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Abstract

Conventional thermally durable materials such as metals are being replaced with heat resistant
engineering polymers and their composites in applications where burn-through resistance and
structural integrity after exposure to fire are required. Poly aryl ether ether ketone (PEEK) is one
such engineering polymer. Little work has been published with regards to the flammability of PEEK
and its filled composites. The current study aims to assess the flammability and fire behaviour of
PEEK and its composites using thermogravimetric analysis, pyrolysis combustion flow calorimetry,
limiting oxygen index, a vertical flame resistance test, and fire (cone) calorimetry.

1. Introduction

Applications in which polymers are replacing traditional materials are on the increase. In many
cases, polymers and their composites are now being used where the fire risk scenario is dissimilar to
any encountered previously. In addition to ignition resistance and low heat release rate, engineering
polymers may now be required to resist burn-through and maintain structural integrity whilst
continuing to provide fire protection when exposed to fire or heat.

Aryl poly ether ether ketone (PEEK) is an engineering thermoplastic first introduced by Imperial
Chemical Industries (ICl) in 1978 [1]. Its excellent thermal, chemical and mechanical properties have
allowed for its use in a variety of high performance applications: the polymer has recently been
adopted in the aviation and automotive industries where conventional thermally durable materials,
such as metals, are being replaced by lighter weight, high thermal stability polymers [2] [3] [4]. To
date, little work has been published on the flammability of poly(aryletherketones) with more
attention assigned to the material’s thermal [5] [6] [7] [8] [9] [10] [11] and thermo-kinetic
properties [12] [13] [14] [15] [16] [17] [18] [19]. As a result of the increased interest in engineered
polymers such as PEEK and its composites, robust flammability data is necessary for applications
requiring lightweight fire performance.

* Corresponding author. Tel: +44 (0)1772 893543. Fax: +44 (0)1772 894981
E-mail: trhull@uclan.ac.uk
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PEEK’s excellent thermal properties are attributed to the stability of the aromatic backbone
comprising the bulk of the monomer unit, shown in Figure 1.

peVeneW

Figure 1. Repeat Unit of Poly(oxy-1,4-phenyleneoxy-1,4-phenylenecarbonyl-1,4-phenylene) (PEEK)

Semi-crystalline PEEK has a glass transition temperature (T;) of 143°C, a continuous use temperature
of 260°C, a melting point (T,,) of 343°C and an onset of decomposition temperature between 575
and 580°C [20] and thus, is one of the most thermally stable thermoplastic polymers available.

Techniques employed for measuring the ignition and burning behaviour of a polymer are numerous.
Fire tests in common use aim to determine the following properties of materials [21]:

- Ease of ignition

- Rate of flame spread

- Rate of heat release

Ease of extinction
Smoke/Toxic gas evolution

Of those listed, many authors argue that the single most important parameter for determining a
materials’ fire hazard is its heat release rate (HRR) [22] [23] as this, together with the rate of surface
flame spread will determine the fire growth rate. As direct determination of heat release rate is
practically problematic, this parameter is typically determined on an oxygen consumption
calorimetry basis: the approximation that 13.1 kJ of energy is produced per gram of oxygen
consumed [24]. Two methods for measuring heat release rate effectively are the Cone Calorimeter
and Pyrolysis Combustion Flow Calorimeter (PCFC). Developed in 1982, [25] the Cone Calorimeter
has become one of the most important and widely used instruments for the research and
development of fire retardant polymeric materials. The PCFC was developed in 1999 [22] [26] by
researchers of the Federal Aviation Administration (FAA) as a tool to assist in the flammability
assessment of milligram-sized samples. Recent correlations between the two methods have been
established [27] [28]. Heat release rates determined by the PCFC and cone calorimeter provide
information on oxygen consumption at micro and bench scales, respectively.

Other parameters such as flame spread and ease of extinction are commonly determined in small-
flame flammability tests such as the UL-94 and Limiting Oxygen Index (LOI), respectively. In addition,
thermogravimetric analysis (TGA) can provide information on the thermal stability of a material in
both oxidative and inert atmospheres. Mass loss in air primarily reflects the thermal-oxidative
decomposition processes occurring at the surface prior to ignition whereas an inert atmosphere,
such as nitrogen, is representative of the fuel gas production below the surface and after ignition, as
the concentration of oxygen under a flame is close to zero [29].

