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EXECUTIVE SUMMARY

In an effort to minimize uncertainties seen in bench scale tests, the sources of variability in fire
test data were investigated. An earlier study on poly(aryl ether ether ketone) (PEEK) showed that
the fire performance parameters of this thermoplastic changed noticeably when exposed to
moisture prior to test. The present research is a follow-up study where a series of cone
calorimetry tests were conducted on conditioned PEEK specimens to analyze the previously
reported ignition time scatter and its relation to surface bubble formation. Pyrolysis modeling
was, subsequently, carried out to relate the moisture content with the model parameters and to
explain the possible physical mechanisms that caused the difference in ignition times between
wet and dry samples.
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INTRODUCTION

The study of fire behavior is interdisciplinary with combustion, turbulence, radiation, and
material science each playing equally important roles. There are unknowns associated with each
of these individual disciplines and with their complex interactions. Furthermore, fire is a
transient phenomenon; both the fuel source and the area of interest alter their form and state
during the course of fire, introducing additional ambiguities. These lead to scenario-specific fire
behavior and, when combined with the variations in the test conditions and fuel properties, result
in a wide range of uncertainty in large-scale fire tests. In fact, even for the bench scale tests that
are comparably easier to conduct in a controlled environment, the reproducibility of the data can
be low. For example, Patel has recently reported a wide scatter in cone calorimetry test results
for poly(aryl ether ether ketone) (PEEK) [1]. Both the ignition times and the average heat release
rates (HRR) were found to be sensitive to the moisture absorption of the tested specimen (see
figure 1). Although the effect of moisture on the burning behavior has long been recognized
[2-5], the amount of moisture in these studies was appreciably (at least an order of magnitude)
higher than that which is possible for PEEK. The supplier of the material lists the maximum
water desorption of PEEK to be 0.26% when heated to 125°C for 24 hours [6]. Yet, under the
same test conditions, approximately 2-minute variations were found in ignition times between
specimens of varying moisture uptakes [1]. It is interesting that such a small amount of water (or
its lack thereof) has such an impact on fire behavior. It is also intriguing that, unlike cellulosic
materials, for which moisture delays ignition [2], PEEK ignites earlier when exposed to moisture.
Time to ignition, which is important because it is a measure of not only fire initiation but also of
fire growth [7], is the main focus of this research. The cone calorimetry tests of PEEK are
analyzed in an attempt to understand the variability in ignition delays observed in bench scale
tests. Fire performance parameters (e.g., heat release rate (HRR), total heat release (THR), mass
loss, effective heat of combustion, and ignition time) are examined at three heat flux settings and
for varying sample thicknesses. Moreover, the effect of moisture absorption is studied by
repeating the experiments for samples with varying moisture content in two groups (i.e., wet and
dry). To further investigate the physical phenomena behind the variability of ignition delays of
PEEK specimens, the one-dimensional pyrolysis tool ThermaKin [8-10] is employed.
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Figure 1. Replicate HRR Measurements of Unconditioned Samples Exposed to the Same
External Heat Flux [1]



METHODOLOGY

EXPERIMENTAL SECTION.

MATERIAL.

PEEK has excellent mechanical properties (toughness, strength, and rigidity) and exceptional
chemical and radiation resistance at elevated temperatures, and has received considerable
attention since its commercial introduction in 1978 by Imperial Chemical Industries. The wide
application areas of this semicrystalline, high-performance thermoplastic include industries such
as transportation, medical, and food processing. In the aerospace industry, PEEK is used as an
aircraft structural material in the exterior and as a cabin material in the interior for its notable
mechanical properties, low flammability, and low smoke emission levels. PEEK is a highly
aromatic, semicrystalline thermoplastic with a maximum degree of 40% crystallinity [11]. Due
to its semicrystalline nature and aromatic structure, it has notable thermal resistance (glass
transition and melting temperatures are Tq = 143°C and T, = 343°C, respectively). The
morphological features and thermal properties are widely studied by many researchers [11-17].
However, the majority of these studies characterize the thermal behavior up to the decomposition
temperature, and only a few involve the thermal analysis of decomposition kinetics [18-20] and
the fire behavior [1, 21, and 22].

In this study, PEEK grade 450G, supplied by VICTREX®, is used. Table 1 shows the property
values for VICTREX PEEK 450G polymer at room temperature [6]. The other relevant literature
data for PEEK are the average effective heat of flaming combustion (17 kJ/g), the net heat of
complete combustion (~30 kJ/g), the ignition temperature, Tigy (570°-580°C), and the critical

heat flux for ignition, é”crit (30-40 kW/m?) [22-24]. For modeling purposes, the material

properties and reaction parameters found in the literature are revisited in the Material Properties
and Reaction Parameters sections, respectively.

