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Abstract 

 

A review of the literature on the flammability and decomposition of Poly(oxy-1,4-

phenyleneoxy-1,4-phenylenecarbonyl-1,4-phenylene) (PEEK) is presented.  This paper 

provides an overview of the flammability of PEEK and its decomposition mechanisms.  

Based on this literature, mechanisms have been suggested which attempt to explain the 

products formed at each stage of PEEK decomposition and indicate the intermediates which 

should be formed at each of these stages. 

 

Introduction 

 

The widespread use of synthetic polymers has revolutionised the manufacturing industry and 

the range of products available.  However, many synthetic polymers suffer from much greater 

flammability than traditional materials as the quest for synthetic polymers with good 

mechanical properties and low flammability continues.  Poly(oxy-1,4-phenyleneoxy-1,4-

phenylenecarbonyl-1,4-phenylene), (PEEK), is a semi-crystalline polymer with excellent 

mechanical, chemical and thermal properties which permits its use in a variety of industrial 

applications particularly as a metal replacement.1  In addition, it has lower flammability and 

swells to form a significant amount of char on burning.  In order to understand this behaviour 

and to see if further enhancement is possible, it is necessary to understand the thermal 
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decomposition behaviour of PEEK. PEEK is an aromatic polyketone and is one of the 

commonly used engineering thermoplastic materials combining ketone and aromatic 

moieties.  The material was invented and patented in 1978 by the Imperial Chemical 

Industries (ICI) company,2 but since then little work has been carried out on elucidating the 

thermal decomposition mechanisms of the polymer.  The bulk of the work on the material’s 

degradation and decomposition concentrates on obtaining and understanding the kinetic 

parameters of PEEK.3,4,5,6,7,8  Of the work which has been done relating to the thermal 

decomposition mechanisms, the main method of determination of the degradation pathways 

has concentrated on the volatile (and usually flammable), small organic molecules released 

into the gas phase on decomposition and few attempts have actually been made to determine 

the changes in composition and structure of the PEEK residue.9,10,11

 

  The repeat units of 

PEEK have the following structure: 
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Figure 1.  Poly(oxy-1,4-phenyleneoxy-1,4-phenylenecarbonyl-1,4-phenylene) (PEEK) 
 

The excellent thermal properties of the polymer are attributed to the stability of the 

aromatic backbone, which makes up the bulk of the monomer unit.12,13

 

 

Polymers containing aromatic carbon and/or heterocyclic links in the polymer main 

chain, such as PEEK, have certain features which relate to their pyrolysis and char yield.  

These features are as follows: 

 

- Thermal stability and char yield both increase with the relative number of 

aromatic groups in the main chain per repeat unit of the polymer chain.14

- Pyrolysis tends to begin with scission of the weakest bonds in the bridging groups 

between aromatic rings.

 

14 
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- The heat of combustion of PEEK, measured using Oxygen Bomb Calorimetry, is 

31.28 kJ/g.15

 

  However, in a real fire scenario, the polymer leaves a substantial 

(~70%) char residue. 

Using a Microscale Combustion Calorimeter (MCC), the heat release rate has been 

measured for some commonly used polymers (see Figure 2).  Polyethylene (PE), one such 

polymer that is used in abundance, has a heat release rate per gram of molecule that is eight 

times greater than that of PEEK, making PEEK a very desirable material in situations where 

high temperatures may be encountered.  Due to PEEK’s excellent thermal and physical 

properties, its applications are varied and unlike commodity polymers, many of its uses are 

task specific; often the material is used as a composite reinforced with the addition of glass or 

carbon fibre. 

 

 
Figure 2.  Specific Heat Release Rate for Several Polymers.16

 
 

PEEK Decomposition and Flammability 

 

PEEK has superior thermal degradation resistance, with a continuous use temperature 

of 260°C and a melting point of 343°C.17  The onset of thermal degradation resulting in mass 

loss occurs between 575-580°C.18 Table 1  As shown in , this number is quite noteworthy in 

comparison to the other polymers listed. 
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Although the thermal decomposition of PEEK is different in both oxygen and 

nitrogen environments, both show two step decomposition processes.  Figure 3 shows how 

the weight loss and thermal decomposition of PEEK and its composites proceeds in a 

nitrogen environment.  In the first decomposition step, random chain scission of the ether and 

ketone bonds is believed to be the main mechanism.19

 

  However, cleavage of the carbonyl 

bond will lead to radical intermediates that are more stable due to resonance effects and 

would be expected to predominate. 