This study assesses the flammability behaviour of PEEK and two composites containing carbon and
glass fibre in order to characterise their fire behaviour.

2. Experimental

2.1 Materials
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The samples of PEEK used in this study were supplied by Victrex plc and were semi-crystalline (~¥35%
crystallinity as measured by Differential Scanning Calorimetry (DSC)) Victrex PEEK™ grades 450G,
450CA30 and 450GL30. The unfilled 450G polymer has a molecular weight of approximately 100 000
g mol™. The 450CA30 and 450GL30 are reinforced grades of the 450G PEEK containing 30 percent
(%) carbon and glass fibre by weight, respectively. 450CA30 contains carbon fibres derived from
polyacrylonitrile (PAN) with a length of ~200 um and diameter of 7 um. 450GL30 contains glass
fibres with a length of ~200 um and diameter of 10 um. Both carbon and glass fibres are
incorporated for added strength, stiffness and dimensional stability. All materials are available
commercially.

2.2 Thermogravimetric Analysis

Thermal decomposition was investigated by thermogravimetric analysis (TGA) in an inert
atmosphere using a Mettler Toledo TGA/SDTA 851. Measurements were performed on samples of
10 mg (+0.5 mg) under a nitrogen atmosphere with a heating rate of 10°C min™* and flow rate of 35
ml min™. Thermal analysis in air was undertaken using a TA Instruments Q500 TGA. Sample weight
was 10 mg (+5 mg) with a heating rate of 10°C min™ and an air flow rate of 35 ml min™.

2.3 Pyrolysis Combustion Flow Calorimeter

Small-scale flammability tests were carried out on the Federal Aviation Administration’s Pyrolysis
Combustion Flow Calorimeter and samples were tested in triplicate according to ASTM D7309-07
[30]. Samples were 5 mg (+0.5mg) in weight and were obtained from the centre of the cone
calorimeter plaques detailed below. The heating rate was 60°C min™ in an 80 cm® min™ stream of
nitrogen; the maximum pyrolysis temperature was 900°C. The anaerobic thermal degradation
products in the nitrogen gas stream were mixed with a 20 cm® min™ stream of oxygen prior to
entering the combustion furnace at 900°C. The heat release was determined by oxygen consumption
calorimetry.

2.4 Limiting Oxygen Index

The flammability, characterised by the ability of a material to sustain candle-like burning, was
determined using the FTT Limiting Oxygen Index apparatus according to I1SO 4589-2 [31], using
injection moulded samples with the following dimensions: 125 x 10 x 4 mm.

2.5 Underwriters Laboratory Vertical Test for Flammability of Plastics UL-94 V

The ignitability and flame spread were determined using the standard UL-94 vertical burn test
according to BS 60695-11-10 [32]. Injection moulded samples were 125 x 13 x 3 mm. As a UL-94 V-0
rating for 450G, 450CA30 and 450GL30 has already been obtained, the results were recorded to
compare the burn lengths and times for each material. Ten samples of each material were
examined.

2.6 Fire (Cone) Calorimetry

A Fire Testing Technology (FTT) Cone Calorimeter was utilised to characterise forced flaming
behaviour following the procedure outlined in ASTM D1354-04a. [33]. Sample dimensions were 100
x 100 x 2.5 mm and all materials were tested in triplicate in the horizontal orientation. An irradiance
of 50 kW m™ was used.
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3. Results and Discussion
3.1 Thermogravimetric Analysis

Anaerobic Thermal Decomposition in Nitrogen

450G, 450CA30 and 450GL30 TGA in N, Comparison
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..... 450CA30
......... 450GL30
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40
350 450 550 650 750 850

Temperature (°C)

Figure 2. TGA in N, Data for 450G, 450CA30 and 450GL30

Samples of 450G, 450CA30 and 450GL30 were analysed in an inert atmosphere in the TGA and
averaged data for the triplicate analyses are shown in Figure 2. Thermal decomposition of PEEK
begins at around 555°C which is much higher than for most polymers. Thermal decomposition is a
two-step process, with the first step of thermal decomposition centred at 585 °C and attributed to
the random chain scission of the ether and ketone bonds [18] [34] [35]. The second decomposition
step occurs above 600°C, and is attributed to the cracking and dehydrogenation of the crosslinked
residue produced in the first stage of decomposition and results in a thermally stable carbonaceous
char [20]. The 10% mass loss temperature of 450G occurs between 570 and 580°C. Interestingly,
30% of the loss in the first stage of decomposition occurs within a 30°C window, and is complete
after a 40% mass loss. There is no obvious component within PEEK’s structure which corresponds to
a 40% mass loss. The second stage only loses 10% of the original mass up to 900°C, giving a 50% char
yield. There is little further loss after 800°C; and at 900°C the material appears stable. Scission and
release of both the ether and ketone groups would result in 21% weight loss, based on the repeat
unit of PEEK. 40% weight loss indicates that some aromatic compounds are also being released as
products — possibly in the form of phenol, observed in pyrolysis gas chromatography-mass
spectrometry (pyGC-MS) as a major decomposition product of PEEK [9].