Table 1. Material Properties of VICTREX PEEK 450G at 23°C [6]

p (kgim®) 1300
k(Wm™ K 0.25-0.29
¢, J kg™ K™ 2160

SAMPLE PREPARATION. The commercially available, injection molding-grade VICTREX
PEEK 450G samples were separated into three groups and exposed to different environmental
conditions. The first group, classified as dry samples, was kept in a vacuum oven at 100°C. The
second group, classified as wet samples, was immersed in distilled water at close to boiling
temperature. The last group, classified as ambient samples, was conditioned in standard
atmosphere at 21° £3°C and 50 +5% in a relative humidity chamber [25]. The moisture contents
of samples were measured as the percent weight change. Figure 2 shows the moisture content
averaged over nine samples in each classification for 3.9-mm-thick samples plotted as a function
of the square root of time. Within 9 days of conditioning, the wet samples reached 0.38% by
weight of constant moisture content, while the dry samples lost 0.35% by weight. The difference




in moisture content between the wet and dry samples was 0.73%, while the difference between
the ambient and dry samples was 0.35%. Experiments were started after 3 weeks of
conditioning, and weight measurements were continued for the samples to be tested. The same
conditioning procedure was also followed for 1- and 10-mm-thick specimens. The dry samples
represent the moisture-free polymer, while the wet samples are those with the maximum amount
of possible moisture uptake for PEEK. The effect of moisture on the burning behavior is
bracketed by investigating the thermal response of the material at these two extreme conditions.
The fire behavior of the ambient samples should be between dry and wet samples.
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Figure 2. Time Variation of Moisture Content in Terms of Percentage Mass Change,
(m-mg)/my, for 3.9-mm-Thick Samples in Wet, Ambient, and Dry Environments

THERMAL ANALYSIS.

Microscale Combustion Calorimetry. The complete heat of combustion (HOC) of
volatiles of PEEK pyrolysis was obtained using Microscale Combustion Calorimetry (MCC) in
accordance with the American Society for Testing and Materials (ASTM) standard [26]. Tests
were conducted with a constant heating rate of 1 K/s for mg size specimens punched out of the
conditioned 1-mm-thick samples. The results are presented as the average of three tests for wet,
ambient, and dry conditioning types. The average char fraction, u (as %, g/g), specific HRR (in
WI/g), heat release capacity, n, (in J/gK), peak temperature, Ty, (in °C), and complete HOC (in
kJ/g) are shown in table 2. Note that the HOC in table 2 is the HOC of the fuel gases per unit
initial mass of solid. Accordingly, the HOC of the volatiles, calculated from the ratio hc/(1-p),
is ~25-26 kJ/g.




Table 2. Average Values for Wet, Ambient, and Dry Samples Obtained From MCC

Sample n HRR n Tp he
Type (%) (W/g) (J/gK) (°C) (kJ/g)
Wet 49 344 364 627 134
Ambient 49 332 339 627 12.9
Dry 49 355 375 625 12.6

Thermogravimetric Analysis. Experiments with varying heating rate, 8, of 3, 10, and
30°C/min were conducted on ~8.5-mg samples (not conditioned) using a Mettler Toledo
TGA/SDTAB851° thermogravimetric analyzer (TGA). The temperature variation of the mass loss
rate (MLR) corresponding to different heating rates is shown in figure 3. The onset of
decomposition is between 520° to 590°C. The TGA data are in agreement with the previous
reports [18-20]; for B of 30°C/min mass loss starts at 550°C and reaches its maximum at 617°C.
By the time it reaches this temperature, almost 35% of the initial mass has already been lost. The
5% mass loss temperature is 577°C. The slower second reaction, apparent from the mass
variation with temperature curve (not shown), starts at 627°C, which is a little lower than the
reported value in reference 19.
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Figure 3. TGA Data: Temperature Variation of MLR for Heating Rates of 3, 10, and 30°C/min

CONE (FIRE) CALORIMETRY. A cone (fire) calorimeter built by Fire Testing Technology
Ltd. was used to measure HRR and MLR. The ASTM standard [27] was followed: the heat
release measurement was based on oxygen consumption principle, while the mass loss was
recorded with a load cell under the material placed in a horizontal position; an edge frame was
used to hold the specimen; the polymer was wrapped from below in aluminum foil and Kaowool
was placed below the polymer to provide insulation; the distance from the specimen surface to
the cone heater was 25 mm and to the igniter was 13 mm; and a Schmidt-Boelter heat flux sensor
was used for calibration.




The sample thicknesses studied were 1, 3.9, and 10 mm, with particular attention given to the
3.9-mm-thick samples subject to three external heat fluxes: 50, 70, and 90 kW/m?. In addition
to the main tests of this study, cone calorimetry was also used to correlate material thermal
properties (conductivity and heat capacity), and reaction parameters (HOC and char yield), as
described in the Material Properties and Reaction Parameters sections, respectively.

NUMERICAL SECTION.

Numerical modeling is performed using the one-dimensional pyrolysis tool, ThermaKin [8-10].
ThermaKin solves governing equations for energy and species mass to study the thermal
response of a material exposed to an external heat source. The material is expressed as a one-
dimensional object with layers of different components. Each component, categorized as solid,
liquid, or gas, has its own set of thermal and optical properties that determine the heat transfer
within the condensed phase and interacts with the gas phase. The thermal properties are defined
as a function of temperature, while the optical properties are set as constants. The heat
conduction is described by Fourier’s Law. The convective heat transfer is expressed through
Newton’s Law of Cooling with a specified convection coefficient at the uninsulated boundaries.
The in-depth radiation transfer is computed using a generalized form of Beer-Lambert law. The
Arrhenius type of reaction scheme is adapted to couple the energy equation with the species-mass
equation. Any number of reactions can be defined between components by specifying the
relevant Arrhenius parameters and the heat of decomposition reaction. The lower- and upper-
temperature limits can be specified to activate or deactivate reactions, respectively. The ignition
criteria is based on critical mass flux. When it is reached, the external heat flux is increased by
an amount of flame heat flux to simulate the effects of flame on the material face.

