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ABSTRACT 

A MECHANISTIC AND MODELING STUDY OF RECYCLED AND 
VIRGIN FLAME RETARDED POLYCARBONATE  

 

David L. Statler Jr. 

Plastic waste from electrical and electronic equipment is an increasing problem.  
Consequently, it is desirable to separate and recycle these plastics, especially 
high-value plastics, such as polycarbonate (PC).  One of the concerns is 
enhancing the PC flame-retardant (FR) properties so it can be reused in 
equipment housings.  Using data on potassium diphenylsulfone sulfonate (KSS), 
it is shown that the flame retardancy of recycled PC can be enhanced.  One 
major advantage of KSS is that it is non-halogenated, playing an important role 
as the government eliminates potentially unhealthy halogenated FRs.  In this 
study, a PC containing KSS and one containing a halogenated FR were put 
through a recycling process (drying, extrusion, pelletizing, injection molding, and 
granulating) that was repeated eight times.  Mechanical results were assessed 
by Izod impact and tensile tests.  Flammability was measured by UL94-type 
tests, limiting oxygen index, and cone calorimetry.  Thermogravimetric analysis 
(TGA), capillary rheometry, and gel permeation chromatography were also 
performed.  Results show that KSS/PC maintains its properties just as well as the 
halogenated PC, revealing that KSS is likely to be an excellent non-halogenated 
FR for recycled PC.  Mechanistic studies on the thermal degradation were also 
performed on the PC/KSS FR system.  Data were obtained by TGA/Fourier 
transform infrared analysis and TGA/gas chromatography-mass spectrometry.  
Results show that KSS acts as a catalyst in accelerating the disproportionation of 
bisphenol A and dimerization of isopropylphenol which leads to an enhanced 
carbonaceous char.  This, in combination with CO2 production, leads to an 
intumescent char that accounts for PC/KSS’s excellent FR ability.  Modeling heat 
release rate, as assessed by cone calorimetry, has not been extensively studied 
for char-forming polymers.  A finite element model that considers the heat and 
mass transport phenomena taking place was developed, and this accurately 
predicts the heat release rate curve for char forming polycarbonate.  This model 
should also be applicable to other FR systems where only the pyrolysis kinetics 
are different. 
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Chapter 1. INTRODUCTION 

The following subsections give a brief introduction to the topics discussed 

in this dissertation.  First, a background on polycarbonate is first presented, and 

this mentions the unique properties and history of the polymer.  Sections that 

follow discuss the importance of polymer recycling and the use of flame 

retardants.  Subsequent sections introduce the specific research contained in the 

dissertation; this consists of determining what flame retardant will be examined, a 

study of its mechanism of action, and the modeling of heat release rates in a 

Cone calorimeter.  The chapter concluds with a bulleted section on the specific 

research objectives. 

1.1. Polycarbonate: A Background 

Polycarbonate (PC) engineering resins are amorphous, clear polymers 

that exhibit superior dimensional stability, good electrical properties, good 

thermal stability, and outstanding impact strength.  They also offer excellent 

moldability and extrudability, low-temperature toughness, and the availability of 

flame-retardant and other special grades.  Because of these properties, 

polycarbonates are applied in a wide range of industrial, consumer, automotive, 

medical, business equipment, electrical/electronic, lighting, optical, packaging, 

building/construction, and appliance products1. 



Developed in Germany at Bayer AG and almost simultaneously in the 

United States at the General Electric Company, polycarbonate, a thermoplastic 

made by reacting bisphenol A and carbonic acid (see section 2.1.1 Synthesis of 

Bisphenol A Polycarbonate), started being produced when the first commercial 

U.S. plant went online in 1960.  In 1995, thirty five years later, over 600 million 

pounds of polycarbonate were consumed domestically.  Bayer and GE Plastics 

remain the leaders in this market, with the Dow Chemical Company next on the 

list1. 

1.2. Recycling Made Important 

Waste from Electronic and Electrical Equipment (WEEE) is growing.  

Among this waste is polycarbonate.  PC is used in the housings of many 

computers and in the electronics of electrical equipment.  As newer computers 

are being manufactured, older computers are being thrown away.  These 

computers and other electronic devices have many heavy metals contained 

within them.  When taken to a landfill, the waste must be specially disposed of 

because of the heavy metals.  The plastic that holds all these heavy metals must 

go with it, increasing the bulk volume of material that must be land filled.  This 

dramatically increases overall cost, not only in dollars but to the environment as 

well. 

Looking at possibilities of recycling the polycarbonate and assuming it can 

be separated from the electrical equipment, several obstacles must be 
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overcome.  When polycarbonate is recycled, many of its desirable properties 

may be lost since it is usually commingled with other plastics.  One important 

property is flammability.  The mixture of recycled polycarbonate may contain 

many different additives from many different sources.  This makes it difficult to 

predict what the properties will be like when one mixes all of these together.  

Flammability properties must be restored by adding a flame retardant additive 

that will act synergistically with all other elements already present in the recycled 

material. 

Another property polycarbonate is known for and is lost when recycling is 

transparency.  Due to high-shear and high-temperature profiles that the polymer 

sees during the recycling process, it degrades and becomes opaque.  This is 

made worse by contaminants and all the different grades and mixtures from the 

recycling source.  From an applications stand point, this material will be used 

again in electronic equipment where it does not need to be clear and transparent.  

Other pigments could be added later to easily turn it gray or black, the color of 

most personal computer housings. 

1.3. Flame Retardant (FR) Additives 

When polymers are first produced, depending on the application, different 

additives are added to give the plastic its desired properties.  To make the 

polymer resistant to combustion, flame retardants are added.  The flame 

retardant causes disruption of the burning process so that it is terminated within 
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an acceptable period of time, preferably before ignition actually occurs2. 

Flame retardants help in the prevention of fires.  In the event of a fire, the 

flame retardants act to give more escape time to the people caught in the blaze.  

They do this by slowing the burning process, lowering the amount of heat 

released, and lowering the amount of smoke that is emitted during combustion.   

Not all flame retardants are alike.  First off, the right flame retardant 

additive must be chosen for the polymer in question.  Flame retardants can be 

separated into two different classes: halogenated, and non-halogenated.  

Halogenated flame retardants include additives most commonly in the form of 

organic halogen compounds, such as brominated aromatic compounds3,4.  

These are very effective FRs, however, there is a serious problem with such 

halogen compounds: during burning, the compounds generate toxic substances 

that can injure people and contaminate the environment5.  This makes them 

dangerous to human health, and their use has been restricted in many Europea

countries.  The second kind, non-halogenated, contain one of many different

additives including phosphorous-, sulfur-, and silicon-based chemicals.  The use 

of these non-halogenated ones over halogenated flame retardants is much 

n 

 

desired. 

gen and Some commercial flame retardant additives include organohalo

organophosphorus compounds, inorganic synergists for halogen, red 

phosphorus, inorganic phosphorus compounds, sulfonates, and hydrated 
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minerals such as aluminum trihydrate and magnesium hydroxide.  Commercial 

smoke suppressants include zinc borate and molybdenum and tin compounds6.  

The flame retardant action of these additives is described in Chapter 2. 

mer 

 

rd to 

d to 

ded FR have a synergistic or an 

antagonistic effect on the overall flammability?   

1.4. Flame Retardants to be used in this Research 

d 

oice due to its low loading level which allows PC to 

maintain its transparency. 

One thing to consider in the recycling of polycarbonate is that the poly

probably contains an unknown source of flame retardant.  This can be most 

important, because with the addition of more flame retardants, the more likely it is 

for polycarbonate to degrade.  Plus, with recycling, molecular weight may reduce,

which increases the melt flow (decrease in viscosity), which may make it ha

incorporate some flame retardants, such as, sulfonates7.  So, one area of 

research is examining what flame retardant and what quantity can be adde

the 'unknown source' of PC and still maintain good flammability properties 

without degrading the material.  Will the newly ad

A new flame retardant has been studied extensively in this dissertation; 

this is KSS FR®.  KSS FR® is Potassium diphenylsulfonesulfonate from Sloss 

Industries Corporation.  It can be added at 0.2 wt% loading levels and is a soli

powder making it easy to handle.  More information is given in section 4.1.6.  

KSS FR® is an excellent ch
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Another flame retardant that was examined was Fyrolflex BDP®.  Fyrolflex 

BDP® is Bisphenol A bis(diphenyl phosphate) from Supresta.  It is a liquid and is 

usually used with PC-ABS.  Since the scope is recycling, and not worrying about 

clarity so much, this was first thought to be an appropriate choice.  More 

information is given in section 4.1.4.  The results of this FR are given in Section 

4.3 and 4.4. 

1.5. Identifying the Degradation Kinetics and Mechanism 

Some previous work has been performed involving the overall degradation 

kinetics of PC with KSS FR and establishing the manner by which the flame 

retardant acts, as in the gas or condensed phase.  Little is known about the full 

mechanism and kinetics during the degradation and combustion of polycarbonate 

combined with the flame retardant potassium diphenylsulfone sulfonate.   

To clarify the individual species being produced during pyrolysis of PC, 

some literature suggests the use of a pyrolysizer connected to a gas 

chromatograph (GC) connected to a mass spectrometer (MS)8.  This will give 

qualitative and quantitative information the evolving species.  To go further, the 

use of a thermogravimetric analyzer (TGA) connected to a GC-MS will give even 

more information due to the precise control of capabilities of the TGA and its 

software.   
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1.6. Developing a Heat and Mass Transfer Model to Predict Heat 

Release Rate 

The development of a heat and mass transfer model during heating, 

pyrolysis, and char formation of a polymeric material to predict heat release rate 

as determined by a Cone Calorimeter (see section 7.1), a device for measuring 

flammability properties, is desirable.  Such a model will create a deeper 

understanding of the phenomena involved during the thermal degradation and 

combustion of a char-forming polymeric material, such as, polycarbonate.  

Application of such a model could be used to predict the heat release rate from a 

cone calorimeter measurement and to understand what is physically happening 

with char forming polymers.  Once a working model has been obtained, the 

incorporation of a flame retardant will change the degradation kinetics of the 

system, which will affect the overall flammability of the polymer and its heat 

release rate. 

1.7. Objectives 

The specific objectives of this dissertation are: 

 Identifying the best non-halogenated flame retardant for recycled 

polycarbonate. 
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 Recycling polycarbonate with a halogenated flame retarding compound 

via a true recycling process (see Section 4.2).  Evaluating its flammability, 

mechanical, rheological, thermal, and molecular properties (see Chapter 

3). 

 Recycling polycarbonate with a non-halogenated flame retarding 

compound (see Section 4.2).  Evaluating its flammability, mechanical, 

rheological, thermal, and molecular properties (see Chapter 3). 

 Comparing the mechanical, rheological, thermal, and molecular properties 

of these two recycled materials. 

 Understanding the decomposition mechanism during the combustion of a 

non-halogenated flame retarded polycarbonate (flame retarded with 

Potassium diphenylsulfone sulfonate) with the use of TGA-FTIR and TGA-

GC-MS (3.2). 

 Developing a transient, one-dimensional, finite element model for heat and 

mass transfer during the heating, pyrolysis, and char formation of a 

polymeric material to predict heat release rates as obtained by a cone 

calorimeter. 
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Chapter 2. LITERATURE REVIEW 

The following sections lay the groundwork for the chapters that follow.  

Literature that pertains to polycarbonate is reviewed, with emphasis on recycling 

and the mechanisms by which this polymer can be made flame retarded.  This 

chapter does not review the literature on the modeling of heat release rate in a 

Cone calorimeter.  Rather, all heat release rate modeling material is included in 

the two chapters on modeling.   

2.1. Polycarbonate 

There are two main types of polycarbonate (PC); polycarbonate of 

bisphenol A (see Figure 2-1), a thermoplastic that is used in this research, and a 

thermosetting polycarbonate, used for eye glasses.  The polymer gets its name 

from the carbonate groups in its backbone chain. 

O C O
O

C
CH3

CH3

n

 

 
Figure 2-1 Polycarbonate of Bisphenol A 

Polycarbonate is a tough, dimensionally stable, transparent thermoplastic 

that has applications which demand high performance properties.  This versatile 

thermoplastic maintains its properties over a wide range of temperatures, from 
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40oF to 280oF (~5oC to 135oC)9. 

Some of the manufacturers of polycarbonate are shown in Table 2-110.  A 

sample of the typical properties can be seen in Appendix A, of Bayer’s Makrolon 

2608. 

Table 2-1 List of Polycarbonate Manufacturers:  Adapted from 
http://www.matweb.com/reference/polycarbonatemfr.asp10 

Manufacturer Trade Names Major Polycarbonate Products 
ALBIS PLASTICS   Polycarbonate; Polycarbonate + ABS; 

Polycarbonate + PET Alloy 
Ashley Polymers Ashlene® Polycarbonate + PBT Polyester Blend; 

Polycarbonate + ABS; Polycarbonate 
BASF Ultradur® Polycarbonate + PBT Polyester Blend 
Bayer Apec® High Heat Polycarbonate 
  Bayblend® Polycarbonate + ABS Blend 
  Makroblend® Polycarbonate + PET Polyester Blend 
  Makrolon® Broad Polycarbonate Line 
  Texin® Polycarbonate + Thermoplastic Polyurethane Blend
ComAlloy Comtuff® Polycarbonate + Polyester Alloy; Polycarbonate + 

Styrenic Alloy 
  Hiloy® Polycarbonate 
  Lubrilon® Polycarbonate, Glass and PTFE Filled 
Cool Polymers CoolPoly™ Conductive PC/ABS Alloy 
Dow Calibre® Polycarbonate 
  Pulse® Polycarbonate + ABS Blend 
  Retain® Polycarbonate + ABS Blend 
DSM Engineering Plastics Electrafil® Conductive Polycarbonate (Carbon or Stainless 

Steel Filled) 
  Fiberfil® Glass Reinforced Polycarbonate 
  Plaslube® Lubricated Polycarbonate 
  Xantar® Flame Retardant Polycarbonate 
Quadrant Engineering Plastic 
Products (formerly DSM EPP) 

DSM PC 1000 Machine Grade Polycarbonate 

Eastman Chemical Eastalloy Polycarbonate + PET Polyester Alloy 
Engineered Plastics Corp.   PC + ABS Alloy; Polycarbonate 
EniChem Koblend PBT + PC; ABS + PC Alloys 
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EPMG, Inc.   Demetalized Polycarbonate Regrind 
GE Plastics Cycoloy® Polycarbonate + ABS Blend 
  Geloy® Polycarbonate + ASA Blend 
  Lexan® Broad Polycarbonate Line 
  Valox® Polycarbonate + PBT Polyester Blend 
  Xenoy® Polycarbonate + PBT Polyester Blend; 

Polycarbonate + PET Polyester Blend 
PolyOne  Edgetek Polycarbonate; PC + PET Alloy; PC + ABS Alloy; 

PC + PBT Alloy 
The Matrixx Group   Polycarbonate 
MRC Polymers Naxaloy™ Polycarbonate/ABS Blend 
  Naxell™ Polycarbonate 
Mitsubishi Iupilonx® Polycarbonate 
Owens-Corning   Glass-Reinforced Polycarbonate 
Polymer Technology & Services    Polycarbonate; Polycarbonate + ABS; 

Polycarbonate + PBT Alloy 
Prima Plastics Primablend PC + ABS Alloy; PC + PMMA; PC + Polyester 
  Primanate Polycarbonate 
RTP Company   Polycarbonate + PBT Polyester Blend; 

Polycarbonate + Polysulfone Blend; 
Polycarbonate + Acrylic Blend; Polycarbonate 

Sam Yang Kasei Trirex® Polycarbonate 
Shuman   Polycarbonate 
Teijin Chemicals Panlite® Polycarbonate 

 

2.1.1. Synthesis of Bisphenol A Polycarbonate11 

The two leading molecules in the formation of polycarbonate are 

Bisphenol A and Phosgene.  Phosgene is a deadly gas.  There is no harm 

though working with the final form, polycarbonate, because phosgene cannot be 

reproduced during processing or reprocessing. 
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OH C
CH3

CH3

OH

bisphenol A                        

O
C

Cl Cl

phosgene 

The first step is to treat the bisphenol A with NaOH.  The hydroxyl group 

will remove a proton from the bisphenol A, producing a water molecule and 

bisphenol A will then be a sodium salt.  The same reaction then happens again 

on the other alcohol group of the bisphenol A.  See the next few steps for 

clarification: 

OH C
CH3

CH3

O H Na
+O H

OH C
CH3

CH3

O Na
+

C
CH3

CH3

OO Na
+Na

+

+ H2O

+ 2H2O

 

Now that the bisphenol A is a salt, it can react with the phosgene.  The 

oxygen has a negative charge on it and will donate a pair of electrons to the 

carbon atom in the phosgene.  Carbon, lacking electron density due to the 

electronegative oxygen double bonded to it, will release one of the unequally 

shared electrons.  This pair now rests itself on the oxygen giving it a negative 
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charge.  The next few steps of the mechanism are shown below: 

C
CH3

CH3

OO Na
+Na

+ C
O

Cl Cl

C
CH3

CH3

OO C
Cl

Cl
ONa

+
Na

+

 

The electrons on the oxygen will now shift back to the carbon, reforming 

the carbon-oxygen double bond.  The chlorine atom picks up the extra electron 

and breaks away from the molecule forming a chlorine ion which is picked up by 

the sodium ion forming NaCl.  The molecule that is left is called chloroformate.  

The next few steps of the mechanism are: 

C
CH3

CH3

OO C

Cl

Cl
ONa

+
Na

+

C
CH3

CH3

OO Cl
O
CNa

+
Na

+
Cl+ +

 

This chloroformate can get attacked by another bisphenol A molecule just 

as the phosgene was.  The next steps are: 
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This will go through the same process as before to double bond the 

oxygen to the carbon and lose the chlorine ion, forming a carbonate group.  The 

next few steps of mechanism are: 
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After this happens the new molecule can react with more phosgene.  After 

repeating this cycle many times polycarbonate is formed11: 

O OC C
CH3

CH3

O

n

 
eventually

Polycarbonate  

2.1.2. Fries Type Rearrangement of Polycarbonate 

During the pyrolysis of polymers, the first step that occurs is the 

breakdown of large macromolecules into smaller molecules.  It has been cited in 

many references that polycarbonate first goes through a Fries type 

rearrangement, which promotes crosslinking of the carbonaceous char that is 
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formed to provide a barrier to heat and mass transfer. 