Table 1.  Comparison Of Onset Of Decomposition Temperatures Of Various Polymers20

 
 

Polymer  Decomposition Onset Temperature  

  (°C) 

Polyethylene (PE) 335 

Polypropylene (PP) 328 

Polyvinyl chloride (PVC) 200 

Polystyrene (PS) 285 

Polymethyl methacrylate (PMMA) 170 

Polyethylene terephthlate (PET) 283 

Polycarbonate (PC) 420 

Polytetrafluoroethylene (PTFE) 508 

Polyetheretherketone (PEEK)  575 
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Figure 3.  Thermal Decomposition of PEEK and its Glass (GL30) and Carbon (CA30) Fibre 

Composites Under Nitrogen.18 

 
Rapid and significant mass loss occurs just below 600°C resulting in the volatilisation 

of around 45% of the polymer mass, the remaining polymer mass appears to be carbonaceous 

char.  This has also been observed by other authors and has been attributed to the loss of, 

mainly, phenols as decomposition products,21 although carbon monoxide (CO) and carbon 

dioxide (CO2) have also been identified as evolving rapidly over this temperature range,22

 

 

possibly as a by-product of the decomposition of PEEK to phenols.  This is followed by a 

slower process of volatilisation of the residue, with over 35% still present even at 1000°C.  In 

the presence of 30% glass fibre (PEEK-GL30), rapid mass loss also occurs just below 600°C 

resulting in the volatilisation of only around 25% of the polymer mass when compared to the 

unmodified PEEK.  This lower mass loss is even more pronounced in the presence of 30% 

carbon fibre (PEEK-CA30), where only 20% of the mass is lost at the same temperature.  At 

elevated temperatures, the presence of glass and carbon fibres continue to inhibit the 

decomposition with yields of residues at 1000°C of 65% and 70%, respectively. 

Figure 4 shows the same materials and their decomposition processes in air.  In this 

instance, the second decomposition step is attributed to the oxidation of the carbonaceous 

char formed as a result of the first decomposition step.18  This step takes place at a slightly 

lower temperature for PEEK-CA30 than for pure PEEK and PEEK-GL30 indicating, as 

might be expected, that PEEK-CA30 is more readily oxidised.  Oxidation of pure PEEK and 
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PEEK-GL30 occurs at around the same temperature, although the latter ceases losing weight 

at around 700°C.  In comparison to pure PEEK and PEEK-CA30, PEEK-GL30 retains 

around 30% of its mass at elevated temperatures indicating that, as expected, the 30% by 

weight of glass fibres are not oxidised. 

 

 
Figure 4.  Thermal Decomposition of PEEK and its Glass (GL30) and Carbon (CA30) Fibre 

Composites in Air.18 

 

The burning behaviour of PEEK and its composites differ in heat release rate (HRR) 

and total heat released (THR). This is depicted in Figure 5. These parameters are commonly 

determined using the Cone Calorimeter as described in ISO 566023 where heat release rate is 

calculated based on the principle of oxygen consumption. 

 
Figure 5.   Cone Calorimeter Heat Release Curves of PEEK and its Composites.18 
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It can be seen that with 30% of the filler present, the heat release rate and total heat 

released is reduced by around 75% for the composites.  There are several possible 

explanations for this.  Under a flame, the oxygen concentration is close to zero 24

18

 and 

nitrogen-like decomposition would be observed, as the similarity between PEEK-CA30 and 

PEEK GL-30 in a nitrogen atmosphere and the cone calorimeter indicates.  The lower heat 

release rate of modified PEEK is thought to be due to the mass-dilution effect, where the total 

amount of burning materials is reduced  giving a greater char yield as shown in Table 2.  It 

is also accepted that in charring systems, the presence of fillers increase melt viscosity and 

suppress heat radiation and physical modification of the char.18  As an example, the presence 

of glass fibre can reduce melt flow and dripping to prevent the spread of flames in a fire.18 

 
Table 2.  Char Yield (%) for PEEK and its Composites under Nitrogen.18 

 

Polymer Char % (in N2) 

PEEK 41 

PEEK-CA 30 67 

PEEK-GL 30 63 

 

As seen in Figure 5, the time to ignition increases in the presence of glass fibre, but 

not carbon fibre.  Conversely, in the presence of carbon fibre, the increase in heat release rate 

is more gradual.  