GOVERNING EQUATIONS.

ThermaKin solves the following set of governing equations:

Conservation of gas-phase species mass

e, A, M
— = E 0r 1
ot oz "' @)

Conservation of condensed-phase species mass

% = _ierrr (2)



Conservation of condensed-phase energy
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where Q"' :_E(k“" E) is the conduction heat flux computed using mixture conductivity
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km; J, = _a_(DM 6_) is the species mass flux with mixture diffusivity Dy; and r, =& k is the
z z

reaction rate with the Arrhenius rate coefficient, k'= Aexp(-E,/RT). &, ¢, and T are the

concentration, heat capacity, and temperature; 6 and h are the stoichiometric coefficient and heat
of reaction, respectively. oy and os are the mixture radiation absorption coefficient and Stefan-
Boltzmann constant. Is and I are the external heat flux and the radiation flux inside the material
computed using Beer-Lambert law.

BOUNDARY AND INITIAL CONDITIONS. The external heat flux, Is, is specified at the front
face of the material exposed to the radiant heater. The back surface is insulated with 15-mm-
thick Kaowool. The Is flux values are 50, 70, and 90 kW/m?. The ambient temperature is taken
to be 300 K. The flame heat flux is set to 15 kW/m?. The forced convection due to extraction is
neglected because of the large exhaust hood area, hence, the negligible fluid velocities (the
exhaust hood area is the cross-sectional area from which the volatiles are drawn inside the
exhaust duct vertically). The natural convection heat flux coefficient is estimated to be 10 W m™
K™ from the simplified horizontal plate correlations for air; for laminar flows h = 1.32((Tayg —
T)/L)Y, where L is the characteristic length scale, Tayy and T, are the average solid and gas
temperatures with L = 0.1 m, T,y ~600 K and T4 ~300 K. The critical mass flux for ignition is
specified as 3x10™ kg m™ s™ at the lower flammability limit (flashpoint). This value is within
acceptable range of critical mass flux values found in literature, 1 g/s [28], and produces the
measured ignition temperature. The material thicknesses modeled are 1, 3.9, and 10 mm.

MODEL SETUP. Polymers, when exposed to heat undergo physical and chemical processes.
The physical changes (such as elongation, melting, and charring) depend on the type of polymer.
In thermoplastics, for instance, transition from a solid state to a polymer-melt is determined by
the degree of crystallinity. Physical deformation, marked by transition to a rubbery state, starts
when the glass transition temperature is reached, and advances to a viscous state with increased
temperatures to the melting point [29]. PEEK with 35% crystallinity becomes rubbery at Ty =
143°C and starts flowing at Ty, = 343°C. The experiments showed that the difference in ignition
times between wet- and dry-PEEK specimens is associated with the onset of melting (see the
Surface Temperature Measurements section), suggesting that the glass transition process can be
omitted in the modeling efforts for the specific material studied herein.




Based on the TGA data, the thermal decomposition of PEEK is modeled using two successive
first-order reactions. The onset temperature is 601°C for the second reaction and the first
reaction is governed by the first-order Arrhenius equation (see the Reaction Parameters section).
Note that the onset temperature for the second reaction is lower than the value specified in the
Thermal Analysis section for § = 30°C/min; this is because lower heating rate data are used in
the determination of decomposition kinetics (see the Reaction Parameters section). In modeling,
the melting process is also included before degradation, resulting in the following set of
reactions: polymer, (P), changes to a polymer-melt (PyeLt), which degrades to Chara and Gasa
of which Chara subsequently degrades to Charg and Gasg. Finally, Charg oxidizes to Gasc:

P — Pwmer (4)
Pvect  — paChara + (1-p4) Gasa (5)
Chara — ppCharg + (1-up) Gasg (6)
Charg — Gasc (7)

where pa = 0.62 and pg = 0.77, (i.e., the total char yield is 0.48 (=ua X ug). For the wet samples,
the reaction scheme above is modified to replace reaction in equation 5 with reactions in
equations 8 and 9 below:

Pvect — PsussLe 8)
PeussLe — maChara + (1-p4) Gasa )
Accordingly, for wet samples, once melting starts at Tn,, bubbling takes place following a first-
order Arrhenius reaction. As the molten polymer, Pygr, transforms to the bubbled polymer,

PsussLE, its thermal properties change.

DETERMINATION OF MODEL PARAMETERS.

The number of input parameters for pyrolysis modeling can be extensive. In addition to the
thermal and optical parameters of each material, the reaction kinetics and their associated heat
values are required for the model. Although some of these parameters can be measured with an
acceptable uncertainty, most of them are difficult to measure and are approximated based on
available laboratory tests. Cone calorimetry test data were used for the temperature-dependent
property values, the average effective HOC, and the char yield as outlined in the Material
Properties and Reaction Parameter sections. In the determination of reaction kinetics, TGA data
were used (see the Reaction Parameters section).