For the filled materials, 450GL30 has a slightly higher onset of decomposition temperature than
450CA30; both have a higher onset temperature than 450G. 450CA30 and 450GL30 show a similar
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first stage of decomposition resulting in around 23% weight loss. It may be assumed that a process
occurs at 600°C which either delays 450GL30 decomposition or accelerates 450CA30 decomposition.
After 600°C, both materials enter the second stage of decomposition with 450CA30 continuing to
decompose at a faster rate than 450GL30. After 800°C, little weight loss is observed and the final
mass of material remaining for 450CA30 and 450GL30 is 65% and 68%, respectively, which is slightly
higher than the sum of the mass fractions of the inert filler and the char fraction of the PEEK matrix.
In an inert atmosphere, the presence of filler increases the thermal stability of pure PEEK and
450GL30 appears to be the more thermally stable of the fibre-filled materials.

Thermal Oxidative Decomposition in Air

450G, 450CA30 and 450GL30 TGA Air Comparison
100

80 -

60 -
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40 - N N e 450CA30

Residual Mass (%)
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Figure 3. TGA in Air Data for 450G, 450CA30 and 450GL30

Similarly, in an oxidative environment, decomposition of PEEK occurs by a two-step process as
shown in Figure 3. The onset of thermal oxidative decomposition for 450G and 450CA30 is between
520°C and 530°C. The onset of thermal oxidative decomposition for 450GL30 is slightly higher at
~560°C. The difference in stability between the carbon and glass-filled polymers may be due to the
oxidation of the carbon fibres resulting in the material losing more weight at an earlier stage.
However, the carbon fibre appears slightly more thermally stable than the carbonaceous PEEK
residue. 450G loses 35% weight in the first stage of thermal oxidative decomposition with 30%
weight loss occurring within a 30°C window. This corresponds to the thermal decomposition in an
inert atmosphere, indicating that scission of the ether and ketone bonds do not require, or are not
enhanced by an oxidative environment. For 450G, the remaining mass is lost in the second
decomposition stage where all the carbonaceous material is thermally oxidised by 750°C. Although
450CA30 has a similar onset of thermal oxidative decomposition temperature as 450G, it loses mass
at a steadier rate. At around 650°C, there is a 3% difference in weight loss between 450CA30 and
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450GL30 with a loss of 25% and 22% weight loss attributed to the first decomposition stage,
respectively. In the second stage of thermal oxidative decomposition, 450CA30 continues to lose
75% weight at a similar rate to 450G and the carbonaceous char and carbon fibres are completely
oxidised by 775°C. Weight loss associated with thermal oxidation of the PEEK char continues in the
second stage of decomposition with a loss of around 43% at 800°C, when the material remains at
around 35% weight up to 1000°C.

100
——450G
20 ----450G At 70%
- Carbon Fibre At30%
80 — — Experimental 450CA30
— -Calculated 450CA30
70
£ 60
a
(T
E 50
©
=]
il
o 40
3
30
20
\.
10 \
N
0 N
350 450 550 650 750 850 950

Temperature (°C)
Figure 4. 450G and 450CA30 - Experimental and Calculated TGA in Air

To investigate the affect of carbon fibre on the decomposition of PEEK, a TGA curve has been
calculated by proportional addition of the TGAs of the individual components, 450G and carbon fibre
as shown in Figure 4. Interestingly, the experimental and calculated TGA curves for 450CA30 show
two slight delays in the actual onset of decomposition to mass losses around 30% and 50% followed
by significant differences in the second stage of decomposition whereby the calculated 450CA30 is
more stable, with total mass loss occurring at 870°C compared to 780°C. The calculated 450CA30
also shows a distinct third stage of decomposition that is not present in the experimental curve,
indicating that this slower oxidation process of carbon fibre is eliminated in the presence of PEEK.
This suggests that the PEEK residue enhances the oxidation of carbon fibre.
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Figure 5. 450G and 450GL30 — Experimental and Calculated TGA in Air