 

PEEK Decomposition – Products and Mechanisms  

 

The main products of PEEK decomposition have been identified as CO, CO2, phenols 

and some aromatic ethers.18  It has been proposed that the decomposition of PEEK occurs 

through competing mechanisms.  These are mainly chain scission, leading to volatile fuel 

formation, and cross-linking, leading to char formation.25  PEEK decomposition is initiated 

by random homolytic scission of either the ether or the carbonyl bonds in the polymer 

chain,26 although there is disagreement as to which of these bonds is more stable.  It is 
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believed that as most of the products of PEEK decomposition contain terminal hydroxyl 

groups and there are few with aldehyde units that the ether links are less thermally stable.21 

 

Furthermore, work has been carried out on the initial decomposition of PEEK and its 

products using coupled techniques such as Thermogravimetry/Mass Spectometery (TG/MS)19 

and Pyrolysis Gas Chromatography/Mass Spectrometry (pyGC/MS) 22 as well as a 

combination of the two.27

 

  Table 3 shows the volatile decomposition products of PEEK 

determined by stepwise pyGC/MS arranged by peak temperature of production. 

Table 3.  Decomposition Products of PEEK by Temperature – Flash pyGC/MS.22 

 

Temperature Decomposition Product 

450°C 4-Phenoxyphenol 

  1,4-Diphenoxybenzene 

650°C CO + CO2 

  Diphenyl ether 

750°C Phenol 

  Benzene 

  Dibenzofuran 

  Hydroquinone 

  4-Dibenzofuranol 

  4-Hydroxybenzophenone 

  p-Benzoquinone 

 Benzophenone 

  Biphenyl 

  Naphthalene 

  Fluorene 

1100°C 4-Hydroxybenzophenone 

  1,4-Diphenoxybenzene 

  4-Phenylphenol 
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In the first stage of decomposition, pyGC/MS has identified 1,4–diphenoxybenzene 

and 4-phenoxyphenol as products at 450°C,22 indicating that the degradation of PEEK is 

initiated by cleavage at chain ends and branches. 

 

H

O

O

H

1,4 - Diphenoxybenzene      

H

O

OH

4 - Phenoxyphenol  
Figure 6.  Major PEEK Degradation Products at 450°C. 

 

 

At higher temperatures, decomposition products contain lower molecular weight 

volatiles such diphenyl ether as well as benzene and methylbenzene.  As the randomness of 

the main chain scission increases, other volatile products such as diphenyl ether and CO and 

CO2 are formed at 650°C and dibenzofuran, biphenyl and naphthalene at and above 750°C.22 

 

At temperatures above 650°C, chain cleavage at terminal carbonyls is believed to be 

the primary pyrolysis pathway.  Phenol has been identified as a major decomposition product, 

its yield being greater than benzene at temperatures above 650°C.27  In addition, dibenzofuran 

has also been identified as another major decomposition product; its structure (Figure 7) can 

be related to the ring closure between diradicals at the ether groups of the PEEK monomer 

unit. 