To better understand the Fries type rearrangement of polycarbonate, 

photodecomposition of Bisphenol-A-based polycarbonate has been studied,12 

and it has been found that a variety of products are formed in the primary 

photodecomposition, i.e., a photo-Fries rearrangement product, a variety of 

cleavage/expulsion (CO or CO2)/recombination products, and photo-oxidation 

products.  Figure 2-2 shows the photo-Fries rearrangement process that has 

been reported12 to occur upon direct absorption of light by the diaryl carbonate 

repeat units. 
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Figure 2-2 Photo-Fries Rearrangement of Bisphenol-A Polycarbonate12 
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2.2. Degradation Kinetics based on Thermogravimetry 

Thermogravimetric Analysis (TGA) is a very powerful tool in determining 

the degradation kinetics of polymers.  In a TGA, a sample of polymer is placed 

on a balance in a furnace.  The furnace is heated at a controlled rate, and weight 

loss versus temperature is recorded (see section 3.3.1).  A typical plot of the 

weight loss vs. temperature of polycarbonate is shown in Figure 2-3.  Different 

methods can be applied to find the kinetic parameters: activation energy, pre-

exponential factor, and decomposition order.  Some of the methods used in 

determining these parameters were developed by Friedman13, Chang14, Coats-

Redfern15, Freeman-Carroll, and Kissinger16.  Some of the more common and 

popular methods revolve around the work done by Flynn17,18.  Two other 

methods include ASTM E164119, assuming first order kinetics, and a method by 

Li and Huang20. 
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Figure 2-3 TGA of Makrolon 2608 in Nitrogen and Air at 10oC/min 

2.2.1. Basic Kinetic Model 

The kinetic parameters are determined from the equation 

)/exp()()( RTEAf
dt

d
−= αα  Eqn. 2-1 

where 

α   = fractional conversion 

t    = time (sec) 

A   = Pre-exponential Factor (sec-1) 

E   = Activation Energy (Joules/mol) 

R   = Gas Constant (8.314 Joules.mol-1.K-1) 
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T   = Temperature (K) 

The fractional conversion term, α, is defined 

)(
)(
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i

xx
xx

−
−

=α  Eqn. 2-2 

where 

ix   = initial weight (mg) 

fx   = final weight (mg) 

x   = weight measured at any time (mg) 

The fraction remaining is given by 

)(
)(

)1(
fi

f

xx
xx

−

−
=−α  Eqn. 2-3 

The term, f(α), can be fitted occasionally by the equation 

nf )1()( αα −=  Eqn. 2-4 

where 

n   = Order of Reaction 

and in some other cases by more complex expressions. 

2.2.2. The Flynn Method 

The method found to be most useful is the Flynn Method17 that uses a 
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differential isoconversional determination of Arrhenius parameters.  This can be 

done in two different ways: isothermal or constant heating rates as the 

temperature programs in the TGA.  The basic equation for the differential 

isoconversional method is  

iii RTEAfdtd /])(ln[)/ln( −= αα  Eqn. 2-5 

where i denotes the isoconverion used, for example, i = 0.05.  Two or more 

experiments are performed at differing temperature programs, for example, 

constant heating rate or isothermal.  For each experiment, values for Ti and 

(dα/dt)i are obtained for various values of αi (e.g. αi = 0.05, 0.10, 0.20, …, 0.90, 

0.95) covering the experimental range.  Values for E/R and lnAf(αi) are obtained 

from the slope and intercept of Eqn. 2-5.   

Once E/R is known, values of lnAf(αi) from the intercepts of various values 

of αi can be plotted as a function of ln(1-α)i.  Extrapolated intercept value at α = 0 

will be equal to lnA. 

By using the Flynn Method, the Arrhenius parameters are calculated 

independently of the form of f(α).  This can be beneficial when the reaction order 

is not known or when there may be error in the reaction order. 
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Determining reaction order can be done by taking the logarithm of Eqn 2-4 

to get 

)1ln()(ln αα −= nf  Eqn. 2-6 

By plotting lnf(α) versus ln(1-α) one can obtain the slope, n.  This 

assumes that the reaction fits Eqn. 2-4 and not a different form, such as, an 

autocatalytic function. 

2.2.3. Kissinger Method 

Another way of quickly computing the pre-exponential factor and activation 

energy is to use the Kissinger Equation16: 

m
n

mm RTEEnRAT /]/)(ln[)/ln( 12 −= −αβ   Eqn. 2-7 

where  

β = Heating Rate (°C/min) 

m = subscript: representing where derivative 

dα/dt is at maximum 

For this method, samples are run at different heating rates (e.g. 1, 5, 10, 

20 °C/min).  From these TGA data, a table of β and Tm data can be generated.  

The Kissinger equation can then be easily used to make a simple plot to find the 

activation energy.  If one assumes the reaction order to be unity, the pre-

exponential factor can also be obtained. 

21 

 



2.2.4. Dissociation Energies of Polycarbonate 

Dissociation energies as reported20 are shown in Figure 2-4.  This may 

give some indication as to what bonds will be broken first and what products may 

be formed during pyrolysis. 
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Figure 2-4 Molecular structure of bisphenol A polycarbonate and 
dissociation energy (in kJ/mol) of eight bonds in polycarbonate20 

2.3. Reason for adding Flame Retardants to Polymers 

The objective of adding a flame retardant to a polymer is to increase the 

resistance of the material to ignite and to reduce the flame spread, so that the 

flame does not grow but self extinguishes, while at the same time having minimal 

degradation of its properties.  The resultant products are still combustible, and 

the use of the flame retardant is to minimize, not eliminate, the fire risk 

associated with the use of a polymer in a specific application.  The use of flame 

retardants may prevent a small fire from becoming a major catastrophe.  

Approximately 80% of fire deaths can be attributed to smoke inhalation6. 
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2.4. Mechanism of Flame Retardant 

The combustion of polymers is a process comprising endothermic 

pyrolysis to flammable gases which mix with oxygen in the air and ignite, leading 

to exothermic processes of flame propagation and heat release.  Thermal 

feedback reinforces pyrolysis, fueling the flame at an increasing level.  By adding 

flame retardants that act chemically and/or physically in the condensed or vapor 

phase, one can disrupt the combustion process during heating, pyrolysis, 

ignition, or flame spread.  The most significant chemical process interfering with 

the combustion can take place in either the vapor or condensed phase6.   

The various ways in which a flame retardant can act are described in the 

following.  They do not occur singly but should be considered as a complex 

process in which many individual stages occur simultaneously.  There are 

several ways in which the combustion process can be retarded by physical or 

chemical action21. 

2.4.1. By Physical Action: 

By formation of a protective layer, Char.  The additives can form, under an 

external heat flux, a shield with a low thermal conductivity which can reduce the 

heat transfer from the heat source to the material.  This then reduces the 

degradation rate of the polymer and decreases the “fuel flow” (pyrolysis gases 

issued from the degradation of the material) able to feed the flame.  It is the 
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principle of the intumescence phenomenon22. 

By cooling.  The degradation reactions of the additive can play a part in 

the energy balance of combustion.  The additive can degrade endothermally 

which cools the substrate to a temperature below that required for sustaining the 

combustion process.  Aluminum trihydroxide (ATH) or magnesium hydroxide 

(MDH) acts under this principle, but it was shown that it was only efficient to 

increase the time to ignition23 measured by cone calorimetry. 

By dilution.  The incorporation of inert substances (e.g. fillers such as talc 

or chalk) and additives which evolve inert gases on decomposition dilutes the 

fuel in the solid and gaseous phases so that the lower flammability limit of the 

gas mixture is not exceeded24. 

2.4.2. By Chemical Action:   

The most significant chemical reactions interfering with the combustion 

process take place in the condensed and gas phases: 

Reaction in the condensed phase.  Here two types of reactions can take 

place.  First, breakdown of the polymer can be accelerated by the flame retardant 

causing pronounced flow of the polymer and, hence, its withdrawal from the 

flame which breaks away.  Secondly, the flame retardant can cause a layer of 

carbon (charring), a ceramic-like structure and/or a glass to be formed on the 

polymer surface21. 
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Reaction in the gas phase.  During pyrolysis, radicals are formed and later 

combust with oxygen to produce a flame.  The radical mechanism of the 

combustion process which takes place in the gas phase is interrupted by the 

flame retardant or their degradation products; thus the FRs act as a radical trap.  

The exothermic processes which occur in the flame are thus stopped, the system 

cools down, and the supply of flammable gases is reduced and eventually 

completely suppressed21. 

It is noteworthy to mention that fire retardant additive systems may be 

used alone or in association with other systems in polymeric materials to obtain a 

synergistic effect, i.e. the effect is higher than the addition of the separate effects 

of each system21. 

2.5. Flame Retardants Used for Polycarbonate and its Blends 

Levchik and Weil25 give a comprehensive review of new developments in 

the flame retardancy of polycarbonate and its blends.  Blends for PC mostly 

include Polycarbonate/Acrylonitrile butadiene styrene (PC/ABS).  They go on to 

list all flame retardants that are used now and at what weight percent loading 

levels they need to be added in to achieve a UL94 v-0 rating, the best rating 

given under the Underwriters Laboratories UL94 vertical burning test (see section 

3.2.2).  A summary of the flame retardants follows in the next few pages.   
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2.5.1. Halogenated Flame Retardants for PC 

• Epoxy oligomers made from tetrabromobisphenol A (6-9wt%) with liquid 

crystal polyester (improves melt flow) 

• Tetrabromobisphenol A (14wt%) (costly) (better physical properties than 

oligomers) 

CH3

CH3

OHOH

Br

Br

Br

Br  

• Copolymerization of tetrabromobisphenol A and straight bisphenol A, (low 

thermal stability) 

• Polybrominated trimethylphenylindane (15-40wt%) 

CH3CH3

CH3
Br

Br

n

n  

2.5.2. Halogenated Flame Retardants for PC/ABS 

• Brominated FRs are rarely used because of poor compatibility 

• Halogenated oligomers do not provide advantages of flow enhancement 

• Brominated epoxy oligomer may help with tensile and flexural strength, 
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however, impact strength may suffer, because of presence of reactive 

epoxy groups 

2.5.3. Phosphorus-containing Flame Retardants for PC 

Phosphorus can function in the condensed phase, promoting char 

formation on the surface which insulates the substrate from heat and air and also 

interferes with the loss of decomposition products to the flame zone6. 

• Rarely used in plain PC because 

– Partial loss of clarity 

– Tendency to stress-cracking 

– Somewhat reduced hydrolytic stability  

• Widely used in PC/ABS blends  

2.5.4. Phosphorus-containing Flame Retardants for PC/ABS Blends 

• Triphenyl phosphate (TPP) (12-18wt%) (low melting point) (high 

volatilization) 

O P O
O

O
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t-Butylphenyl phenyl phosphate  

CH3CH3

CH3
Br

Br

n

n  

– Better retention in resin  

– Better hydrolytic stability 

– Resistance to cracking 

– High volatility  

• tris(2,6-xylyl) phosphate (12-15wt%) 

O
P

O

O

O

CH3CH3

CH3

CH3

CH3

CH3

 

– Good hydrolytic stability 
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• Resorcinol bis(diphenyl phosphate) (8-12wt%)  

O O P O
O

O
P

O

O

O

n

 

 

– Poly(tetrafluoroethylene) (PTFE) (<0.5wt%) required to retard 

dripping 

– Hydrolytic instability 

• Bisphenol A bis(diphenyl phosphate) (≥12wt%)  

O O P O
O

O

P

O
O

O

n

 
CH3

CH3

 

– Thermally and hydrolytically stable 

– Viscous liquid, hard to handle 

– Needs <0.5wt% PTFE to retard dripping 

– Long term stability, add epoxy or oxetane aced scavengers 

– Co-addition of mineral filler improves impact resistance 
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• Resorcinol bis(di-2,6-xylyl phosphate) (RXP) (12-16wt%) (commercially in 

Japan) 

O P O

O

O
O P O

O

O

CH3

CH3

CH3 CH3 CH3 CH3

CH3

CH3

 

– Higher hyrdolytic stability than BDP 

– Solid, easier to handle 

– High cost 

• Biphenyl bis(diphenyl phosphate) (11-14wt%) 

O O P O
O

O

P

O
O

O

n

 

 

– High temperature performance 
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• Pentaerythritol spirophosphates 

– Pentaerythritolspirodiphenyl phosphate, (3.8wt% + 3.5 wt% TPP) 

O
P

O
P

O

OO

O

O

O
 

• High volatility, no commercialization 

• o,p-tert-butylphenyl groups 

O P O

O

O

CH3 CH3

CH3

CH3 CH3

CH3

O P
O

O
O

CH3

CH3
CH3

CH3

CH3

CH3CH3

CH3

CH3

CH3  

– More effective than RXP 

– Impoves hydrolytic stability of bisphosphates 

• Pentaerythritol tetrakis(diphenyl phosphate) and trimethylolpropane 

tris(diphenyl phosphate) (11.5-16.5wt%) 

– Branchy bridging group 

31 

 



• Hexaphenoxytricyclophosphazene (12-15wt%) 

N
P
N

P
N

P
O

O

OO

O

O

 

– Thermally stable 

– Synergistic with aromatic bisphosphates (RDP or BDP) 

2.5.5. Sulfur-containing Additives for PC or Salts of Organic Acids 

Another well known flame retardant additive for polycarbonate is made 

from salts of aromatic sulfonates in very low concentration (~0.1 wt%).  The 

thermal degradation of polycarbonates proceeds by two mechanisms.  

Isomerization leads to linear oligomeric ethers with phenol end groups.  Loss of 

carbon dioxide and water leads to crosslinking6. 

C
CH3

CH3

O C
CH3

C
O

OH

CH3
-H2O

-CO2
PC crosslinking

 

Intramolecular exchange leads to formation of cyclic oligomers which will 
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react with water vapor and liberate carbon dioxide to form aromatic phenols6.   

C
CH3

CH3

O C O
O

n

 

-CO2

PC
+H2O aromatics

phenols

 

The addition of catalytic levels (0.1%) of aromatic sulfonate salts, sodium 

and potassium, changes the mechanism of thermal degradation; oxygen 

transfers to the ortho position forming ketones (Fries rearrangement).  The end 

result is crosslinking6. 

C
CH3

CH3

C
O

C
CH3

CH3

O

OHOH

PC crosslinking

 

Continuing with the previous list25 of flame retardants, using the sulfonate 

technology: 

• Potassium diphenylsulfonesulfonate (KSS) 

S

O

O

S
O

O
O K+
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• Sodium trichlorobenzenesulfonate (STB) 

Cl

Cl S O

Cl
O

O

Na+

 

• Potassium perfluorobutanesulfonate (KPFBS) 

C4F9 O
O
S
O

K
+

 

• Some hazing of PC, KSS< STB  

• All at 0.05-0.1wt% loading 

• Although some information is known, the FR mechanism is still not clear, 

condensed phase for STB 

• Fries type rearrangement: Aromatic sulfonates may accelerate the Fries 

type rearrangement of PC 

C O C O
OCH3

CH3
n

 

O

O
C

OH

C
CH3

CH3

n

 

 

• Results in faster decomposition and crosslinking 

• More research is to be performed in this dissertation on the KSS/PC 

system to better describe the FR mechanism. 
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2.5.6. Siloxanes as Flame Retardant for PC 

• Octaphenylcyclotetrasiloxane 

• Branched methyl phenyl siloxane (2wt% with PTFE) 

• Both work well in combination with metal salts of organosulfonic acids 

• Siloxanes migrate to and accumulate at the surface of PC quickly during 

combustion 

2.5.7. Silicones as Flame Retardant for PC 

Silicon compounds containing R3SiO1/2 (M-unit), R2SiO (D-unit), RSiO3/2 

(T-unit) and SiO2 (Q-unit) in various combinations are commonly used as flame-

retardant auxiliaries for polycarbonate.  Two different groups in Japan have 

experimented with these FR’s.  The results indicated that PC containing D-type 

silicone has excellent flame retardancy, high impact resistance, and superior 

moldability and recyclability26, and the use of methyl and phenyl groups (R) are 

the most effective for flame retarding thermoplastics, particularly PC, as 

compared to using hydroxyl, methoxy, or vinyl groups27. 

2.5.8. Teflon® to improve limiting oxygen index of PC 

Small amounts of Teflon® will significantly increase the limiting oxygen 

index, a flammability measurement, of polycarbonate resins.  This is surprising 

because fluorocarbons are inherently non-burning, but they generally do not 

impart flame retardancy to other plastics because either the C-F bond is too 
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thermally stable or the highly reactive hydrogen fluoride or fluoride radicals that 

may form react rapidly in the condensed phase6. 

2.6.  Recycling Polycarbonate 

Several different brominated and phosphorous containing flame retardants 

are used in various polymer systems in electrical and electronic equipment 

(EEE).  When the material’s life has ended, it has some end-of-life options, such 

as, feedstock recovery, waste-to-energy recovery, and recycle.  Feedstock 

recovery is a technique involving chemical recovery of raw materials that can be 

reused.  Waste-to-energy recovery is the practice of incineration.  Recycling is a 

way of reusing the original material again to make new material.  Mechanical 

recycling of plastics from waste of EEE or Waste of EEE (WEEE) is currently 

practiced to only a limited extent due to the need for infrastructure and 

technology required to collect and separate these materials in acceptable 

streams28.  

While recycling, some properties may be lost or degraded due to the 

extended thermal history and shearing that takes place during processing.  Such 

properties include mechanical, thermal, optical, rheological, and flammability.  A 

decrease in the molecular weight due to recycling may also be observed, and 

this can have a direct effect on all of these properties.  For example, viscosity of 

a polymer will typically decrease as the molecular weight is decreased. 
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2.7. Analysis of Pyrolysis Gases  

Upon heating of a polymer sample, the molecular structure will start to 

break down into smaller compounds.  These compounds will diffuse out of the 

sample and into the gas phase.  Analysis (in an inert, nitrogen atmosphere) of 

these gases and the rate at which they come off can lead to a fuller 

understanding of the mechanisms and kinetics involved during degradation.   

In recent years, pyrolysis-gas chromatography-mass spectrometry (Py-

GC-MS) has been widely used for the separation and identification of the volatile 

pyrolysis products of polymers and can be considered as the most convenient 

method to detect simultaneously the presence of decomposition products, both 

qualitatively and quantitatively29.  It is however realized that not enough is known 

about the chemistry of high temperature reactions and of the kinetics and 

activation energies involved30. 

Using a combustion chamber connected to a GC and a mass selective 

detector (MSD), Becker, et al. were able to decompose polycarbonate in air and 

record the thermolysis products at isothermal temperatures of 400, 600, and 

800oC31.  Table 2-2 shows their results.  This gives some indication as to what 

products might be expected during pyrolysis.   
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Table 2-2 Quantitatively determined thermolysis products of polycarbonate 
at 400, 600, and 800oC in air as recorded by Becker et. al.31 

 

Tsuge et al. have performed Py-GC-MS work with a co-polycarbonate and 

a silicone based flame retardant.  They were able to conclude that the silicone-

based flame retardant weakened the carbonate linkages of the polycarbonate 

chain which improved the flame retardancy.  They were also able to observe 

from the pyrograms that dimethyl ethers of Bisphenol A, reflecting the main 

chain, and p-tert-butylanisole, reflecting the end group, were coming off32. 