Similarly, a calculated curve has been compared to the actual decomposition of 450GL30 as shown in
Figure 5. Here similarities exist between the two curves — to a greater extent than the 450CA30
calculated curve. The presence of glass fibre appears to enhance the onset of decomposition to a
greater extent than that seen in the calculated curve. Moreover, no enhancement is evident in the
earlier stages of the decomposition of PEEK (equivalent to 30% and 50% mass loss) for glass fibre-
filled composite. This difference in behaviour between both fibre-filled composites indicates that the
modest enhancement in the thermal stability is a chemical effect of carbon fibre rather than the
effect of physical blocking by any fibre.

3.2 Pyrolysis Combustion Flow Calorimeter

Samples of 450G, 450CA30 and 450GL30 were tested in the PCFC. The results are shown in Figure 6
and a summary of the data is presented in Table 1. The unfilled polymer begins releasing heat prior
to the filled polymers; this is expected as 450G thermally decomposes earlier than the filled
polymers as seen in the anaerobic TGA experiments. The average peak heat release rate of the
unfilled samples is 302 W g™ and therefore higher than the filled samples. Again there are
differences between the filled materials. 450GL30 gives a higher average peak heat release rate (232
W g™) than 450CA30 (195 W g™*). However, both reduce the peak heat release rate when compared
to the unfilled material with a 35% reduction for 450CA30 and a 23% reduction for 450GL30.
Interestingly, the presence of 30% filler does not reduce the peak heat release rate uniformly. In the
glass fibre-filled composite a more rapid pyrolysis rate, and hence the release of flammable material
occurs compared to the carbon-fibre composite. The temperature at incipient heat release rate
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(onset temperature) corresponds to the transient ignition temperature (flashpoint) of PEEK, while
the temperature at peak heat release rate in the PCFC corresponds to the sustained ignition (steady
burning) temperature [35]. The average peak heat release rate temperature for 450G is 618°C, for
450CA30 is 621°C and for 450GL30 is 623°C. It has been argued that around 10% mass loss in the
TGA in air corresponds to the piloted ignition temperature [29]. In an inert atmosphere in the TGA,
450G reaches 10% mass loss at 576°C, 450CA30 at 583°C and 450GL30 at 586°C. These temperatures
are similar to the onset heat release rate temperatures determined from the PCFC data. The
differences are due to the higher heating rate (60°C min™) in the PCFC. The anaerobic pyrolysis
residues/char yields (Y.) in the TGA and PCFC show good agreement. The sample heat release (HR) of
the 450G in the PCFC is reduced by the inert fraction of glass/carbon fibre (30%) for the 450GL30
and 450CA30 composites. However, the average heat of combustion of the pyrolysis gases, H, =
HR/(1-Y.) = 22 kl/g-gas is independent of the presence or absence of reinforcing fibre, as would be
expected for inert filler.

450G, 450CA30 & 450GL30 HRR Comparisons

350
300
__250
)
2
2200
P —— 450G
25 Y / 2 AR - || 1 N B 450CA30
2 150 450GL30
&
©
T
100
50
0 s
500 520 540 560 580 600 620 640 660 680 700
Temperature (°C)
Figure 6. PCFC Heat Release Curves for PEEK 450G, 450CA30 and 450GL30
Heat of
Onset Heat Release Peak Heat Release Peak Heat Heat
Char Combustion
Rate Temperature Rate Temperature Release Rate Release
Gases (H.)
(°0) (°C) (We?) (%) (kg (kg
450G 594+1.8 611.2+2.2 302.8+10.3 51.6+2.6 10.7+£0.3 22.1
450CA30 596.4+0.9 613.6+1.5 194.9+4.8 68.5+3.8 7.0£0.2 22.2
450GL30 605.6 £ 0.5 615.7+0.3 232.5+6.1 65.9+1.5 7.2+0.1 21.1

Table 1. Summary of PCFC Data for PEEK and Composites
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3.3 Limiting Oxygen Index