MATERIAL PROPERTIES. Except for the density, which can be measured as the volume and
mass of specimens that are readily known, virgin-material properties are determined by fitting
model predictions with temperature measurements. The temperature histories at two locations, at
the front and back ends of the specimen, are recorded for a 10-mm-thick sample subjected to an




external heat flux of 50 kW/m?. Model parameters are changed until the temperature estimates
are in a reasonable agreement with the measurements. The heat capacity and conductivity are
assumed to reach their maximum value at the melting temperature. The density is assumed to be
constant. Since ignition delay is shown to depend on the moisture uptake of the material,
experiments are performed for both wet and dry samples in triplicates. The procedure is
followed in two steps. In step 1, the temperature-dependent material properties are decided up to
the point of melting temperature. In step 2, material properties are assumed to be constant
between melting and ignition and are determined separately for wet and dry samples. Figure 4 (a
and b) shows the temperature measurements for dry and wet specimens at 1 (surface) and 9 mm
(back end) into the material. The test data are shown with the symbols in the figures. The
material properties found as a result of the data fitting are shown in table 3. The material
properties of the wet samples differ from those of the dry samples only after melting occurs.

Note that ignition temperature was measured to be ~543°C in the cone calorimetry experiments
(see figure 4 (a and b)). Using h =10 W m™® K™, T, = 816 K, & = 0.9; critical heat flux, g"

crit?

can be calculated from £q".. = h (Tigr-To) + 05 (Tigr'-To") to be ~30 kW/m2 This finding was

also confirmed by a separate set of cone calorimetry experiments (see the Critical Heat Flux
section) and is lower than the minimum literature value.
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Figure 4. Comparisons of Experimental Data With Model Results

Table 3. Fitted Material Properties

Fitted Value
T>Th
T<Thm Dry Wet
k(Wm* K" [0212+1.2610" T 0.29 0.06
¢ (U kg' K | 795 +2.22T 2160 1000

Temperature is in Kelvin. T, (melting temperature) is 616 K.

Edge Frame Effects—The aforementioned 10-mm tests were conducted without edge frames.
Edge frames act as a heat sink and reduce the effective value of the external heat flux. The tests
were repeated using edge frames to quantify their effects on the measurements. The difference



between model results with and without edge frames is explained by a reduction of 2.5 kW/m? in
external heat flux.

REACTION PARAMETERS.

Decomposition Kinetics. The pre-exponential factor and the activation energy are
decided by fitting ThermaKin results for a fictitious thin sample exposed to heat at both
boundaries. The model results are fitted to the TGA data obtained with the heating rate of
10°C/min. The Arrhenius parameters found are E, = 557,400 (J/mol), A = 10% (1/s) for the first
reaction with a char yield of 0.62. The second reaction is specified in two steps with
E. = 89,000 (J/mol), A = 10° (1/s) for the first step and E, = 146,500 (J/mol), A = 10° (1/s),
starting from 652°C for the second step with the same char yields of 0.88. The average total char
yield is 0.48. The TGA data and model solution showing temperature variation of the mass and
the MLR corresponding to 3 = 10°C/min are shown in figures 5 and 6, respectively.

Exp, 10°C/min """
Model, 10°C/min

1
0.9

G 08
2 97k
£
= 0.6
E
05
04 =

03 1 1 | 1 1 | |
450 500 550 600 650 700 750 800 850
Temperature (°C)

Figure 5. Temperature Variation of Unit Mass at § = 10°C/min, m, = Initial Mass

0.0025 T T T T T T
. Exp, 10°C/min  =*7"""7
2 0.002 - Model, 10°C/min = =———— ]
o
£ 00015 i
0
€
.@ 0.001 -
o
= 0.0005 -
=
0 1 1 1 1 i - 1 [ d

500 550 600 650 700 750 800 850
Temperature (°C)

Figure 6. Temperature Variation of MLR at 3 = 10°C/min

10



The agreement between the model and test the data deteriorates as the heating rate changes (not
shown). Note that the MLR, dm/dt, depends on the rate of heating, f = dT/dt. Even if the
functional dependency is removed by using the mass loss change as a function of temperature,
dm/dT, the onset of decomposition will still be different (figure 3 shows ~26 degrees between
each heating rate). Hence, the choice of heating rate will alter the ignition temperature. The
common practice in the determination of decomposition kinetics is to use TGA data at lower
heating rates. This is preferred so that possible measurement errors due to heat transfer effects
are minimized [30]. On the other hand, the heating rates of an actual fire are much higher, in the
order of 10 to 100 K/s [29]. Note that Ty, is an input provided to the model implicitly through
the Arrhenius parameters and the critical mass flux. The E4/A couple is determined by TGA data
at 10°C/min since this heating rate and specified critical mass flux provide an ignition
temperature close to the experimentally measured value of 543° +20°C (see figures 4 (a and b)
and 10).

Heat of Combustion. The following relation is used to calculate the HOC of volatiles:

Q. = 7AHOCm (10)

where y is the combustion efficiency to take into account incomplete combustion. The
multiplication term in front of MLR, y AHOC, is called the effective HOC (EHOC). It is simply
the ratio of HRR to MLR. In the cone calorimeter analysis program, EHOC is calculated using
independent measurements of HRR and MLR.