2.8. Thermal Degradation of Bisphenol A Polycarbonate in Air 

Jang and Wilkie studied the thermal degradation of bisphenol A 

polycarbonate in nitrogen33 and in air34 as a function of mass loss using 
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thermogravimetric analysis/fourier transform infrared analysis (TGA/FTIR), gas 

chromatograph/mass spectroscopy (GC/MS), and liquid chromatograph/mass 

spectroscopy (LC/MS).  The mechanisms of thermal degradation of 

polycarbonate in air are suggested in Figure 2-5 through Figure 2-9.  Assigned 

structures from the GC/MS and LC/MS work are shown in Table 2-3, Table 2-4, 

and Table 2-5, and can be used in combination with the figures mentioned34. 

Table 2-3 The structures having three benzene rings in GC/MS results34 

 

Table 2-4 Assigned structures having one and two benzene rings from 
GC/MS results34 
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Table 2-5 Structure assignments for the significant peaks in LC/MS34 

 

The text below is a direct account of Jang and Wilkie’s study on their view 

of the degradation pathways of polycarbonate in air34. 

Figure 2-5 and Figure 2-6 primarily correspond to the initial stage of 

degradation; in the beginning stage of degradation, since no significant 

mass loss is exhibited, the relative concentration of oxygen on the surface 

of degrading polymer may be high and it is possible for oxygen to react 

with the degrading polymer and form peroxide.  Aldehydes and ketones 

are evolved via the mechanism shown in Figure 2-5, along with H2O and 
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phenyl radicals.  The H2O produced in Figure 2-5 induces hydrolysis of the 

carbonate linkage, which produces mainly bisphenol A and CO2.  As 

shown in the vapor-phase FTIR results, relatively intense bands due to the 

CO2 and H2O support Figure 2-5, while the phenyl radicals produced in 

Figure 2-5 may be involved in the formation of branched structures, as 

shown in Figure 2-6.  Figure 2-6 shows an example how oxygen may 

induce branching on the surface of degrading polycarbonate.  This assists 

in the formation of an intermediate surface char layer which prevents the 

access of oxygen and the evolution of degraded smaller molecules.  

Through Figure 2-5 and Figure 2-6, it is thought that oxygen also 

facilitates the formation of the branched structures on the surface of 

degrading polycarbonate as well as radical formation which may initiate 

mass loss34. 
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Figure 2-5 Initiation mechanism of the degradation of polycarbonate34 
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Figure 2-6 2nd Initiation mechanism of the degradation of polycarbonate34 

Therefore, in the case of main degradation stage (over 20% mass 

loss in TGA curve), due to the intermediate surface layer and relatively 

fast mass loss rate of degrading polycarbonate, the effect of oxygen 

becomes negligible.  Hence, many of the evolved products are the same 

as those in nitrogen; it appears that the degradation pathway in this region 

in air is similar to that in nitrogen.  Figure 2-7 through Figure 2-9 are the 

degradation pathways of main degradation region.  The primary evolved 

products from GC/MS in the main degradation region are phenol, alkyl 

phenols, bisphenol A, ethers and carbonates.  In the case of the ether 

linkage, it was suggested that the ether linkage is thermally produced 
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through a Kolbe-Schmitt type rearrangement of carbonate or through the 

concerted 1,3-shift of the carbonate group, followed by decarboxylation, 

as shown in Figure 2-734.   

 
Figure 2-7 Pathway 1 of main degradation region of polycarbonate34 

Most of the evolved products in this main degradation stage are 

thought to be produced through the chain scission of the isopropylidene 

linkage and hydrolysis/alcoholysis of the carbonate linkage, producing 

alkyl, phenyl and alcohol ends for the structures having two or three 

benzene rings in the evolved products, as shown in Figure 2-8, and this is 

the same both in nitrogen and in air34. 

 
Figure 2-8 Pathway 2 of main degradation region of polycarbonate34 
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Scrutinizing the results of the GC/MS and the LC/MS for the higher 

molecular weights, it can be seen that the relative intensity of ether 

compounds and the number of assigned linear structures are reduced, but 

branched structures are increased in air.  It is speculated that the 

intermediate surface char formed in the beginning stage of degradation, 

noted in Figure 2-6, assists the formation of branched structures, since 

this layer may act as a barrier and prevent the evolution of degraded 

products and give more opportunity for radical recombination reactions 

leading to branched structures34.   

It is thought that the 1,1’-diphenylethane skeleton is important in the 

branched structures.  The radical of 1,1’-diphenylethane produced via 

methyl scission is quite stable, so it is quite possible to react with other 

radicals, such as para alkyl substituted phenol radicals in the condensed 

phase of degrading polycarbonate, as shown in Figure 2-934. 

 

Figure 2-9 Pathway 3 of main degradation region of polycarbonate34 
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Chapter 3.  EXPERIMENTAL APPARATUS 

This chapter gives information on the equipment that was used during the 

recycling experiments and mechanistic study.   

Refer to Appendix 5 for notes on safety and personal safety equipment. 

3.1. Polymer Processing Equipment 

3.1.1. Haake PolyDrive Internal Mixer 

The Haake PolyDrive Internal Mixer (see Figure 3-1) is composed of two 

rotors inside a mixing bowl where about 70 cm3 of material can be added.  The 

whole unit can be heated anywhere from ambient to 450ºC.  The rotors can be 

turned at a fixed rate.  With the addition of a computer, the Torque, RPM, and 

Temperatures at four different thermostat locations can be monitored.  Typical 

processing conditions for polycarbonate are 240-280ºC and 40-60 rpms.  All off 

gases are vented to a hood located directly above the mixing zone. 

46 

 



 

Figure 3-1 Haake PolyDrive Internal Mixer 

3.1.2. Brabender Extruder 

 The Brabender Counter Rotating Twin Screw Extruder (see Figure 

3-2) was used to extrude the samples.  For PC, the typical temperature profile 

used, from hopper to die, was 265ºC, 280ºC, 290ºC, and 285ºC.  The typical 

speed was set to 40 rpm.  All off gases are collected by a hood mounted above 

the die of the extruder.  This machine can be extremely hot (300ºC) and proper 

personal protective equipment must be used. 

47 

 



 

Figure 3-2 Brabender Counter Rotating Twin Screw Extruder 

3.1.3. Setup of Liquid Feeder to Brabender Extruder 

To feed a liquid flame retardant, primarily Fyrolflex BDP® (see Appendix 

C), a liquid feeder, positive displacement syringe pump (see Figure 3-3), was 

built.  The motor on the pump is controlled by a dial controller and speed was 

monitored by a tachometer (see Figure 3-4). 

 
Figure 3-3 Motor and Syringe Pump Assembly 
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Tachometer 

 ↑Forward 
 ↓Reverse 
    Switch 

Controller 
 

Figure 3-4 Control Box showing the Tachometer, Swith and Controller 

By knowing the motor speed, gear turn down ratio, # of threads per inch 

on the screw, diameter of syringe, and density of the fluid (assuming it to be 

incompressible), one can calculate the mass flow rate of the pump:   

208
1

4

2D
T
RM πρ

=  Eqn.  3-1 

where  

M  = Mass Flow Rate (kg/min) 

R  = Motor Speed (Rev/Min) 

D  = Diameter of Syringe (0.050927m) 

ρ   = Density of Fluid (kg/m3) 

T    = Threads per Inch on Screw (16)  

208  = Gear Turn Down Ratio 

The gear turn down ratio, # of threads per inch on the screw, and diameter 
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of syringe are known and constant.  This equation simplifies to a useful 

correlation that relates motor speed to volumetric flow rate, which is constant for 

all incompressible fluids: 

R
rev
mV ][10555.1

3
8−×=  Eqn.  3-2 

where  

V  = Volumetric Flow Rate (m3/min) 

The volumetric flow rate multiplied by the density of the fluid gives the 

mass flow rate: 

ρR
rev
mM ][10555.1

3
8−×=  Eqn.  3-3 

For Fyrolflex BDP®, the density is 1294 kg/m3, which further simplifies the 

equation to relate the motor speed and the mass flow rate: 

R
rev
kgM DPFyrolflexB ][10012.2 5−×=  Eqn.  3-4 

A masterbatch with high loading level of additive can be made. This can 

then be diluted by extruding it again with a calculated amount of virgin polymer 

depending on how much total sample is needed.  This amount can be obtained 

by a simple mass balance on the flame retardant and is: 

highhightotaltotal wtMwtM %% ⋅=⋅  Eqn.  3-5 
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where  

totalM   = Total mass (kg) 

totalwt%  = wt% of additive that is needed in total mass  

highM   = Mass of masterbatch used (kg) 

highwt%  = wt% of additive that is used in masterbatch 

Then the mass of virgin polymer needed for dilution is calculated by: 

hightotalvirgin MMM −=  Eqn.  3-6 

where 

virginM   = Mass of Virgin Polymer (kg) 

Therefore, by knowing the desired mass fractions and the total amount of 

sample, the mass of the virgin polymer and masterbatch wt% can be calculated.  

This mixing can be done in a zip lock bag, by placing the appropriate amounts in 

the bag and shaking the contents.  All of this can then be fed to the extruder.   

3.1.4. Injection Molding Machine 

The injection molding machine, Battenfeld BA 1000 CDC (see Figure 3-5), 

is a very powerful tool used to make test samples for Tension, Impact, Flexural, 

Flammability, and Rheology testing.  All of these test bars are made in one piece.  

The machine is set up to run all of the available material placed in the hopper 

through a screw feeder and into perfectly molded sample pieces until the hopper 
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runs out of material.  A new test piece is made about every 30 seconds, which is 

relatively fast.  The process temperature profile for polycarbonate from hopper to 

die is 277, 282, 271, 260ºC, (530, 540, 520, 500ºF).  5.014cm3 (0.306 in3) of 

material is injected into the mold at a peak pressure of 68.95MPa (10,000 psi) 

and held at 48.26MPa (7,000 psi) at 43.3ºC (110ºF) for 30 seconds.  The mold is 

released and the plastic part is popped out of the mold into a sample collection 

container. 

 
Figure 3-5  Battenfeld BA 1000 CDC Injection Molding Machine 
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Figure 3-6  Test Samples, made in one shot, from the Injection Molder 

3.2. Flammability Tests 

3.2.1. Limiting Oxygen Index  

The Limiting Oxygen Index (LOI) (ASTM D 286335) represents the 

minimum amount of oxygen that a sample needs to sustain ignition and 

combustion.  The LOI is defined as: 

%100
][][

][

22

2 ×
+

=
NO

OLOI  Eqn.  3-7 

where   

][ 2O   = Fraction of oxygen in the inflow gas 

][ 2N   = Fraction of nitrogen in the inflow gas 
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If the LOI is below 20.95% (oxygen concentration in the atmosphere), then 

the plastic will burn continuously in air and the material is considered 

“flammable.”36  If the LOI is 20.95%, then the plastic is labeled as “marginally 

stable.”36  If the LOI lies between 20.95% and 28%, the material is given a 

classification of “slow-burning.”36  If the LOI is between 28% and 100%, it is 

considered “self-extinguishing.”36  Note that a material classification applies to 

the limiting oxygen index test and does not necessarily transfer to another test 

method.    

The apparatus used to measure the LOI is pictured in Figure 3-7.  It is 

connected to Oxygen and Nitrogen cylinders.  Flow is controlled through two 

rotometers to give the correct oxygen concentration.  The pressures of both 

streams of gas are first set equal, and then the flows are adjusted to give the 

correct oxygen concentration.  The sample is then ignited with a metal tube that 

is supplied with methane gas.  Once the sample begins to burn, the flame source 

is removed and the stop watch is started.  For the sample to meet the criteria of 

being at the LOI, it must burn for a specified time of 3 minutes, or to a specified 

length of 50mm.   

The LOI is an easy measurement to make and must be performed on 

each sample to track any changes on flammability properties that may be 

occurring. 
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NitrogenOxygen 

Sample 

Figure 3-7 Limiting Oxygen Index Apparatus 

3.2.2. UL94 Vertical Burn Test 

The Underwriters Laboratories UL94 Test evaluates the flammability of 

plastic materials used for parts in devices and appliances.  It is intended to serve 

as a preliminary indication of their acceptability with respect to the flammability 

for a particular application.  The standard specimen size is 125mm long by 13mm 

wide by 3mm thick (UL94).  The apparatus used to test the samples is shown in 

Figure 3-8.  The setup is contained inside a hood, so that all fumes and 

combustion gases are not released into the room.  The apparatus consists of a 
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burner supplied with methane gas at a fixed flow rate and fixed heat output, a 

stand with sample attached and positioned at the correct height, and a tray with a 

sized piece of cotton to catch any drips.  During the experiment, the flame is 

placed under the sample so that the burner tip is 10mm away from the sample.  

The flame is held there for 10s and then moved away at a specified rate.  The 

time of burning is recorded, and once the specimen extinguishes, the flame is 

placed back under the sample for an additional 10s, and then removed again.  

Time is recorded again for the afterflame, and is recorded for the afterglow.  One 

also notes if the sample burns to the holding clamp, and if any drips ignite the 

cotton below.  Depending on these recorded values, a rating of 94V-0, 94V-1, 

94V-2, or Not Classified is given, showing that the material has, for example, 

great flammability properties if it has a 94V-0 rating, or marginally good 

flammability properties if it gets a 94V-2 rating.  A material that has a rating of 

Not Classified has little to no flammability properties and one may want to use a 

UL94 Horizontal Burn test (information can be found in the UL94 test method).  

Table 3-1shows the material classifications and criteria conditions for the UL94 

Vertical Burn test.   

The UL94 test is easy to carry out and must be performed on each sample 

to track any changes that might be occurring to the flammability properties. 
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Figure 3-8 UL94 Apparatus 

Table 3-1 Material Classifications for UL94 Test 

Criteria Conditions 94V-0 94V-1 94V-2 

Afterflame Time for each individual 
specimen t1 and t2 <=10s <=30s <=30s 

Total afterflame time for any condition 
set (t1 plus t2 for the 5 specimens) <=50s <=250s <=250s 

Afterflame plus afterglow time for each 
individual specimen after the second 
flame application (t2+t3) 

<=30s <=60s <=60s 

Afterflame or afterglow of any specimen 
up to the holding clamp No No No 

Cotton indicator ignited by flaming 
particles or drops No No Yes 

Sample 

Cotton 
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3.2.3. Cone Calorimetry 

Described in Section 7.1. 

3.3. Thermal Analysis 

3.3.1. Thermogravimetric Analysis 

Thermogravimetric Analysis (TGA) measures weight loss as a function of 

temperature.  Normally a 5mg sample is placed on the sample pan that is 

suspended by a balance inside a furnace.  The furnace is heated by a computer 

controlled program at the rate the user specifies, typically 10oC/min.  Nitrogen, 

helium, or air can be supplied as the sample purge gas.  This lets one use an 

inert gas, for example, nitrogen, or a reactive gas, such as, air that contains 

oxygen.  From the collected data, one can determine thermal stability, 

decomposition temperatures, and even degradation kinetic parameters, as 

described in section 2.2. 

Experiments are performed with a TGA Q500 from TA Instruments, shown 

in Figure 3-9.  TGA is performed on all samples.  This lets one look at the 

sample’s decomposition temperature, thermal degradation profile, and, for a 

more in-depth study, the kinetics of degradation. 

58 

 



 
Figure 3-9 Thermogravimetric Analyzer 

3.3.2. TGA Coupled with Gas Chromatograph and Mass Spectrometer 

The effluent of the TGA furnace can be coupled with a Gas 

Chromatograph/Mass Spectrometer (GC-MS).  During the chosen pyrolysis time 

(early decomposition under nitrogen), the carrier gas, such as, helium, sweeps 

volatiles into the GC column, where they are separated according to their 

different boiling points and polarities.  The separated components are then 

measured and characterized by the mass spectrometer37. 

The Polymer Group at West Virginia University does not have a TGA-GC-

MS.  Access to one has been granted by Dr. Charles Wilkie at Marquette 

University, Milwaukee, WI.  All TGA-GC-MS work has been performed there with 

Dr. Wilkie’s assistance. 
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3.3.3. Differential Scanning Calorimeter (DSC) 

Differential Scanning Calorimetery is used to measure transition 

temperatures, such as, glass transition (Tg) and melting point (Tm), and can 

determine the percent crystallinity of a crystalline polymer.  The latter can not be 

done for polycarbonate because it is an amorphous polymer.  Its Tg is reported to 

be 145oC and can be measured very accurately with the DSC Q100 from TA 

Instuments (shown in Figure 3-10). 

DSC measurements are made to check the Tg of the materials that are 

being processed.  During the recycling process, if a contaminant comes in 

contact with the bulk sample, it may show up in the DSC measurement. 

 
Figure 3-10 Differential Scanning Calorimeter 
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3.4. Molecular Weight Analysis 

3.4.1. Gel Permeation Chromotography 

Gel Permeation Chromatography (GPC) is used to find the molecular 

weight (MW) and the molecular weight distribution (MWD) of a polymer.  This 

technique is also called size exclusion chromatography (SEC).  The polymer is 

first dissolved in a solvent, for which polycarbonate is typically dichloromethane.  

The sample is placed in a vial that is automatically syringed and pumped through 

a packed column and then analyzed with a refractometer. 

The GPC used is a GPCmax attached to a TDA 302 from Viscotek (shown 

in Figure 3-11).  TDA stands for Triple Detector Array and houses the packed 

column and analytical detectors. 

The GPC is used on the recycling process to evaluate the molecular 

weight as a function of number of re-extrusions. 

 
Figure 3-11 Gel Permeation Chromatography 
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3.5. Mechanical Tests 

3.5.1. Notched IZOD Impact Test 

The Notched IZOD Impact Test (ASTM D256, Test Method A) (shown in 

Figure 3-12) measures the impact strength of a material.  A pendulum bar (may 

be weighted) is held at a fixed position and released.  The bar swings down and 

hits a notched sample (standard sample of 64mm x 12.7 x 3.2 mm with a notch 

of 2.5mm).  The sample breaks absorbing some of the energy.  The pendulum 

continues to swing with the remaining energy it has and moves a needle up on a 

scale where a reading can be taken.  Once calibrated, this reading divided by the 

thickness of the sample is the IZOD Impact Strength.  Typical impact strength of 

polycarbonate is 16 ft-lbs/in. 

