, T, assigned to this area is the median temperature during the 2.8 s 

required to collect an entire mass spectrum.  Therefore, the temperature resolution 

decreases with increasing heating rate.  In addition, it should be noted that the rate of 

temperature change between each mass spectrum is not exactly constant – i.e., there is 

some deviation from linearity in the heating rate, as seen, for example, in Fig. B.1.  The 

calculations of area used the actual temperature change during the 2.8 s measurement time 

rather than a temperature change based on the nominal heating rate that is reported. 

The analysis of the mass spectra that were collected as a function of temperature at 

four different heating rates led to temperature-dependent absolute molar yields and mass 

yields of 14 pyrolysis products (Figs. 4.5 and 4.6, respectively), in addition to simulated 

TGA curves (Fig. 4.7).  These data are presented in more detail in Appendix B, where the 

data are plotted on different scales for clarity, and uncertainties, based on standard 

deviations in the results of multiple pyrolysis runs, are represented by error bars on the 

plots.  In addition, numerical values associated with all the plots are tabulated.  Figure 4.5 

shows that the light products, H2, CH4, H2O, CO, and CO2, dominate the pyrolysis products 

of PICA.  Heavier products, including benzene, xylene, and phenol and its derivatives are 

also clearly observed, but these heavier products have much lower molar yields and tend 

to evolve in a similar temperature range of 200-600 °C.  The light products may also be 
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liberated in this temperature range, and they are, by far, the main products above 600 °C.  

As seen in Fig. 4.6, both light and heavy products carry substantial mass away from the 

material, with the contribution of H2 being modest, as a result of its light mass, even though 

it has the highest molar yield.  The simulated TGA curves in Fig. 4.7 show that most of the 

mass loss occurs in the temperature range of 300-550 °C. 

 
 

 

Figure 4.5 Molar yields as a function of temperature for the four nominal heating rates 
used. 
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Figure 4.6 Mass yields as a function of temperature for the four nominal heating rates  
used. 
 
 

 

Figure 4.7 Simulated thermogravimetric analysis (TGA) curves corresponding to the four 
nominal heating rates used. 
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Because most of the mass loss occurs before the ultimate experimental temperature 

is reached, the errors in absolute molar and mass yields that might be caused by the non-

uniform heating rate of the sample are minimal.  Such errors could come from the 

uncertainty in total mass loss introduced in Equation (4).  For a given final temperature in 

the center of the sample (typically 1200 °C), the final temperatures of the wings of the 

sample will be lower.  Thus, the total mass loss of the sample is less than it would be if the 

final temperature were uniform at 1200 °C.  Nevertheless, visual inspection of the samples 

showed that they charred up to where they were in contact with the water-cooled clamp 

and even slightly underneath it.  Thus, the outermost edges of the sample must have reached 

temperatures of ~600 °C or more.  In addition, we know from our thermocouple 

measurements that the temperature of the middle 2/3 of the sample must have reached 950 

°C or higher.  Given that the vast majority of the mass loss occurs below 600 °C, we 

estimate that the error in the total mass loss from the experiments is within 10 percent, and 

perhaps significantly lower if most of the detected products come from the center region 

of the sample.  As the error results in a measured total mass loss (TML) value that is too 

low, the calculated absolute molar and mass yields in Figs. 4.5 and 4.6 should be considered 

to be lower limits.  It should be noted, however, that the uncertainty in the reproducibility 

of the molar and mass yields and the simulated TGA curves (represented by the error bars 

given in appendix B) are larger than or comparable to the expected error caused by the non-

uniform heating rate of the samples.  
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4.4 DISCUSSION 
 
 

4.4.1 MASS LOSS (THERMOGRAVIMETRIC ANALYSIS) 
 
  As indicated in Fig. 4.7, the total mass loss is nearly constant across all heating 

rates, with the percentage mass loss falling in the range of 18-22 percent.  This mass-loss 

fraction is similar to what has been measured at much lower heating rates.19 Fig. 4.8 shows 

the relationship between the simulated TGA curve and the mass yields of individual 

products, with a heating rate of 3.1 °C s-1.  The smooth TGA curve belies the complex, 

temperature-dependent processes that result in the mass loss of PICA.  In the range of 400-

450 °C, where the rate of mass loss is greatest, the relative yields of the various products 

change dramatically.  The mass yield of H2O is at its peak at 400 °C, and the mass yield of 

CO is nearly the same, but still increasing.  There is a significant mass yield from phenol 

and its derivatives at 400 °C that dies away quickly above 400 °C and gives way to CH4 

and, to some extent H2, at 450 °C.  CO dominates the mass loss at 450 °C, although H2O 

is still significant.  Rapidly changing relative mass yields suggest that the underlying 

mechanisms leading to mass loss are also changing quickly with temperature in this range. 
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Figure 4.8. Simulated TGA curve and mass yields as a function of temperature, 
corresponding to a heating rate 3.1 °C s-1. 
 
 

Indications of changing decomposition mechanisms with heating rate have been seen 

in some of the many earlier TGA studies of phenolic resins and phenolic-based composite 

materials.10,13,88-93 The majority of the previous studies have focused on the pyrolysis of 

samples in inert environments with heating rates that are much lower than those used in 

our experiments or experienced by a TPS during flight conditions.  A typical TGA uses 

heating rates of <1 °C s-1 and a purge gas of He, N2, or Ar to prevent oxidation of the 

sample.  However, it has been shown that the rate of decomposition may depend on the 

heating rate and on the purge gas.  For example, decomposition rates are higher with He 
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than with N2 and Ar, as a result of the higher thermal conductivity of He.9  In vacuum, TGA 

curves are generally shifted to lower temperatures with respect to studies performed under 

inert atmospheric conditions.9  Thus, the ambient environment must be taken into account 

when interpreting TGA curves, as differences in TGA curves might not indicate differences 

in chemical decomposition mechanisms.  The effect of heating rate on TGA curves of the 

phenolic resin is seen in the unique study of the SC-1008 resin by Stokes,13 which  

employed a broad range of heating rates from 0.25 °C min-1 to 2500 °C min-1 under the 

same environmental conditions (Ar purge).  This study showed that at lower heating rates 

of 0.25 – 300 °C min-1 (0.0042 – 5 °C s-1), the point at which 50 percent of the total mass 

loss occurred shifted to higher temperatures with increasing heating rate.  However, at 

higher heating rates in the range of 300 – 2500 °C min-1 (5 – 42 °C s-1), the point at which 

50 percent of total mass loss occurred shifted to lower temperatures with increasing heating 

rate.  The results of Stokes are consistent with a much earlier study by Jackson and 

Conley,12 who pyrolyzed a resole resin under a He atmosphere and found that the midpoint 

of mass loss shifted to a lower temperature when the heating rate changed from 0.5 °C s-1 

to 300 °C s-1.  The observed reversal in the rate of mass loss at high heating rates is an 

indication that the mechanisms of thermal decomposition may change with heating rate. 

 
4.4.2 RATE-DEPENDENT QUANTITATIVE YIELDS OF PYROLYSIS PRODUCTS 
 

The data herein provide the first report of the molar (and mass) yields of a phenolic-

based material as a function of temperature and heating rate.  In addition, the heating rates 

used are representative of TPS materials in an atmospheric-entry environment.  As 

mentioned above, some TGA data show the dependence of total mass loss on heating 
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rate,12-13 but while the heating rates may be relevant to flight conditions, the decomposition 

mechanisms cannot be inferred from these data.  Other pyrolysis studies have provided 

chemical insight through spectroscopic measurements of the partially charred 

material12,30,34,78,94 or through the analysis of the gaseous products under quasi-steady-state 

heating conditions,81-83 but these studies have not examined the dependence of the 

decomposition mechanisms on the heating rate, which is necessary to reveal the extent to 

which reaction kinetics must be considered in the decomposition of a phenolic-based 

material.  Our new data, in combination with earlier studies of phenolic resin and PICA 

pyrolysis, allow inferences to be made about the decomposition mechanisms under flight-

relevant conditions that go beyond the insight that is available from earlier studies.    

Most of the previous studies on the pyrolysis of phenolic resin and phenolic-based 

composites were summarized in our recent paper,83 although a new study which reported 

the molar yields of PICA pyrolysis products has appeared since then.81 These studies have 

described phenolic pyrolysis in terms of three stages of decomposition, corresponding to 

increasing temperatures and overlapping temperature ranges.  In stage 1, H2O, phenol, and 

derivatives of phenol, are the main gaseous pyrolysis products.  In stage 2, CO and CH4 

are the main products.  In stage, 3, H2 is the dominant product.  These trends are evident in 

our earlier work83 and in the experiments of Wong et al.,81-82 where the pyrolysis products 

of PICA were collected in steps for relatively long periods at a constant temperature.  The 

molar yields in Fig. 4.5 also display the same trends, although these data clearly show that 

the molar yields change as a function of heating rate, indicating that the decomposition 

processes are kinetically controlled at the heating rates used.  This conclusion is consistent 
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with the TGA results from Stokes,13 but the determination of molar yields at different 

heating rates provides additional insight into the underlying mechanisms that lead to the 

observed mass-loss behavior.   

The different kinetics are manifested in the products that are liberated from the 

material above ~200 °C, where outgassing is no longer expected to be important.  

Inspection of the curves in Fig. 4.5 shows that the molar yields of H2O and CO decrease 

with increasing heating rate, whereas the molar yield of CH4 increases.  The molar yields 

of phenol and its derivatives increase slightly with heating rate and, notably, these products 

tend to evolve at lower temperatures when the heating rate increases.  The molar yield of 

H2 exhibits complex behavior, as the shape of the curve of H2 molar yield as a function of 

temperature is bimodal at lower heating rates, with the second peak, above 800 °C, 

diminishing as the heating rate increases.  When the molar-yield curves in Fig. 4.5 are 

integrated, quantitative trends may be seen in the ratios of various product yields.  Figure 

4.9A shows the ratio of the total molar yield of C atoms to O atoms as a function of heating 

rate.  It is clear that the yield of carbon-containing species compared to oxygen-containing 

species increases with heating rate, indicating that a higher fraction of oxygen is liberated 

from the surface at lower heating rates.  This trend suggests that the charring material may 

retain more oxygen at higher heating rates.  As seen in Fig. 4.9B, the molar yield of the 

volatile organic compounds (VOCs: benzene, toluene, xylene, phenol, cresol, dimethyl 

phenol, trimethyl phenol) relative to the light products (H2, H2O, CH4, CO, CO2) increases 

with heating rate.  In a study of phenolic resin pyrolysis during stepwise heating with vastly 

different heating rates than the current study, Bennet40 also observed a higher yield of 
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VOCs and a lower yield of light products on going from a very low to a very high heating 

rate.  The increasing fraction of VOCs compared to the light products, which carry most of 

the oxygen atoms away from the material, is another indication of the greater retention of 

oxygen at higher heating rates.  Not only does the relative yield of VOCs increase with 

heating rate, but the evolution of VOCs shifts to lower temperatures as the heating rate 

increases (Fig. 4.6), which is consistent with a shift in the TGA curve to lower temperatures 

with higher heating rates (Fig. 4.7).  In addition, the molar yield of H2O decreases with 

heating rate while that of CH4 increases.  As discussed below, these trends are related to 

the increased yield of VOCs when the heating rate is increased from 3.1 to 12.7 °C s-1.  

However, at the highest heating rate (25 °C s-1), the fast charring of the material and the 

retention of oxygen might qualitatively alter the decomposition kinetics.  An indication of 

this qualitative change may be seen in the ratio of the H2O molar yield to that of phenol 

and its derivatives.  Figure 4.9C shows that this ratio decreases with heating rate until the 

highest heating rate is reached, at which point, the trend reverses.  The molar yield of H2O 

monotonically decreases with heating rate across the whole range, so the observed increase 

in the H2O to phenol and derivatives ratio at the highest heating rate comes from a 

qualitative change in the molar yield of phenol and its derivatives at this heating rate, where 

the yield of these products decreases rather sharply.  Corresponding to this pronounced 

decrease in the yield of phenol and its derivatives is a significant increase in H2 yield (Fig. 

4.5).  Furthermore, at the highest heating rate, the total mass loss is somewhat less than 

what is observed at the lower three heating rates.  These observations suggest that a high 

heating rate may lead to rapid charring of the material that preferentially traps oxygenated 
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species (precursors to H2O) over species that can leave as phenol and its derivatives (or 

other VOCs).  A higher yield of H2 at the highest heating rate presumably comes at the 

expense of hydrocarbon species, which decompose to hydrogen and non-volatile carbon 

(or oxygen-rich carbon) moieties before they have a chance to be liberated as intact 

hydrocarbon molecules, thus resulting in a lower total mass loss.  

 

 

Figure 4.9.  (A) Ratio of integrated molar yield of C to integrated molar yield of O.  (B) 
Ratio of integrated molar yield of volatile organic carbons (VOCs: benzene, toluene, 
xylene, phenol, cresol, dimethyl phenol, trimethyl phenol) to integrated yield of light 
products (H2, H2O, CH4, CO, CO2).  (C) Ratio of integrated yield of H2O to integrated yield 
of phenol and its derivatives. 

 
 

The initial steps in the decomposition of phenolic resin involve condensation 

reactions that form ether and carbon-carbon bonds and liberate H2O.  Condensation 

reactions that lead to the formation of a diphenyl ether moiety have been suggested 

previously.31,78,83 As seen in Fig. 4.5, H2O is evolved primarily in the temperature range 

200-600 °C, with the maximum yield occurring at 400 °C.  Infrared studies of partially 

charred phenolic resin show an increase in both carbon-carbon and ether bond formation 

when the material is heated to temperatures between 250 °C and 400 °C.30,34,94   Figure 

4.10 illustrates two categories of condensation reactions that are probably responsible for 

the formation of H2O.34 As described previously; ether bonds can be formed by 
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intermolecular dehydration to form a diphenyl ether cross-link.  In addition, ether bonds 

may be formed by intramolecular dehydration to form a xanthene functional group.  As the 

temperature is increased further, it is likely that the diphenyl ether cross-link would react 

further to a dibenzofuran structure and release H2.  In addition to ether bonds, two types of 

carbon-carbon cross-linking bonds can form.  The reaction of a phenol hydroxyl group and 

an aromatic carbon atom may form an aryl-aryl bond.  The hydroxyl group can also react 

with a methylene bridge group to form an alkyl-aryl bond.  Thus, because of the initial 

stages of decomposition, the resin releases H2O and forms a highly cross-linked network 

made up of additional ether groups and carbon-carbon bonds. 
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Figure 4.10. Condensation reactions leading to cross-linking through ether bond formation 
and carbon-carbon bond formation. 

 
 
Phenol and its derivatives evolve over a relatively narrow range of temperatures (250 

– 550 °C), and the temperature of maximum yield for these species is nearly identical to 

that of H2O. The evolution of phenol and its derivatives has been explained as the release 

of pendant aromatic groups,93 but these species more likely originate from the scission of 

the methylene bridges between phenol groups.  Indeed, infrared studies have shown a 
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decrease in the absorption band corresponding to the scissor bending mode in methylene 

bridge units as the temperature of the decomposing resin increases up to 400 °C.30,34,94 

Figure 4.11 illustrates the breakdown of a methylene bridge, which may lead to phenol or 

substituted phenol depending on the structure of the polymer backbone near the methylene 

bridge.  Specifically, this figure illustrates a case where o-cresol is liberated, and a methyl 

functional group is on the phenol ring that remains in the resin.    