The EHOC for PEEK, averaged over more than 40 cone calorimetry tests, is approximately
18 kJ/g. This average is lower when only dry sample data are used. Although the difference is
small, higher HOC values for wet samples are intriguing because moisture is reported to reduce
HOC by diluting the pyrolysis products [31]. It is important to note that the MLR calculated
from the recorded mass change of the burning polymer is usually noisy, resulting in erroneous
calculations of EHOC. Figure 7 (a) shows example raw data for MLR. More importantly, the
EHOC calculation assumes a single reaction, therefore a constant EHOC value. This is a
reasonable assumption if the HOC of simultaneous reactions are close to one another. Table 4
shows average EHOC data from cone experiments of 3.9-mm-thick wet and dry samples at three
external heat fluxes. The EHOC of dry samples are lower. In addition, the EHOC increases with
the heat flux, indicating the contribution from the second reaction.

Table 4. Average Cone Data for 3.9-mm-Thick Samples: HOC

q“ext (kW/mz) 50 70 90
EHOC pry (kJ/g) | 16.6 | 15.6 | 18.2
EHOC wer (kJ/g) | 19.1 | 195 | 20.7

The calculations of EHOC for two arbitrarily chosen cone tests are revisited here. Since
smoothing raw MLR data removes some of its features (see figure 7 (a)), a piecewise polynomial

11



curve fit is applied to the mass loss, and the MLR is computed as the derivative of this fitted
curve. The EHOC as a function of time is obtained using the ratio of the HRR to the fitted MLR.
The calculated EHOC values are shown with symbols in figure 7 (b), and the subscripts show the
test number. As shown in the figure, the EHOC is constant at the beginning of the test, but
increases 400 seconds into the test. The increase does not mark the initiation of the slow second
reaction, but the transition when it starts to dominate. Note that even if the EHOCs are the same
for wet and dry samples, this transition may take place at different times, explaining higher
average EHOC values for wet samples. In fact, moisture is reported to promote charring
reactions, albeit for cellulosic materials [4]. In these experiments, char buildup for wet samples
was also observed to occur earlier.
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Figure 7. Graphical Representation of EHOC Calculation

Although char grew into the cone heater and ruined the mass recordings for both wet and dry
samples, char buildup for wet samples was more severe. Thus, this study was performed using
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data from dry samples. Accordingly, the EHOC of dry samples were chosen to be 16 kJ/g and 27
kJ/g for the first and second reactions, respectively. It was assumed that wet samples have higher
combustion efficiency based on average cone EHOC data. Hence, the EHOC of wet samples for
the first reaction was set as 20 kJ/g.

Heat of Reaction. The heat of fusion for PEEK is 130 J/g [12, 13, and 32]. After
adjusting for 35% crystallinity, the heat of reaction for equation 4 is 50 J/g. The heats of reaction
for equations 5 and 6 are unknown. Since the main focus of the modeling study is time to
ignition, and heats of reaction do not have any influence on this parameter, heats of reaction of
the first and second reactions are chosen, arbitrarily, to be 350 J/g and 0 J/g, respectively.

Char Yield. The char yield for thick samples measured in cone calorimetry varied and
was not consistent at different heat flux settings. This is partly due to the error in the mass
recordings during the experiments. Especially for the wet samples, char buildup increased until
char hit the cone heater and resulted in erroneous mass readings. This difficulty was
circumvented by using thinner samples for which char did not grow into the cone heater. For
1-mm-thick samples tested at 50 kW/m?, the char yield, pn, was calculated to be 0.5, consistent
with the char yield obtained from MCC and TGA.

To prevent thinner samples from coming off the frame, they were initially secured by means of
wires across the sample face. In the cone calorimetry experiments using wireframes for
1-mm-thick samples, tested at 50 kW/m?, caused scatter in peak heat release rate (PHRR) values.
Thus, tests were performed using standard edge frames.

SUMMARY OF MODEL PARAMETERS.

Respectively, tables 5 and 6 show the material properties and reaction parameters used in the
model. The density of the char is specified proportional to the virgin polymer and the
corresponding char yield for numerical reasons to keep the volume of the material constant
throughout the computation, and to avoid the computational burden of regridding [10]. The
specific heat capacity is set equal to that of graphite and is adjusted using estimated char density.
The properties of the insulation material (Kaowool) are assumed to be similar to a blanket.

Table 5. Model Material Properties

P PMELT PguBBLE Charap Kaowool
p (kg m?) 1300 1300 1300 PP X LA/ 48
cp(Jkg'Kh | 795+2.22 T 2160 1000 1720 X pchar /Ppchar moder | 800
k(Okg'K?Y |021+1.2610°T 0.29 0.06 | 0.05+4.00 100 T3 0.08
€ 1 0.84 1 1 0
o (m? kg™ 1.5 1 1 100 1000
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Table 6. Model Reaction Parameters

Reaction A Ea H EHOC
No. (1/s) (kd/mol) m (J/g) (kJ/g)
4 10" 0 N/A 50 N/A
5 10% 557.4 0.62 350 16
6 10° 89 0.88 0 27
6 10° 146.5 0.88 0 27
7 10° 129 N/A 0 27
8 10 0 N/A 0 N/A
9 10% 557.4 0.62 350 20
RESULTS

CONE CALORIMETRY TESTS.