The IZOD Impact test is simple to do and is performed on all samples that 

have been injection molded.  For a recycling process, the impact strength of a 

material may go down considerably due to molecular weight changes, additives, 

and contaminants.  This impact strength versus number of re-extrusions during 

the recycling process is plotted. 
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Figure 3-12 IZOD Impact Apparatus 

3.5.2. Instron Tesion Test 

An Instron machine (see Figure 3-13, Instron 5567 with video 

extensometer) (ASTM D638) is a powerful tool in analyzing Youngs Modulus, 

Yield Point, Strain at Yield, Elongation, and Ultimate Stress (see Figure 3-14).  

The standard dog-bone shaped test specimen is first placed in the holding 

clamps and using a programmed computer with a fixed strain rate, the machine 

places a load on the sample bar and pulls it from one end at a rate of 1mm/min to 

obtain the Young’s modulus.  The rate is then ramped up to 5mm/min. A load cell 

attached to the top end measures the force that the machine is placing on the 

sample.  This force divided by the cross sectional area gives the stress.  This 
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stress can be plotted versus strain.  Strain is the change in length divided by the 

original length.  Strain is measured with a video extensometer, which works by 

visually looking at two white dots placed on the sample.  When the sample is 

pulled, the video extensometer continuously measures the distance between the 

two dots.  Once plotted, the slope of the stress vs. strain curve is the Young’s 

Modulus.  The maximum load at the break point is the material’s ultimate stress. 

The Instron Machine is used in measuring the previously mentioned 

properties of all materials that have been injection molded. 

 
Figure 3-13 Instron Machine 

Video 
Extensometer Holding 

Clamp 
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Figure 3-14 Stress versus Strain Curve of Polycarbonate 

3.5.3. Dynamic Mechanical Thermal Analysis 

Dynamic Mechanical Thermal Analysis (DMTA) (shown in Figure 3-15 

from Rheometrics Scientific) examines the behavior of visco-elastic materials 

according to temperature and frequency dependant behavior.  A small strain 

(deformation) is imposed on the material by application of a stress.  The amount 

of strain resulting from the applied stress leads to information about the modulii 

of the material; its stiffness and damping properties.38 
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Figure 3-15 Dynamic Mechanical Thermal Analyzer 

3.6. Rheometry Measurement 

3.6.1. Capillary Rheometer  

The Capillary Rheometer, RH2000 from Bohlin Instruments (see Figure 

3-16) is used to find the viscosity of a material.  Roughly 40 g of solid pellets are 

added to a heated barrel.  The polymer is then pushed through the barrel and out 

a small capillary die at a specific flow rate.  This flow rate may change as time 

goes on.  Data are collected automatically by the system’s software and 

analyzed.  From the plot of stress versus shear rate, the viscosity can be found.  

For non-Newtonian fluids, the viscosity versus shear rate can then be plotted. 
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The Capillary Rheometer is used while performing recycling experiments.  

A change in the material’s viscosity may be observed due to a change in 

molecular weight from recycling. 

 
Figure 3-16  RH2000 Capillary Rheometer 
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Chapter 4. INITIAL RESULTS OF RECYCLING 
EXPERIMENTS 

This chapter goes into specifics of the preliminary recycling experiments 

and gives the initial results.  It provides details about the polycarbonate resins 

and flame retardants used, the experiments performed, the results obtained, and 

the conclusions reached.  Based on these results and conclusions, further work 

was performed, and this is presented in the next chapter as the final recycling 

experiments that have definitive results and conclusions.   

4.1. Materials Used 

Three different polycarbonates were used and these are listed below.  

Several different flame retardants were also donated by different suppliers.  After 

reviewing and narrowing down the selection of flame retardants, the ones listed 

below were chosen for use in the research.   

4.1.1. BAYER Makrolon 2608  

Makrolon 2608 is a non-flame retarded, medium viscosity grade of virgin 

polycarbonate from Bayer Material Science.  It was obtained courtesy of Dr. 

Pierre Moulinie, research scientist at BAYER, Pittsburgh, PA.  Appendix A 

contains the material’s properties as listed on BAYER’s website39. 
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4.1.2. BAYER Makrolon 6555 

Makrolon 6555 is of a medium viscosity grade of polycarbonate from 

Bayer Material Science that is flame retarded with a brominated flame retardant, 

most likely tetrabromobisphenol A.  This is reactively extruded into the backbone 

of the polycarbonate at around 4-5wt%.  It was also obtained courtesy of Dr. 

Pierre Moulinie from BAYER, Pittsburgh, PA.  Appendix B contains the material’s 

properties as supplied on Bayer’s website40. 

4.1.3. Recycled Polycarbonate from SDR Plastics 

Granulated compact disks were obtained from SDR Plastics and used in 

some flammability and internal mixing experiments and are labeled as Recycled 

CDs.  The recycled material was used to get a feel of how the different flame 

retarded additives perform with a recycled polycarbonate. 

4.1.4. Fyrolflex BDP® 

Bisphenol A bis(diphenyl phosphate) is a non-halogen phosphorous based 

flame retardant.  The material was supplied by Paul Moy of Supresta, Ardsley, 

NY.  Supresta is a new company that was formally known as Phosphorous 

Chemicals, a subdivision of Akzo Nobel.  Appendix C shows the materials 

properties. 
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4.1.5. Fyrolflex RDP® 

Resorcinol bis(diphenyl phosphate) is a non-halogen phosphorous based 

flame retardant.  The material was supplied by Paul Moy of Supresta, Ardsley, 

NY.  Appendix D shows the materials properties. 

4.1.6. KSS FR 

Potassium diphenylsulfone sulfonate is a non-halogen sulfonate based 

flame retardant.  It is a white powder and provides a UL94 v-0 rating at a loading 

level of 0.2wt%.  It was produced by Sloss Industries Corporation, Birmingham, 

AL, (now produced by Arichem LLC) and arranged for by Flame Retardant 

Associates, Concrete, WA.  KSS FR® costs around $20/kg41.  Appendix E shows 

the material’s properties. 

4.2. Recycling of Makrolon by re-Extrusion 

As preliminary results, re-extrusions of Makrolon 2608 and 6555 were 

evaluated.  For each material, 7 kg of material was extruded in the Brabender 

Counter Rotating Extruder (see section 3.1.2 extruder details), then 1 kg was set 

aside while the remainder was extruded again.  This continued with up to 5 or 6 

cycles, with drying in between.  All samples were then dried and injection molded 

(see section 3.1.4 for molder details).  See Figure 4-1 for a schematic of this 

process.  The processing conditions for polycarbonate using an oven and the 

70 

 



Brabender extruder are shown in Table 4-1.  Results are shown under their listed 

sections below.  In all the figures, A represents Virgin material, and B, C, D, etc., 

represent 1st, 2nd, 3rd, etc., re-extrusions.  (Note: This labeling system changes in 

the final results and discussion, and is explained in Chapter 5) 
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Preliminary Sample Recycling Process 

 
Figure 4-1 Schematic of Preliminary Recycling Process 

EXTRUDER 
OVEN PELLETIZER 

7 Kg Sample  

1 Kg Sample 
Virgin - A 

1 Kg Sample 
Cycle 1 - B 

1 Kg Sample 
Cycle 2 - C 

… 

Injection Molder 

Sample A Sample B … Sample C
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Table 4-1 Polycarbonate Processing Conditions 

Oven Extruder 
Drying 
Temp 
(ºC) 

Drying 
Time (hr) 

Temp 1 
(ºC) 

Temp 2 
(ºC) 

Temp 3 
(ºC) 

Temp 4 
(ºC) RPM 

120 >4 265 280 290 285 40 
 

4.2.1. TGA Data 

Thermogravimetric Analysis (TGA) (see section 3.3.1 for TGA details) was 

performed on these recycled samples (see Figure 4-2 and Figure 4-3) to look at 

the thermal stability of the polymer as it is re-extruded a number of times.  From 

these plots it can be seen that there is no significant reduction in the 

decomposition temperature or significant change in the thermal stability after 

recycling by re-extrusion.  Figure 4-4 shows the TGA of Makrolon 2608 mixed in 

the Haake PolyDrive Internal Mixer at 280oC and 40 RPM’s with samples taken 

at 10 minute intervals.  It is observed that even after 130 minutes of high shear 

and high temperature, there is no change in thermal stability. 
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 Temperature (oC)

Figure 4-2 TGA of Makrolon 2608 vs. re-extrusion, A is Virgin, B-E is1-4 re-
extrusions, in N2, Heating Rate: 10ºC/min 

 
Figure 4-3 TGA of Makrolon 6555 vs. re-extrusion, A is Virgin, B-F is1-5 re-

extrusions, in N2, Heating Rate: 10ºC/min 
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TGA, Heating Rate = 10oC/min in N2

Figure 4-4 TGA of Makrolon 2608 Virgin compared to 130min of Internal 
Mixing at 280ºC in N2, Heating Rate: 10ºC/min 

4.2.2. Mechanical Test Data 

Mechanical tests (see section 3.5 for test details) were performed on 

Makrolon 2608 and 6555.  Evaluations of Young’s modulus, tensile strength at 

yield, and the Izod impact strength were assessed and are shown in Figure 4-5, 

Figure 4-6, and Figure 4-7 for Makrolon 2608 and Figure 4-8, Figure 4-9, and 

Figure 4-10 for Makrolon 6555, respectively.  Conclusions from these data are 

that there is no significant reduction in mechanical properties with 5 to 6 recycles.   
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Figure 4-5 Young’s Modulus of Makrolon 2608 vs. re-extrusion, A is Virgin, 

B-E is1-4 re-extrusions 
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Figure 4-6 Tenisle Stress at Yield of Makrolon 2608 vs. re-extrusion, A is 

Virgin, B-E is1-4 re-extrusions 
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Figure 4-7 Izod Impact Strength of Makrolon 2608 vs. re-extrusion, A is 

Virgin, B-E is1-4 re-extrusions.  All partial breaks, one weight was added    
(4 ft-lbs) 
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Figure 4-8 Young’s Modulus of Makrolon 6555 vs. re-extrusion, A is Virgin, 

B-F is1-5 re-extrusions 
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Figure 4-9 Tenisle Stress at Yield of Makrolon 6555 vs. re-extrusion, A is 

Virgin, B-F is1-5 re-extrusions 
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Figure 4-10 Izod Impact Strength of Makrolon 6555 vs. re-extrusion, A is 

Virgin, B-F is1-5 re-extrusions.  All partial breaks, 2 ft-lbs used for E and F, 
4 ft-lbs used for A-D 
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4.2.3. Discussion 

From the data presented here, it is easy to conclude that it would take 

more recycles to see the detrimental effects of multiple extrusions and heat 

histories on the properties of PC.  It is also concluded that a recycling experiment 

would be more severe if one were to take the material and pass it through the 

extruder, dry it, injection mold it, take 1 kg sample out, crush the remaining, dry it, 

and pass through the extruder again to restart the process (see Figure 4-11 for a 

schematic of this elaborate process).  This would give a closer representation to 

what is done in an actual real world recycle system.   
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Figure 4-11 Schematic of True Recycling Process 
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4.3. Internal Mixing of PC with Fyrolflex BDP 

Fyrolflex BDP®, Bisphenol A bis(diphenyl phosphate), is a phosphorous 

based flame retardant used in different thermoplastics and has been used in 

PC/ABS blends containing up to 80% PC.  Adding phosphorous to the system 

helps increase the intumescence of the char which decreases the flammability.  

One reason that it is not currently used in PC is because it takes away the optical 

properties of PC by making it opaque.  This is not so much of a worry for a 

recycled PC though, because transparency is lost during the recycling process 

due to degradation. 

Many experiments have been performed using Makrolon 2608 and 6555, 

and Recycled CDs.  These are discussed in the sections that follow. 

4.3.1. TGA Data 

Fyrolflex BDP® was weighed out on top of the PC using a balance.  The 

samples were then mixed in the internal mixer at 280ºC and 40 RPM’s.  TGA 

data (see Figure 4-12) show that as the flame retardant content increases from 

0wt% to 20wt%, the thermal stability decreases, letting degradation start earlier.  

This may have an effect on producing the char more rapidly and earlier which 

gives good flammability properties to PC. 
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Figure 4-12 TGA of Makrolon 2608 with different wt% of Fyrolflex BDP in N2, 

Heating Rate: 10ºC/min 

Thermogravimetric analysis was also performed on Makrolon 6555 with 

12wt% Fyrolflex BDP® at a heating rate of 10oC/min under nitrogen as well as 

oxygen.  The curves are shown in Figure 4-13 and Figure 4-14, representing 

nitrogen and air, respectfully.  It can be seen that the curves do not change 

significantly from the neat polymer to the flame retarded one. 
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Figure 4-13 TGA of Makrolon 6555 with 12wt% Fyrolflex BDP in N2, Heating 
Rate: 10ºC/min 
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4.3.2. Flammability Data 

Different weight percentages of Fyrolflex BDP® were mixed with Makrolon 

2608 and Recycled CDs in the internal mixer at 280oC and 40 RPM’s.  Figure 

4-15 shows a plot of the LOI versus the weight percent flame retardant (wt%FR).  

The plot also depicts the UL94 rating (refer to section 3.2 for flammability test 

descriptions).  From this figure one can see a positive trend in LOI as the weight 

percent of flame retardant increases.  Most importantly, one can observe that the 

UL94 rating changes from v-2 to v-0; v-0 being the best rating.  One point to 

note, for the Makrolon 2608 samples, is that the UL94 switched from v-1 to v-0 at 

12 wt% Fyrolflex BDP®.  This value has been reported in the literature25 for 

blends of PC/ABS. 
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Figure 4-15 LOI vs. wt% of Fyrolflex BDP added to Makrolon 2608 and 

Recycled CDs 
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Different blend ratios of Makrolon 6555 were mixed with Makrolon 2608 

and Recycled CDs to see if one could essentially dilute the Makrolon 6555 flame 

retarded sample and still hold a UL94 v-0 rating.  Figure 4-16 shows the results 

of this experiment.  From this figure, one can see that the UL94 rating goes from 

v-2 to v-0 at about a 60/40 ratio of both the Makrolon 6555 / Makrolon 2608 

samples and the Makrolon 6555 / Recycled CDs samples.  This shows that one 

can run an experiment to determine the amount of Fyrolflex BDP® needed to 

raise the UL94 rating of an unknown sample to v-0.  The ‘unknown sample’ of PC 

could be a lesser ratio of Makrolon 6555 / Makrolon 2608 and is shown next. 
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Figure 4-16 LOI vs. wt% of Makrolon 6555 added to Makrolon 2608 and 

Recycled CDs 
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Treating a 25/75 blend of Makrolon 6555 / Makrolon 2608 as an ‘unknown’ 

PC source, different weight percentages of Fyrolflex BDP® were added.  Figure 

4-17 show the results of this experiment.  From the figure one can see that the 

UL94 went to a v-0 rating with the loading of 8 wt%FR for the 25/75 blend.  This 

result shows that one can raise the UL94 rating of a potential ‘unknown’ sample 

to v-0.   

The data sheet on Makrolon 6555 says that the material contains Bromine 

(later found to be tetrabromobisphenol A, a common FR in PC).  The data sheet 

does not say exactly what the flame retardant is in Makrolon 6555 but it is safe to 

assume it is a Brominated one.  From these results, it can also be concluded that 

Fyrolflex BDP, a phosphorous based FR, has a synergistic effect with the 

Brominated FR, because samples went to a v-0 rating. 
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Figure 4-17 LOI vs. wt% of Fyrolflex BDP added to a 25/75 mix of Makrolon 

6555 / Makrolon 2608 
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4.3.3. Discussion 

From these results in can be concluded that the maximum amount of 

Fryrolflex BDP® to be added to an ‘unknown’ source of polycarbonate is 12 wt%.  

This is comparable, as it was shown, of PC/ABS blends.  Synergism was shown 

between the phosphorus based flame retardant and the brominated flame 

retarded polycarbonate.   

4.4. Recycling PC in Extruder with Fyrolflex BDP 

4.4.1. Mechanical Test Data 

To feed the viscous, liquid Fyrolflex BDP® to the extruder, a pump was 

assembled (see section 3.1.3 Setup of Liquid Feeder to Brabender Extruder).  

After set up of the pump, polymer pellets along with Fyrolflex BDP® were fed to 

the extruder at a content of 12 wt%.  This is the value that was determined to be 

the minimum value of flame retardant needed to improve the UL94 to a v-0 

rating.  The polycarbonate fed to the extruder was Makrolon 6555, the flame 

retarded sample, to see if there were any antagonistic effects with the 

phosphorous and bromine.  The temperature profile for the extruder was kept the 

same at 265, 280, 290, and 285oC from hopper to the die, respectively, and was 

set at 40 RPM’s.  The sample was then injection molded. 

Two mechanical tests were performed, the Instron and Izod impact tests.  
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The results for these are summarized in Table 4-2 and Table 4-3, respectively.  

To summarize, Youngs Modulus was around 413,000 ± 8700 lb/in2, which is 18% 

above the neat polymer.  The Tensile Strength was around 9200 ± 2.0 lb/in2, 

which is slightly below the neat polymer value by 2.3%.  Izod Impact Strength 

was around 0.856 ± 0.031 ft-lb/in, which is 95% lower than the known neat 

polymer value.  To compare, data that has been reported42 on an 11.2 wt% 

addition of BDP to a PC/ABS composite that was rich in PC had the following 

results:  Youngs Modulus increased by 5.9%, Tensile Strength increased by 

16.7%, and Izod Impact Strength decreased by 94.6%.  The results are 

comparable to this paper42, in that the same effects are being seen. 

Table 4-2 Instron Test Data for Makrolon 6555 with 12wt% Fyrolflex BDP 

Known Youngs Modulus of PC 6555 =   350000 lb/in2     
Known Tensile Stress at Yield of PC 6555 = 9400 lb/in2    
           
Sample Youngs Modulus (lb/in2) Average SD %SD % error from known 
1 421850   412690 8780 2.13% 17.91%   
2 415270         
3 417170         
4 398820         
5 410320         
Sample Tensile Stress at Yield (lb/in2) Average SD %SD % error from known 
2 9177.0   9179.7 2.35 0.03% -2.34%   
3 9179.7         
4 9182.8         
5 9179.3               
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Table 4-3 Izod Impact Test Data for Makrolon 6555 with 12wt% Fyrolflex 
BDP 

Known Izod Impact Strength of PC 6555 =  16 ft-lb/in     
           
Sample Impact Strength (ft-lb/in) Average SD %SD % error from known 
1 0.864   0.856 0.031 3.57% -94.65%   
2 0.872         
3 0.798         
4 0.888         
5 0.856         
6 0.856               

4.4.2. Discussion 

As shown above, these results are comparable to that seen in PC/ABS 

blends with Fyrolflex BDP®.  The aspect of most concern is the dramatic 

reduction in impact strength due to such high loadings (12 wt%) of additive.  This 

may be acceptable in some applications that call for a material not requiring high 

impact strength.  Also to be noted is the Fyrolflex BDP® turned the clear 

polycarbonate slightly opaque.  For a recycled polycarbonate, this may be 

acceptable because the use of the recycled material will go back into computer 

housings, which are normally black.  Color pigments/additives can be added to 

the recycled material to make it grey or black. 