 

 

Figure 4.11 Example of methylene bridge scission, where volatile o-cresol is formed, and 
a methylated phenol group remains in the resin.  

 
 

The observed heating-rate-dependent changes in the yields of H2O and phenol and its 

derivatives may be interpreted in terms of a competition between condensation reactions 

and methylene bridge scission.  As seen in Fig. 4.5, the yield of H2O decreases as the 

heating rate increases.  In addition, as mentioned above, the ratio of molar yields of H2O 

to phenol and its derivatives decreases as the heating rate increases from 3.1 to 12.7 °C 

(Fig. 4.9 C).  It is thus apparent that the yield of phenol and its derivatives increases with 

heating rate as the yield of H2O decreases.  These phenomena suggest that methylene 

scission competes more effectively with condensation reactions at higher heating rates.  

Furthermore, the evolution of phenol and its derivatives shifts to lower temperatures as the 
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heating rate increases (Fig. 4.6), also suggesting that methylene scission becomes more 

facile at higher heating rates.  The breakdown of the polymer backbone and disappearance 

of aromatic hydrocarbons will take away sites for cross-linking, resulting in reduced H2O 

production.  Phenol and its derivatives are much heavier than H2O, so the increased 

probability of their evolution at the expense of H2O at higher heating rates shifts the TGA 

curve to lower temperatures (Fig. 4.7).  The explanation of the relationship between the 

yields of H2O and phenol and its derivatives in terms of a competition between 

condensation and methylene scission reactions depends on these two basic processes 

occurring on time scales to which the data are sensitive.  Given the heating rates of 3.1 – 

25 °C s-1 and the fact that 2.8 seconds are required to collect each mass spectrum, the 

reaction time scales must be on the order of seconds to minutes in order for differences in 

heating rate dependencies to be observed.  Although the reaction rates of condensation and 

methylene scission reactions in a pyrolyzing phenolic resin are not known, the 

condensation reactions during the curing of polyimides are known to take place on the time 

scale of minutes.95-96  Reactive hydroxyl groups that participate in the condensation 

reaction of polyimides are already in close proximity to their bonding counterparts and are 

not expected to be hindered by steric effects, yet the reaction takes place on a relatively 

long time scale.  Therefore, it is reasonable to assume that the condensation reactions that 

occur in the early stages of the pyrolysis of PICA, which may need to overcome steric 

effects within or between phenol polymer chains, occur on a time scale of minutes or 

longer.    
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 H2O may oxidize methylol groups to form carboxylic acid or aldehyde functional 

groups.  Methylol groups may persist after the phenolic resin is cured, with the 

concentration of these groups depending on the curing conditions.12, 97-98 Using infrared 

detection techniques, Jackson and Conley revealed the formation of carboxylic acid and 

benzophenone functional groups after curing a resole resin for 3 hours at 120 °C.12 These 

functional groups were detected in the post-cured resin even though curing was performed 

under high vacuum.  This study also established that the presence of H2O during the curing 

process promoted carbonyl formation, perhaps through the oxidation of residual methylol 

groups as shown in Fig. 4.12.  H2O formed by condensation reactions during pyrolysis 

would thus presumably react to produce carboxylic acid and aldehyde groups.  These 

aldehyde groups could then react with adjacent benzene rings to form the benzophenone 

structure, as illustrated in Fig. 4.12.  One would expect carbonyl formation to be reduced 

in probability by the breakdown of the methylene bridge and the removal of aromatic 

hydrocarbons, and this supposition is supported by the heating-rate-dependent rate results 

for the CO and CO2 products, as discussed below. 
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Figure 4.12. Oxidation of methylol groups and subsequent formation of a benzophenone 
structure. 

 
 

The formation of carboxylic acids, aldehydes, and ketones is most likely responsible 

for the observation of CO and CO2 during phenolic decomposition at relatively low 

temperatures.  At very low temperatures (<200 °C), CO and CO2 may come from the 

decomposition of carboxylic acid and aldehyde groups that remain in the resin after curing 

(Fig. 4.13).  As H2O is formed through condensation reactions, the production rate of 

carboxylic acids and aldehydes would be expected to increase through reaction with 

methylol groups (Fig. 4.12) and therefore increase the production rate of CO2 and CO.  The 

temperature-dependent behavior of the CO2 molar yield suggests a two-stage process that 

is consistent with the speculation above.  As the temperature increases from 100 °C, the 

CO2 yield rises, reaches a maximum between 150 and 200 °C, and decreases slightly before 

rising more substantially to a peak near 400 °C before decaying (see Figs. 4.5 and 4.6).  

The initial maximum in the yield of CO2 occurs before any significant production of H2O, 

and the second maximum in the CO2 yield occurs almost simultaneously with the 
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maximum in the H2O yield.  Thus, it is conceivable that the initial formation of CO2 is the 

result of the decomposition of carboxylic acid in the pristine resin while the subsequent 

formation of CO2 comes from the decomposition of similar groups that have been formed 

by reactions with H2O produced through condensation reactions as the resin starts to 

decompose.  Support for this idea comes from the fact that we observe that the CO2 yield 

decreases when the heating rate is increased from 3.1 °C s-1 to 12.7 °C s-1, which would be 

expected because an increased heating rate reduces the probability of H2O-producing 

condensation reactions.  The molar yield of CO does not show the same bimodal 

temperature dependence as CO2.  The CO yield rises substantially from the lowest 

temperature and reaches a maximum near 450 °C – i.e., at a higher temperature than the 

maximum in the H2O yield.  Clearly, there are mechanisms that lead to CO production that 

are distinct from those that lead to CO2 production, but the formation of CO at low 

temperatures (<400 °C) may also originate from leftover and newly formed aldehyde 

groups.  A two-step decomposition mechanism leading to CO from a benzophenone group 

has also been proposed.13,31,83   
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Figure 4.13. Possible formation mechanisms of CO2 and CO through the decomposition 
of carboxylic acid and aldehyde functional groups, respectively.  

 
 

  The high yields of CO and CH4 that peak above 400 °C are most probably tied to 

the competitive processes that involve cross-linking reactions and methylene bridge 

scission.  The molar yields of CO and CH4 peak at the same temperature (near 450 °C).  

Figure 4.14 shows the ratio of the total molar yield of CO to CH4 for each of the four 

heating rates used.  This figure shows that as the heating rate is increased the relative yield 

of CO compared to CH4 decreases.  This behavior may be interpreted in terms of the 

presumed mechanisms for CO and CH4 formation.  The evolution of CO in the temperature 

range of about 400 to 700 °C most likely originates from the thermal decomposition of 

ketone (dibenzophenone) and ether (diphenyl ether) functional groups, as illustrated in Fig. 

4.15.  It is well known that poly (phenylene oxides) break down at T ≈ 500 °C, and when 

they are substituted with methyl functional groups, they break down at lower temperatures 

(T ≈ 450 °C).99  Ether groups in the form of xanthene and dibenzofuran structures (Fig. 

4.10) likely survive to higher temperatures, as these molecules are stable up to temperatures 

of 700 - 800 °C.100-101  Thus, the formation of high yields of CO is dependent on prior 
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reactions that liberated water and produced the CO precursor products either directly (Fig. 

4.10) or indirectly (Fig. 4.12).  The findings from studies using IR spectroscopy and solid-

state NMR have suggested that most of the CH4 produced during pyrolysis of phenolic 

resins originates from the breakdown of the methylene backbone of the polymer, as 

illustrated in Fig. 4.11.30,97,102 The loss of phenol or one of its derivatives presumably leaves 

a methyl substituted aromatic group attached to the bulk of the resin, and this methyl group 

may be liberated as a CH4 molecule.  Our data suggest that this decomposition process is 

likely because the rise in molar yield of CH4 is immediately preceded by an increase in the 

yields of phenol and its derivatives at slightly lower temperatures.  In addition, the decrease 

in the total yield of CO relative to CH4 with increasing heating rate appears to be correlated 

with the decrease in the total yield of H2O relative to phenol and its derivatives with heating 

rate.  Therefore, the relative CO and CH4 yields seem to be rooted in the competition 

between condensation and methylene bridge scission reactions at lower temperatures.  It is 

possible that CH4 might be formed from a one-step decomposition of the methylene bridge 

to produce a diphenyl group.78,83  It is also possible that some of the evolved CH4 originates 

from methyl groups that are not associated with the backbone of the polymer, as it has been 

shown that increasing methyl substitution on the phenol precursor molecule increases the 

molar yield of CH4 during pyrolysis.31  However, the strong correlation between the 

evolution of CH4 and phenol and its derivatives suggests that these additional pathways to 

CH4 are relatively improbable. 
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Figure 4.14. Ratio of integrated molar yield of CO to integrated molar yield of CH4.  
 
 

 

Figure 4.15. Formation of CO through the decomposition of ketone (dibenzophenone) and 
ether (diphenyl ether) functional groups. 

 
 

Benzene and its derivatives, toluene, and xylene, are minor products that are liberated 

over a narrow range of temperatures from 325 to 550 °C (Fig. 4.16), and their peak yields 

occur at higher temperatures than those of phenol and its derivatives.  Parker and Winkler 

suggested that benzene and its derivatives arise from terminal aromatic groups that are 

attached to the main chain of the pristine polymer, based on the justification that the carbon-
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carbon bonds attaching the terminal groups to the backbone are thermodynamically the 

least stable in the polymer system.93  This suggestion can explain the low yields of benzene 

and its derivatives because the number of terminal aromatic groups is significantly lower 

than the number of aromatic groups associated with the backbone of the polymer.  

However, as noted above, the scission of methylene bridges would also lead to the 

formation of terminal aromatic groups (Fig. 4.11), thus creating an additional source of 

benzene and its derivatives that was not present in the pristine resin.  The fact that benzene 

and its derivatives evolve at approximately the same temperature as CH4 (Fig. 4.16), which 

follows methylene bridge scission, supports the idea that benzene and its derivatives come 

from terminal aromatic groups.  Benzene and its derivatives have very low yields; thus, 

terminal aromatic groups may be more likely to be liberated as phenol and its derivatives 

or perhaps pathways that lead to benzene and its derivatives are more likely to lead to their 

incorporation into incipient char in the range of temperatures where they are produced.  

The relatively high char yield of the phenolic resin is consistent with the latter.  
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Figure 4.16.  Mass yields of CH4, xylene, toluene, and benzene, with a heating rate of 3.1 
°C s-1. 

 
 

As the decomposition of phenolic resin progresses, H2 becomes the dominant product 

as the temperature rises above 500 °C.  H2 may be formed by a ring closure mechanism in 

a diphenyl ether moiety to form a dibenzofuran-like product, as shown in Fig. 4.10.  In this 

reaction, two hydrogen atoms are stripped from two separate carbon atoms that are in the 

ortho position with respect to the ether crosslink.  This mechanism has been proposed by 

Ehlers and Patel to explain the appearance of H2 after the initial steps of decomposition for 

PPO (poly(p-phenylene oxide)), PPE (polyphenyl ether), and PEEK (polyether ether 

ketone).99,103 The dibenzofuran structure is relatively stable and may persist in the charring 

material up to a temperature of ~800 °C.  The main source of H2 is the stepwise fusing of 

phenyl rings to create domains of graphitic carbon (Fig. 4.17).78,83   First, a polyphenyl 

polymer coalesces to a polyaromatic hydrocarbon (PAH).  Talyzin et al. showed that 

molecules as large as coronene fuse together to form larger PAHs at temperatures in the 

range 530 – 550 °C.104 It is assumed that as the temperature increases smaller PAHs 
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consolidate into higher mass PAHs as illustrated in the second reaction step in Fig. 4.17.  

This process likely continues until the material is completely carbonized. 

 

 

Figure 4.17. Formation of H2 through the fusing of phenyl rings to create domains of 
graphitic carbon.  

 
 
A remarkable observation is the appearance of a “bump” in the temperature 

dependent molar yield curves for H2, CH4, H2O, and CO at temperatures above 800 °C 

(Fig. 4.5).  This feature is quite pronounced at the lowest heating rate of 3.1 °C s-1 and 

gradually disappears as the heating rate increases to 25 °C s-1.  This observation is a 

manifestation of the competing cross-linking and methylene bridge scission reactions that 

take place at much lower temperatures (~400 °C).  Elemental analysis of pyrolyzed 

phenolic SC-1008 resin reveals a significant oxygen content in the material that remains 

even at temperatures as high as 800 °C.37,40,105 This oxygen content may be in the form of 

ether groups, such as dibenzofuran and xanthene, which are stable up to this temperature.  

Ouchi pyrolyzed a resole resin at a rate of 2 °C min-1 in vacuum and collected infrared 

spectra of the solid material at varying stages of decomposition.34 His measurements 

suggest that xanthene, dibenzofuran, and diphenyl ether form over a temperature range of 
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400-500 °C and decrease in intensity as the temperature increases to 700 °C.  These 

compounds have also been observed as pyrolysis products in GC/MS experiments.40, 106 In 

addition, TPD and XPS studies of oxidized carbon nanotubes performed under high 

vacuum reveal that these structures do not decompose until 700-800 °C.100-101 Stable ethers 

would be expected to be formed with higher probability at low heating rates, when 

condensation/crosslinking reactions compete more effectively with the breakdown of the 

polymer backbone through methylene bridge scission.   These ether structures eventually 

decompose at high temperatures above 800 °C and release the light gases, H2, CH4, H2O, 

and CO, which would lead to a relatively sudden increase in the yields of these products 

(Fig. 4.18). At high heating rates, the breakdown of the polymer backbone becomes more 

probable, and the extent of stable ether formation is diminished, resulting in a lower 

residual ether content in the material at high temperatures. Thus, there is no sudden increase 

in the production of light gases above 800 °C, although there is still a change in slope in 

the molar yield curves, suggesting that the stable ether content is not negligible even at 

high heating rates. 

 

 

Figure 4.18. Schematic illustration suggesting that stable dibenzofuran and xanthene 
structures may persist to high temperatures and then decompose above 800 °C.  
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We conducted additional experiments to investigate the persistence of oxygen and 

hydrogen in the charring material at high temperatures.  Two pristine samples of PICA 

were first pyrolyzed at higher and lower heating rates of 24.9 and 2.8 °C s-1, respectively, 

to a temperature above 1100 °C, and the heat to the samples was turned off, and they were 

allowed to cool to ambient temperature.  Then, each sample was reheated slowly.  The 

sample that had been pyrolyzed at the higher rate was reheated at 4.5 °C s-1, and the sample 

that had been pyrolyzed at the lower rate was reheated at 3.3 °C s-1.  The second heating of 

the samples allowed them to reach temperatures near 1000 °C, with one sample reaching 

about 1050 °C while the other sample reached only about 900 °C.  Figure 4.19 shows the 

relative molar yields of H2, CH4, H2O, and CO during each heating run for each sample.  