Samples of 450G, 450CA30 and 450GL30 were tested in the LOI and results are shown in Table 2.
450G exhibited a lower LOI value than both filled materials as expected from the TGA and PCFC data
whereby filled composites have a greater thermal stability than unfilled samples. Again there were
differences between the filled materials — 450CA30 had a higher LOI than 450GL30 albeit by 0.8%.
There were also differences in the ways the materials behaved during the tests. 450CA30 samples
would curl in on themselves — thus enclosing the flame and causing the sample to extinguish (see
Figure 7). Similarly, 450GL30 samples twist round themselves and enclose the flame (see Figure 8) —
although this occurred to a lesser extent than with the carbon fibre-filled samples. A possible reason
for this effect is the residual stress present from injection moulding the polymer samples and exists
to a greater extent in the fibre-filled samples. These differences in physical behaviour may account
for the differences in the LOI values of the fibre-filled composites; the ‘curling’ seems to be quite
effective at enclosing a flame and promoting self extinguishing behaviour, however should be seen
as an artefact of the LOI test in terms of quantifying flammability.

Material LOI Comments
PEEK 450G 37.3% n/a
PEEK 450CA30 45.5% Samples curl in on themselves
PEEK 450GL30 44.7% Samples twist around themselves

Table 2. LOI Data for 450G, 450CA30 and 450GL30

Figure 7. 450CA30 LOI Sample ‘Curling’
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Figure 8. 450GL30 LOI Sample ‘Twisting’

3.4 Underwriters Laboratory Vertical Test for Flammability of Plastics (UL94-V)

All materials tested were classified as achieving the optimum UL-94 rating (V-0). Differences exist in
the burn times t; and t, of the filled and unfilled polymers as shown in Table 3. t; refers to the time a
flame is sustained after the primary 10 second flame application and t, refers to the time a flame is
sustained after the secondary 10 second flame application. For 450G, t;is on average greater than t,:
for both 450CA30 and 450GL30, the opposite is true. Once ignited, the unfilled polymer char is less
easy to reignite while the filled polymer char is easier to reignite. There also appears to be a greater
burn length and a shorter total burn time (the sum of t;and t,) for the filled samples— although there
is uncertainty due to the scatter present in the data. It is interesting that although there are clear
differences between the filled and unfilled polymer in terms of burning behaviour, these differences
are not evident within the V-0 UL-94 test criterion. Correlations have been found between cone
calorimeter peak heat release rate data and UL-94 V-ratings although the closest correlations were
observed at low heat fluxes (30 kW m™), close to the ignitability limits for many materials [36]. The
critical heat flux (CHF) for ignition of PEEK is calculated as the sum of the radiative and convective
heat losses at incipient ignition:

CHF = ao(Ty, —T,') + h(T,, - T,) ~24 kw m? (1)

ign
In Equation 1, the surface absorptivity is o = 0.8, the ignition temperature is assumed to be equal to
the onset thermal (oxidative) decomposition temperature Ty, = 808K (535°C), the ambient
temperature is T, = 298K (25°C), the convective heat transfer coefficient in the cone calorimeter is h
=10 W/m?-K, and & is the Stefan-Boltzmann constant (5.67 x 10 W m™ K*). The calculated CHF is in
reasonable agreement with experimental values between 30 and 40 kW m™ [37]

t; t, Total Time Burn Length
Sample (s) (s) (s) (mm)
450G 3.7+10 27+11 6.5+1.1 309+7.9
450CA30 19+13 4.1+1.5 6.0+1.9 34.0+ 175
450GL30 2.2+0.8 3.5+0.9 57+15 39.4+26.1

Table 3. UL-94 Average Data for 450G, 450CA30 and 450GL30
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3.5 Fire (Cone) Calorimetry

Samples of PEEK 450G, 450CA30 and 450GL30 were tested in the cone calorimeter in triplicate at 50
kW m™. In these and other studies, we have observed inconsistencies in the burning behaviour of
PEEK compared to other materials. The individual heat release rates are shown in Figure 9, Figure 10
and Figure 11 respectively, together with their average data summarised in Table 4. For the unfilled
polymer (450G), all three samples ignited within a 15 second window — the average time to ignition
was 110 seconds. In terms of burning behaviour, all three samples ignited, reached a shoulder at
around 140 seconds and 200 kWm™, and then continued to burn to reach an average peak heat
release rate of 415 kW m™. An average char yield of 50.6% was obtained with an average of 36.2 MJ
m™ heat released in total. After the flame extinguishes, the heat release rate does not return to zero
as the char continues to oxidise (smoulder) without flaming as evident in all three heat release
curves. The effective heat of flaming combustion per unit mass of volatiles up to the point of flame
extinction is reported as EHOC in Table 4. Dividing the effective heat of combustion of the volatiles
EHOC by the heat of complete combustion of the volatiles H. from Table 1 gives the flaming
combustion efficiency in the cone calorimeter, y = EHOC/H_ listed in Table 4. It is seen that the
combustion efficiency is approximately 90% for PEEK burning in the well-ventilated cone
calorimeter, independent of the presence or absence of reinforcing fibre as would be expected for
gas phase combustion chemistry.