Four main sets of cone calorimetry tests were conducted. In the first set, morphologies of the
specimens with varying moisture contents were examined on 3.9-mm-thick samples subject to
50 kW/m? external heat flux (see the Visual Observations section). In the second set, surface
temperatures were monitored for 3.9-mm-thick samples at 50 kW/m? (see the Surface
Temperature Measurements section). Next, the critical heat flux of wet and dry samples were
determined on 1-mm-thick samples, and confirmed on 3.9-mm-thick samples (see the Critical
Heat Flux section). Last, the rates of heat release and mass loss were measured for 1- and 3.9-
mm-thick samples at three external heat fluxes: 50, 70, and 90 kW/m? (see the HRR
Measurements section).

VISUAL OBSERVATIONS. A specimen from each conditioning category (dry, ambient, and
wet) was exposed to a heat flux of 50 kW/m? in the cone calorimeter. During the test, before
ignition, specimen surfaces were monitored for any morphological changes. Upon ignition,
specimens were removed from the sample post and fractured to examine possible morphological
changes in the interior. Figure 8 (a-c) shows the surfaces facing the radiant heat source and the
cross sections of dry, ambient, and wet samples, respectively.

There is a remarkable difference between the morphologies of wet and dry specimens. While the
surface of the dry sample was glossy and smooth throughout the test duration, the wet sample
started to bubble early. These bubbles increased in size and number as the ignition temperature
was approached. The photograph of the dry-sample surface, shown on the left in figure 8 (a),
was taken after ignition. The glossy, smooth part of the surface towards the edge where no char
had yet formed was clearly visible. In fact, the dry specimen was transparent, reflecting the
aluminum foil used underneath for insulation at the time when the sample post was first taken
out. It became opaque while cooling down, as the temperature of the specimen dropped below
the melting temperature of 343°C, i.e., as it underwent a transition from an amorphous to a
crystalline state.
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(c) Wet Sample

Figure 8. Specimen Surfaces (Left) and Cross Sections (Right)

On the other hand, the surface photographs of the wet and ambient samples display bubbles of
varying sizes, shown in figure 8 (b and c). The lack of any surface perturbation for the dry
samples is an indication that surface bubble formation is merely a consequence of water
absorption. The increased number density for wet samples in comparison to the ambient samples
also suggests a direct correlation between surface bubble formation and moisture content.

Although the surface of the dry polymer was smooth, its cross section, shown on the right in
figure 8 (a), revealed bubbles of uniform size that had accumulated under the charred skin. A
similar observation was also observed in the wet sample cross section shown on the right in
figure 8 (c). The larger bubbles adjacent to the charred region diminished towards the back
surface where there was a layer of virgin material in the sponge-like cross sections of wet
specimens. Conversely, there were small bubbles lined up at this location for the dry specimen,
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suggesting a deeper thermal penetration (see figure 8 (a)). Furthermore, the aluminum foil used
around the samples as an insulation medium could not be easily removed from the dry sample.
This also implies a difference in the temperature profiles for wet and dry samples and larger
overall temperatures at the time of ignition for dry samples. However, it must be noted that the
dry sample was subject to the heat exposure longer due to its delayed ignition time. Thus, a
deeper thermal penetration must be expected.

It is obvious that there are two separate bubble formation mechanisms in effect for PEEK
specimens—one is due to the thermal decomposition, and the other is the result of water
evaporation. For the dry specimens, only the former mechanism plays a role since there is no
moisture. Upon temperature rise, the chemical bonds start to break, yielding a decrease in
molecular weight and viscosity of the polymer. Local temperature gradients in the molten
polymer create bubble nucleation sites. Once the heat of vaporization is reached, the newly
formed gas particles diffuse within the molten polymer and collect into bubbles. The bubbles do
not escape from the surface immediately, but continue accumulating more gas constituents until
the surface skin is ruptured by high-temperature volatiles [33 and 34]. For wet specimens, on the
other hand, both of the bubble formation mechanisms act together. Upon exposure to heat, water
molecules go through phase transition (at 100°C) but are trapped within the polymer until the
polymer starts to liquefy (at the melting temperature of 343°C). At and above the melting
temperature, however, steam (that is ready to escape) moves towards the less-viscous parts, i.e.,
towards the surface of the material and creates surface bubbles that grow with time. As the
decomposition temperatures are reached, volatiles start diffusing into already existing nucleation
sites. Since the bubble growth is limited by the number of neighboring bubbles, the number
density increases and the bubble sizes decrease. The presence of moisture in the polymer alters
the bubble nucleation and causes the high-number density small bubbles, presumably because of
the rapid bubble formation as the trapped water vapor is suddenly able to expand when the
polymer melts. In contrast, the release of volatile organic species will be much slower, leading to
the formation of fewer, larger bubbles.

The bubble formation, shown in figure 9, continues to take place until all moisture leaves the
specimen as water vapor. During the bubbling period, the specimen undergoes evaporation, and
its morphology changes to affect its thermal properties. If thermal decomposition temperature is
reached between ts .t and teng, the ignition time of the specimen will depend on the thermal
properties of the bubbled surface. If, on the other hand, the sample has enough time to dry out
before ignition, i.e., tign > teng, its ignition mechanism will be dictated by the thermal properties of
the dry sample. Although the moisture content has a greater impact at the lower heat fluxes, this
is only true if the decomposition starts while bubbling takes place. Hence, the scatter in ignition
time will be minimal for irradiation levels low enough to allow drying and high enough to
shorten the bubbling period. Table 7 displays the average times bubbles are first observed in the
experiments (note that this is actually when melting starts).
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Figure 9. Schematic of Bubble Formation Period