4.5. Internal Mixing of KSS FR® with Makrolon 2608 

With the use of the internal mixer, samples were mixed at 0.2 wt% loading 

levels with Makrolon 2608 at 40rpm and 240oC.  Flammability tests were 
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performed, and it was concluded that the LOI is 36% and UL94 rating is v-0 at 

3.2mm (1/8”).  The data sheet on KSS FR® indicates that a v-0 rating should be 

obtained for a 0.2 wt% loading.  Therefore, the experiment was conducted 

correctly.  KSS is an excellent choice as a FR due to its extremely low loading 

content.  With such a low loading level, impact strength might not be affected.  

KSS was chosen as the flame retardant to use in performing further recycling 

work.  This recycling research is shown next in Chapter 5. 
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Chapter 5.  RECYCLING RESULTS AND DISCUSSION 

A series of recycling experiments were performed with polycarbonate and 

the flame retardant KSS.  This chapter gives details of the recycling work 

performed.  The chapter is made up of mainly two sections: a comparison of the 

behavior of a halogenated FR polycarbonate with a non-halogenated FR 

polycarbonate, and a section on the recycling of a post-consumer polycarbonate 

into which KSS was incorporated.  The results obtained are discussed in the next 

sections that follow. 

5.1. Materials Used 

5.1.1. BAYER Makrolon 2608  

Makrolon 2608 (PC No FR) is described in section 4.1.1. 

5.1.2. BAYER Makrolon 6555 

Makrolon 6555 (PC Br FR) is described in section 4.1.2. 

5.1.3. Recycled Polycarbonate from STAR Plastics 

Three other samples of reground recycled polycarbonate were supplied by 

STAR Plastics, Ravenswood, WV.  STAR Plastics is a plastic recycling company 

91 

 



that receives all types of used plastic from different sources.  They tend not to 

mix their different sources of plastic, but rather keep them separate in their own 

bins, which is good practice.   

The samples of recycled polycarbonate supplied by STAR Plastics are 

labeled Box 1, Box 2, and Box 3.  Box 1 is a mixture of clear and purple colored 

granulated pellets that came from recycled medical applications.  This 

polycarbonate is non-flame retardant.  Box 2 contains clear granulated pellets of 

recycled compact disks, also non-flame retardant.  Box 3 contains mostly purple 

granulated pellets with a very small fraction of them being blue.  This 

polycarbonate comes from different sources that contain phosphorous, TBBA, 

and PTFE as flame retardants. 

5.1.4. KSS FR 

Potassium diphenylsulfone sulfonate (KSS) is described in section 4.1.6 

5.2. Recyclability of Flame Retarded Polycarbonate: Comparison 

of Non-halogenated to Halogenated Flame Retardants 

5.2.1. Processing the Material 

A true recycling process (see Figure 4-11) consisting of an oven, extruder, 

pelletizer, oven, injection molder, and granulator, was used to process the 
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polycarbonate.  The material was first dried in an oven at 110ºC for five hours 

before processing.  The material was processed through a Brabender counter 

rotating twin screw extruder at 45 rpms with a temperature profile of 280, 285, 

290, and 285ºC, from hopper to die, and passed through a water bath and then 

to a pelletizer.  The material was dried again at 110ºC for five hours.  All material 

was sent through an injection molding machine where test samples (see Figure 

3-6) were made.  Roughly fifteen samples were kept for testing and the 

remaining were sent through a granulator.  This process was then repeated for 

eight times.  Samples are labeled as V for Virgin and A, B, C, …, H for 1, 2, 3, …, 

8 recycles.  

KSS FR® was added to the very first extrusion of PC No FR and is labeled 

as PC KSS FR.  It was first dried at 110oC for 4 hours.  KSS FR® is a white 

powder and mixing it with the polymer pellets was done by weighing out 2.0 

grams of KSS FR® and adding it to 998g of PC No FR, mixing the two together in 

a Ziplock® bag and then sending it to the extruder for melt blending.  This was 

done roughly 10 times to acquire the correct amount of starting material.  This 

material is labeled as PC KSS FR.  0.2 weight percent of KSS FR® is the 

required amount of additive to flame retard a 3.2mm thick sample to UL94 v-0. 

PC Br FR was processed and recycled as given to the same conditions 

described above. 
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5.2.2. Flammability Tests 

For virgin PC No FR, UL94 is v-2 and LOI is 28%.  Upon adding the 

0.2wt% of KSS FR, UL94 goes to v-0 and LOI goes to 37%.  For virgin PC Br FR, 

UL94 is v-0 and LOI is 37%.  Throughout the recycling process, LOI and UL94 

stay typically the same:  LOI of 37-39 and UL94 v-0 for the PC Br FR and LOI of 

36-37 and UL94 v-0 for the PC KSS FR.  This shows that flame retardancy is 

being maintained throughout the recycling process.  Numerical results are 

tabulated in Table 5-1 and Table 5-2 for PC Br FR and PC KSS FR, respectively.  

Figure 5-1 shows the graphical representation of the two results plotted against 

number of recycles. 

Table 5-1 PC Br FR Flammability Data 

Recycles UL94 LOI SD 
V v-0 37% 95% 
A v-0 38% 92% 
B v-0 37% 88% 
C v-0 38% 98% 
D v-0 38% 96% 
E v-0 38% 98% 
F v-0 38% 99% 
G v-0 39% 98% 
H v-0 40% 100% 

Table 5-2  PC KSS FR Flammability Data 

Recycles UL94 LOI SD 
V v-2 28% 85% 
A v-0 37% 98% 
B v-0 37% 97% 
C v-0 37% 98% 
D v-0 37% 98% 
E v-0 36% 98% 
F v-0 36% 98% 
G v-0 37% 98% 
H v-0 36% 98% 
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Figure 5-1  LOI and UL94 vs Number of Recycles for PC Br FR and PC KSS 

FR 

Cone Calorimetry was performed at Marquette University, Milwaukee, WI.  

Three replicas were taken for each sample.  Heat Release Rate (HRR) data are 

shown in Figure 5-2 for PC No FR, PC Br FR, and PC KSS FR.  From the data 

for the flame retardant samples, the peak HRR (PHRR) and time to ignition are 

reduced.  The reduction in time to ignition for the flame retardant samples could 

be expected due to their reduction in decomposition temperatures (see section 

5.2.4 for Thermal Analysis).  Upon recycling, no significant difference is observed 

between samples A and H for either flame retardant system (see Figure 5-3 and 

Figure 5-4).  Averaged data for time to ignition, PHRR, Specific Extinction Area 

(SEA) (a way to assess smoke evolution), Mass Loss Rate (MLR), and Total 

Heat Release (THR) are shown in Table 5-3 and Table 5-4 for PC Br FR and PC 
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KSS FR, respectively.  Again, no significant changes are seen upon recycling.  

There are also no significant differences between PC No FR, PC Br FR, and PC 

KSS Fr for SEA, MLR and THR.  The only significant differences lie with that 

mentioned above in time to ignition and PHRR. 

-1.E+05

0.E+00

1.E+05

2.E+05

3.E+05

4.E+05

5.E+05

6.E+05

0 50 100 150 200 250 300 350 400 450 500 550 600

Time (sec)

H
R

R
 (W

/m
2 )

PC No FR

PC Br FR

PC KSS FR

 
Figure 5-2  Heat Release Rate vs. Time for PC No FR, PC Br FR, and PC 

KSS FR.  Radiant Heat Flux: 50kW/m2 
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Figure 5-3 Heat Release Rate vs. Time for PC Br FR; Samples V, A, & H.  
Radiant Heat Flux: 50kW/m2 

-100

0

100

200

300

400

500

600

0 100 200 300 400 500

Time (sec)

H
R

R
 (k

W
/m

V
A
H

 

 )
kW

/m
2

(

Figure 5-4 Heat Release Rate vs. Time for PC KSS FR; Samples V (PC No 
FR), A, & H.  Radiant Heat Flux: 50kW/m2 
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Table 5-3 Cone Calorimetry Data for PC Br FR, tign = Time to Ignition, PHRR = 
Peak Heat Release Rate, SEA = Specific Extinction Area, MLR = Mass Loss 

Rate, THR = Total Heat Release 

PC Br FR tign, s PHRR,kW/m2 
(% reduction) 

SEA 
(m2/kg) 

MLR 
(g/s/m2) 

THR 
(MJ/m2) 

V 62±1 479±64 939±21 12±1 58±5 
A 56±1 465±15 887±69 11±1 60±1 
C 57±1 554±30 942±19 11±1 59±2 
E 59±2 491±32 926±40 13±3 57±2 
H 55±1 495±14 964±63 11±1 54±1 

Table 5-4 Cone Calorimetry Data for PC KSS FR, tign = Time to Ignition, PHRR 
= Peak Heat Release Rate, SEA = Specific Extinction Area, MLR = Mass Loss 

Rate, THR = Total Heat Release 

PC KSS FR tign, s PHRR,kW/m2 
(% reduction) 

SEA 
(m2/kg) 

MLR 
(g/s/m2) 

THR 
(MJ/m2) 

V (no FR) 73±3 548±26 948±96 13±1 55±5 
A 65±3 465±17 854±40 12±0 61±1 
C 59±1 417±13 935±34 12±0 61±1 
E 56±0 374±5 914±4 12±0 58±2 
H 58±1 409±2 894±6 12±1 61±1 

5.2.3. Mechanical Tests 

IZOD Impact Strength showed the most deviation among any test.  In general, 

virgin material would start out with all partial breaks. ‘A’ material would typically 

have mostly partial breaks.  ‘B’ would show less partial breaks, and so on.  If the 

break was not partial it was complete.  Partial breaks show much higher impact 

strength than complete breaks.  Table 5-5 and Table 5-6 show the numerical 

data for the PC Br FR and PC KSS FR data, respectively.  Figure 5-5 shows 
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graphically the decrease and transition from partial to complete breaks 

throughout the recycling process.  It is worth noting that for the PC KSS FR more 

partial breaks were observed throughout the recycling process than the PC Br 

FR, demonstrating that the PC KSS FR system maintains its impact strength 

throughout recycling.  This can be due to such a low loading level of KSS; 

0.2wt%.  

Table 5-5  PC Br FR IZOD Impact Strength Data 

  Impact Strenght (ft.lb/in),  P=Partial Breaks, C= Complete Breaks 
Recycles P average P stdev # of P C average C stdev # of C 

V 14.20 0.38 10 0.00 0.00 0 
A 14.07 0.221 7 2.46 0.67 3 
B 13.58 0.45 4 2.94 0.76 6 
C 0 0 0 2.42 0.37 10 
D 0 0 0 2.31 0.22 10 
E 0 0 0 1.99 0.13 10 
F 0 0 0 1.93 0.15 10 
G 0 0 0 2.09 0.14 10 
H 0 0 0 2.00 0.17 10 

Table 5-6  PC KSS FR IZOD Impact Strength Data 

  Impact Strenght (ft.lb/in),  P=Partial Breaks, C= Complete Breaks 
Recycles P average P stdev # of P C average C stdev # of C 

V 14.86 0.04 10 0.00 0.00 0 
A 14.84 0.36 6 2.88 0.32 4 
B 14.54 0.27 5 2.65 0.40 5 
C 14.57 0.29 7 2.84 0.73 3 
D 14.51 0.49 2 2.77 0.58 8 
E 14.13 0.15 3 2.67 0.55 7 
F 0.00 0.00 0 2.39 0.39 10 
G 13.78 0.12 2 2.51 0.20 8 
H 0.00 0.00 0 2.45 0.30 10 
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Figure 5-5  IZOD Impact Strength vs. Number of Recycles for PC Br FR and 

PC KSS FR 

Young’s Modulus, Yield Stress, and Strain at Yield stayed relatively 

consistent throughout the entire recycling process.  Table 5-7and Table 5-8 show 

tabular data for PC Br FR and PC KSS FR, respectively.  Figure 5-6, Figure 5-7, 

and Figure 5-8 show graphically Young’s modulus, yield stress, and strain at 

yield, respectively, for both PC Br FR and PC KSS FR. 
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Table 5-7 PC Br FR INSTRON Tension Test Data 
 Modulus (GPa) Tensile Stress at Yield (MPa) Axial Strain at Yield (%) 

Recycles average stdev average stdev average stdev 
V 2.40 0.18 58.55 1.74 6.11 0.31 
A 2.40 0.27 60.26 0.68 6.23 0.57 
B 2.34 0.14 59.61 1.03 6.68 1.08 
C 2.50 0.05 60.73 0.18 6.25 0.05 
D 2.45 0.09 60.76 0.03 6.34 0.15 
E 2.44 0.08 59.68 1.07 5.93 0.23 
F 2.52 0.12 60.73 1.30 5.91 0.20 
G 2.48 0.08 61.54 0.12 6.07 0.07 
H 2.37 0.10 61.56 0.14 6.05 0.04 

Table 5-8  PC KSS FR INSTRON Tension Test Data 
 Modulus (GPa) Tensile Stress at Max (MPa) Axial Strain at Max (%) 

Recycles average stdev average stdev average stdev 
V 2.41 0.15 58.90 0.73 6.21 0.08 
A 2.44 0.08 58.96 1.85 6.55 0.52 
B 2.43 0.15 58.20 1.10 6.13 0.07 
C 2.42 0.16 59.38 0.72 6.29 0.13 
D 2.39 0.05 59.31 0.10 6.22 0.02 
E 2.46 0.12 60.23 0.31 6.02 0.21 
F 2.48 0.11 60.04 0.05 6.24 0.10 
G 2.32 0.10 60.55 0.76 6.09 0.04 
H 2.23 0.11 60.36 0.04 5.98 0.06 
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Figure 5-6  Young’s Modulus vs Recycles for PC Br FR and PC KSS FR 

 
Figure 5-7  Tensile Stress at Yield vs. Number of Recycles for PC Br FR and 

PC KSS FR 

102 

 



 
Figure 5-8  Strain at Yield vs. Number of Recycles for PC Br FR and PC KSS 

FR 

Ultimate stress and elongation decreased slightly during the first few 

recycles but stayed relatively constant throughout for both the PC Br FR and PC 

KSS FR.  Table 5-9 and Table 5-10 show tabular data for PC Br FR and PC KSS 

FR, respectively.  Figure 5-9 and Figure 5-10 show graphically the ultimate stress 

and elongation for the two materials, respectively. 
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Table 5-9  PC Br FR Ultimate Stress and Elongation Data 
 Ultimate Stress (Mpa) Elongation (%) 

Recycles average stdev average stdev 
V 70.35 2.26 113.57 5.37 
A 67.51 3.15 93.70 22.77 
B 62.27 3.74 96.32 17.08 
C 62.39 3.76 86.57 11.58 
D 65.50 3.37 109.42 16.75 
E 56.86 2.58 77.32 2.96 
F 57.29 1.40 85.80 5.10 
G 55.01 2.20 78.14 7.84 
H 59.84 2.22 95.01 6.41 

Table 5-10  PC KSS FR Ultimate Stress and Elongation Data 
 Ultimate Stress (Mpa) Elongation (%) 

Recycles average stdev average stdev 
V 69.31 2.03 117.57 6.66 
A 62.02 0.00 104.82 0.00 
B 57.46 0.34 91.58 2.22 
C 57.57 0.00 90.71 0.00 
D 57.36 1.09 80.21 17.23 
E 61.25 3.46 103.24 9.80 
F 56.74 4.36 95.99 20.65 
G 58.40 0.60 106.48 14.31 
H 62.65 0.75 96.06 25.94 
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Figure 5-9 Ultimate Stress vs. Number of Recycles for PC Br FR and PC 

KSS FR 

 
Figure 5-10  Elongation at Break vs. Number of Recycles for PC Br FR and 

PC KSS FR 
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5.2.4. Thermal Analysis 

Figure 5-11 and Figure 5-12 show TGA curves in Air and N2, respectively, 

of PC No FR, PC Br FR, and PC KSS FR.  For both the halogenated and non-

halogenated polycarbonates, the curve shifts to the left indicating a decrease in 

thermal stability.  TGA curves of PC KSS FR in Air and N2 (see Figure 5-13 and 

Figure 5-14, respectively) show nearly the same thermal stability as the number 

of recycles increases.   

Figure 5-11  TGA of PC No FR, PC KSS FR, and PC Br FR in Air, Heating 
Rate: 10ºC/min 
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Figure 5-12  TGA of PC No FR, PC KSS FR, and PC Br FR in N2, Heating 

Rate: 10ºC/min 

 

PC No FR 

PC KSS FR 

Figure 5-13  TGA of PC KSS FR and A, E, and H Recycles in Air, Heating 
Rate: 10ºC/min 
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PC No FR 

PC KSS FR 

 
Figure 5-14  TGA of PC KSS FR and A, C, and H Recycles in N2, Heating 

Rate: 10ºC/min 

5.2.5. Rheological Analysis 

Viscosity versus shear rate data obtained for pure virgin PC No FR were 

compared to the viscosity data given on Bayer’s website.  Complete recycling 

data can be seen graphically in Figure 5-15 and Figure 5-16 for PC Br FR and 

PC KSS FR, respectively.  It can be clearly seen with both materials that with 

each recycle the viscosity curve shifts down monotonically.  This is most likely 

due to a decrease in molecular weight.  One would expect this with any material 

that has witnessed a thermal and shear history. 
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Figure 5-15  Viscosity vs. Shear Rate of PC Br FR for V, B, D, F, and H 
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Figure 5-16  Viscosity vs. Shear Rate of PC KSS FR for V, B, D, F, and H 

Recycles 
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5.2.6. Molecular Weight Analysis 

Molecular weight data can be seen for recycles V, B, D, F, and H in Figure 

5-17.  From the graph, one can see that, in fact, there is a decrease with each 

recycling pass.  This could be caused from scission of the molecular chains 

during the high shear and temperature processing equipment.  This also confirms 

the decrease that is seen in the viscosity vs. shear rate curves in section 5.2.5. 
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Figure 5-17  Molecular Weight vs. Number of Recycles for PC Br FR and PC 
KSS FR. 