For the carbon fibre-filled samples (450CA30), the average time to ignition was 156 seconds and
samples burned with an average peak heat release rate of 147 kW m™. An average char yield of
66.4% was obtained with an average of 26.9 MJ m™ of total heat released. Similarly to the 450G
samples, the heat release rate does not return to zero.

450G At 50 kW m?
450

400

350

300

—450G_1
v 450G_2)

250

200
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100

50

250 300
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Figure 9. Cone Calorimeter Data for HRR of PEEK 450G. Triplicates and Average
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Time to
PHRR tPHRR Char Yield EHOC THR X
Ignition
(s) (kw m™) (s) (%) (/ke) (kw m™)
450G 110+ 8 4152 +4.9 182 +8 50.6+1.6 | 1.999x10" | 36.2+1.1 90%
450CA30 | 156+13 | 146.7+58 |279+20 | 66.4+29 | 1.022x10" | 26.9+2.6 87%
450GL30 | 115+ 15 120.5+13 278+5 71.8+03 | 7.552x10° | 23.3+1.9 88%

Table 4. PEEK and Composites at 50 kW m’- Summary: Time to Ignition, Peak Heat Release Rate (PHRR), Time to Peak
Heat Release Rate (tPHRR), Char Yield, Effective Heat of Combustion (EHOC), Total Heat Released (THR) and Flaming
Combustion Efficiency (x)

For the glass fibre-filled samples (450GL30) the average time to ignition was 115 seconds and
samples burned with an average peak heat release rate of 121 kW m™. An average char yield of
71.8% was obtained with an average of 23.3 MJ m™ total heat released. Again, like the 450G and
450CA30 samples, the 450GL30 heat release curves do not return to zero.

450CA30 at 50 kW m*2
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Figure 10. Cone Calorimeter Data for HRR of PEEK 450CA30. Triplicates and Average
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450GL30 At 50 kW m?
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Figure 11. Cone Calorimeter Data for HRR of PEEK 450GL30. Triplicates and Average

Ignition Behaviour of 450G, 450CA30 and 450GL30

Piloted ignition is sustained when the heat released from the combustion of volatilised fuel is
sufficient to vaporise its replacement from the condensed phase. For the horizontal sample
configuration of the cone calorimeter, only a small portion of the radiant heat will be transmitted
back to the condensed phase fuel and therefore, only a portion of this heat will result in fuel
volatilisation. For thermally thick solids (typically thicknesses above 1.5 mm [38]) the thermal inertia,
koc, which is the product of thermal conductivity (k), density (p), and specific heat (c), governs the
material’s ignition and flame spread properties for a given set of conditions. It is the rate at which
the surface reaches the thermal (oxidative) decomposition temperature and generates gaseous fuel,
that controls the time to ignition [37] — [39]. The time to ignition (t;;) of a thermally thick solid
exposed to a constant net heat flux, Qg = Q.,;: — CHF is obtained from unsteady heat conduction as:

2

T;,, — T
tig = %kpc—( ng.'ZO)
R

(2)

The material properties kpc are presumed to be known, at least under ambient conditions; and an
estimate for the temperature at ignition is the onset thermal oxidation decomposition temperature
in the TGA, T;,, = 808K . The samples tested in the cone calorimeter for this study were 2.5 mm in
thickness and as a result, the thermally thin scenario may be more appropriate. The time to ignition
of a thermally thin solid exposed to a constant net heat flux has been expressed through the
following:
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Ty —T
tig = pcr% 3)

Where t=0.0025 m is the thickness of the cone calorimeter samples. The values for k, pand c listed
in Table 5 (obtained from Victrex plc - Technical Data Sheets) were used to calculate the time to
ignition for PEEK and its composites using Ty, = 808K and Qg = Qex — CHF =50 kW/m? — 24 kW/m? =
26 kW/m? for both the thermally-thin and thermally-thick cases. The results of these calculations
are shown in Table 5.