Table 7. Times to Surface Bubble Formation

q"9><t tstart
(kW/m?) | (seconds)

50 40

70 24

90 15

SURFACE TEMPERATURE MEASUREMENTS. The surface temperature of 3.9-mm-thick
samples exposed to 50 kW/m? external heat flux was measured using a thermocouple probe
during irradiation, to understand the behavior leading to ignition delay for dry samples. The
surface temperature variation is displayed in figure 10 for the wet and dry samples tested. There
is no noticeable difference between the samples at the glass transition temperature Ty of 143°C.
For wet samples, the bubble formation starts at the melting temperature T, of 343°C. After
melting, the dry sample surface heats up at a slower rate as the molten polymer allows more heat
to be conducted into its bulk than the foamed (wet) polymer. The ignition temperature, Tig,, Of
540°C is reached in 120 seconds for the wet sample when the dry sample surface is still 70°C
cooler (470°C). The surface temperature of thicker samples, used to determine material
properties (see the Material Properties section), are also measured with similar observations.
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Figure 10. Surface Temperature Variation Before Ignition q = 50 kW/m?
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CRITICAL HEAT FLUX. The critical heat flux was first determined on 1-mm-thick samples.
The HRR histories of the experiments are shown in figure 11. In these tests, the edge frame was
not used. The International Organization for Standardization standard [35] requires a 15-minute
waiting period in the determination of the critical heat flux for piloted ignition. A longer period
was used in the tests. A sustained, albeit weak, flame was observed even at 26 kW/mZ.
However, it was not possible to reproduce the flaming in the repeated tests of 25 and 27 kW/m?.
The HRR obtained at an external heat flux of 27 kW/m? is ~70 kW/m?, as shown in figure 11(a).
This value is consistent with the critical HRR, characterizing sustained ignition [28]. Thus, the
minimum heat flux that led to sustained ignition for PEEK was found to be between 27 and
30 kW/m?,

500 . . . T T _.
50 KW/m?
Ng 300 - : ; |
g H
% 200 - 35KWJ"I’T12'" .
X it - A27kwim? , 26 KW/m®
0 b i VA 2L 25 kwm?
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Time (min)
(@) HRR at Different Irradiation Levels
30 !
- i . : _ i
— 20
£
E 5
=
i<
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5

20 256 30 35 40 45 50 55

g’ext (kW/m?)
(b) Times to Ignition at Different Irradiation Levels

Figure 11. Determination of Critical Heat Flux on a 1-mm-Thick Sample From Asymptote of
Ignition Delay

Materials can be grouped in terms of their thermal behavior; thermally thick materials are those
for which the heat losses from the back face is negligible and semi-infinite slab assumption is
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valid, whereas the thermally thin materials are those with negligible temperature gradients over
their thickness [31]. The characteristic thermal conduction length can be used in relation to the
actual physical thickness, L, to determine the type of the material studied. It is proportional to

the square root of the thermal diffusivity, o = k/pc, and the exposure time, t, as+a-t. The
material is considered thermally thick if L >4+/a -t , and thermally thin if L <+/o-t [31]. In this

study, the characteristic thermal conduction length is calculated to be ~0.32 Jt mm using the
material properties listed in table 1. This means that the 3.9-mm-thick specimen, subjected to
these irradiation levels, does not behave as a thermally thick material at the time of ignition

(39<4 * 0.32\/g). Thus, for the 3.9-mm wet and dry samples, the thermally thin material

ignition theory was followed. Figure 12 shows the reciprocal variations of the ignition time with
the external heat flux. Based on the ignition time calculations for the thermally thin materials,
the slopes of these curves correspond to 1/p ¢, | (Tign-T) [36]. Since the critical heat flux
converges as the ignition time goes to infinity, the intercept of the curves indicates the critical
heat flux below which ignition is not possible. This is, of course, only an approximate
theoretical lower limit. The linear behavior is not expected to hold close to the critical heat flux
that can only be reached asymptotically. However, it is reasonable to assume that the critical heat
flux lies between 25 to 30 kW/m?. Over the three heat fluxes of this study, a linear fit to the test

data yields 10%t,, = 0.35 d",. - 8.6 for the wet samples and 10% tign.., = 0.25 q',. - 8 for the

dry samples. Accordingly, assuming the same ignition temperature for wet and dry samples, in
agreement with the surface temperature measurements (figure 10), the ratio of
(p Cp Dwet /(p Cp Nary is ~0.7. This shows that moisture uptake decreases the ignition time by
decreasing the thermal heat capacity.
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Figure 12. The Variation of Reciprocal Time to Ignition With External Heat Flux for
3.9-mm-Thick Wet and Dry Samples
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The virgin material adjacent to the back face in the cross-sectional photographs of wet samples
(figure 8 (c)) is a clear indication that the assumption of thermally thin material does not hold for
wet samples as a whole. However, we consider that only a film of material above the bubbled
surface is responsible for fuel generation leading to ignition for wet samples; therefore,
thermally-thin ignition theory is still applicable.

HEAT RELEASE MEASUREMENTS. The burning behavior of materials is usually
characterized by a set of fire performance parameters including time to ignition (tign), total burn
time (tpurn), peak HRR (PHRR), time to PHRR (tpurr), average HRR (AHRR), and THR. In this
section, the cone calorimetry test data of 3.9-mm specimens is examined to quantify the
differences in burning behavior of wet and dry samples by scrutinizing the fire performance
parameters.