These products were monitored by continuously collecting mass spectra over the rage m/z 

= 1 – 30.  Although the second heating of the two samples resulted in somewhat different 

maximum temperatures, it is still clear that the higher heating rate produces a char that 

contains more oxygen and hydrogen than the char produced at the lower heating rate.  

Indeed, this result is consistent with our observation that the ratio of the total molar yield 

of C atoms to O atoms decreases with heating rate (Fig. 4.9 A).  Furthermore, the elemental 

analysis performed by Bennet et al. suggests that the weight percent of oxygen remaining 

in the char increases by as much as 11 percent as the heating rate increases.40   
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Figure 4.19. (1) Relative molar yields of light products detected during pyrolysis of the 
virgin material, with heating rates of (A) 24.9 °C s-1 and (B) 2.8 °C s-1. (2) Relative molar 
yields of light products detected during pyrolysis of the char, heating rates of (C) 4.5 °C 
s-1 and (D) 3.3 °C s-1. 

 
 

The presence of higher oxygen content in the char that is produced at a higher heating 

rate appears to be at odds with the conclusion that ether formation is enhanced at lower 

heating rates (at temperatures around 400 °C).  However, the form in which oxygen is 

retained in the char must affect the ease with which it is liberated.  At low heating rates, 

oxygen is most likely bound preferentially in the char in the form of ether functional 

groups.  These ether groups appear to be able to break down relatively easily when the 

temperature rises above 800 °C, leaving a char that does not release additional oxygen 

when it is reheated.  On the other hand, when the heating rate is high the material is 
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expected to form fewer ether groups, yet the oxygen content remains relatively high and 

this oxygen can be released when the material is reheated at a low heating rate.  Perhaps 

oxygen-containing domains are physically trapped in the charring material at high heating 

rates and may not be able to decompose by the time the sample temperature has reached 

its maximum (~1200 °C in the case of the experiments reported here).  In any case, 

reheating the material at low rates is able to release much of the retained oxygen (and 

hydrogen).  The processes by which H2, CH4, H2O, and CO are liberated upon reheating 

cannot readily be understood.  The lack of any observable volatile products at temperatures 

below 800 °C during reheating suggests that oxygen and hydrogen are not bound in 

relatively pristine domains but must be retained (or trapped) in fairly stable forms.   

  It is expected that chars containing oxygen functional groups will have lower 

thermal conductivities than pure carbon and that the nature of the chemical structures 

involving oxygen will have a quantitative effect on the extent of reduction in thermal 

conductivity.  A study by Zhang et al. revealed that the thermal conductivity of graphene 

sheets is substantially reduced even a with a small amount of substitution of hydroxide, 

epoxide, and ether groups.107 The reduction in thermal conductivity was the greatest upon 

ether substitution.  Zhao et al. were in basic agreement, but they attributed the reduction in 

thermal conductivity to carbonyl functional groups.108 Thus, material response models for 

phenolic-based heat shields should consider not only the heating-rate dependence on molar 

yields but also the likely connection between thermal conductivity and the heating-rate-

dependent oxygen content of the charring material. 
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4.5 CONCLUSION 
 
 

 Temperature-dependent molar yields of the 14 main pyrolysis products of PICA 

have been derived from in situ mass spectrometric measurements at four nominal heating 

rates, 3.1, 6.1, 12.7, and 25 °C s-1, over the temperature range 100 – 1200 °C.  Mass yields 

and simulated TGA curves have been derived from the molar yield data and measurements 

of the mass loss.  The temperature dependencies of the molar yields change with heating 

rate, suggesting that pyrolysis of PICA is a nonequilibrium process and that the relative 

importance of competing mechanisms depends on heating rate.  It is suggested that the 

thermal degradation of the phenolic resin of PICA is dominated by two major 

decomposition processes that occur at relatively low temperatures in the range of 

approximately 300 to 500 °C.  One process comprises cross-linking reactions that release 

H2O while forming ether and carbon-carbon bonds.  The second process is scission of 

methylene bridges, which leads directly to liberation of phenol and its derivatives.  Both 

processes undoubtedly occur at all heating rates, but the relative importance of the latter 

increases with increasing heating rate.  The breakdown of the  polymer backbone and 

disappearance of aromatic hydrocarbons removes sites for crosslinking, resulting in 

reduced H2O production.  The preferred release of higher mass products through methylene 

bridge scission with higher heating rates explains the observations from previous TGA 

studies that the midpoint in overall mass loss shifts to lower temperatures at higher heating 

rates.  The yield of CO decreases in response to lower yields of H2O as well as the 

diminished formation of ether bonds at higher heating rates.  In contrast, CH4 yields 

increase at higher heating rates in response to the increased decomposition of the backbone 



130 
 

 
 

of the polymer.  Enhanced formation of ether groups at lower heating rates leads to stable 

dibenzofuran and xanthene ether structures that survive to high temperatures and then 

decompose rapidly as the temperature rises above 800 °C.  Higher heating rates lead to 

greater ultimate oxygen retention in the charred material, even though ether formation is 

suppressed at higher heating rates.  The chemical nature of the high oxygen content 

resulting from high heating rates is unknown.  Oxygen content in the charring material is 

expected to lower its thermal conductivity.  The molar yields as a function of temperature 

and heating rate and the mechanistic information that may be inferred from them should 

be useful for nonequilibrium models whose aim is to describe the material response of 

PICA and other phenolic-based thermal protection systems.   
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CHAPTER FIVE 
 
 

PYROLYSIS OF EPOXY-NOVOLAC MATRERIALS AS A FUNCTION OF TIME 

AND TEMPERATURE 

 
5.1 INTRODUCTION 

 
 

 Epoxy-novolac resins are important constituents in heritage thermal protection 

system (TPS) materials such as Avcoat.41 Most pyrolysis experiments on epoxy-novolac 

ablative materials were performed during the 1960s and 1970s. This chapter describes 

experiments that are aimed at further understanding the thermal decomposition mechanism 

of a specific epoxy-novolac system (e.g., D.E.N. 438, NMA, and BDMA). During this era, 

molar yields from the pyrolysis processes of the epoxy-novolac system were performed 

using mass spectrometric techniques.43,47-50,108 However, the studies suffered from some of 

the same shortcomings as the pyrolysis studies for phenolic based materials (see chapter 

1.1). Thermal decomposition mechanisms have been proposed for this resin system, but 

they fail to explain the production of several small molecules (e.g., H2, CH4, and H2O). 

Additionally, previous studies were not able to measure the full range of pyrolysis products 

as a function of heating rate.   

 Therefore, this chapter leverages the experience gained during the pyrolysis 

experiments described in chapters 3 and 4 of this thesis. The pyrolysis of an epoxy-novolac 

resin system is described here, along with a composite material made from the epoxy-

novolac system and 5.60 wt% microballoons. A new method for heating samples was 

developed with the goal of minimizing uncertainties caused by thermal gradients. A new 
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vacuum apparatus was developed for these studies and is described in detail in chapter 2.5. 

Additionally, a change in the analysis method was implemented, because the epoxy-

novolac systems that have a small number of pyrolysis species (see section 2.7) 

 
5.2 EXPERIMENTAL METHODS 

 
 
5.2.1 MATERIALS 
  
 The synthesis of epoxy-novolac samples and composite materials studied in 

chapter 5 of this thesis are described in detail in chapter 2.8.2-2.8.4. The preparation of 

methylcyclopentadiene (MCPD) is described in chapter 2.8.5.     

 
5.2.2 EXPERIMENTAL CONFIGURATION 
 
 A new vacuum apparatus was constructed to perform pyrolysis measurements on 

epoxy-novolac samples. The basic set-up of the vacuum apparatus is described in chapter 

2.5 of this thesis. Figure 5.1 helps to illustrate the experimental configuration of the 

apparatus during testing of the epoxy-novolac and composite resin samples.  

 
 

 

Figure 5.1. Cutaway figure of the small vacuum apparatus illustrating the critical 
dimensions of the experimental configuration.  
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 The sample mount was secured in the pyrolysis chamber so that the distance 

between the front face of the sample and the front of the copper aperture (green arrow) was 

31.8 mm. The sample mount is described in detail in chapter 2.6.2. Before the start of each 

experiment, the pyrolysis chamber and differential chamber were pumped down to 9 x 10-

7 and 2 x 10-7 Torr, respectively. Both chambers are pumped by turbomolecular pumps (see 

chapter 2.5). The distance between the copper aperture and the second aperture (blue 

arrow) was 279 mm.  Finally, the distance between the second aperture and the front of the 

repeller cage of the RGA (yellow arrow) measured 127 mm. The RGA was pumped by a 

large ion pump (Varian model RVA-220-TR-O, 200 l s-1) and the base pressure near the 

ionizer was kept below 1 x 10-8 Torr. The first copper aperture measured 3.18 mm in 

diameter and the second aperture measured 4.00 mm in diameter. The RGA was kept at 

the following settings: emission current (1.0 mA), focus voltage (-90 V), electron energy 

(70 eV), and ion energy (12 eV). The RGA is equipped with a Faraday cup, and it was used 

as the detector for the experiments described in this chapter of the thesis. The pyrolysis 

studies in this chapter utilized a new heating technique that was developed to decrease the 

thermal gradient across the sample during testing. The new heating method is described in 

detail in chapter 2.6.2 of this thesis.  

 
5.2.3. DETECTION SENSITIVITY CORRECTION FACTOR CALIBRATION 
 
 The detection sensitivity of the mass spectrometer is the product of the ionization 

efficiency in the ionizer, the transmission efficiency of ions through the quadrupole mass 

filter, and any ion mass dependent gain in the ion detector. To adjust the offset that results 

from these factors, a method was developed to derive sensitivity correction factors. The 
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method begins by calibrating the RGA against a standard compound such as carbon 

monoxide. The next step is to introduce a mixture of the standard and an analyte compound 

at a known pressure ratio into the mass spectrometer. If the pressure ratio measured by the 

mass spectrometer is different than the true pressure ratio, a detection sensitivity correction 

factor is calculated so that when it is multiplied against the measured pressure ratio, the 

true pressure is realized.  

 The pyrolysis of the epoxy-novolac is expected to produce four permanent gases 

(e.g., H2, CH4, CO, CO2). A mixture of these gases was introduced into the vacuum 

apparatus through a mass flow controller and a copper tube. The flow rate of the gas 

mixture was controlled by a mass flow controller (Sierra Instruments MicroTrak 101). A 

mass spectrum of the mixture was measured at six different flow rates (e.g., 4.0, 3.0, 2.0, 

1.0, 0.5, and 0.1 sccm). A system of linear equations was solved (see chapter 2.7) to 

determine the mole fraction of each of the compounds in the mixture. The measured mole 

fraction did not match the known mole fraction because it did not account for the species-

dependent detection sensitivity of the RGA. Detection sensitivity correction factors were 

calculated for each flow rate measurement so that the measured mole fraction of each 

compound matched the known mole fraction within 1%. The average detection sensitivity 

correction factor was calculated and is listed in Table 5.1 with ± 1σ errors based on the six 

measurements.  

  Additional experiments were designed to calculate detection sensitivity correction 

factors for condensable gases (e.g., MCPD and H2O). H2O was placed in a stainless-steel 

container, and then the container was attached to a gas manifold. The container was held 
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at a temperature (-17 °C) that produced 1.00 Torr of vapor pressure. CO was mixed into 

the gas manifold at a known pressure, and a mass spectrum of the mixture was measured 

with the RGA. The detection sensitivity correction factor for MCPD was measured using 

a variation of the previously described method. Vapor pressure data are not available in the 

literature for MCPD. Therefore, the method for measuring detection sensitivity correction 

factors was changed slightly. MCPD was placed in a stainless-steel container and held at -

20 °C. The container was maintained at this temperature to keep the vapor pressure low 

and to keep MCPD from re-forming a dimer. MCPD vapor was introduced into the gas 

manifold through a needle valve, and the pressure was measured with a thermocouple 

gauge (678 mTorr). CO was introduced to the gas manifold at a pressure of 1990 mTorr, 

and the resulting mixture was measured by the RGA. Correction factors for condensable 

gases were calculated based on the difference between the known pressure ratio and the 

results from the fit of the mass spectrum for each compound. Detection sensitivity 

correction factors for MCPD and H2O are listed in Table 5.1.  

Table 5.1. Permanent and condensable gases that were detected from the pyrolysis of 
PICA.  Corresponding correction factors were applied to obtain correct mole fractions from 
the coefficients of a linear combination of individual mass spectra.  Errors represent ±1σ 
from the mean. 
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5.2.4 COLLECTION OF PYROLYSIS DATA 
 
 Samples of the epoxy-novolac and composite materials were heated using a sample 

mount design that is described in detail in chapter 2.6.2 of this thesis.  Samples of epoxy-

novolac and the composite material were cured inside of a tantalum tube (see sections 

2.8.2-2.8.3). The tantalum tube and sample are radiatively heated by Joule heating a 

tantalum coil that floats just above the sample tube. It is assumed that the sample tube will 

experience temperature gradients along the length of the tube for two reasons. First, it is 

expected that small temperature gradients result from the open spacing between each of the 

coil loops. Each loop is separated by 1.0 to 1.5 mm of open space. Additionally, the coil is 

heated resistively, and consequently, the middle loops of the coil are hotter than the coils 

on the edge of the sample tube. To minimize thermal gradient effects from the coil and 

increase heating efficiency an alumina mat was wrapped around the outside of the coil. The 

nominal thickness of the alumina mat was 5 mm. Temperature measurements were 

recorded with the use of a data acquisition device (National Instruments USB-TC01) that 

was incorporated into a LabVIEW heating program and a K-type thermocouple. For these 

experiments, the LabVIEW program was used to control a power supply (TDK-Lambda 

GEN 60-55) to deliver current in multiple stages. Nominal linear heating curves were 

measured when current was delivered equally over three stages. 18 amps and 

approximately 108 Watts were needed to heat samples from ambient to 1,000 °C.  

 Figure 5.2 shows a waterfall plot of a set of mass spectra that were collected at a 

nominal heating rate of 8.2 °C s-1. Each mass spectrum was collected over a 1.9 second 

interval of time, and the resolution of the entire spectrum was maintained at 1 u according 
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to the ΔM10% definition. Initial investigations of the pyrolysis of the epoxy-novolac resin 

revealed that the major products of pyrolysis for this resin were less than 80 u. Higher m/z 

values of 91, 94, and 108 were observed at temperatures near 550 °C. It is believed that the 

signals for these peaks likely originate from fragments of the novolac backbone (e.g., 

phenol and cresol).47 However, it was difficult to distinguish these three signals from the 

background, and the peaks were not always observable from one experiment to the next. 

For this reason, mass spectra were collected in the m/z range of 1.0 to 85 u in 0.1 u 

increments.  

 

 

Figure 5.2. Mass spectra of the pyrolysis products collected from heating D.E.N. 438 
(crosslinked with NMA) as a function of time. The nominal heating rate was 8.2 °C s-1.    