5.2.7. Optical Analysis 

Pictures of PC Br FR and PC KSS FR are shown in Figure 5-18 and 

Figure 5-19, respectively.  From the pictures, one can see that as the number of 
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recycles increase, the color turns browner due to a slight degradation of the 

polymer.  There is not much difference between the two materials, except that 

PC Br FR virgin material has a slight blue tint, whereas, PC No FR virgin material 

is clear.  Transflectance was also measured for the samples on the white 

background by assigning each sample’s corresponding number associated with 

the red/green/blue color scheme.  Table 5-11 and Table 5-12 show the color 

scheme for the recycled PC Br FR and PC KSS FR, respectively. 

 

 
Figure 5-18  Picture of PC Br FR vs. Number of Recycles 

 

 

V          A           B            C            D           E            F           G           H 
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Figure 5-19  Picture of PC KSS FR vs. Number of Recycles 
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Table 5-11  Color of the Recycled PC Br FR as expressed by the 
red/green/blue color scheme. 

PC Br FR Red Green Blue 
V 205 205 213 
A 202 179 163 
B 166 134 96 
C 158 120 71 
D 151 105 56 
E 139 88 35 
F 112 63 20 
G 92 43 10 
H 64 28 6 

Table 5-12  Color of the Recycled PC KSS FR as expressed by the 
red/green/blue color scheme. 

PC KSS FR Red Green Blue 
V 219 213 213 
A 203 186 170 
B 192 166 129 
C 183 137 88 
D 168 117 64 
E 151 94 39 
F 128 71 28 
G 105 57 11 
H 93 47 11 

5.2.8. Conclusions 

During the recycling of both polycarbonate materials, the UL94 v-0 rating 

is maintained throughout the recycling.  The IZOD impact strength and the color 

of the material suffer the most during recycling.  Young’s modulus, yield stress, 

and ultimate stress maintain their values.  TGA was kept nearly constant upon 

recycling.  Viscosity and molecular weight of the PC decrease slightly as shown 

with the viscosity data.  Most importantly, the non-halogenated flame retarded 

polycarbonate, PC KSS FR, retained its properties more so than the halogenated 
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flame retarded polycarbonate, PC Br FR.  Potassium diphenylsulfone sulfonate is 

potentially a good flame retardant additive for a recycled polycarbonate. 

5.3. Evaluation of KSS FR with True Recycled Polycarbonate 

Using the three reground recycled polycarbonates supplied by STAR 

Plastics, material evaluations can assess the effect of the addition of KSS to the 

true recycled polycarbonates. 

5.3.1. Experiments 

All samples were dried at 110ºC for 4 hours before any type of processing 

took place. Each sample was evaluated as received by making test samples 

using the injection molder and then tested for UL94, LOI, Izod impact, and 

tension tests.  Each sample was also processed in the Brabender counter-

rotating twin screw extruder at 45 RPM and a temperature profile of 180, 185, 

190 and 185ºC.  Samples were taken after the extrusion processing and sent to a 

pelletizer and then to the injection molder and finally tested to determine if there 

was an effect on any properties due to processing.  The addition of 0.2 wt% KSS 

FR was done by melt blending the FR into each of the polycarbonate samples 

using the Brabender extruder at the same speed and temperature profile 

mentioned above.  These samples were pelletized and sent to the injection 

molder.  Test specimens were then tested.   
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5.3.2. Results and Discussion 

UL94, Limiting Oxygen Index (LOI), and Smoke Density (SD) were 

recorded for each set of samples (see Table 5-13).  There was no change upon 

extrusion of the material in any of the properties.  With the addition of the KSS, 

flame retardancy was enhanced by increasing the LOI to 38% and UL94 to v-0.  

No antagonistic effects were observed between the use of KSS and the other 

brominated flame retardants that were already in the recycled polycarbonate.  It 

is worth mentioning that Box 2 dripped in several samples due to its low 

molecular weight and low viscosity.  If such drips were to ignite the cotton 

indicator in the UL94 type test, then an anti-drip agent would need to be used, 

such as 0.5-2 wt% PTFE.   

Table 5-13 UL94, LOI, & SD data for STAR Plastic Recycled Polycarbonate 
Box 1 Box 2 Box 3 

  
As is Extruded KSS As is Extruded KSS As is Extruded KSS 

UL94 v-2 v-2 v-0 v-2 v-2 v-0 v-2 v-2 v-0 
LOI 27% 27% 38% 30% 32% 38% 28% 29% 39% 
SD 95% 95% 95% 96% 96% 95% 95% 95% 96% 

Izod impact tests were carried out on all samples.  Once again, partial and 

complete breaks were observed.  Data are shown in Table 5-14.  From the data, 

there is no statistical effect of extruding or adding KSS, except that Box 1 

material went from all partial breaks (As received from STAR Plastics) to two 

partials and 3 complete breaks upon extrusion.  This could be due to slight break 

down of the molecular weight upon extrusion or the addition a small impurity.   
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Table 5-14 Izod Impact Strength of STAR Plastic Recycled Polycarbonate 
Box 1 Box 2 Box 3 

  
Izod Impact 

As is Extruded KSS As is Extruded KSS As is Extruded KSS
Average 
Strength 
(ft.lb/in) 

14.0 14.2 14.4 0 0 0 15.1 14.3 15.1

StDev Strength 
(ft.lb/in) 0.3 0.4 0.1 0 0 0 0.7 0.1 0 

P
ar

tia
l B

re
ak

 

# of Breaks 5 2 2 0 0 0 5 5 5 
Average 
Strength 
(ft.lb/in) 

0 2.6 2.6 2.2 1.7 2.0 0 0 0 

StDev Strength 
(ft.lb/in) 0 0.1 0.3 0.8 0.4 0.2 0 0 0 

C
om

pl
et

e 
B

re
ak

 

# of Breaks 0 3 3 5 5 5 0 0 0 

Tension tests were also performed on all the samples (see Table 5-15).  

No significant effect is observed upon extruding or adding KSS.   

Table 5-15 Tension Properties of STAR Plastics Recycled Polycarbonate 
Box 1 Box 2 Box 3 Averages 

As is Extruded KSS As is Extruded KSS As is Extruded KSS 
Modulus (GPa) 2.5 2.4 2.4 2.5 2.7 2.4 2.4 2.4 2.3 
Yield Stress 
(MPa) 60.0 61.0 59.5 47.0 33.8 32.3 58.5 58.6 58.7 

Ultimate Stress 
(MPa) 61.8 63.2 61.7 47.0 33.8 32.3 62.8 60.9 63.7 

Ultimate Strain 
(%) 98.0 93.6 103.5 3.3 2.1 2.3 104.7 95.5 105.4

Box 1 Box 2 Box 3 Standard 
Deviations As is Extruded KSS As is Extruded KSS As is Extruded KSS 

Modulus (GPa) 0.2 0.1 0.1 0.3 0.2 0.1 0.2 0.3 0.1 
Yield Stress 
(MPa) 0.4 0.2 0.2 7.3 4.7 3.3 0.2 0.1 0.1 

Ultimate Stress 
(MPa) 2.6 1.9 1.9 7.3 4.7 3.3 7.2 3.3 3.8 

Ultimate Strain 
(%) 14.6 14.7 12.2 2.1 0.9 1.1 27.8 11.3 12.9 
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Chapter 6. MECHANISTIC STUDY OF THERMAL 
DEGRADATION OF PC/KSS FR SYSTEM 

Time was spent at Marquette University in Milwaukee, Wisconsin in Dr. 

Charles Wilkie’s polymer research group located in their chemistry department.  

While there, mechanistic studies were performed on the thermal degradation of 

PC/KSS FR system.  Details of these experiments are discussed, followed with 

results and conclusions. 

6.1. Sample Preparation 

KSS was melt blended with PC in the Brabender twin screw counter-

rotating extruder at 45 RPM with a temperature profile of 280, 285, 290, and 

285oC, from hopper to die, and sent through a water bath and then to a pelletizer.  

The loading levels of KSS were 0.2, 0.4, 0.8, 1.5, and 3 weight percent.  Before 

blending, all material was dried for 4 hours at 110ºC.  Such high loading levels of 

FR were used so that the degradation products could be seen more easily during 

analysis. 

6.2. Instrumentation 

TGA was performed on a SDT 2960 simultaneous DTA-TGA unit from TA 

Instruments, under a constant nitrogen flow rate of 40 ml/min.  The experiments 
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were performed at a heating rate of 20ºC/min from 100 to 800ºC.  All samples 

were repeated three times and showed good reproducibility.  Temperatures are 

considered accurate to ±4ºC, while char remaining at 600ºC is considered to be 

accurate to ±3%. 

TGA/FTIR was performed in nitrogen, at a flow rate of 60 ml/min and a 

heating rate of 2ºC/min, from 100 to 800ºC, on a Cahn TG 131 instrument 

connected to a Mattson Research grade FTIR.  The evolved volatile products 

were sampled at a rate of 40 ml/min, using a ‘sniffer’ tube that extended to the 

sample cup.  The evolved gases were carried through stainless steel tubing to 

the IR chamber and the temperature of the tubing and the sample cell were 

maintained at 250 ~ 300ºC. The sample size was 40 ~ 60 mg and the 

temperature reproducibility of the TGA was ±3°C while the fraction of non-volatile 

was ± 3%. 

GC/MS data were obtained using an Agilent 6850 series GC connected 

to a Agilent 5973 Series MS (70 eV electron ionization) with temperature 

programming from 40 to 250ºC. 

6.3. Results and Discussion 

The addition of alkali metal salts of sulfonic acids to PC is well known to 

improve the fire retardancy43,44,45,46 and by comparing the oxygen and nitrous 

oxygen index, respectively, they have been shown to be acting in the condensed 

phase44.  
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As seen in Figure 6-1, the incremental addition of KSS led to a gradual 

thermal destabilization of PC/KSS system, consistent with previous studies 

conducted on various sulfonates43,44,45,46. Earlier investigations on the influence 

of alkali metal sulfonates on PC degradation showed that the presence of this 

type of fire retardant decreases the activation energy of the thermal degradation 

reactions, as compared to virgin PC45, leading to an accelerated degradation 

rate.  This is also visible in the TGA curves (Figure 6-1).    
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Figure 6-1  TGA of PC and PC/KSS at various KSS Loadings 

It is well known that the degradation of bisphenol A polycarbonate leads to 

the formation of unsaturated hydrocarbons, ethers, phenols and carbonates, 

along with water and CO2
33.  When analyzed by TG-FTIR under a slow 

118 

 



temperature ramp (2ºC/min), both the PC and PC/KSS blends showed the 

evolution of the same functionalities, suggesting that the acceleration of PC 

degradation does not lead to the formation of drastically different chemical 

species, but rather to similar products (see Figure 6-2 and Figure 6-3 for spectra 

collected at early and late stages of degradation, respectively).  

 
Figure 6-2  In-situ TG-FTIR spectra of PC and PC/KSS at 20% mass loss. 
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Figure 6-3  In-situ TG-FTIR spectra of PC and PC/KSS at 60% mass loss. 

However, at a closer look, in the main degradation region (50% mass 

loss), the relative amount of the evolved products is changed upon the addition of 

KSS.  As can be seen from Figure 6-4, increased amounts of both aliphatic and 

aromatic compounds are produced (2972, 1606 and 1513 cm-1, respectively) as 

well as more phenol-containing species and CO2.  These findings are in good 

agreement with previous work46 on PC/sulfonate systems.  One of the main 

degradation products of PC, bisphenol A, can disproportionate at elevated 

temperatures into phenol and isopropylphenol44.  Further, it appears that KSS 

promotes the dimerization reaction of isopropylphenol44 (see Figure 6-5 of 

bisphenol A mechanism with KSS).  These observations are also supported by 

GC-MS results, where at early elution times an increased amount of phenol and 
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isopropylphenol (m/z 94 and 134, respectively) can be observed for PC/KSS (see 

Figure 6-6).  

 

Figure 6-4  In-Situ TG FTIR spectra of PC and PC/KSS at 50% mass loss. 
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Figure 6-5  Disproportionation of bisphenol A and dimerization of 
isopropylphenol. 
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Figure 6-6  GC-MS traces from PC and PC/KSS (0.8%) at early elution times. 

6.4.  Conclusions 

The acceleration of PC degradation in the presence of KSS leads to the 

formation of a larger amount of carbonaceous char than for the virgin polymer43, 

as also found from XPS experiments46.  Based on this and the experimental 

results, it is concluded that the KSS works as a catalyst in accelerating the 

disproportionation of the bisphonal A component in polycarbonate forming phenol 

and isopropylphenol.  The isopropylphenol also dimerizes into another structure 
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that contains a carbon double bond.  This carbon double bond is open for 

crosslinking for char formation.  Additionally, the CO2 that evolves at the same 

time can be viewed as a blowing agent, the combination of the two resulting in an 

intumescent cover44 formation that can account for the excellent fire retardant 

activity of KSS.  

123 

 



Chapter 7. CONE CALORIMETRY AND MODELING HEAT 
RELEASE RATE  

Developing a mathematical model to predict heat release rate as 

assessed by a cone calorimeter is of great interest.  The following sections 

describe the development of this model and the stated assumptions.  Results 

from the model are shown in the next chapter. 

7.1. Cone Calorimetry 

The cone calorimeter, Atlas Cone 2, (see Figure 7-1 for a schematic) is a 

small-scale testing apparatus that can effectively predict real world fire behavior.  

It can determine fire characteristics, such as, ignition time, weight loss, heat and 

smoke release rates, heat of combustion, and the average specific extinction 

area.  A sample placed on a load cell is heated with a conical heater, sparked 

with an igniter and combusted in atmospheric air.  The exhaust gasses are 

analyzed to determine heat and smoke release rates.  The heat release rate is 

found by knowing the percentage of oxygen consumed during combustion.  1g of 

oxygen consumed in burning of most organic materials leads to the release of 

about 13kJ of heat.47 
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Figure 7-1 Schematic of Cone Calorimeter48 

7.2. Modeling of Heat and Mass Transfer Processes taking place 

in a Polymeric Material during Heating, Pyrolysis, and Char 

Formation 

The modeling of heat and mass transfer during the heating, pyrolysis, and 

char formation of a polymeric material to predict the heat release rate, as 

assessed by the Cone Calorimeter, has not been examined.  One paper49 by 

Fredlund looked at the modeling of wood structures under fire but is quite 
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complex and does not apply the results to heat release rates.   

To describe the combustion process in detail, a step by step analysis 

follows.  First, a flat plate of material (3mm x 100mm x 100mm) is placed in a 

holding device that is held up by a thick layer of insulating material.  The cone 

calorimeter uses a circular radiant cone heater to deliver heat to the sample.  

This cone heater is preheated and equilibrated before any experiment is 

performed.  Once the cone is at equilibrium, the polymer sample (at ambient 

temperature) is placed under the cone heater.  The sample is first heated by 

radiation from the cone heater.  As the sample heats, the polymer begins to 

break down into smaller gas molecules.  This process is called pyrolysis.  The 

pyrolysis gases then diffuse out of the sample and into the atmosphere just 

above the sample where air is present.  These gases then react with oxygen in 

the air, and thus, combustion takes place.  A small amount of the heat of 

combustion is then fed back to the polymer providing more heat to the sample, 

however, most of the heat is lost to the atmosphere in heating up the surrounding 

air.  During the process, some polymers form a char layer (intumescent, carbon, 

ceramic like), which has a lower thermal conductivity and diffusivity than the host 

polymer.  These char properties help in lowering the peak heat release rate and 

spread the heat release rate over a much broader time frame.  Ultimately, the 

polymer will be consumed during the reaction, residual char will be left behind, 

and combustion will cease. 
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Polycarbonate is a char forming polymer.  Typical results from cone 

calorimeter data for polycarbonate are shown in Figure 7-2.  The data were taken 

at a frequency of 1 Hz and the radiant heat flux was 50 kW/m2.  This heat flux 

corresponds to a cone temperature of 975 K50 (see Figure 7-3).  Examining the 

heat release rate curve, for char forming polymers, after the peak heat release 

rate, a plateau region is observed before returning to zero.  This is due to char 

formation.  During the combustion, char formation occurs during the pyrolysis.  

As the char grows thicker, the physics of the problem balance and give rise to a 

plateau and second peak.  Thus, heat is released over a broad time range, which 

is a major advantage for char forming polymers. 
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Figure 7-2  Heat Release Rate data from Cone Calorimetry for 
Polycarbonate.  50kW/m2 Radiant Heat Flux.   
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Figure 7-3  Cone temperature versus heat flux50. 

To model the heat release rate observed in a cone calorimeter, partial 

differential equations, of mass and heat transfer that accurately depict the 

pyrolysis reaction and the temperature profile, must be solved.  Due to the nature 

of this problem, the partial differential mass and heat transfer equations are 

coupled together, and an analytical solution does not exist.  Therefore, a 

numerical solution must be sought.  However, this three dimensional transient 

problem can be simplified to a one dimensional transient problem, lowering the 

computational power required to solve this system of equations.  Figure 7-4 

shows the physical situation involved, where x0-x1 (3mm) is the polymer zone, 

and x1-x2 (1nm initially, grows to ~ 2 cm) is the char formation zone, where a very 

thin char layer is introduced and grows at a velocity corresponding to the rate of 

pyrolysis.   

The numerical technique used is a finite element model.  The commercial 
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software package COMSOL Multiphyics® was purchased and used for this 

modeling.  COMSOL Multiphysics® is a user friendly, efficient, finite element 

method program, where many equations can be coupled together at one time 

and solved.   
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Figure 7-4  Schematic and geometry of physical model. 

The partial differential equations that describe this system are discussed 

below. 
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7.3. Mass Transfer 

Upon heating, the polymer pyrolyzes into gas and char.  To model the 

problem, two distinct regions have been selected to account for the physics 

involved.  The polymer zone accounts for the pyrolysis reaction; polymer is 

consumed and gas is produced.  The char formation zone accounts for the char 

growth, and acts only as a barrier to heat and mass transfer. 

7.3.1. Pyrolysis Reaction inside the Polymer Zone [x0-x1] 

The polymer must first react in the polymer zone.  Reaction mechanisms 

have been greatly simplified to bring out the essential physics: polymer goes to 

gas plus char.  The reaction scheme is shown: 

  
CGP

or
CharGasPolymer

k

k

⋅−+⋅⎯→⎯

+⎯→⎯

)1(0

0

αα

During this reaction, mass of polymer is consumed and produces a 

fraction, α, of gas and the remaining char.  The first order reaction rate for 

polymer mass consumption is: 

 p
p mk

t
m

⋅−=
∂

∂
0  Eqn. 7-1 

where 

pm  = Mass of polymer  [kg] 
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t  = Time  [sec] 

0k  = Rate constant for pyrolysis reaction  

[1/sec] 

Further, the rate constant for the pyrolysis reaction, k0, is a function of 

temperature and is better described by the Arrhenius relationship: 

 ⎥⎦
⎤

⎢⎣
⎡

⋅
−

⋅=
TR

E
Ak A0

00 exp  Eqn. 7-2 

where 

0A  = Pre-exponential factor of pyrolysis 

reaction  [1/sec] 

0AE  = Activation energy of pyrolysis reaction  

[kJ/mol] 

R  = Gas constant  [J/mol/K] 

T  = Temperature [K] 

The pre-exponential factor and activation energy can be found by 

thermogravimetric analysis using different heating rates and analyzing the data 

(see section 2.2).  Methods used and calculated results are shown in Chapter 7. 