Where t=0.0025 m is the thickness of the cone calorimeter samples. The values for k, pand c listed
in Table 5 (obtained from Victrex plc - Technical Data Sheets) were used to calculate the time to
ignition for PEEK and its composites using Ty, = 808K and Qg = Qex — CHF =50 kW/m? — 24 kW/m? =
26 kW/m? for both the thermally-thin and thermally-thick cases. The results of these calculations

are shown in Table 5.

Input Data
Predicted Predicted
K c T Thermally | Thermally | Actual Cone
p ia Thin Thick ty
ti ti

wm'K! Kg m™ JKgtK? K s s s
450G 0.25 1300 2160 808 138 212 110+ 8
450CA30 0.92 1410 1850 808 128 725 156 £ 13
450GL30 0.43 1510 1710 808 127 336 115+ 15

Table 5. Time to Ignition Parameters, Prediction and Comparison with Actual Data

The time for the surface temperature to reach the ignition temperature following an instantaneously
applied and constant net heat flux (time to ignition) calculated for the thermally-thin case correlates
more closely to the experimental values for PEEK and its composites than does the thermally-thick
case. However, calculations of this nature rely on the concept of an ignition temperature, which is
only one of several criteria proposed for ignition of combustible solids [35]. The calculated time to
ignition for the fibre-filled composites is slightly lower, possibly due to a lower specific heat.

Comparison of Burning Behaviour
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Figure 12. Cone Calorimeter Data for Average HRR of PEEK 450G, 450CA30 and 450GL30

The average heat release rate curves of PEEK and its carbon and glass fibre composites are shown in
Figure 12. The shapes of cone calorimeter heat release rate curves have been discussed previously
[40] [41]. The virgin polymer (450G) initially exhibits ‘intermediate thick non-charring’ behaviour
showing a short period of steady heat release rate marked by a shoulder within the curve. As the
remaining material becomes thinner, all of the applied heat flux is concentrated on a small amount
of fuel, which as a result, burns quicker. Both the filled samples behave in a similar manner but may
be characterised as ‘thick charring’ depicted by an initial increase in heat release rate until an
effective char layer has been formed. As this layer continues to thicken, the heat release rate
decreases until the polymer extinguishes.

The unfilled polymer exhibits a much higher peak of heat release rate than the filled polymers. A
similar but smaller effect is seen in the PCFC data. There are also differences between the carbon
and glass fibre-filled composites in terms of burning behaviour. The presence of fillers reduces the
peak heat release rate by 64% for 450CA30 and 71% for 450GL30 in the cone calorimeter: 450CA30
exhibits a higher peak of heat release, approximately 25 kW m™ higher than 450GL30. The reduction
in heat release rate due to the presence of filler is observed to a lesser extent in the PCFC.
Additionally, in the PCFC, 450CA30 shows a greater reduction in heat release rate than 450GL30, the
opposite of that observed in the cone calorimeter. These differences could be accounted for by the
differences in the nature of each experiment. In the PCFC, and similarly in the TGA samples are
heated from numerous directions from the furnace. In the cone calorimeter, samples are exposed
to a radiant heat source and therefore heating of the polymer occurs initially through radiative heat
transfer with the presence of a (black) carbon fibre having a greater ability to absorb radiation close
to the surface.

In the cone calorimeter, the total heat released is lower for the filled materials with a reduction of
26% for 450CA30 and 35% for 450GL30. In the PCFC data, both fillers reduce the total heat released
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by 30% when compared to 450G, which may be expected with the absence of 30% polymer. In the
cone calorimeter, the combination of oxygen and radiant heat causes some oxidation of the carbon
fibre. In the PCFC, under nitrogen, the carbon fibre will remain in the condensed phase.