 
 
 Total mass loss measurements of the epoxy-novolac resin are needed to calculate 

molar yields, mass yields, and TGA curves. First, a tantalum tube was weighed before 

filling it with resin, and then the resin was cured in the tantalum tube. After curing was 



144 
 

 
 

complete, the resin and tantalum tube were weighed once more to determine the initial 

mass of the resin. After pyrolysis was complete, the mass of the charred resin was measured 

without the tantalum tube to determine the overall mass loss.  

 
5.2.5 COLLECTION OF TRADITIONAL TGA  
 
 
 Traditional thermogravimetric measurements were performed using a TA 

Discovery Series TGA. The same parameters were used for all the experiments mentioned 

in this section. For these experiments, flat samples were placed in a platinum pan. Pyrolysis 

was performed in a nitrogen atmosphere at a flow rate of 200 ml min-1. Temperature 

measurements were made every 0.5 seconds, and the heating rate was set at 10 °C min-1.  

5.3 RESULTS AND ANALYSIS 
 
 

5.3.1 ANALYSIS OF MASS SPECTRA 
 
  Table 5.1 lists 6 six compounds that constitute the major products of pyrolysis for 

D.E.N. 438 crosslinked with NMA. The list was compiled from observations made in the 

literature.43, 47-50 The compounds listed in Table 5.1 represent neutral molecules, as it was 

assumed that any radical products would react to form stable species before they desorb 

from the material.   

  For this study, relative molar yields of pyrolysis products were calculated using the 

matrix inversion technique (see chapter 2.7). Experimental mass spectra were collected at 

1.9 second intervals, at a specified heating rate, and over a range of m/z values that spanned 

1.0 to 85 u. Mass spectra of each of the compounds in Table 5.1 were collected by passing 

a pure beam of gas through the RGA at the same mass spectrometer settings that were used 
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during pyrolysis experiments. Each of the reference mass spectra was normalized to the 

most abundant m/z value for a given compound. An invertible 6 x 6 matrix was constructed 

out of the reference mass spectra so that the columns of the matrix include the major m/z 

values of each species (e.g., m/z = 2, 16, 18, 28, 44, 79). Some of the species in Table 5.1 

have significant overlap in their spectral signal at m/z = 18 and m/z = 28.  To correct for 

this overlap, the relative ion abundance of daughter fragments from CH4, H2O, CO, and 

CO2, at m/z = 18 and m/z = 28, were included in the reference matrix.  The inverse of the 

matrix is multiplied by a 6 x 1 column matrix of experimentally measured m/z values and 

the resulting values are corrected for the detection sensitivity of the mass spectrometer 

using the values in Table 5.1. This process yields the partial pressures of each of the 

compounds that are present during pyrolysis at a certain temperature and time during the 

experiment. The measured partial pressure, Pi, of a pyrolysis product, is proportional to the 

integrated flux from the sample and can be thought of as the relative molar yield ( r
in ) of 

that product.110 

 
5.3.2 CALCULATION OF ABSOLUTE MOLAR YIELDS, MASS YIELDS, 
SIMULATED TGA CURVES, AND TRADITIONAL TGA MEASUREMENTS  
 
  Absolute molar yields, mass yields, and simulated TGA curves are calculated using 

the formalism described in chapter 4.3.2 of this thesis. Temperature-dependent absolute 

molar yields of six compounds from the pyrolysis of D.E.N. 438 and the composite material 

are shown in Figs. 5.3 and 5.4, at nominal heating rates of 8.5 °C s-1 and 8.6 °C s-1, 

respectively. It should be noted that these heating rates should be considered virtually 

identical due to the uncertainty in temperature measurement between experiments (see 



146 
 

 
 

plots and tables in Appendix C).  Additional plots of temperature-dependent molar yields 

and heating curves are available in Appendix C. The plots in Appendix C show error bars 

for temperature and molar yields that are based on the standard deviation of four pyrolysis 

experiments. The heating profiles for these experiments show a departure from linearity. It 

is believed that at least some of the nonlinearity is the result of the nature of the indirect 

measurements of the sample temperature. Temperature measurements were made by a K-

type thermocouple that was placed directly behind the sample and spot welded to the inside 

of the tantalum tube. At ∼400 °C, the resin begins to decompose, and significant amounts 

of pyrolysis gases are evolved which cool the tube and lower the measured temperature. 

Nevertheless, the heating profiles are nearly linear, and it is believed that this slight 

departure from linearity has a small effect on the calculation of molar yields, mass yields, 

and simulated TGA.   

  Figures 5.3 and 5.4 show that the initial evolution of MCPD begins at lower 

temperatures (T ∼ 300 °C) relative to the initial evolution of CO2, CO, and H2O (Ti ∼ 

400 °C). The peak evolution of CH4 is delayed to higher temperatures (T ∼ 500 °C) relative 

to CO2, CO, and H2O (T ∼ 500 °C) and the evolution of H2 peaks at even higher 

temperatures (T ∼ 800 °C). The molar yield traces in Figs. 5.3 and 5.4 show sudden spikes 

and dips (e.g., MCPD, CO, and H2). After testing was complete, the tantalum foil that 

surrounded the sample was removed, and the post-test sample was inspected under an 

optical microscope. Inspection of both materials (pure resin and composite) revealed 

relatively large voids, cracks, and pores. These features are believed to form when pockets 

of pyrolysis gases build up and explode from within the bulk of the resin. In addition to the 
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non-homogenous nature of the material, the buildup and release of pockets of pressure are 

believed to be the most likely the source for the apparent fluctuations in molar yield traces. 

This phenomenon is also considered the main source of uncertainty in the experiments as 

expressed by the error bars in Figs. 5.3 and 5.4. 

   

 

Figure 5.3.  Molar yields of the six pyrolysis products measured during the pyrolysis of 
D.E.N. 438 at a nominal heating rate of 8.5 °C s-1.  
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Figure 5.4. Molar yields of the six pyrolysis products measured during the pyrolysis of 
the composite material at a nominal heating rate of 8.6 °C s-1. 

  Figures 5.5 and 5.6 show the temperature-dependent mass yields of the epoxy 

novolac and the composite material. Most of the mass loss occurs over a temperature 

range of 300 – 600 °C.  

 

Figure 5.5.  Mass yields of the six pyrolysis products measured during the pyrolysis of 
D.E.N. 438 at a nominal heating rate of 8.5 °C s-1.  
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Figure 5.6. Mass yields of hydrogen, methane, carbon monoxide, and water, measured 
during the pyrolysis of PICA with a nominal heating rate of 25.0 °C s-1. 

 
 Figure 5.7 shows simulated TGA curves of D.E.N. 438 (blue trace) and D.E.N. 

combined with 5.60 wt % phenolic microballoons (green trace) at nominal heating rates of 

8.5 °C s-1 and 8.6 °C s-1, respectively. Traditional TGA measurements were collected to 

benchmark the thermal degradation characteristics of the resin sample of this study against 

previous studies.47 Figure 5.8 shows traditional TGA curves of the composite material 

(green trace), D.E.N. 438 (red trace), and precured D.E.N. 438 (blue trace) collected at a 

heating rate of 10 °C min-1. A traditional TGA measurement was also performed on 

phenolic microballoons under the same conditions (orange trace). A single experiment was 

performed on each of the materials in Fig. 5.8.  
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Figure 5.7. Simulated TGA curves of D.E.N. 438 (blue trace) and the composite material 
(green trace) at heating rates of 8.5 °C s-1 and 8.6 °C s-1, respectively. 

 

Figure 5.8. Traditional TGA curves of the D.E.N. 438 resin system (red and blue traces), 
the composite material (green trace), and phenolic microballoons (orange trace).  
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5.4 DISCUSSION 
 
 

5.4.1 MASS LOSS (THERMOGRAVIMETRIC ANALYSIS) 
 
 Figure 5.9 shows the mass yield plot of D.E.N. 438 positioned underneath its 

corresponding simulated TGA curve. D.E.N. 438 loses almost 60% of its mass between 

350 °C and 600 °C (region shaded in red). Most of the mass loss in this region is attributed 

to the evolution of MCPD, CO2, CO, and H2O to a lesser extent. The results show that 

thermal decomposition begins with the evolution of MCPD (T ∼ 350 °C) followed by 

lighter molecules (CO2, CO, and H2O) that reach peak production near 500 °C. The 

evolution of CH4 is delayed relative to the rest of the pyrolysis products (T ∼ 500 °C), and 

its overall contribution to mass loss is relatively small. The contribution to mass loss from 

H2 is almost negligible even though the material produces an abundance of H2 in terms of 

molar yield. Additionally, there are non-negligible contributions to mass loss from 

permanent gases above 600 °C (region shaded in yellow). Mass yields for the composite 

material show qualitatively similar trends (Fig. 5.6).  
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Figure 5.9. Simulated TGA curve of D.E.N. 438 compared with mass yields. The TGA 
curve and mass yields were calculated from data that were collected at a nominal heating 
rate of 8.5 °C s-1. 

 
 Traditional TGA measurements (Fig. 5.9) were collected to benchmark the thermal 

response of the resin in this study against the thermal response of previous studies that used 

the exact same resin system (e.g., D.E.N. 438, NMA, BDMA). Lee performed TGA of this 

resin system in a vacuum (0.2 Torr), at a heating rate of 10 °C min-1, from ambient to 660 

°C.47 Lee’s results show three distinct stages of mass loss. The first region of mass loss (T 

∼ 240 °C - 380 °C) has been attributed to the loss of monoester monoacid species (see Fig. 

5.8, red trace) in the form of an anhydride and accounts for the first 20% of the overall 

mass loss.43,47 Traditional TGA of the resin used for pyrolysis testing (Fig. 5.8, blue trace) 
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shows 10% mass loss from T ∼ 300 °C - 350 °C. The lack of mass loss in this range of 

temperature can be attributed to the precure treatment of the resin before testing. Before 

resin samples were inserted into tantalum tubes, they were preheated to 150 °C for 2-3 

minutes. This procedure was implemented to lower the viscosity of the resin so that it could 

be inserted into the tantalum tube. It is postulated that monoacid-monoester species form 

additional crosslinks or are lost as pyrolysis products during the precure. The red trace in 

Fig. 5.8 was collected on a sample of resin that did not undergo the precure treatment, and 

it shows the same low temperature trend observed by Lee. A traditional TGA measurement 

was also collected on the composite material (Fig. 5.8, green trace). The TGA curve for 

the composite material shows that mass loss begins at slightly higher temperatures relative 

to the precured resin and almost no contribution to mass loss from the monoester-monoacid 

species. It is hypothesized that the lack of mass loss in the composite material at this low 

temperature region results from the formation of additional ester bonds between residual 

monoester-monoacid species of the epoxy-novolac and hydroxyl functional groups of the 

phenolic microballoons.  

 Figure 5.7 shows simulated TGA curves for pyrolysis studies of D.E.N. 438 and D.E.N. 

438 combined with 5.60 wt % microballoons. This figure shows that the overall mass loss 

for each material was 91.6 wt % and 83.4 wt %, respectively. Traditional TGA 

measurements show that the overall mass loss for D.E.N. 438 and the composite material 

were measured at 78.0 wt % and 69.8 wt %, respectively (Fig. 5.8). Clearly, the total mass 

loss for the pyrolysis experiments was about 10% greater than the experiments carried out 

using traditional techniques, which use a much lower heating rate. However, the magnitude 
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of the difference between the total mass loss of the pure epoxy-novolac and the composite 

material were identical for both techniques (8.2%). It is likely that the extra mass loss 

measured for the high heating rate experiments (8 °C s-1) is the result of small particle 

ejection from the surface of the material. As previously mentioned, inspection of the post-

test materials revealed relatively large pores. It is postulated that pockets of pyrolysis gas 

build up and explode when the resin is subjected to high rates of heating.  

 The data show that the char yield for the composite material was higher than the char 

yield of the pure resin. This result is not surprising because the composite material is 

manufactured by replacing a small portion of D.E.N. 438 with phenolic microballoons and 

it is well known that phenolic resins lose approximately half of their mass when pyrolyzed 

at temperatures that approach or exceed 1,000 °C.12,81 If the overall mass loss for the 

composite material can be predicted by a simple rule of mixtures  

                                                 WT  = Wμ.b. Xμ.b. + WE.N. XE.N.                                                (1) 

where Wμ.b. and WE.N. represent the expected overall mass losses from phenolic 

microballoons and epoxy-novolac, respectively, and Xμ.b. and XE.N. represent the original 

mass fractions of the microballoons and epoxy novolac, respectively. Using 5.60 wt % for 

Wμ.b. and 94.4 wt % for WE.N., along with the expected char yield from the microballoons 

and epoxy-novolac (see Fig. 5.8), an overall mass loss of 76.1 wt % is predicted.  However, 

the green trace in Fig. 5.8 shows that the composite material experiences a mass loss of 

69.8 wt %. It is hypothesized that hydroxyl functional groups from the phenolic 

microballoons react with residual monoester-monoacid species or epoxy groups to form 

extra carbon-oxygen bonds that enhance the char yield of the composite material. It 
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should be noted that the simulated TGA curves in Fig. 5.7 are shifted to higher temperatures 

relative to the traditional TGA curves in Fig. 5.8 by ∼50 °C. This apparent shift of the 

simulated TGA curve to higher temperatures may be the result of temperature gradients 

that are established across the tantalum tube. The thermocouple junction was spot welded 

at the interface between resin sample and the tantalum tube (see Fig. 2.14). It is likely that 

the tantalum foil heats up faster than the resin sample and as a result, the measured 

temperature is higher than the true temperature of the resin sample, especially at high rates 

of heating. It should also be noted that the endothermic decomposition process cooled the 

tantalum tube at lower temperatures. This effect is observed in the heating profile plots in 

appendix C.  

 Finally, there is a notable difference between the slopes of the simulated TGA and 

traditional TGA curves at T ∼ 500 – 550 °C. The slower rate of mass loss in this region of 

temperature for the simulated TGA curve can be explained by a lack of signal from the 

novolac backbone. During the initial phases of testing, m/z values of 91, 94, and 108 were 

detected in this temperature range, but the signal was not always observable from one 

experiment to the next. An increase in detection sensitivity towards these heavy molecules 

would almost certainly increase the rate of mass loss in the simulated TGA curve in this 

temperature range, and the resulting TGA curve would more closely resemble the shape of 

the traditional TGA curve.   

5.4.2 QUANTITATIVE MOLAR YIELDS AND THERMAL DECOMPOSITION 
MECHANISM  
 
  Figure 5.10 shows integrated molar yield ratios of CH4, H2O, CO, and CO2, to 

MCPD. The plot was made by integrating the total molar yields of H2O, CO, CO2, and 
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MCPD, from Fig. 5.3, over a temperature range that spans 300 °C to 600 °C. Total molar 

yields of CH4 were integrated from 500 °C to 800 °C. MCPD provides a good reference 

when inferring the thermal decomposition mechanism of the crosslink from these ratios 

because each crosslink that results from a reaction of NMA yields exactly one molecule of 

MCPD.  

 

 

Figure 5.10.  Molar yields ratios of the four pyrolysis products shown to MCPD, obtained 
with a nominal heating rate of 8.5 °C s-1. 
 