Considering the physics of the problem, in reality, the boundary, x1, would 

move to the left as polymer is consumed.  During the numerical modeling, it is 

assumed that polymer zone, x0-x1, is constant, thus, the volume is constant, and 
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instead concentration (or density) changes with time.  By dividing each side by a 

constant volume gives a concentration equation, which is easier to work with in 

COMSOL Multiphysics®.  Re-writing the equation: 

 p
p

P ck
t

c
r ⋅−=

∂

∂
= 0  Eqn. 7-3 

where 

Pr   =  Rate of polymer consumption during 

pyrolysis [kg/m3/sec] 

Pc  = Concentration of polymer  [kg/m3] 

When the polymer is consumed during the reaction, gas is produced.  The 

gas is produced in the polymer zone [x0-x1] and must also diffuse through this 

zone to reach the char formation zone [x1-x2].  Writing the mass balance on the 

gas species that is produced: 

 p
G

polymer
G

PG ck
x
c

D
t

c
r ⋅⋅=

∂
∂

⋅−
∂

∂
= 02

2

α  Eqn. 7-4 

where  

PGr   =  Rate of gas evolution during pyrolysis 

[kg/m3/sec] 

Gc  = Concentration of pyrolysis gases  

[kg/m3] 
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polymerD  = Diffusion coefficient of pyrolysis gases 

through polymer  [m2/sec] 

x  = Length in the x-direction  [m] 

α  = Mass fraction of gas that is produced 

7.3.2. Mass Transfer in Char Formation Zone [x1-x2] 

When the gas species that is produced during pyrolysis in the polymer 

zone [x0-x1] reaches the char formation zone [x1-x2], it must diffuse through to 

reach the outside boundary that is exposed to atmospheric oxygen.  Writing the 

mass balance in the char formation zone: 

 02

2

=
∂

∂
⋅−

∂
∂

x
c

D
t

c G
char

G  Eqn. 7-5 

 where 

charD  = Diffusion coefficient of pyrolysis gases 

through char  [m2/sec] 

7.4. Heat Transfer 

Before the cone calorimeter experiment takes place, the thin (3mm) 

plaque of polymer is placed in a sample holder and suspended by a thick layer of 

insulating material.  The polymer starts off at ambient conditions.  When the 

polymer is placed under the cone heater, the outside surface is heated by 
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radiation.  Heat is transferred throughout the polymer by conduction.  The 

pyrolysis reaction may also give off or consume heat.  If there are other additives 

or fillers in the polymer, they too may react in an exo- or endothermic fashion.  

When the gas is produced and it diffuses out of the char layer, it reacts with 

oxygen to produce more heat.  Part of the heat of combustion of this reaction is 

fed back to the surface, whereas the rest leaves to the atmosphere.   

7.4.1. Polymer Zone [x0-x1] 

In the polymer zone [x0-x1], heat is transferred by conduction.  Heat of 

volatilization from pyrolysis and heat from other chemical processes (such as, 

endothermic reaction of aluminum hydroxide) are also shown: 

 ePpolymerpolymerpolymer HckH
x
Tk

t
TCp Δ+⋅⋅Δ−=

∂
∂

⋅−
∂
∂

⋅⋅ 002

2

ρ  Eqn. 7-6 

 where 

polymerρ  = Density of polymer  [kg/m3] 

polymerCp  = Heat capacity of polymer  [J/kg/K] 

polymerk  = Thermal conductivity of polymer  

[J/m/K/sec] 

0HΔ  = Heat of volatilization of polymer  [J/kg] 

eHΔ  = Heat released or absorbed in other 

chemical processes (e.g. decomposition 

of additives) in polymer, negligible  

[J/kg] 
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7.4.2. Char Formation Zone [x1-x2] 

In the char formation zone [x1-x2], heat is transferred through the char by 

conduction.  The energy balance leads to: 

 02

2

=
∂
∂

⋅−
∂
∂

⋅⋅
x
Tk

t
TCp charcharcharρ  Eqn. 7-7 

where 

charρ  = Density of char  [kg/m3] 

charCp  = Heat capacity of char  [J/kg/K] 

chark  = Thermal conductivity of char  

[J/m/K/sec] 

7.4.3. Combustion on the Surface Boundary 

At the surface of the char, the mechanism of heat transfer is very complex.  

Heat is being introduced to the surface by radiation.  Some of this heat may be 

reflected back.  Combustion is taking place on the surface and a fraction of this 

heat of reaction is fed back to the boundary.  Heat is also leaving the surface by 

convection to the outside air that is passing the sample and being swept away 

through the exhaust tube.  At this boundary, the heat flux entering the surface is 

described as: 
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x
c

HQ coneatmChar
Surface

G
Surface −⋅⋅+−⋅−⋅

∂
∂

−⋅Δ⋅= σεφ       Eqn. 7-8 

where 

SurfaceQ  = Heat flux at surface  [J/m2/sec] 

φ  = Percent heat transferred by heat of 

combustion   

1HΔ  = Heat of combustion  [J/mol] 

h  = Heat transfer coefficient of gas at 

surface [J/m2/K/sec] 

atmT  = Temperature of atmosphere  [K] 

ε  = Emissivity   

σ  = Stefan-Boltzmann Constant 

[J/m2/K4/sec] 

ConeT  = Temperature of cone heater  [K] 

For modeling convenience, the convection heat loss term can be 

combined into the heat of combustion term, therefore, eliminating one parameter 

that is not exactly known.  Now, it is easy to adjust one parameter, φ , which sets 

the percentage of heat that is transferred back to the surface.  The heat of 

combustion term, , can be found from the cone calorimeter experimental 

data by integrating the heat release rate versus time curve or by simple means of 

disassociation of bond energies. 

1HΔ
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7.4.4. Heat Release Rate 

The heat release rate versus time is measured by heat of combustion 

multiplied by the flux of gas diffusing out of the surface: 

 Char
Surface

G D
x
cHHRR ⋅
∂
∂

−⋅Δ= )(1  Eqn. 7-9 

where 

HRR  = Heat Release Rate  [W/m2] 

7.5. Moving Mesh during Char Formation 

For the model geometry, the char formation zone [x1-x2] is initially set to 

1nm, as to try to minimize the influence of this barrier at the beginning of the 

computations.  As time proceeds, the polymer heats, and as the temperature 

rises, gas is produced, but ignition does not start until some minimum level of gas 

surface concentration is reached (or minimum level of polymer loss).  When this 

minimum level of gas surface concentration is reached, ignition begins along with 

char formation.   

Inside the model, each subdomain zone is set to ‘free displacement,’ 

meaning that, the mesh is not fixed in each subdomain and can move.  For x0 

and x1 the mesh displacement was set to zero, meaning that it was fixed in 

space.  For x2, the mesh growth velocity must be set so that the char grows at 
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the correct rate.  To arrive at the mesh growth velocity term, it is important to 

recognize the governing phenomena that control this complex system.   

First, rate of mass growth of char is equal to the same polymer pyrolysis 

kinetics which can be equated as: 

P
PC mk

t
m

t
m

0)1()1( ⋅−=
∂

∂
⋅−−=

∂
∂ αα  

Dividing by charρ  the left hand side becomes 

t
xA

t
Ax

t
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t

m

t
m Char
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∂
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∂
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∂
∂
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⎠

⎞
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⎝

⎛
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∂

∂ ρ
ρ

1  

where V is the volume and A is the area and x is the displacement of the char.  

The complete balance is  

P
Char

P

Char

mk
t

m
t
xA

ρ
α

ρ
α 0)1()1( ⋅−

=
∂

∂−
−=

∂
∂  

Now by dividing both sides by A and multiplying the right hand side top and 

bottom by a constant thickness, χ, which is the distance between x0 and x1, 3mm.  

χρ
χα

χρ
χα

⋅
⋅⋅−

=
∂

∂
⋅⋅

⋅−
−=

∂
∂

A
mk

t
m

At
x P

Char

P

Char

0)1()1(  

By recognizing that (A. χ) is a constant volume, mP/(A. χ) = cP and mG/(A. χ) = cG.  

Therefore, the mesh velocity, mvel, can be defined as: 
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This relationship directly shows how the physical phenomena are related 

to one another during char growth.   

For modeling purposes, the cP time derivative is used and must be 

specified at a particular boundary, because cP is 0 at boundary x2 where char 

growth is taking place.  Therefore, the char growth mesh velocity becomes:  

 
0

)()1(

x

P

Char t
cmvel
∂

∂
−⋅

⋅−
=

ρ
χα  Eqn. 7-10 

where 

mvel  = Char/mesh formation velocity [m/s] 

χ  = Thickness constant, x1-x0 [m] 

This function should only become active when  reaches the minimum 

level of gas surface concentration for ignition and char growth to take place (or a 

minimum level of polymer loss).  If it were active at all times, then char growth 

would be taking place in the very beginning.  Even though this value might be 

quite small, it would affect the heat transfer of the problem enough to have 

drastic effects on the end results.  In transient numerical modeling, a basic step 

function (on/off) can not be used due to convergence issues.  Rather, a 

smoothed step function is used that lets the transition take place over some 

given range.  The step function used in COMSOL Multiphysics® is called flc1hs.  

Gc
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Now  can be written as: mvel

 
0

0
)()1()min,(1

x

P

Char
xPpolymer t

c
scalechsflc

∂
∂

−⋅
⋅−

⋅−−=
ρ

χαρmvel  Eqn. 7-11 

where 

hsflc1   = Smoothing step function in COMSOL 

Multiphysics® 

min  = Minimum level of polymer concentration 

reduction for ignition and char growth to 

begin  [kg/m3] 

scale  = Range over which transition takes place  

[kg/m3] 

For the solver to use 
0

)(
x

P

t
c
∂

∂
− and 

0xPc , they must be defined in 

COMSOL Multiphysics® in the Extrusion Coupling Variables / Boundary Variables 

section.  Here, names are created, cPt3 and cP3, that will be valid on surface x2 

and will equal the negative of the cP time derivative evaluated at x0 and the 

polymer concentration evaluated at x0, respectively. 

7.6. Initial and Boundary Conditions 

Initial conditions for each zone that conform to the physics of the problem 

are shown in Table 7-1.   
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Table 7-1  Initial Conditions, t=0. 
Zone Initial Condition  

(x,0) Polymer [x0-x1] Char Formation [x1-x2] 

cP cP = ρpolymer cP = 0 

cG cG = 0 cG = 0 

T T = Tinitial T = Tinitial 

where 

initialT  = Initial Temperature  [K] 

Boundary conditions were set at the x0 and x2 boundaries.  At x1 all 

boundary conditions are assumed to be constant interfacial boundary conditions 

where temperature and concentration are held constant at the interface.  

Boundary conditions are shown in Table 7-2. 

Table 7-2  Boundary conditions at x0 and x2. 
Boundary Boundary 

Condition (x0;x3,t) x0 x3 

cP Flux=0 Flux=0 

cG Flux=0 cG=0 

T Flux=0 
Flux = 

( )44
1 )( TTD

x
c

H coneChar
G −⋅⋅+⋅

∂
∂

−⋅Δ⋅ σεφ  

7.7. Constants & Variables; COMSOL Conversion Chart 

The names of the variables and constants described above must be 

changed to use in COMSOL Multiphysics®.  Conversion charts for the variables, 

141 

 



constants, and parameters are shown in Table 7-3, Table 7-4, and Table 7-5, 

respectively.  Also included in the tables are the values for the constants and 

parameters used to best fit the experimental data.  All parameters in Table 7-5 

are referenced at the bottom of the table.  Some of the parameters come from 

TGA data and came from the physical properties of polycarbonate.  The 

parameters that had to be adjusted to fit the data are , charD charρ , Cp , , char chark φ , 

ε , , and .  These parameters are within a realistic range.   scale c minG

Table 7-3  Variable conversion chart for COMSOL Multiphysics®. 
Variables COMSOL Name Unit 

Pc  c_P mol/m3 

Gc  c_G mol/m3 
T  T K 
t  t sec 
x  x m 

Table 7-4  Constants conversion chart for COMSOL Multiphysics®. 
Constants COMSOL Name Value Unit 
R  Rconst 8.314 J/(mol.K) 

ConeT  Theater 975 K 

initialT  Tinitial 300 K 
σ  sigma 5.6703e-8 J/(m2.K4.sec) 
χ  mconst 0.003 m 
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Table 7-5  Parameters conversion chart for COMSOL Multiphysics®. 
Parameters COMSOL 

Name 
Value Unit 

0A  kconst0 45420 a 1/sec 

0AE  Eact0 66.59    a kJ/mol 

0k  kP kconst0*exp(-Eact0/Rconst/T) 1/sec 

polymerD  Dpolymer 10    b m2/sec 

polymerρ  rpolymer 1200    c kg/m3 

polymerCp  Cppolymer 1200     c J/(kg.K) 

polymerk  kpolymer 10     b J/(m.K.sec) 

charD  Dchar 1.8*10-6    d m2/sec 

charρ  rchar 35    d kg/m3 

charCp  Cpchar 100    d J/(kg.K) 

chark  kchar 0.05    d J/(m.K.sec) 

1HΔ  DH1 23655000    e J/kg 
α  alpha 0.8    a  
φ  HRfrac 0    d  
ε  Emissivity 0.23    d  
scale  scale 100    d kg/m3 

minGc  min 150    d kg/m3 
mvel  mvel Flc1hs(rpolymer-cP3-

min,scale)*(cPt3)/rchar*mconst*(1-
alpha) 

m/s 

a ~ TGA experimentally determined data, see Table 7-6. 
b ~ Polymer zone assumed to diffuse and heat equally. 
c ~ Typical polycarbonate data. 
d ~ Reasonably adjusted parameters to fit experimental data. 
e ~  found by integrating HRR curve of PC (see 1HΔ

polymer

Figure 7-2) and dividing by 
ρ χ . 

With everything mentioned, the model is complete.  Adjustments to the 

parameters can then be made to fine tune the system.  Results of the 

computations are shown next in Chapter 8. 
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Chapter 8. NUMERICAL MODELING RESULTS TO 
PREDICT HEAT RELEASE RATE 

The results from the mathematical model developed to predict heat 

release rate are presented in this chapter.  An sensitivity analysis showing the 

influence of different physical properties is also given.   

8.1. Cone Calorimeter Experimental Results 

The use of a mathematical model to predict the heat release rate upon 

combustion of PC in a cone calorimeter has been investigated.  A schematic of 

the cone calorimeter can be seen in Figure 7-1 and the system of mathematical 

equations that describe the transport phenomena are shown in Chapter 7.   

Typical results from cone calorimetry of polycarbonate, performed at a 

radiant heat flux of 50kW/m2, are shown in Figure 7-5.  The figure shows data for 

three types of polycarbonate.  PC no FR is virgin polycarbonate with no flame 

retardant added.  PC Br FR is polycarbonate with a tetrabromobisphenol A 

(halogenated) flame retardant.  PC KSS FR is polycarbonate with potassium 

diphenylsulfone sulfonate (non-halogenated) flame retardant.  The use of the 

flame retardant ultimately stops the combustion process in the industrial standard 

UL94 vertical burn test.  From these cone data, the use of either flame retardant 

shows that time to ignition and peak heat release rate are reduced.  The data 

were taken at a radiant heat flux of 50 kW/m2.   
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Figure 7-5  Heat Release Rate data from cone calorimetry studies.  50kW/m2 
Radiant Heat Flux.  PC no FR is virgin polycarbonate with no flame 

retardant added.  PC Br FR is polycarbonate with a tetrabromobisphenol A 
(halogenated) flame retardant.  PC KSS FR is polycarbonate with 

potassium diphenylsulfone sulfonate (non-halogenated) flame retardant 

Notice that the data in Figure 7-5 begin around -30kW/m2.  This is due to 

error in the cone calorimeter used.  The data in Figure 7-5 have been corrected 

for this beginning error and the curves have been shifted up so that from time 

zero to the time of ignition the heat release rate is zero.  These data are shown in 

Figure 7-6 and are used for the rest of the modeling work.  All data have a 

standard deviation of ±10%. 
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Figure 7-6  Heat Release Rate data from cone calorimetry studies that have 
been shifted upwards so that HRR is zero at time zero.  50kW/m2 Radiant 

Heat Flux.  PC no FR is virgin polycarbonate with no flame retardant added.  
PC Br FR is polycarbonate with a tetrabromobisphenol A (halogenated,) 

flame retardant.  PC KSS FR is polycarbonate with potassium 
diphenylsulfone sulfonate (non-halogenated) flame retardant 

8.2. Numerical Modeling Results 

8.2.1. Polycarbonate with No Flame Retardant 

Fine tuning of the model parameters must be made initially to fit the time 

of ignition data.  This is done by setting the char velocity to zero and adjusting 

the emissivity, ε, value.  One other piece of data to check is the Total Heat 

Released, ΔH1, which is the area under the curve of the heat release rate versus 

time plot.  Data are shown in Figure 7-7.   
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Figure 7-7  Heat Release Rate versus Time with No Char Formation of 
Polycarbonate No FR; COMSOL compared to experimental data.   

Now that the emissivity term has been set and the total area under the 

curves are the same, char growth can now be implemented.  Turning the char 

formation velocity term on, the values min and scale can be set.  These values 

come from looking at a plot of  versus time and observing when char formation 

should occur.  The value that works best is a 1/24 loss of polymer concentration 

for char formation to begin.  Therefore, min = 150 and scale = 100, so that char 

formation begins at (150-100)/1200 = 1/24 loss of polymer concentration.   

Pc

Figure 7-8 shows the modeled COMSOL data compared to the cone data.  

Parameters used are those listed in Table 7-5.   
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Figure 7-8  Heat Release Rate versus Time of PC No FR; COMSOL Model 
Results with Char Growth compared to Cone Data.  

It is instructive to explain in more detail the physical phenomena taking 

place.  Initially, the polymer is heated and one observes a linear temperature 

ramp until the polymer reaction takes place and char begins to form.  The char 

acts as an insulator to the polymer due to a lower thermal conductivity.  When 

char formation begins, the rate of increase in polymer temperature is reduced.  

This can be seen in Figure 7-9. 
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Figure 7-9  Temperature and Char Thickness versus Time.   