 
O

Dibenzofuran  
 
Figure 7. Dibenzofuran 
 

Dibenzofuran is produced at a peak pyrolysis temperature of 750°C, a high 

temperature environment which is believed to favour the recombination of adjacent radicals 

to form dibenzofuran derivatives.  The following mechanism has been proposed:22 
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Figure 8.  Recombination of Adjacent Radicals to form Dibenzofuran.22 

 

Dibenzofuran has also been identified in the decomposition products of poly(1,4-

phenylene oxide) and is commonly observed as a dimer,21 but the corresponding carbonyl 

derivative was not observed indicating that the ether group is more stable than the ketone 

group.  However, work completed by Tsai et al found benzophenone to be a minor product of 

PEEK decomposition at a peak pyrolysis temperature of 750°C.  Its structure (Figure 9) could 

be linked to a dibenzofuran carbonyl derivative that has also been found in 

Thermogravimetric – Mass Spectrometry (TG/MS) traces.19 

 

C

H

O

H
Benzophenone  

 
Figure 9.  Benzophenone 

 

The yield of phenol has been determined as being two to three times greater than that 

of benzene in samples which were subjected to 1500°C in a pyGC/MS .  This is increased to 

a yield twenty times greater under dynamic (10°C/minute) TGA heating rates in a nitrogen 

atmosphere.27  It is proposed that breaking the ether linkage produces phenolic radical end 

groups which, after hydrogen abstraction, leave phenol as the major decomposition product.  

Ether linked molecules have been found to be present amongst the products of pyrolysis 

indicating that breakage of the carbonyl bond is also occurring.27  It is believed that cleavage 

of the ether group occurs at lower temperatures to yield phenol as a major product of 

decomposition.  In contrast, decomposition of the carbonyl group, occurring at higher 

temperatures, yields CO2 as a major product of pyrolysis.27 
 

Species containing two aryl groups, such as biphenyl, naphthalene and fluorene show 

similar patterns of formation.  All have a peak pyrolysis temperature of 650°C, reach 
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maximum amounts at 750°C and decrease rapidly to trace amounts above 900°C.22  This is 

similar to the pattern shown by dibenzofuran and so indicates that all are formed by the 

recombination of free radicals produced by ether or carbonyl scission of the main polymer 

chain.22  This process produces biphenyl as shown (Figure 10): 

 

C  C
+

.

 
Figure 10. Recombination of Adjacent Radicals to form Biphenyls.22 

 

Above 900°C, significant amounts of phenyl phenol have been detected in the pyGC-

MS, possibly due to the continuing pyrolysis of ether-containing species in the incompletely 

carbonised solid residue.  The mechanism for this is shown below (Figure 11): 

 

C  O  .O
H  

OH
2

 
Figure 11. Pyrolysis of Solid Residues to Form Phenyl Phenol.22 

 

A high char yield suggests that the random scission of the main chain is accompanied 

by carbonisation.  pyGC/MS data indicates that carbonisation might be the dominant 

pyrolysis pathway at temperatures above 750°C.22  

 

Further analysis has been completed on PEEK that has been aged thermally to 

determine the early stages of the crosslinking mechanism, which results in a char-like 

residue.28 21  It is believed that crosslinking occurs during the early stages of decomposition.   

PEEK samples aged thermally for 0.5, 4 and 6 hours at 400°C in air, were analysed using 13C 

Magic Angle Spinning Nuclear Magnetic Resonance spectroscopy (MASNMR).  Differences 

in NMR spectra were found and as the thermal aging process was continued, there was a 

slight reduction in the ratio of the C-5 to C-6 and C-4 to C-7 resonances of the polymer,28 as 

indicated in Figure 12. 
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Figure 12. PEEK with Involved Carbons 

 

These changes were found to be more significant for samples that were aged for 

longer periods of time,28 suggesting that the process may be kinetically unfavourable or that it 

involves a slow rearrangement process.  Figure 13 shows a cross-linked product suggested by 

the changes in ratios of C-5 to C-6 and C-4 to C-7.  The authors did not report either the alkyl 

CH2 signal (from C-4 at ca. 40 ppm) or the quaternary C-O (from C-5 at ca. 65 ppm), which 

the structure suggests should appear.  However, this is not too surprising as the peaks could 

easily be obscured by spinning side bands or noise. 
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Figure 13.  PEEK with Crosslinking between C-4 and C-5 

 

Discussion 

 

Suggested Mechanisms for the Formation of Major Products 

 

Based on the identified volatile decomposition products,19,21,22.27,28 some mechanisms 

for their formation can be suggested.  The following mechanistic schemes, arranged by peak 

temperature of appearance of the volatile product, are proposed. 
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At 450°C 1,4-diphenoxybenzene and 4-phenoxyphenol are the main products.  The 

easiest bond to break should be the carbonyl to aromatic ring bond as the two radicals from 

each scission are stabilised by resonance to phenoxy groups.  The carbonyl radical produced 

could be oxidised in air to a carboxylic acid or converted to an aldehyde by hydrogen radical 

abstraction under anaerobic conditions.  These products may contribute to foaming of the 

char and release of carbon dioxide and carbon monoxide, respectively, at 650°C. 