  Past studies of the pyrolysis of D.E.N. 438 cured with NMA suggest that the 

decomposition of the resin occurs in two steps.43,47-48 The two-step mechanism accepted 

throughout the literature is inferred from the observation that MCPD and CO2, are the main 

products of pyrolysis. Our results are consistent with this observation, but our data suggest 

that there are additional steps in the thermal decomposition mechanism of this resin system. 

The following discussion proposes that two additional steps are necessary to describe the 
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entire decomposition process. Each step is based on the total integrated molar yield ratios 

from Fig. 5.10 and observations in the literature on the pyrolysis of similar materials. Each 

of the steps is bound by regions of temperature that overlap. 

  Figure 5.3 illustrates that in the first stage of pyrolysis (T ∼ 350 °C – 550 °C) 

MCPD is evolved from the diester cross-link. The evolution of MCPD leaves an 

unsaturated carbon-carbon bond in between two carbonyl functional groups of a crosslink 

that resembles a short-chain unsaturated polyester. This mechanism was first proposed by 

Lee based on the appearance of a peak at m/z = 80 (molecular ion of MCPD) at 

temperatures of 350 °C and 450 °C.47  

 

 

Figure 5.11. Loss of MCPD leads to formation of unsaturated diester crosslink. 
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 The second stage of thermal decomposition (T ∼ 400 °C – 600 °C) consists of the 

breakdown of the unsaturated diester crosslink in several steps to form small molecules 

(see Figs. 5.12 and 5.13).  Our data show that H2O is evolved in greatest quantity from 400 

°C to 600 °C and in smaller quantities from 600 °C to 1000 °C. Figure 5.12 illustrates that 

H2O is likely lost through a beta-hydrogen elimination reaction over the lower range of 

temperatures (400 °C – 600 °C). This figure shows that the dehydration reaction yields an 

additional unsaturated carbon-carbon bond on the unsaturated diester crosslink. This 

reaction assumes that the R group in Fig. 5.11 is a hydrogen atom. But Fig. 5.11 shows that 

the molar yield ratio of H2O to MCPD is 0.7. Therefore, some of the R groups are likely to 

be additional diester cross-links (see Fig. 1.5). It is believed that this group forms in 

somewhat significant amounts during the curing of the resin system and is attributed to the 

decrease in the molar yield ratio of H2O to MCPD over the same range of temperatures.  

  
Figure 5.12. Loss of H2O leads to formation of an additional unsaturated carbon-carbon 
bond in the diester crosslink. 

 
 Our data show that CO2 and CO are evolved in significant amounts from 400 °C to 

600 °C and in reduced quantities from 600 °C to 1000 °C. Figure 5.13 illustrates the 
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decomposition of the unsaturated diester into two separate oxygen containing heterocyclic 

rings attached to the benzene backbone of the novolac resin. This process likely begins 

with the cleavage of the unsaturated carbon-carbon bond between the two ester groups of 

the polymer crosslink via a beta hydrogen elimination reaction to yield an alkyne 

substituted ester and a carboxylic acid (see Fig. 5.14). These types of elimination reactions 

are well known for polyesters that have a hydrogen atom available at the beta position. 111-

113 

 The unsaturated carboxylic acid functional group (right side of Fig. 5.13) may 

decompose through an additional beta hydrogen elimination reaction to yield CO2 and a 

terminal alkyne. The terminal alkyne is likely to form a cyclic ether as illustrated on the 

right side of reaction (A) in Fig. 5.13. In fact, the formation of cyclic ethers from the 

thermal decomposition of aliphatic esters were suggested by Goldfarb and McGuchan.113 

It is assumed that the cyclic ether decomposes at relatively low temperatures to form a 

molecule of CO and a vinyl group (Fig. 5.13, reaction (B)) as indicated by the molar yield 

distribution of CO in Fig. 5.3 from 400 °C to 600 °C. The vinyl group is most likely 

incorporated into the char.   

 Presumably, the alkyne substituted ester group can decompose into acetylene and 

CO2, but this reaction is unlikely, as our mass spectra did not show a signal at m/z = 26. 

Likewise, ethene and CO2 or ethane and CO2 may form through H2 addition reactions, but 

the lack of signal at m/z = 27 and m/z = 30 is an indication that these reactions are not 

occurring. Therefore, it is postulated here that the alkyne substituted ester bond forms a 

methyl substituted five-membered lactone ring (reaction (A), left side of Fig. 5.13). This 
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reaction would require the consumption of H2. Figure 5.3 shows that the production of H2 

begins to rise at T ∼ 400 °C and then levels off from T ∼ 500 °C – 600 °C. The plateau in 

H2 production supports the proposed mechanism in Fig. 5.13. 

   

 

Figure 5.13. Diester decomposes via β-hydrogen elimination to form (A) heterocyclic rings 
and CO2, and (B) the heterocyclic ether product decomposes to form CO. 

 

 

 

Figure 5.14 Cleavage of diester bond through beta hydrogen elimination to yield an alkyne 
substituted ester and a carboxylic acid. 
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 Figure 5.3 shows that H2, CH4, CO, and CO2 are evolved in significant quantities 

in the third stage of thermal decomposition (T ∼ 500 °C – 800 °C). Bailey and Bird 

observed that five and six membered lactone rings are thermally stable up to 590 °C.114 

Therefore, the five-membered lactone ring formed in the second stage of pyrolysis is 

assumed to break down at somewhat higher temperatures to yield CO2 or CH4. Figure 5.3 

shows that the peak production of CH4 is offset to higher temperatures relative to the peak 

production of CO2. Gac measured the evolution of CH4 in this temperature range (T ∼ 500 

°C – 800 °C) via mass spectrometry, but a mechanism to explain the evolution of CH4 has 

not been suggested in the literature.50 Figure 5.15 shows the lactone ring breaking down 

according to two schemes.  In scheme A the lactone ring decomposes to evolve a molecule 

of CO2, and a vinyl substituted aromatic ring or the methyl group on the lactone ring is 

evolved, and the lactone ring stays intact. It is assumed that the vinyl substituted aromatic 

ring and the lactone ring are incorporated into the char. In scheme B the lactone ring breaks 

down to form a molecule of CH4 and a molecule of CO2. It is possible that a combination 

of the two schemes is responsible for the production of CH4 and CO2 with one or more of 

the schemes being dominant at lower temperatures. For instance, the reaction in scheme B 

and the first reaction in scheme A may be more probable at low temperatures than the 

second reaction in scheme A.  Figure 5.10 shows that molar yield ratios for CO2 to MCPD 

and CO to MCPD are 2.2 and 1.4, respectively.  The mechanism suggests that roughly two 

molecules of CO2 and 1 molecule of CO should be evolved from the cross-link over the 

course of stage two and three. Extra CO2 and CO are likely produced during the thermal 

decomposition of the phenolic backbone.110 The mechanism suggests that 1 molecule of 
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CH4 should be produced for every cross-link in the resin, and Fig. 5.10 shows that the ratio 

of CH4 to MCPD is 0.9.   

 

 

Figure 5.15. (A) Heterocyclic ring breaks down to form either CO2 and vinyl substituted 
aromatic ring or loses CH4 functional group. (B) Heterocyclic ring breaks down to form 
both CO2 and CH4 and aromatic hydrocarbon is formed. Aromatic molecules coalesce into 
growing domains of PAH’s. Both mechanisms require the consumption of H2. 

 
 The fourth stage of pyrolysis is marked by the production of H2 at high temperature. 

The rate of H2 production increases from 600 °C until 800 °C where it turns over and begins 

to decrease. The evolution of H2 at these high temperatures is the result of the formation of 

growing domains of PAH’s.83,110 CO is evolved in significant quantities in this stage along 

with smaller quantities of H2O and CO2. The production of CO can be attributed to the 
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pyrolysis of dibenzofuran and xanthene molecules that were incorporated into the char at 

lower temperatures. These molecules are known to resist thermal decomposition up to 800 

°C. The existence of these molecules is likely, as evidenced by peaks at m/z = 168 and 181 

observed by Achar.109 It should be noted that contributions to the total molar yield from 

the catalyst are likely to be negligible, as the amount of catalyst in the system is small 

compared to the rest of the resin system.  

 
 5.4.3 RATE-DEPENDENT MOLAR YIELDS OF PYROLYSIS PRODUCTS 
 
 An experiment was performed to determine if the epoxy-novolac resin exhibited 

the same rate dependent phenomena as observed during the pyrolysis testing of PICA. In 

chapter 4 it was demonstrated that PICA retains more oxygen in the char at higher rates of 

heating. This was evidenced by the release of small molecules (e.g., H2, H2O, CO, and 

CH4) from a charred specimen subjected to pyrolysis at a slow rate of heating after the char 

had been produced by pyrolysis of the virgin material at a high heating rate. Another 

charred sample was tested in a similar manner but was produced from heating a virgin 

sample at slower rates. The resulting char only produced small quantities of H2. 

 A similar experiment was performed by heating the virgin resin at 8 °C s-1 and re-

heating the resulting char at a low heating rate (Fig. 5.16, (A)). Similarly, the virgin 

material was heated at 4 °C s-1, and the resulting char was re-heated at a low heating rate 

(Fig. 5.16, (B)). Figure 5.16 clearly shows that the pyrolysis of this epoxy-novolac resin 

system does not show the same heating rate dependent behavior as the phenolic resin in 

PICA.  
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  Perhaps this result is not surprising considering the extent of crosslinking for the 

resin system. According to Fleming, the highest percentage of crosslinking is obtained 

when the epoxy-novolac resin is cured using 85 parts crosslinking agents to 100 parts 

epoxy-novolac (ratio used in this study).43 This may mean that the epoxy-novolac resin 

does not have a chance to form additional crosslinks at lower temperatures in the form of 

ester bonds due to steric effects. It is also possible that the precure drives the formation of 

diester bonds to completion throughout the resin system, eliminating the possibility of 

competing reactions.  

 

Figure 5.16 Pyrolysis of char samples that resulted from heating virgin samples of D.E.N. 
438 at (A) 4 °C s-1 and (B) 8 °C s-1.  

 
 

5.5 CONCLUSION 
 
 

  Temperature-dependent molar yields of the 6 main pyrolysis products of D.E.N. 438 

have been derived from in situ mass spectrometric measurements for two materials, at a 
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nominal heating rate of 8.0 °C s-1, over the temperature range of 100 to 1,000 °C.  Mass 

yields and simulated TGA curves have been derived from the molar yield data and 

measurements of the mass loss.  Molar yields and simulated TGA data are available in 

appendix C for use in material response models.  It is suggested that the thermal 

degradation of the epoxy-novolac resin system takes place in four temperature-dependent 

stages. The first step involves the loss of MCPD at low temperatures to produce an 

unsaturated polyester. The second step involves the dehydration reactions and the 

breakdown of the unsaturated polyester to form H2O, CO, CO2, and oxygen containing 

heterocyclic rings. In the third step, one of the heterocyclic rings breaks down to form 

combinations of CO2 and CH4. At the highest temperatures, domains of PAHs are formed 

as evidenced by the formation of H2.  

  Simulated TGA curves show qualitative differences and quantitative similarities 

when compared to traditional TGA measurements on the same systems. Addition of 5.60 

wt% phenolic microballoons results in a greater percentage of mass retention. The retention 

of mass is greater than predicted from a simple rule of mixtures. This effect is attributed to 

the formation of additional oxygen bonds (e.g., ester and ether bonds) between monoester-

monoacid species, residual epoxy groups, and hydroxy groups on the phenolic 

microballoons.  

 The epoxy-novolac resin system does not show the same heating rate dependent 

phenomena as phenolic composite samples. The chars, resulting from heating the virgin 

resin at slow and fast heating rates, show only small amounts of H2 production. The lack 
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of heating-rate dependent phenomena is attributed to the high degree of crosslinking that 

was imposed by the curing agents and method.  
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CHAPTER SIX 
 
 

CONCLUSION 
 
 

6.1 SUMMARY 
 
 

 The experiments described in this thesis were designed to accomplish two primary 

goals.  The first goal was to develop a methodology that would provide a technique to 

measure the molar yields of pyrolysis products as a function of time and temperature. An 

additional goal of the research was to gain new insight into the decomposition mechanisms 

of ablative composite materials and resins. To this end, mass spectrometric techniques were 

developed that allow for the in situ measurement of pyrolysis products from ablative 

composite materials and resins.  

 The methodologies described in this thesis provide a way to measure molar yields 

and mass yields as a function of time and temperature. This data can be used to simulate 

TGA curves which are useful when comparing data from the methodologies described in 

this thesis to traditional techniques. Two heating methods were developed to heat samples 

directly using Joule heating or indirectly using a radiative technique. Samples of PICA are 

easily heated from ambient to 1200 °C in a matter of seconds using the resistive heating 

method. However, significant thermal gradients are established across the sample over the 

course of the experiment which may add to uncertainties in the measurement of molar 

yields as well as the mechanisms that are deduced from this data. A new sample mount 

was designed with the intent of minimizing uncertainties from thermal gradient effects. 

The sample mount uses a resistively heated tantalum coil, wrapped with an alumina mat, 
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to radiatively heat the sample in a matter of seconds. It is postulated that the combination 

of the alumina mat and the tantalum coil reduces the lateral thermal gradient across the 

sample, but a radial gradient is still present.  

 The thermal decomposition of phenolic impregnated carbon ablator (PICA) has 

been investigated with the objective of measuring molar yields of pyrolysis products at 

heating rates that are relevant to flight conditions.  These yields are discussed in light of 

prior work on the pyrolysis of various phenolic resins and phenolic/carbon composites.  A 

consistent qualitative description of the decomposition pathways that occur in three stages 

of pyrolysis covering the temperature range from ~200 °C to ~1000 °C has emerged, with 

light gases being produced in the highest yields at all stages.  H2O is the dominant product 

in the first stage, with some CO2 also being formed.  CO is the main product during the 

second stage, and CH4 is also significant during this stage.  H2 becomes dominant in the 

third stage, as the production of CO decreases.  The heavier products (e.g., phenol, its 

methylated derivatives, and possibly even heavier species) have relatively low yields and 

desorb mainly during the second stage.   

 PICA has been pyrolyzed at heating rates of 3.1, 6.1, 12.7 and 25 °C s-1 that spanned 

a temperature range of 100 °C to1200 °C. The relative molar yields of 14 pyrolysis gases 

were obtained in conjunction with mass loss measurements. These measurements allowed 

for the calculation of absolute molar yields and mass yields as a function of heating rate, 

as well as the simulation of TGA curves.  

 The thermal decomposition of an epoxy-novolac resin system (e.g., D.E.N. 438, 

NMA, and BDMA) and a composite material have been discussed. A radiative heating 
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method was described that minimizes experimental uncertainties that may emerge from 

thermal gradients that are established across the samples as they experience high rates of 

heating.  The molar yields and mass yields of the six dominant pyrolysis products have 

been measured at a heating rate of 8 °C s-1. The total mass loss was measured for each 

experiment and was found to be greater than expected when compared to the total mass 

loss measured using a commercial TGA instrument. The additional mass loss was 

attributed, in part, to the thermal decomposition mechanism of the sample and the rate of 

heating. As the sample rapidly warms up, pockets of pyrolysis gas build up inside at the 

same temperature (T ∼ 500 °C). During this process particles of the resin are blown away 

and add to the overall mass loss. Simulated TGA curves were derived from pyrolysis data 

but have a different shape when compared to traditional TGA measurements. This 

difference is attributed to the lack of signal from the novolac backbone that would be 

expected at temperatures that range from T ∼ 500 °C to 550 °C.  