Comparison of Charring Behaviour

From TGA data in nitrogen, PEEK has a char yield of ~50% for the virgin polymer and ~70% for the
filled composites. It is worth noting that subsequent to ignition, all samples show a significant
degree of intumescence (see Figure 13 for 450G). As seen in Figure 14 the intumescing structure
formed from the radiant heating of 450GL30 has greater structural integrity than the structure
formed by 450CA30 (Figure 15) presumably due to fusion of the glass fibres. The very large
differences in the char shape after intumescence will affect the heat release rate. As the unfilled
char swells, it will become very close to the cone heater, and the applied heat flux will increase. This
will have two consequences, increasing char oxidation near the heater, while protecting any
unburned polymer near the base of the swollen mass. For the filled samples, the intumescence is
held back by the reinforcing fibres and this effect is much less apparent. It could be argued that the
heat flux on swelling was an artefact of behaviour in the cone calorimeter that would not be
observed in a real fire. In addition, the one—dimensional burning of a larger bulk of material (a 2.5
mm thick cone calorimeter sample) allows the fibres to reinforce the char structure, acting as a
physical and radiation barrier. In the PCFC and TGA, where no temperature gradient exists within the
sample, this protective effect is not observed, hence the higher char yields in the cone calorimeter.
The char yields obtained from TGA, PCFC and cone calorimetry are shown in Table 6. Similar values
are attained by the TGA and PCFC, with differences attributed to the heating rate used.

Char Yield (%)
TGA N,
PCFC Cone
(at 900°C)
450G 49 51.6+2.6 50.6+1.6
450CA30 65 68.5+3.8 66.4+2.9
450GL30 68 65.9+1.5 71.8+1.9

Table 6. Char Yield Comparison of 450G, 450CA30 and 450GL30
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Figure 13. 450G Cone Calorimeter Sample Intumescence

Figure 14. 450GL30 Cone Calorimeter Sample Intumescence
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Figure 15. 450CA30 Cone Calorimeter Sample Intumescence

3 Conclusions

PEEK is very heat resistant, with negligible thermal decomposition below 550°C. PEEK thermal
decomposition occurs via a two-step process. In the virgin polymer, 30% of the PEEK is decomposed
to gaseous fuel within a 30°C window in the first stage of decomposition in both anaerobic and
oxidative atmospheres, indicating that the process of volatile fuel generation does not require, or is
not enhanced by oxygen in the environment. The rapid mass loss has been attributed to random
chain scission with the loss of ether and carbonyl groups leaving most of the aromatic residue to
crosslink and further decompose to carbonaceous char. The presence of filler increases the thermal
stability of pure PEEK with the glass-fibre filled composite being the more thermo-oxidatively stable
of the fibre-filled materials.

The presence of filler has a significant influence on the flammability of the materials; however the
burning behaviour of PEEK and these two fibre-filled composites is very scenario dependent. This
has been observed using a number of techniques and as a result, more is understood about the
effects attributed to the presence of fillers. The PCFC shows differences in the ignition temperature
between glass and carbon filled materials - 450GL30 has a slightly higher ignition temperature.
However, in the cone calorimeter where heat transfer through the bulk of the solid is also important,
450GL30 ignites earlier than 450CA30. This is reversed in the PCFC where it is observed that
450CA30 ignites and begins losing weight at a lower temperature. The average heat release rate in
the PCFC is 302 W g for the virgin polymer, 195 W g™ for the carbon fibre-filled composite and 232
W g™ for the glass fibre-filled composite. The ignition temperature of all three polymers is between
611°C and 616°C — being slightly lower for the unfilled material.

The burning behaviour of the fibre-filled composites also shows differences in the LOI tests. The
carbon fibre-filled composites curl in on themselves whilst glass-fibre filled composites twist round
themselves — the former being a more effective method for enclosing a flame and resulting in self-
extinguishing behaviour, although may have no effect in real fire behaviour.
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Differences are noted between the filled and unfilled samples in the UL-94 tests, which are not
noted when simply observing the V-ratings of the materials. The main difference is that for the
unfilled polymer, the first flame application time (t,) is greater than the second (t,) — this is reversed
for the filled polymers. This shows that unfilled PEEK forms a better protective layer on first ignition,
where as the fibre-filled samples are easier to ignite after first ignition.

In both the cone calorimeter and the PCFC, the total heat released is reduced by the inert fraction of
the fibre-filled composites. In the cone calorimeter, the glass fibre-filled composite has a lower
average peak heat release rate than the carbon fibre-filled composite. Possible reasons for this are
the enhanced structural integrity of the glass fibre char which forms a mechanically stable thermal
radiation shield for the underlying composite. The combustion efficiency of the fuel gases in the
flame for PEEK and its composites are similar and in the order of 90%.

Conversely, the higher thermal conductivity of the carbon fibre-filled composite increases the
materials’ time to ignition giving, an average ignition delay time of 46 seconds when compared to
the virgin polymer and 41 seconds compared to the glass fibre-filled composite.
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