 

Scheme 1 - 450°C: 1,4–Diphenoxybenzene 
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The next easiest bond to break is the ether oxygen to aromatic ring bond, as the 

phenoxy radical is stabilised by resonance to the aryl ketone ring.  
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Scheme 2 - 450°C: 4-Phenoxyphenol  
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At 650°C diphenyl ether and phenol are formed.  At this higher temperature, the bond 

breaking reactions require higher energy than needed for the formation of 4-phenoxyphenol 

at 450°C as the aryl and phenoxy radical intermediates do not have the extra resonance 

stabilisation of an aryl ketone or phenol ring.   
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Scheme 3 - 650°C: Diphenyl ether and Phenol 
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Also, at this temperature, pre-formed carboxylic acids can give carbon dioxide by 

decarboxylation and aldehydes can give carbon monoxide by decarbonylation. 

 

At 750°C phenol formation continues and benzene formation begins.  The diradicals 

shown below are almost certainly not formed, but for ease of representation, the diagram 

shows them present at the same time, however, in reality, this would be a stepwise process.  
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Scheme 4 - 750°C: Phenol and Benzene 
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Hydroquinone and benzoquinone are also formed at 750°C and less stable radicals 

and diradicals can be formed at this temperature.  A diradical pathway would probably lead to 

benzoquinone whilst a stepwise process would lead to hydroquinone.  

 

Scheme 5 - 750°C: Hydroquinone and Benzoquinone 
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The 2,2’-diradical shown below would be formed at lower temperatures and would 

ring close to form dibenzofuran rings in the polymer chain.  Subsequent chain scissions at 

750°C would lead to dibenzofuran and dibenzofuranol release. 

 

Scheme 6 - 750°C: Dibenzofuran and Dibenzofuranol 
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Benzophenone diradicals will be of high energy due to the inductive electron 

withdrawing effect of the carbonyl, and so can only be formed at high temperatures by a 

stepwise process.  These diradicals can abstract hydrogen atoms from nearby aromatic rings 

and form benzophenone. 

 

Scheme 7 - 750°C: Benzophenone 
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Finally, biphenyl can be formed by two aromatic radicals bonding together to give a 

biphenyl group and further bond scissions will release the biphenyl molecule.  
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Scheme 8 - 750°C: Biphenyl 
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Char formation (graphitisation) begins at around 650°C and continues to over 

1000°C.  One possible mechanism to explain this involves the formation of radical sites on 

adjacent benzene rings attached to a carbonyl to give a 9H-fluoren-9-one, which can 

eliminate carbon monoxide to produce a diradical.  The diradical can cyclise with another 

aromatic radical nearby and then re-aromatise to begin formation of an extended aromatic 

array, graphite.  Whilst fluorenones are not found in the gaseous phase, they have been 
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detected in the solid phase at between 400-500°C using FTIR spectroscopy on PEEK films.11  

The ease of formation of graphite from the fluorenone structure probably explains the 

absence of such molecules from the gaseous products.  

 

Scheme 9 - 650°-1100°C: Graphitisation 
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Conclusions 

 

Whilst much can be inferred about the mechanism of thermal decomposition of PEEK 

from the volatile organic products formed at various temperatures; the reactions in the melt 

also need to be elucidated to provide a more concise understanding of the actual mechanisms 

occurring.  This will lead to better control of the thermal decomposition properties and help 

explain the role of fillers in altering the onset of mass loss and promotion of char formation.  

However, little work has been done to confirm the presence of the inferred products and 

intermediates in the solid/melt phase, thus suggesting that in future it would be fruitful to 

concentrate on the reactions occurring in the melt. 
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