 A new thermal decomposition mechanism is proposed for the epoxy-novolac resin 

system and is driven by new observations made from the absolute molar yields measured 

during pyrolysis. The major products of pyrolysis come from the decomposition of the 

crosslink formed between the epoxy-novolac backbone and the anhydride. It is proposed 

that the thermal decomposition mechanism takes place in four temperature dependent 

stages that overlap. The first step is the loss of MCPD from the anhydride crosslink to form 

an unsaturated diester (T ∼ 350 °C – 550 °C). In the second region of mass loss, the 

unsaturated diester begins to decompose through a series of steps that lead to thermally 

stable oxygen bearing heterocyclic molecules (T ∼ 400 °C – 600 °C). The third region is 
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marked by the production of CH4 (T ∼ 500 °C to 800 °C). It is proposed that methyl groups 

are formed at low temperature during the formation of the thermally stable heterocyclic 

rings. The CH4 is lost at high temperature when the heterocyclic rings break down to form 

additional small molecules (e.g., CO) and aromatic structures that are incorporated into the 

char. The fourth and final region is marked by the production of copious amounts of H2, as 

the resin char coalesces into domains of PAHs (T ∼ 600 – 1000 °C). 

 The thermal decomposition studies of phenolic based PICA materials and the 

epoxy-novolac resin give evidence that the pyrolysis process is dependent on heating rate. 

Pyrolysis studies of PICA show that the molar yields from pyrolysis do depend on the 

heating rate. This has been attributed to competition between mechanisms that compete at 

low temperature. The first reaction involves the condensation of hydroxyl functional 

groups to form carbon-carbon bonds or ether functional groups. The second reaction 

involves the breakdown of the methylene bridge between phenol monomers to yield phenol 

and its derivatives. The second decomposition reaction dominates at higher heating rates. 

 Inspection of post-test samples of the epoxy-novolac resin revealed relatively large 

pores that were ostensibly formed after pockets of pyrolysis gas erupted from within the 

resin. The formation of these pores were not observed in post-test samples from TGA 

experiments (heating rate = 10 °C min-1). Therefore, it is postulated that the mechanism 

responsible for the release of gases from the resin is time-dependent. However, the 

mechanism that is responsible for this process is not known.  
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Table A.T.1. Relative molar yields of pyrolysis products collected during quasi-steady 
state conditions.  
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B.1.  DETERMINATION OF HEATING RATE 

 A representative heating curve is illustrated in Figure B.1.  The resistance of the 
sample is initially very high, and the sample temperature increases slowly (blue part of the 
curve in Fig. B.1).  Near 100 °C, the sample temperature begins to increase approximately 
linearly, with a heating rate of 3.1 °C s-1, until it reaches the maximum temperature for the 
experiment, typically around 1200 °C (red part of the curve in Fig. B.1).  After the 
maximum temperature is achieved, the current is decreased from its maximum value to 
zero within a few seconds, and the temperature decreases quickly as a consequence (green 
part of the curve in Figure B.1).  The heating rate for each pyrolysis run was calculated 
over the roughly linear section of the curve.  The heating profile shows a “bump” at lower 
temperatures, in the vicinity of 200 °C, which stems from the inability of the heating 
program to overcome the large change in sample conductivity in this temperature range 
during the heating ramp.  This small deviation from linearity (as evidenced by a correlation 
coefficient above 0.99) is not expected to have any measurable effect on the results.  
Average heating rates of PICA were calculated from the linear portion of the heating profile 
for each pyrolysis run.  Heating rates of 25.0 °C s-1 and 12.7 °C s-1 were calculated from 
the average of five runs.  Heating rates of 6.1 °C s-1 and 3.1 °C s-1 were calculated from the 
average of three runs.  

 
Figure B.1. Representative heating profile, with a nominal heating rate of 3.1 °C s-1. 
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Figure B.2.  Heating profile for PICA, with a nominal heating rate of 25.0 °C s-1.  
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Figure B.3.  Molar yields of H2, CH4, CO, and H2O, measured during the pyrolysis of 
PICA with a nominal heating rate of 25.0 °C s-1. 
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Figure B.4.  Molar yields of CO2, 1-propanol, and 2-propanol, measured during the 
pyrolysis of PICA with a nominal heating rate of 25.0 °C s-1.  
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Figure B.5.  Molar yields of phenol and its derivatives, measured during the pyrolysis of 
PICA with a nominal heating rate of 25.0 °C s-1. 
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Figure B.6. Molar yields of benzene and its derivatives, measured during the pyrolysis of 
PICA with a nominal heating rate of 25.0 °C s-1. 
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Table B.T.1.  Molar yields of pyrolysis products, measured during the pyrolysis of PICA 
with a nominal heating rate of 25.0 °C s-1.   
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Figure B.7.  Mass yields of pyrolysis products as a function of nominal heating rate of 
PICA, measured during the pyrolysis of PICA with a nominal heating rate of 25.0 °C s-1. 
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Figure B.8.  Simulated thermogravimetric analysis (TGA) curve of PICA, with a nominal 
heating rate of 25.0 °C s-1. 
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Table B.T.2.  TGA data collected with a nominal heating rate of 25.0 °C s-1. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

T / °C  ± °C  Weight (%) ± Weight (%)
147.5 30.0 99.9 0.0
206.1 38.0 99.3 0.1
285.4 37.6 96.9 0.5
373.3 32.7 91.7 0.8
452.6 32.5 87.7 0.6
511.5 33.3 85.9 0.5
563.8 39.4 84.9 0.5
620.8 44.6 84.1 0.4
687.6 49.1 83.4 0.4
765.4 52.7 82.8 0.4
844.3 49.7 82.3 0.4
923.7 45.4 81.9 0.3

1002.1 47.2 81.5 0.3
1068.5 53.3 81.2 0.4

SD (1σ) SD (1σ)
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Figure B.9.  Heating profile for PICA, with a nominal heating rate of 12.7 °C s-1. 



198 
 

 
 

 
Figure B.10. Molar yields of H2, CH4, CO, and H2O, measured during the pyrolysis of 
PICA with a nominal heating rate of 12.7 °C s-1. 
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Figure B.11.  Molar yields of CO2, 1-propanol, and 2-propanol, measured during the 
pyrolysis of PICA with a nominal heating rate of 12.7 °C s-1. 
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Figure B.12. Molar yields of phenol and its derivatives, measured during the pyrolysis of 
PICA with a nominal heating rate of 12.7 °C s-1. 
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Figure B.13.  Molar yields of benzene and its derivatives, measured during the pyrolysis 
of PICA with a nominal heating rate of 12.7 °C s-1. 
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Table B.T.3.  Molar yields of pyrolysis products, measured during the pyrolysis of PICA 
with a nominal heating rate of 12.7 °C s-1.  
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Figure B.14.  Mass yields of pyrolysis products as a function of nominal heating rate of 
PICA, measured during the pyrolysis of PICA with a nominal heating rate of 12.7 °C s-1. 
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Figure B.15.  Simulated thermogravimetric analysis (TGA) curve of PICA with a 
nominal heating rate of 12.7 °C s-1. 
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Table B.T.4.  TGA data collected with a nominal heating rate of 12.7°C s-1. 
 

 
 
 
 

T / °C  ± °C % Weight ± % Weight
96.4 19.2 100.0 0.0
115.5 20.3 99.9 0.0
138.5 22.7 99.8 0.0
164.2 27.0 99.7 0.1
195.6 32.3 99.6 0.1
230.2 36.6 99.3 0.2
273.0 39.1 98.5 0.3
324.5 37.6 96.9 0.3
377.0 34.8 93.8 0.4
427.1 33.5 90.6 0.6
467.9 35.0 88.1 0.7
504.5 37.4 86.1 0.8
539.0 38.9 84.7 1.1
569.4 40.8 83.8 1.3
598.5 43.1 83.2 1.4
629.3 44.8 82.7 1.4
661.7 47.2 82.3 1.4
695.6 50.2 81.9 1.4
730.5 53.4 81.6 1.4
767.5 55.4 81.2 1.3
803.8 57.1 80.9 1.3
839.6 58.2 80.6 1.3
877.8 54.9 80.3 1.3
915.2 51.4 80.1 1.3
952.6 48.4 79.8 1.3
987.7 45.8 79.6 1.3

1021.4 44.1 79.4 1.3
1054.3 41.2 79.3 1.3
1084.1 40.0 79.1 1.3
1114.8 39.8 78.9 1.3
1147.5 39.5 78.8 1.3
1178.0 38.8 78.6 1.3
1201.5 34.8 78.6 1.3
1216.4 27.8 78.5 1.3

SD (1σ) SD (1σ)
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Figure B.16.  Heating profile for PICA, with a nominal heating rate of 6.1 °C s-1. 
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Figure B.17.  Molar yields of H2, CH4, CO, and H2O, measured during the pyrolysis of 
PICA with a nominal heating rate of 6.1 °C s-1. 
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Figure B.18.  Molar yields of CO2, 1-propanol, and 2-propanol, measured during the 
pyrolysis of PICA, with at a nominal heating rate of 6.1 °C s-1. 



209 
 

 
 

 
 

Figure B.19.  Molar yields of phenol and its derivatives, measured during the pyrolysis of 
PICA with a nominal heating rate of 6.1 °C s-1. 
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Figure B.20.  Molar yields of benzene and derivatives, measured during the pyrolysis of 
PICA with a nominal heating rate of 6.1 °C s-1. 
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Table B.T.5.  Molar yields of pyrolysis products, measured during the pyrolysis of PICA 
with a nominal heating rate of 6.1 °C s-1.  
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Table B.T.5.  - continued 
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Figure B.21.  Mass yields of pyrolysis products as a function of nominal heating rate of 
PICA, measured during the pyrolysis of PICA with a nominal heating rate of 6.1 °C s-1. 
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Figure B.22.  Simulated thermogravimetric analysis (TGA) curve of PICA, with at a 
nominal heating rate of 6.1 °C s-1. 
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Table B.T.6.  TGA data collected with a nominal heating rate of 6.1 °C s-1. 

 
 
 
 
 
 
 
 
 
 
 
 

T / °C  ± °C % Weight ± % Weight T / °C  ± °C % Weight ± % Weight
91.9 12.4 100.0 0.0 670.2 11.0 83.1 1.0
102.3 13.3 99.9 0.0 685.6 8.8 82.9 1.0
113.0 14.9 99.9 0.0 701.9 7.9 82.8 1.0
125.3 15.6 99.9 0.0 717.9 6.8 82.6 1.0
139.0 15.8 99.8 0.0 733.3 7.6 82.5 1.0
152.6 14.4 99.7 0.0 748.1 9.7 82.3 0.9
166.9 13.0 99.7 0.0 763.9 11.4 82.2 0.9
182.5 13.0 99.6 0.0 781.1 11.8 82.0 1.0
198.8 12.8 99.5 0.0 798.0 10.2 81.9 1.0
214.8 13.9 99.4 0.0 815.1 8.7 81.8 1.0
231.2 16.1 99.3 0.1 833.1 8.7 81.6 1.0
250.2 18.1 99.1 0.1 851.0 9.2 81.5 1.0
270.9 16.2 98.8 0.1 867.4 9.1 81.4 1.0
293.7 14.3 98.3 0.2 882.9 11.0 81.3 0.9
318.9 14.2 97.5 0.2 899.6 13.5 81.1 0.9
344.6 13.9 96.5 0.3 916.1 13.9 81.0 0.9
368.6 14.2 95.2 0.5 932.0 14.6 80.9 0.9
390.9 15.8 93.8 0.6 948.8 16.3 80.8 0.9
413.0 16.8 92.1 0.4 965.4 18.1 80.7 0.9
432.7 13.8 90.9 0.2 980.9 18.5 80.6 0.9
450.1 11.8 89.6 0.3 995.3 20.4 80.5 0.9
467.4 11.0 88.6 0.4 1010.9 23.5 80.4 0.9
484.3 10.0 87.6 0.5 1026.3 25.1 80.3 0.9
500.2 10.3 86.9 0.8 1041.6 27.0 80.2 0.9
516.4 11.5 86.2 0.9 1057.8 28.7 80.1 0.9
532.3 12.0 85.7 0.8 1073.7 30.0 80.0 0.9
547.9 12.6 85.2 0.9 1088.8 30.1 79.9 0.9
563.2 11.7 84.8 0.9 1103.0 31.2 79.8 0.9
578.1 10.5 84.5 0.9 1118.2 33.6 79.8 0.9
594.2 10.9 84.2 1.0 1133.9 34.8 79.7 0.9
610.2 11.0 83.9 1.0 1148.3 35.1 79.6 0.9
625.1 12.2 83.7 1.0 1161.7 34.0 79.5 0.9
639.4 13.4 83.5 1.0 1174.6 30.7 79.4 0.9
654.7 12.9 83.3 1.0 1186.5 27.3 79.4 1.0

SD (1σ) SD (1σ) SD (1σ) SD (1σ)
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Figure B.23.  Heating profile for PICA, with a nominal heating rate of 3.1 °C s-1. 
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Figure B.24.  Molar yields of H2, CH4, CO, and H2O, measured during the pyrolysis of 
PICA with a nominal heating rate of 3.1 °C s-1. 
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Figure B.25.  Molar yields of CO2, 1-propanol, and 2-propanol, measured during the 
pyrolysis of PICA with a nominal heating rate of 3.1 °C s-1. 
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Figure B.26.  Molar yields of phenol and its derivatives, measured during the pyrolysis of 
PICA with a nominal heating rate of 3.1 °C s-1. 
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Figure B.27.  Molar yields of benzene and its derivatives, measured during the pyrolysis 
of PICA with a nominal heating rate of 3.1 °C s-1. 
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Table B.T.7.  Molar yields of pyrolysis products, measured during the pyrolysis of PICA 
with a nominal heating rate of 3.1 °C s-1.  
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Table B.T.7.  - Continued 
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Table B.T.7.  - Continued 
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Figure B.28.  Mass yields of pyrolysis products as a function of nominal heating rate of 
PICA, measured during the pyrolysis of PICA with a nominal heating rate of 3.1 °C s-1. 
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Figure B.29.  Simulated thermogravimetric analysis (TGA) curve of PICA, with a 
nominal heating rate of 3.1 °C s-1. 
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Table B.T.8.  TGA data collected with a nominal heating rate of 3.1 °C s-1. 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