Once char formation begins, it not only acts as a thermal barrier but as a 

diffusive barrier.  Upon Char formation, a build up of gas concentration is 

observed in the polymer.   

Figure 7-10 represents the concentrations of polymer and gas in the 

polymer zone along with char formation.  To put it in words, polymer reacts to 

form gas plus char.  While the gas is being formed it is also being restricted from 

depleting freely due to the char barrier.  During this time of char formation, gas is 

in competition with the moving boundary to exit the surface.  This is exactly why 

a plateau region is observed in the heat release rate data after the peak heat 

release rate.  Figure 7-11 shows both HRR and char thickness versus time 
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curves.  Once the maximum char thickness is reached, upon complete 

decomposition of polymer, the gas species then must diffuse only through the 

char layer to reach the surface.  Figure 7-12  shows HRR and gas concentration 

in polymer versus time. 
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Figure 7-10 Concentration of Polymer and Gas, and Char Thickness versus 

Time curves. 
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Figure 7-11  Heat Release Rate and Char Thickness versus Time. 
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Figure 7-12  Heat Release Rate and Gas Concentration in Polymer versus 
Time. 
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8.2.2. The Influence of Flame Retardant Additive 

Now that the parameters have been set for the PC No FR modeling case, 

curves can be generated for polycarbonate with the addition of a flame retardant.  

It is assumed that the flame retardant additive only affects the kinetics of the 

polymer decomposition reaction.  The kinetic parameters used for the three 

polycarbonates, one without FR and two with FR, were found by performing 

thermogravimetric analysis at different heating rates and using the Kissinger16 

equation (see section 2.2.3).  This is a very basic equation, but gives the 

activation energy and pre-exponential factor with ease.   

Table 7-6  Activation Energy and Pre-exponential Factors for the three 
different Polycarbonates. 

  EA (J/mol) k0 (1/s) 
PC No FR 66600 45400 
PC KSS FR 61700 31200 
PC Br FR 63100 29500 

 

Experimental results from cone calorimetry data are shown in Figure 7-6.  

From these data, one can observe that there is a shift in the time to ignition.  This 

can most likely be explained by the kinetic constants.   

Upon changing the kinetic constants in the model, heat release rate 

curves can again be predicted, and these are compared to the experimental data 

for each polycarbonate flame retarded with the two different additives.  Figure 

7-13 and Figure 7-14 show the HRR versus time curve for PC Br FR and PC 
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KSS FR, respectively.  Both curves exhibit good agreement between 

experimental data and the computations. 
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Figure 7-13  Heat Release Rate versus Time for PC Br FR.  Model versus 
Experimental. 
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Figure 7-14  Heat Release Rate versus Time for PC KSS FR.  Model versus 
Experimental. 

8.2.3. The Influence of Physical Properties 

Char Diffusivity 

The influence of adjusting the diffusivity of the char up and down by 25% 

from the set value shown in Table 7-5 can be seen in Figure 7-15.  Increasing the 

gas diffusivity through the char increases the peak heat release rate and shifts 

the plateau region upwards.  It also makes the plateau region more flat.  This has 

to do with the lessening of the resistance of the gas species diffusing through the 

char. 
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Figure 7-15  Influence of Char Diffusivity as it is adjusted up and down by 
25% of the originally modeled value. 

Char Thermal Conductivity 

The influence of adjusting the thermal conductivity of the char up and 

down from the set value shown in Table 7-5 can be seen in Figure 7-16.  The 

major effect of increasing the thermal conductivity of the char can be seen in the 

plateau region.  As it is increased, the plateau region goes from being flat to 

having a minimum and maximum.  This is due to the thermal effect of the char on 

the underlying polymer.  With an increased char thermal conductivity, the 

polymer will experience a slight temperature increase which in turn causes a 

slight increase in the rate of gas species being produced.  More gas produced at 

earlier times means more gas that is trapped and then released later as char 
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growth stops and only diffusion is taking place.   
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Figure 7-16  Influence of Char Thermal Conductivity as it is adjusted up and 
down by 25% of the originally modeled value. 

Char Density 

The influence of adjusting the density of the char up and down by 25% 

from the set value shown in Table 7-5 can be seen in Figure 7-17.  By adjusting 

the char density, there is an effect on the thermal diffusivity (k/(ρ.Cp)).  This effect 

has been eliminated by also adjusting the char thermal conductivity so that the 

thermal diffusivity does not change.  Density then only shows an effect on the 

char thickness.  Lower density leads to a higher char thickness, whereas a high 

density means a lower char thickness.  It can be seen that increasing char 
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density (decreasing char thickness) increases the peak heat release rate and 

also moves the plateau region upwards.  This is due to a lower thickness to 

diffuse through.  The gas has a shorter distance to travel and the resistance is 

much lower, therefore making it easier for the gas to escape. 
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Figure 7-17  Influence of Char Thermal Conductivity as it is adjusted up and 
down by 25% of the originally modeled value. 

Polymer Diffusivity 

The influence of adjusting the diffusivity of the gas in the polymer up and 

down by 25% from the set value shown in Table 7-5 can be seen in Figure 7-18.  

It can be seen that there is no effect.  This is due to the nature of the problem.  

The polymer diffusivity is set high enough to mimic the cone experiment such 
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that there is not much resistance to mass transfer in the polymer zone.   
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Figure 7-18  Influence of Polymer Diffusivity as it is adjusted up and down 
by 25% of the originally modeled value. 

Polymer Thermal Conductivity 

The influence of adjusting the thermal conductivity of the polymer up and 

down by 25% from the set value shown in Table 7-5 has no effect on the heat 

release rate.  The same curve is observed as in the case of polymer diffusivity.   

8.3. Conclusions 

A mathematical model has been developed to predict accurately the heat 

release rate of a char forming polymeric material during combustion described 
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under the cone calorimeter.  From the model, time to ignition and peak heat 

release rate can be predicted for char forming materials using computational 

methods.  The HRR after the peak (plateau region) can also be modeled with 

minor error.  For this model to predict the heat release rate curves of a polymeric 

material some physical properties must be known, such as, polymer: thermal 

conductivity, density, heat capacity, and char: thermal conductivity, density, heat 

capacity, and diffusivity.  These are quantities that can be measured by other 

instruments.  Kinetic rate constants and amount of char formed can be found by 

thermogravimetric analysis.  Heat of combustion of a polymer can be calculated 

by simple bond energies.  From these data, heat release rate curves can be 

predicted and the use of a cone calorimeter is not necessary.  However, a cone 

calorimeter will prevail until confidence has been built in the use of the model for 

different polymeric materials. 
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Chapter 9. CONCLUSIONS AND RECOMMENDATIONS 

The specific objectives of the proposed research were mentioned in 

section 1.7.  This chapter will be an overview of the specific objectives and how 

they were met.  Recommendations are also made for future work. 

9.1. Choice of a Non-halogenated Flame Retardant 

Choosing the best non-halogenated flame retardant for recycled 

polycarbonate was the first objective.  KSS FR® was found to be the most 

promising candidate. This is due to its ease of handling (powder), low loading 

levels (0.2wt%), and high flame retardancy (UL94 v-0).  Mechanical properties, 

particularly impact strength, are also retained as compared to that of a virgin 

polycarbonate.   

9.2. Recycle Polycarbonate via True Recycling Process 

A recyclability study was carried out to test and compare the recyclability 

of a halogenated flame retarded polycarbonate to a non-halogenated flame 

retarded polycarbonate.  The following subsections summarize what was 

performed and concluded. 
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9.2.1. Recycle Makrolon 6555 (Halogenated FR) 

Recycling polycarbonate flame retarded with a halogenated compound 

(tetrabromobisphenol A) via a true recycling process has been studied (see 

Section 5.1).  Makrolon 6555 (PC Br FR) was recycled 8 times.  Thermal, 

mechanical, flammability, molecular, and rheological tests (see Section 5.1) have 

been performed on each cycle of the recycling process.  Each property was 

plotted against number of re-extrusions.  Results can be seen in Section 5.1, and 

these are generally good.  The major disadvantage of this system is that Izod 

impact strength drastically reduced after 3 cycles.  This could be due to the 

higher loading level of tetrabromobisphenol A of 4-5wt%. 

9.2.2. Recycle Makrolon 2608 with KSS FR® (Non-halogenated FR) 

Recycling polycarbonate flame retarded with a non-halogenated 

compound (Potassium diphenylsulfone sulfonate, KSS FR®) via a true recycling 

process has been performed (see Section 5.1).  Makrolon 2608 with 0.2wt% KSS 

FR® (PC KSS FR) was recycled 8 times.  Thermal, mechanical, flammability, 

molecular, and rheological tests (see Section 5.1) have been performed on each 

cycle of recycling process.  Each property was plotted against number of re-

extrusions.  Results can be seen in Section 5.1 and show that all properties were 

maintained throughout the recycling process. 
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9.2.3. Compare the Non-halogenated to Halogenated Flame Retarded 

Recycled Polycarbonates 

By comparing the flammability, thermal, mechanical, molecular weight, 

and rheological properties of these two recycled materials (see Section 5.1), it is 

concluded that the non-halogenated flame retardant polycarbonate, PC KSS FR, 

retained its properties better than the holgenated flame retardant polycarbonate, 

PC Br FR.  It was also concluded from Section Section 5.1 that KSS FR® is a 

promising non-halogenated flame retardant for recycled polycarbonate. 

9.3. Recycle a True Recycled Polycarbonate with KSS FR® 

Recycling a true recycled polycarbonate from a vendor with the addition of 

the KSS FR® has been performed (see Section 5.3).  The polycarbonate came 

from STAR Plastics, Ravenswood, WV.  Three different samples were provided 

STAR Plastic supplied three different sources of reground recycled 

polycarbonate.  Upon the addition of KSS FR, flammability was enhanced and no 

changes in mechanical properties were observed.  There were also no 

antagonistic effects of the combination of different flame retardants that were 

already in the recycled plastics. 
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9.4. Analyze the Decomposition Mechanism of KSS FR® 

Polycarbonate 

An analysis of the decomposition mechanism during the combustion of a 

non-halogenated flame retarded polycarbonate with a TGA-GC-MS and TGA-

FTIR has been performed (see Section Chapter 6) at Marquette University, 

Milwaukee, WI, with the assistance of Dr. Charles A. Wilkie, an expert on TGA-

GC-MS, TGA-FTIR, and flame retardancy.  Using his facilities, experiments were 

performed on polycarbonate flame retarded with KSS FR®.  Small samples 

(40mg) were pyrolzed and analyzed in a TGA-GC-MS and TGA-FTIR.  From this 

analysis, mechanisms of decomposition during combustion and how KSS FR® 

works as a flame retardant have been suggested and are summarized as follows: 

The acceleration of PC degradation in the presence of KSS leads to the 

formation of a larger amount of carbonaceous char than for the virgin polymer.  

This acceleration can also be seen in TGA data.  Therefore, KSS works as a 

catalyst in accelerating the disproportionation of the bisphonal A component in 

polycarbonate forming phenol and isopropylphenol.  The isopropylphenol also 

dimerizes into another structure that contains a carbon double bond.  This carbon 

double bond is open for crosslinking for char formation.  Additionally, the CO2 

that evolves at the same time can be viewed as a blowing agent, the combination 

of the two results in an intumescent cover formation that can account for the 

excellent fire retardant property of KSS. 
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9.5. Develop a Model for Heat and Mass Transfer to Predict Heat 

Release Rates from Cone Calorimetery of a Polymeric Char 

Forming Material. 

Developing a model for heat and mass transfer during the combustion of a 

polymeric material in a Cone Calorimeter has been performed (see Chapter 7).  

The model was solved using the commercial software COMSOL Multiphysics®. 

The numerical solution of the equations provide a great deal of insight to the 

phenomena involved during the thermal degradation and combustion of a char 

forming material under fire.  From the model, time to ignition and peak heat 

release rate can be predicted for char forming materials.  The HRR after the peak 

(plateau region) can also be modeled.  For this model to predict the heat release 

rate curves of a char forming polymeric material some physical properties must 

be known, such as, polymer: thermal conductivity, density, heat capacity, and 

char: thermal conductivity, density, heat capacity, and diffusivity.  These are 

quantities that can be measured by other instruments and fed into the model.  

Kinetic rate constants and amount of char formed can be found by 

thermogravimetric analysis.  Heat of combustion of a polymer can be calculated 

by simple bond energies.  From these data, heat release rate curves can be 

predicted and the use of a cone calorimeter is not necessary.  Although, a cone 

calorimeter will prevail until confidence has been built in the use of the model for 

different polymeric materials.  This simply means, by knowing properties of the 

polymer system under investigation, one can predict the fire performance by 
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modeling and not have to perform the experimental cone calorimeter test.  Also, 

by knowing what parameters influence the heat release rate, one could tailor a 

polymer system’s properties to achieve the performance desired. 

The recommendations for future modeling work would be to use other 

polymeric data for other polymers to see how well the model predicts heat 

release rate.  The incorporation of nano-materials, such as, nano-clay, have 

been shown to reduce the peak heat release rates in some systems51,52,53,54.  

Investigating these phenomena could be performed by COMSOL Multiphysics by 

first expanding the 1D analysis to a 2D or 3D geometry and incorporating a 

dispersion of thin inert platelets and then, adjusting the polymer’s diffusion 

coefficient.   

A recommendation on predicting structure failure could be another add-in 

for the model.  This would be the incorporation of strength and modulus of the 

material at different temperatures for thermally thick load bearing geometries.  

Knowing the temperature distribution throughout the sample, and setting up an 

equation based on mechanical properties at given temperatures could yield the 

prediction of structure failure.  More could come from this, but a general idea 

could be looked at through several references55,56,57,58. 
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Appendix B  Makrolon 6555 Material Properties 
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Appendix C  Fyrolflex BDP Material Properties 
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Appendix D  Fyrolflex RDP Material Data Appendix D  Fyrolflex RDP Material Data 
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Appendix E  KSS FR Material Data 

TMKSS-FR  
Non-Halogen 

Flame 
Retardant 

 

KSS-FR is a superior flame retardant for transparent, translucent polycarbonate compounds.  
KSS-FR Non-Halogen Flame Retardant is a potassium salt of diphenyl sulfone sulfonate.  The 
KSS-FR polycarbonate formulation below has been shown to meet Underwriters Laboratories 
(UL) 94 V0 flame retardant requirements at a specimen thickness of 3.2 mm (1/8”).  KSS-FR 
provides excellent flame retardant effectiveness while maintaining the transparency inherent in 
polycarbonate thermoplastics. 

 
  Formulation Component              Loading % 
  Polycarbonate (3 MFI homopolymer)  99.8 
  SLOSS KSS-FR      0.2 
 
  UL 94 V0 @ 3.2mm    Pass 
 
SLOSS KSS-FR is the potassium salt of a complex of diphenyl sulfone sulfonate and diphenyl 
sulfone disulfonate.  The complex is comprised of these two components with a minimum 60% 
sulfonate content and maximum 28% disulfonate content. 
 
KSS-FR is a white powder and provides flame retardant performance at fractional loading levels 
or at less than 1% by weight in the polycarbonate formulation.  Therefore, it may be helpful to 
produce and utilize KSS-FR in concentrate form for more effective dispersion into the 
polycarbonate matrix. 
 
Specifications for SLOSS KSS-FR are available upon request. 
 
  

Please contact SLOSS for more information or to request a sample. 
 
David Minchin, General Manager Jim Innes, Sloss FR Technical Advisor 
Sloss Industries Corporation Flame Retardants Associates, Inc. 
PO Box 5327, Birmingham, AL 35207 4 Saddlewood Court, Aurora, IL 60506 
Phone 205-808-7712, Fax 205-808-7715 Phone  630-466-7811  Fax  630-466-7820 
Email:  davidminchin@sloss.com Email:  jdinnes_fra@msn.com 
 
 
 
The data and test results referred to herein are based on tests defined by flammability safety regulations and performed under laboratory conditions.  They should not be construed as a 
representation or warranty of performance under actual fire conditions.  Sloss Industries believes the information contained herein to be accurate.  Any recommendations or suggestions made are 
without warranty or guarantee of results since conditions of use are beyond the control of Sloss Industries.  Before using, the customer should determine suitability of the product for the customer’s 
intended application.  ANY REPRESENTATION OF WARRANTY, EITHER EXPRESED OR IMPLIED, IS SPECIFICALLY DISCLAMED INCLUDING WARRANTIES OF FITNESS FOR A 
PARTICULAR PURPOSE OR MERCHANTABILITY.  Sloss Industries’ only obligation is to replace the product or to refund purchase price at its option.  In no event shall Sloss Industries be liable 
in tort, contract or otherwise for incidental, consequential or punitive damages.  Statements contained herein shall not be construed to be a recommendation to infringe any patent.            11/01/03 
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Appendix F  SAFETY 

Personal Safety Equipment and Proper Dress 

Special care must be taken when approaching and running any piece of 

machinery or testing apparatus.  Many of the devices listed in Chapter 3 can be 

extremely hot, for example, the extruder, internal mixer, and compression molder 

is normally operated at temperatures close to 300oC.  Appropriate care must be 

taken to wear insulated gloves, pants, closed toe shoes, and lab coats to prevent 

accidental burning.  The TGA furnace can reach temperatures up to 1000oC.  

This is extremely hot and never should be touched.  When evaluating materials 

that may produce toxic or harmful gases, one should attach some sort of exhaust 

hood near to the effluent tube of the TGA furnace.  This is simply accomplished 

with a hose and funnel device attached to a vacuum line, placed near (not 

attached to) the effluent tube.  When using such a device, one should make sure 

there is no disturbance of the balance. 

Safety glasses must be worn during the operation of any processing 

equipment, including but not limited to: extruder, pelletizer, and internal mixer.  

They must also be worn while running testing apparatuses, such as, IZOD 

Impact, LOI, and UL94.  Safety glasses should also be worn while making 

samples for the GPC. 

Latex gloves and lab coats should be worn while performing the LOI and 
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UL94.  Proper care should be taken also while running the UL94; holt molten 

polymer may be dripping, so do not put your hands directly beneath the flame 

drip zone.  Proper gloves should also be worn while handling solvents for the 

GPC. 

Safety Switches, Equipment, and Devices 

Each piece of equipment should be shut down properly.  Emergency 

Safety Switches are located on some of the machinery, such as, extruder, 

injection molder, and internal mixer.  Location of all such switches must be 

known to the operator and users of such equipment.  Emergency and proper shut 

down procedures can be found in the Polymer Lab’s Chemical Hygiene Plan. 

The location of the safety shower, eye wash station, fire extinguisher, first 

aid kit, fire alarms, fire blanket, telephones, emergency telephone numbers, and 

Material Safety Data Sheets must be known by everyone who works in the 

Polymer Research Laboratory.   
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