T / °C  ± °C % Weight ± % Weight T / °C  ± °C % Weight ± % Weight
101.8 13.4 100.0 0.0 486.8 16.6 88.4 0.7
111.0 14.4 99.9 0.0 496.5 16.9 88.0 0.7
120.2 15.0 99.9 0.0 505.5 16.0 87.6 0.6
129.8 15.7 99.8 0.0 514.6 15.2 87.2 0.6
139.9 17.5 99.8 0.0 524.2 15.3 86.9 0.6
150.2 19.3 99.7 0.1 533.0 16.2 86.6 0.5
161.4 20.4 99.6 0.1 541.1 17.3 86.3 0.6
172.4 20.2 99.5 0.1 549.4 17.8 86.1 0.6
183.6 19.8 99.4 0.1 557.9 18.1 85.8 0.6
195.1 19.9 99.4 0.1 565.5 17.5 85.7 0.5
207.0 20.2 99.3 0.1 573.0 17.2 85.5 0.5
219.1 21.6 99.2 0.1 580.8 17.5 85.3 0.5
231.5 22.8 99.0 0.1 588.1 18.2 85.1 0.5
244.7 22.8 98.9 0.2 595.3 18.9 85.0 0.5
257.3 21.7 98.8 0.2 602.3 19.3 84.9 0.5
270.2 20.5 98.6 0.2 609.4 19.7 84.7 0.5
283.8 20.2 98.3 0.3 616.8 19.9 84.6 0.5
296.4 19.9 98.1 0.3 623.6 19.5 84.5 0.5
308.4 20.1 97.8 0.4 630.4 18.9 84.4 0.5
321.3 20.6 97.4 0.5 637.4 19.5 84.3 0.5
334.9 19.8 96.9 0.6 644.5 20.2 84.1 0.5
347.7 18.2 96.4 0.7 651.6 20.4 84.0 0.5
360.3 16.6 95.8 0.8 658.7 20.8 83.9 0.5
373.4 16.0 95.1 0.9 666.1 21.1 83.8 0.5
385.5 15.1 94.4 0.8 673.2 20.7 83.7 0.5
397.1 14.5 93.7 0.9 680.5 20.5 83.6 0.5
408.3 15.4 93.0 1.0 688.1 20.9 83.6 0.5
419.0 15.7 92.3 0.9 695.2 21.6 83.5 0.5
430.1 15.3 91.6 0.9 702.3 22.4 83.4 0.5
440.1 14.3 91.0 0.8 709.4 22.6 83.3 0.5
449.9 13.5 90.4 0.8 716.4 22.8 83.2 0.5
459.5 14.0 89.8 0.7 723.8 22.8 83.2 0.5
468.7 14.9 89.3 0.6 730.7 22.2 83.1 0.5
477.7 15.8 88.9 0.7 737.7 21.6 83.0 0.5
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Table B.T.8.  - Continued 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

T / °C  ± °C % Weight ± % Weight T / °C  ± °C % Weight ± % Weight
744.6 22.1 82.9 0.5 1031.2 20.7 80.2 0.6
751.4 22.6 82.9 0.5 1039.1 20.3 80.2 0.6
758.3 21.8 82.8 0.5 1047.8 20.5 80.1 0.6
765.3 20.9 82.7 0.5 1055.9 21.5 80.0 0.6
773.0 19.8 82.7 0.5 1063.8 22.5 80.0 0.6
780.6 18.3 82.6 0.5 1071.4 22.8 79.9 0.6
788.7 17.0 82.5 0.5 1078.8 23.1 79.8 0.6
797.0 17.5 82.4 0.5 1086.6 23.4 79.8 0.6
805.8 18.0 82.3 0.5 1094.4 23.0 79.7 0.6
814.8 17.7 82.3 0.5 1102.1 22.4 79.7 0.6
823.7 17.6 82.2 0.5 1109.8 23.3 79.6 0.6
833.3 17.4 82.1 0.5 1117.6 24.1 79.6 0.6
842.4 16.6 82.0 0.5 1125.4 24.3 79.5 0.6
851.3 15.8 81.9 0.5 1133.2 24.6 79.4 0.6
860.6 15.8 81.8 0.5 1141.2 25.0 79.4 0.6
869.4 16.6 81.7 0.5 1148.9 24.6 79.3 0.6
878.0 17.6 81.6 0.5 1156.3 24.3 79.3 0.6
886.6 17.7 81.5 0.5 1163.5 25.4 79.2 0.6
895.2 17.8 81.4 0.5 1170.6 26.3 79.2 0.6
904.4 17.9 81.3 0.5 1177.5 26.4 79.1 0.6
913.0 17.2 81.3 0.5 1183.9 26.0 79.1 0.6
921.7 16.7 81.2 0.5 1190.2 25.0 79.0 0.6
930.4 17.6 81.1 0.5
938.9 18.8 81.0 0.5
947.5 18.9 80.9 0.6
956.1 19.0 80.9 0.6
965.0 19.3 80.8 0.6
973.4 18.7 80.7 0.6
981.8 18.3 80.6 0.6
990.1 19.3 80.6 0.6
998.2 20.5 80.5 0.6

1006.5 20.7 80.4 0.6
1014.7 21.0 80.4 0.6
1023.3 21.3 80.3 0.6
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Figure C.1.  Heating profile for D.E.N. 438, with a nominal heating rate of 8.5 °C s-1. 
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Figure C.2. Molar yields of H2, CH4, and MCPD, with a nominal heating rate of 8.5 °C s-

1. 
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Figure C.3.  Molar yields of H2O, CO, and CO2, with a nominal heating rate of 8.5 °C s-1. 
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Table C.T.1.  Molar yields of pyrolysis products, measured during the pyrolysis of 
D.E.N. 438 with a nominal heating rate of 8.5 °C s-1.   
 

 
 
 
 
 
 
 
 
 

T / °C ± °C moles ·°C-1 SD (1σ) moles ·°C-1 SD (1σ) moles ·°C-1 SD (1σ) moles ·°C-1 SD (1σ) moles ·°C-1 SD (1σ) moles ·°C-1 SD (1σ)
112.1 9.2 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00
122.2 9.2 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00
132.5 8.7 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00
143.4 7.6 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00
153.3 6.8 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00
162.4 7.8 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00
170.9 9.6 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00
178.9 12.2 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00
185.6 14.1 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00
191.1 16.1 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00
196.8 19.1 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00
203.6 22.1 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00
213.1 25.4 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00
225.4 28.8 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00
239.0 29.9 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00
253.4 29.5 1.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00
268.0 28.4 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 4.3E-08 3.7E-08
280.3 27.6 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 9.8E-08 1.3E-07
292.3 28.4 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 6.0E-08 4.6E-08
306.0 28.7 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 7.8E-08 5.6E-08
319.8 28.6 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 6.7E-08 2.3E-08
333.1 29.6 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 1.1E-07 5.5E-08
346.2 30.5 7.0E-08 5.7E-08 4.4E-08 1.7E-08 1.5E-08 1.8E-08 9.8E-08 5.7E-08 1.0E-07 9.8E-08 2.4E-07 2.1E-07
359.3 29.7 1.0E-07 7.2E-08 9.8E-08 1.3E-07 4.3E-08 6.4E-08 1.4E-07 7.2E-08 1.5E-07 6.0E-08 3.6E-07 2.6E-07
372.6 27.6 8.2E-08 6.7E-08 6.8E-08 4.0E-08 4.5E-08 5.2E-08 1.8E-07 9.0E-08 1.6E-07 8.9E-08 6.3E-07 6.2E-07
386.7 25.2 1.2E-07 8.5E-08 8.7E-08 9.8E-08 6.8E-08 7.5E-08 2.1E-07 1.5E-07 2.1E-07 1.1E-07 7.5E-07 6.3E-07
401.8 23.8 1.7E-07 1.0E-07 3.9E-08 2.9E-08 6.7E-08 4.0E-08 3.2E-07 1.6E-07 2.4E-07 9.0E-08 1.1E-06 7.8E-07
414.6 23.2 2.4E-07 1.4E-07 6.9E-08 4.4E-08 1.5E-07 1.4E-07 4.4E-07 2.0E-07 4.0E-07 1.6E-07 1.9E-06 5.6E-07
427.3 24.0 3.3E-07 1.8E-07 5.3E-08 1.4E-08 1.7E-07 8.4E-08 6.3E-07 2.5E-07 5.6E-07 1.6E-07 1.7E-06 6.5E-07
444.1 24.5 4.4E-07 2.4E-07 4.4E-08 7.6E-08 2.7E-07 1.1E-07 7.9E-07 3.2E-07 1.2E-06 3.1E-07 1.6E-06 6.6E-07
467.1 25.9 5.4E-07 2.5E-07 3.9E-08 7.7E-08 5.6E-07 2.5E-07 1.3E-06 5.1E-07 3.4E-06 1.1E-06 2.1E-06 8.8E-07
492.6 31.8 1.2E-06 6.1E-07 2.5E-07 2.7E-07 1.7E-06 5.9E-07 3.4E-06 1.2E-06 7.5E-06 1.8E-06 2.7E-06 1.1E-06
513.3 33.9 2.3E-06 6.8E-07 5.6E-07 2.7E-07 2.5E-06 5.5E-07 4.7E-06 1.1E-06 9.1E-06 2.5E-06 2.8E-06 1.2E-06
527.8 26.8 2.4E-06 9.4E-07 7.1E-07 4.9E-07 2.4E-06 8.1E-07 4.3E-06 1.4E-06 7.7E-06 2.5E-06 2.4E-06 2.3E-06
540.6 15.8 2.2E-06 1.0E-06 8.2E-07 6.5E-07 2.1E-06 6.7E-07 3.8E-06 1.3E-06 6.8E-06 1.8E-06 2.4E-06 2.7E-06
555.6 11.2 2.5E-06 1.1E-06 1.2E-06 8.3E-07 2.2E-06 3.0E-07 4.3E-06 8.1E-07 6.6E-06 3.1E-06 7.2E-07 1.1E-06
571.0 12.8 3.5E-06 1.3E-06 1.9E-06 5.1E-07 2.2E-06 6.9E-07 3.8E-06 1.5E-06 3.3E-06 1.5E-06 1.5E-07 1.3E-07
585.2 18.1 2.3E-06 6.7E-07 1.5E-06 2.8E-07 9.9E-07 1.8E-07 1.9E-06 3.4E-07 1.2E-06 3.9E-07 1.4E-07 8.2E-08
602.0 27.8 2.4E-06 7.9E-07 1.4E-06 2.8E-07 7.5E-07 1.1E-07 1.5E-06 1.7E-07 8.2E-07 6.3E-08 1.9E-07 2.1E-07
625.2 36.5 3.0E-06 9.0E-07 1.5E-06 3.3E-07 7.0E-07 7.4E-08 1.4E-06 1.4E-07 6.7E-07 7.2E-08 4.9E-08 2.4E-08
652.8 39.3 3.6E-06 8.6E-07 1.3E-06 3.7E-07 6.1E-07 5.9E-08 1.4E-06 2.2E-07 5.7E-07 1.0E-07 8.2E-08 7.2E-08
679.3 42.1 4.1E-06 8.5E-07 1.2E-06 2.5E-07 5.2E-07 3.6E-08 1.3E-06 2.3E-07 5.9E-07 5.5E-08 7.6E-08 6.2E-08
705.5 42.6 4.7E-06 8.2E-07 1.0E-06 2.4E-07 4.6E-07 5.7E-08 1.2E-06 1.3E-07 5.4E-07 6.3E-08 8.0E-08 6.8E-08
732.7 38.9 5.2E-06 9.8E-07 7.9E-07 1.3E-07 3.9E-07 4.3E-08 1.2E-06 1.5E-07 4.7E-07 3.9E-08 7.8E-08 7.8E-08
756.9 33.0 5.4E-06 1.0E-06 6.3E-07 5.8E-08 3.5E-07 7.5E-08 1.1E-06 1.2E-07 4.2E-07 6.0E-08 6.5E-08 3.0E-08
779.3 29.4 5.6E-06 1.3E-06 4.5E-07 9.5E-08 3.0E-07 5.5E-08 1.1E-06 7.6E-08 4.1E-07 4.6E-08 6.4E-08 6.7E-08
801.2 29.6 5.8E-06 9.3E-07 3.8E-07 9.0E-08 2.6E-07 6.6E-08 1.0E-06 9.0E-08 4.2E-07 7.0E-08 4.0E-08 3.3E-08
818.7 30.2 5.4E-06 1.3E-06 3.1E-07 9.6E-08 2.0E-07 5.4E-08 9.1E-07 9.1E-08 4.3E-07 4.7E-08 0.0E+00 0.0E+00
835.6 30.9 5.1E-06 9.0E-07 2.7E-07 1.5E-07 2.3E-07 1.5E-07 8.5E-07 1.1E-07 3.9E-07 6.4E-08 0.0E+00 0.0E+00
854.6 31.0 4.6E-06 7.1E-07 2.7E-07 1.8E-07 1.9E-07 7.3E-08 7.6E-07 9.9E-08 3.7E-07 6.8E-08 0.0E+00 0.0E+00
872.4 31.1 4.0E-06 7.8E-07 2.0E-07 1.3E-07 2.1E-07 1.8E-07 6.6E-07 7.9E-08 3.8E-07 6.7E-08 0.0E+00 0.0E+00
889.2 30.7 3.7E-06 8.1E-07 1.9E-07 1.4E-07 1.9E-07 1.1E-07 6.4E-07 1.1E-07 4.0E-07 6.2E-08 0.0E+00 0.0E+00
904.4 30.6 3.3E-06 6.3E-07 1.9E-07 1.9E-07 1.4E-07 1.2E-07 5.9E-07 6.1E-08 3.5E-07 4.8E-08 0.0E+00 0.0E+00
919.0 30.9 3.0E-06 6.5E-07 9.8E-08 5.9E-08 1.3E-07 6.2E-08 5.3E-07 7.2E-08 3.7E-07 9.2E-08 0.0E+00 0.0E+00
932.9 30.0 2.6E-06 4.6E-07 1.3E-07 1.7E-07 1.2E-07 1.2E-07 4.8E-07 1.1E-08 3.7E-07 9.7E-08 0.0E+00 0.0E+00
946.8 29.4 2.4E-06 5.3E-07 1.2E-07 5.9E-08 1.4E-07 1.2E-07 4.6E-07 2.4E-08 3.7E-07 1.3E-07 0.0E+00 0.0E+00
960.4 31.3 2.2E-06 4.3E-07 1.2E-07 1.4E-07 1.0E-07 3.8E-08 5.1E-07 1.0E-07 3.1E-07 5.9E-08 0.0E+00 0.0E+00
972.3 32.2 2.0E-06 4.2E-07 1.2E-07 1.0E-07 9.6E-08 7.3E-08 4.5E-07 4.5E-08 3.3E-07 7.9E-08 0.0E+00 0.0E+00
985.3 31.8 1.7E-06 2.9E-07 1.3E-07 1.2E-07 1.2E-07 8.5E-08 4.5E-07 5.1E-08 3.0E-07 2.9E-08 0.0E+00 0.0E+00
998.7 32.3 1.6E-06 2.1E-07 1.8E-07 9.3E-08 1.3E-07 1.5E-07 4.3E-07 5.6E-08 3.4E-07 1.2E-07 0.0E+00 0.0E+00

H2 CH4 H2O CO CO2 MCPD
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Table C.T.2.  TGA data collected with a nominal heating rate of 8.5 °C s-1. 
 

 
 
 

T / °C ± °C % Mass Loss ± % Weight
112.1 9.2 100.0 0.0
122.2 9.2 100.0 0.0
132.5 8.7 100.0 0.0
143.4 7.6 100.0 0.0
153.3 6.8 100.0 0.0
162.4 7.8 100.0 0.0
170.9 9.6 100.0 0.0
178.9 12.2 100.0 0.0
185.6 14.1 100.0 0.0
191.1 16.1 100.0 0.0
196.8 19.1 100.0 0.0
203.6 22.1 100.0 0.0
213.1 25.4 100.0 0.0
225.4 28.8 100.0 0.0
239.0 29.9 99.9 0.1
253.4 29.5 99.8 0.1
268.0 28.4 99.7 0.2
280.3 27.6 99.6 0.3
292.3 28.4 99.4 0.4
306.0 28.7 99.3 0.6
319.8 28.6 99.1 0.7
333.1 29.6 99.0 0.7
346.2 30.5 98.8 0.8
359.3 29.7 98.5 0.8
372.6 27.6 98.1 0.9
386.7 25.2 97.5 0.8
401.8 23.8 96.7 0.9
414.6 23.2 95.7 1.2
427.3 24.0 94.1 1.9
444.1 24.5 91.4 3.1
467.1 25.9 83.6 6.6
492.6 31.8 71.0 11.3
513.3 33.9 60.7 10.3
527.8 26.8 53.7 7.7
540.6 15.8 47.7 3.1
555.6 11.2 40.6 1.1
571.0 12.8 36.8 2.7
585.2 18.1 34.9 2.8
602.0 27.8 32.7 2.9
625.2 36.5 30.0 3.0
652.8 39.3 27.3 3.1
679.3 42.1 25.1 3.3
705.5 42.6 22.7 2.9
732.7 38.9 20.6 2.6
756.9 33.0 19.0 2.1
779.3 29.4 17.5 2.0
801.2 29.6 16.3 1.8
818.7 30.2 15.5 1.9
835.6 30.9 14.4 1.8
854.6 31.0 13.6 1.6
872.4 31.1 12.8 1.5
889.2 30.7 12.1 1.4
904.4 30.6 11.5 1.3
919.0 30.9 11.0 1.2
932.9 30.0 10.5 1.0
946.8 29.4 10.0 0.9
960.4 31.3 9.6 0.9
972.3 32.2 9.3 0.9
985.3 31.8 8.8 0.9
998.7 32.3 8.4 0.9
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Figure C.4.  Heating profile for D.E.N. 438 + 5.6 wt%, with a nominal heating rate of 8.6 
°C s-1. 
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Figure C.5. Molar yields of H2, CH4, and MCPD with a nominal heating rate of 8.5 °C s-

1. 
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Figure C.6.  Molar yields of H2O, CO, and CO2, with a nominal heating rate of 8.5 °C s-1. 
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Table C.T.3 Molar yields of pyrolysis products, measured during the pyrolysis of the 
composite material with a nominal heating rate of 8.6 °C s-1.   
 

 
 
 
 
 
 
 
 
 

T / °C ± °C moles ·°C-1 SD (1σ) moles ·°C-1 SD (1σ) moles ·°C-1 SD (1σ) moles ·°C-1 SD (1σ) moles ·°C-1 SD (1σ) moles ·°C-1 SD (1σ)
101.7 2.2 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00
112.4 2.1 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00
123.3 2.4 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00
135.1 3.2 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00
147.8 3.1 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00
158.1 2.5 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00
168.8 3.6 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00
181.5 5.3 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00
193.1 6.2 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00
203.1 7.3 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00
210.9 8.1 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00
217.2 7.9 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00
223.0 6.3 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00
230.3 3.6 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00
239.9 1.5 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00
250.4 4.8 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00
263.3 7.0 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 1.4E-08 9.8E-09
277.9 7.6 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 2.6E-08 9.1E-09
291.8 7.8 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 3.2E-08 2.2E-08
306.3 8.1 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 3.3E-08 2.2E-08
321.6 8.1 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 4.2E-08 4.0E-08
336.7 7.7 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 4.0E-08 2.4E-08
350.6 7.0 3.7E-08 2.6E-08 3.2E-08 2.0E-08 1.5E-09 2.7E-09 6.9E-08 9.2E-09 6.9E-08 1.8E-08 8.1E-08 6.4E-08
365.0 6.5 4.1E-08 2.6E-08 4.9E-08 4.2E-08 2.0E-09 3.9E-09 7.7E-08 2.5E-08 9.1E-08 1.6E-08 9.9E-08 5.6E-08
378.8 5.5 5.9E-08 3.6E-08 6.4E-08 5.0E-08 8.7E-09 1.1E-08 9.3E-08 2.3E-08 1.1E-07 3.8E-08 1.9E-07 8.2E-08
389.6 4.7 5.0E-08 2.3E-08 5.1E-08 4.2E-08 5.9E-08 4.0E-08 1.3E-07 5.5E-08 1.9E-07 8.1E-08 6.1E-07 3.4E-07
400.7 5.5 7.8E-08 4.1E-08 3.1E-08 2.4E-08 8.8E-08 7.7E-08 2.5E-07 1.7E-07 3.9E-07 2.4E-07 9.1E-07 8.9E-07
414.4 6.6 1.5E-07 1.1E-07 5.1E-08 4.7E-08 1.4E-07 7.7E-08 3.2E-07 2.8E-07 5.9E-07 4.6E-07 1.1E-06 6.7E-07
430.5 8.4 1.8E-07 1.2E-07 3.8E-08 2.8E-08 1.8E-07 1.0E-07 4.4E-07 2.5E-07 1.0E-06 6.8E-07 1.4E-06 6.0E-07
449.6 10.9 2.4E-07 1.1E-07 9.0E-09 1.8E-08 3.0E-07 2.0E-07 6.9E-07 3.5E-07 2.0E-06 1.4E-06 1.8E-06 6.7E-07
472.0 13.0 4.5E-07 2.3E-07 5.7E-08 5.9E-08 7.1E-07 5.2E-07 1.2E-06 6.5E-07 3.5E-06 1.7E-06 1.8E-06 5.9E-07
495.6 12.4 6.8E-07 2.3E-07 1.6E-07 1.3E-07 1.3E-06 5.8E-07 2.0E-06 6.7E-07 5.2E-06 1.4E-06 2.3E-06 6.4E-07
515.7 8.0 1.0E-06 3.3E-07 3.1E-07 1.1E-07 1.8E-06 4.2E-07 2.8E-06 7.5E-07 6.8E-06 1.1E-06 2.8E-06 4.8E-07
533.9 7.6 1.3E-06 3.1E-07 5.1E-07 1.4E-07 2.3E-06 2.1E-07 3.2E-06 3.7E-07 7.1E-06 9.1E-07 1.5E-06 1.0E-06
551.7 10.9 1.7E-06 3.3E-07 8.0E-07 3.7E-07 2.7E-06 6.4E-07 3.1E-06 3.8E-07 5.3E-06 2.7E-06 2.0E-06 3.0E-06
566.0 11.2 1.4E-06 4.2E-07 9.0E-07 2.1E-07 2.0E-06 8.0E-07 2.4E-06 1.3E-06 3.6E-06 3.0E-06 4.4E-07 4.8E-07
581.1 9.4 1.4E-06 4.7E-07 1.1E-06 1.8E-07 1.6E-06 8.5E-07 1.9E-06 1.3E-06 2.1E-06 2.1E-06 8.9E-08 5.0E-08
600.5 11.7 1.6E-06 3.4E-07 1.2E-06 1.8E-07 1.2E-06 6.5E-07 1.4E-06 8.1E-07 1.0E-06 7.8E-07 6.2E-08 2.1E-08
622.7 15.8 1.9E-06 5.8E-07 1.2E-06 2.7E-07 8.5E-07 1.7E-07 1.0E-06 2.4E-07 6.4E-07 2.2E-07 5.1E-08 2.5E-08
647.1 16.9 2.7E-06 9.0E-07 1.2E-06 3.2E-07 7.5E-07 1.6E-07 9.2E-07 2.0E-07 5.3E-07 1.5E-07 4.9E-08 4.5E-08
674.1 16.0 3.5E-06 1.0E-06 1.1E-06 3.6E-07 6.5E-07 1.3E-07 8.7E-07 1.9E-07 4.6E-07 8.9E-08 4.1E-08 4.4E-08
700.6 14.9 4.1E-06 8.7E-07 8.8E-07 3.6E-07 5.8E-07 1.2E-07 8.1E-07 1.7E-07 4.2E-07 7.4E-08 3.7E-08 3.5E-08
724.1 12.4 4.5E-06 6.9E-07 6.8E-07 3.1E-07 4.8E-07 9.9E-08 7.5E-07 1.5E-07 3.8E-07 7.9E-08 6.0E-08 3.7E-08
746.5 11.3 5.0E-06 8.1E-07 4.9E-07 2.4E-07 3.7E-07 8.1E-08 6.9E-07 1.3E-07 3.7E-07 8.1E-08 5.1E-08 5.3E-08
766.2 10.2 5.1E-06 7.7E-07 3.8E-07 1.8E-07 3.5E-07 6.8E-08 6.5E-07 1.1E-07 3.3E-07 7.2E-08 6.4E-08 6.4E-08
783.3 10.9 5.2E-06 9.0E-07 2.9E-07 1.3E-07 2.7E-07 4.0E-08 6.1E-07 1.1E-07 3.3E-07 6.4E-08 5.4E-08 6.5E-08
802.0 12.5 5.0E-06 1.0E-06 2.3E-07 1.3E-07 2.5E-07 2.4E-08 5.7E-07 1.4E-07 2.9E-07 5.4E-08 6.4E-08 5.7E-08
822.0 12.9 4.7E-06 1.1E-06 2.0E-07 1.1E-07 2.2E-07 2.8E-08 5.1E-07 1.0E-07 3.1E-07 5.1E-08 7.0E-08 0.0E+00
840.9 13.7 4.5E-06 1.3E-06 1.6E-07 8.4E-08 2.0E-07 7.1E-08 4.9E-07 1.5E-07 2.9E-07 3.1E-08 9.3E-08 0.0E+00
858.4 13.3 3.9E-06 1.2E-06 1.4E-07 7.2E-08 1.7E-07 4.7E-08 4.4E-07 1.0E-07 2.8E-07 4.8E-08 8.8E-08 0.0E+00
875.6 12.6 3.7E-06 1.3E-06 9.5E-08 5.5E-08 1.5E-07 5.8E-08 4.1E-07 1.2E-07 2.6E-07 4.0E-08 6.8E-08 0.0E+00
892.0 12.6 3.0E-06 1.1E-06 9.1E-08 5.1E-08 1.2E-07 4.9E-08 3.7E-07 8.9E-08 2.5E-07 3.1E-08 7.1E-08 0.0E+00
906.1 13.2 2.8E-06 1.0E-06 8.5E-08 6.0E-08 9.6E-08 4.0E-08 3.5E-07 1.0E-07 2.5E-07 2.1E-08 1.1E-07 0.0E+00
919.8 13.6 2.4E-06 8.5E-07 7.6E-08 5.1E-08 9.3E-08 3.6E-08 2.9E-07 7.4E-08 2.5E-07 4.1E-08 8.1E-08 0.0E+00
932.6 11.8 2.1E-06 7.8E-07 6.7E-08 3.3E-08 6.2E-08 5.0E-08 2.9E-07 7.3E-08 2.4E-07 4.0E-08 1.0E-07 0.0E+00
943.7 11.1 1.8E-06 6.4E-07 7.4E-08 3.1E-08 7.2E-08 2.4E-08 2.6E-07 5.0E-08 2.4E-07 3.7E-08 1.1E-07 0.0E+00
955.7 11.7 1.7E-06 5.4E-07 7.4E-08 2.5E-08 7.1E-08 5.5E-08 2.6E-07 5.0E-08 2.2E-07 4.7E-08 1.0E-07 0.0E+00
968.6 11.4 1.5E-06 4.2E-07 4.9E-08 3.1E-08 6.0E-08 3.8E-08 2.3E-07 5.1E-08 2.2E-07 5.1E-08 1.3E-07 0.0E+00
981.1 11.6 1.3E-06 3.8E-07 6.6E-08 4.5E-08 7.5E-08 5.9E-08 2.3E-07 7.1E-08 2.2E-07 2.8E-08 7.5E-08 0.0E+00
993.0 11.9 1.3E-06 3.9E-07 6.2E-08 3.5E-08 6.0E-08 6.1E-08 2.4E-07 4.0E-08 2.0E-07 6.3E-08 9.4E-08 0.0E+00

H2 CH4 H2O CO CO2 MCPD
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Table C.T.4 TGA data collected with a nominal heating rate of 8.6 °C s-1. 
 

 
 
 
 

T / °C ± °C % Mass Loss ± % Weight
101.7 2.2 100.0 0.0
112.4 2.1 100.0 0.0
123.3 2.4 100.0 0.0
135.1 3.2 100.0 0.0
147.8 3.1 100.0 0.0
158.1 2.5 100.0 0.0
168.8 3.6 100.0 0.0
181.5 5.3 100.0 0.0
193.1 6.2 100.0 0.0
203.1 7.3 100.0 0.0
210.9 8.1 100.0 0.0
217.2 7.9 100.0 0.0
223.0 6.3 100.0 0.0
230.3 3.6 100.0 0.0
239.9 1.5 100.0 0.0
250.4 4.8 99.9 0.0
263.3 7.0 99.9 0.0
277.9 7.6 99.8 0.0
291.8 7.8 99.7 0.1
306.3 8.1 99.6 0.1
321.6 8.1 99.5 0.1
336.7 7.7 99.4 0.2
350.6 7.0 99.3 0.2
365.0 6.5 99.1 0.2
378.8 5.5 98.9 0.2
389.6 4.7 98.6 0.3
400.7 5.5 97.9 0.9
414.4 6.6 96.6 2.2
430.5 8.4 94.4 3.8
449.6 10.9 90.2 7.0
472.0 13.0 82.6 10.6
495.6 12.4 73.0 11.0
515.7 8.0 63.9 8.8
533.9 7.6 53.7 8.8
551.7 10.9 47.3 10.1
566.0 11.2 43.4 7.0
581.1 9.4 39.8 4.2
600.5 11.7 37.1 3.3
622.7 15.8 34.8 3.2
647.1 16.9 32.5 3.0
674.1 16.0 30.1 2.6
700.6 14.9 28.2 2.2
724.1 12.4 26.7 1.7
746.5 11.3 25.2 1.3
766.2 10.2 24.3 1.5
783.3 10.9 23.4 1.2
802.0 12.5 22.4 1.1
822.0 12.9 21.5 0.9
840.9 13.7 20.8 0.9
858.4 13.3 20.1 0.9
875.6 12.6 19.5 0.8
892.0 12.6 19.0 0.8
906.1 13.2 18.6 0.7
919.8 13.6 18.2 0.7
932.6 11.8 18.0 0.8
943.7 11.1 17.7 0.8
955.7 11.7 17.4 0.8
968.6 11.4 17.1 0.8
981.1 11.6 16.8 0.8
993.0 11.9 16.6 0.8
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