The cone tests were conducted in triplicate at each of the three heat flux settings (50, 70, and
90 kW/m?); there are 18 experiments reported. Table 8 shows tign, thurn, trrrr, PHRR, and THR
obtained from the cone experiments, and are averaged for the wet and dry samples. The wet
samples consistently ignited earlier than the dry samples, while this delay in ignition decreased as
the external heat flux was increased. The difference in tg, between wet and dry samples was

more than 1.5 minutes (97 s) for q = 50 kW/m?, while it was less than half a minute (24

ext

seconds) for c'f'ext = 90 kW/m® The total burn time, defined as the time period between ignition

and flameout, was longer for the wet samples, suggesting a slower burning rate compared to the
dry samples, presumably because less heat was absorbed prior to ignition. Furthermore, the dry
samples produced higher HRR in a shorter time as evidenced from the tabulated PHRR and tpyrr
values. Note that, although tprr Values of wet and dry samples are comparable, once ignition
takes place, tpurr is shorter for dry samples due to longer ignition times. It is interesting to see
variation in THR that exists not only between wet and dry samples, but also in each category.
The THR was smaller for low heat flux tests, indicating the presence of unburned material at the
end of the test.

Table 8. Average Test Data for 3.9-mm Samples at q =50, 70, and 90 kW/m?

ext

'ex tign tourn toHRR PHRR THR
Type | (kW/m?) | (seconds) | (seconds) | (seconds) | (kW/m?) | (MJ/m?)
Dry 50 207 164 300 355 46
70 111 168 197 387 48
90 68 165 151 504 62
Wet 50 110 247 315 280 54
70 65 211 180 351 63
90 44 200 157 377 65

(@) Wet Samples
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The HRR histories for the 3.9-mm-thick dry and wet specimens are plotted in figure 13 (a and b),
respectively. The average of the HRR at each heat flux setting is shown with a thicker line and
symbols in the figure. The sample subjected to a heat flux of 90 kW/m? ignites earlier with a
higher PHRR. The observed ignition mechanism was different for the wet and dry samples. Wet
samples, having a permeable surface, allowed volatiles to escape through the sample surface,
whereas dry samples formed a skin under which hot gases accumulated until there was enough
pressure buildup to burst through the skin. This sudden gas release can be seen as a spike (or a
shoulder) at tigy in the HRR plots of the dry samples (figure 13 (a)). On the other hand, the HRR
curves of the wet samples are smoother due to the porous surface, allowing both moisture and
volatiles to escape easily and burning to take place steadily (figure 13 (b)). At lower heat fluxes,
the HRR curves of wet samples resemble those of the thermally thick materials.
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Figure 13. Cone Calorimetry Data: HRR Histories for 3.9-mm-Thick Samples
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PYROLYSIS MODELING.

The effect of moisture uptake on the fire performance parameters of PEEK is clear from the
experimental data shown in figure 13 (a and b); in comparison to the dry specimens, wet
specimens have shorter tig,, longer tyum, and lower AHRR and PHRR. The experimental data and
observations suggest that, depending on the level of moisture content prior to ignition, the
material properties of PEEK change in relation to its morphological state. Thus, it seems that the
differences in the burning behavior of wet and dry samples are due to a physical phenomenon
rather than a chemical one. Therefore, in the modeling efforts, wet and dry samples are treated
exactly the same except for the change in the preignition material properties representing the
physical formation of bubbles for wet specimens.

Besides having shorter tig, than dry samples, wet samples have lower PHRR and longer tpym. In
other words, the impact of moisture is observed in two seemingly distinct ways: (1) polymer
ignites faster (i.e., its surface heats up quicker) and (2) burning takes longer, (i.e., its temperature
increases gradually). There are several scenarios that may lead to these physical phenomena.
One scenario is that the bubbles formed on the surface of the wet samples create an insulating
layer that serves as a barrier for the underlying material. The foamed up surface acts as a
material with low conductivity and yields a slower temperature rise within the material than its
surface. A second scenario is that the optical properties of the specimen alter due to surface
bubble formation. This newly formed, thin layer hinders the in-depth absorption and causes
irradiation to be absorbed on the surface.

Based on these two hypotheses, a calculation was performed where the conductivity and heat
capacity of the polymer melt is decreased drastically to account for the low thermal conductivity
and heat capacity of the bubbles and all radiation is absorbed on the surface (the in-depth
radiation is turned off). The conductivity and heat capacity of the molten state are determined by
fitting model results to the cone calorimetry temperature data for 10-mm-thick wet samples (see
figure 4 (b)).

Model predictions and experimental observations for ignition delays are compared in table 9 for
both wet and dry samples. The experimental values listed in the table are based on three separate
experiments for each external heat flux and thickness studied. Although experimental data
scatter in ignition times for 3.9-mm-thick specimens are negligible, there is more than a
10-second difference for both 1- and 10-mm specimens. Note that material properties are
determined by fitting the experimental data of 10-mm specimens. For all cases studied, the
model ignition delays are within experimental uncertainty and well-predicted. The ignition time
estimates of dry samples are close to the test data. However, ignition time for wet samples is
estimated to be approximately 10 seconds late at 50 kW/m?, and 10 seconds early at the higher
heat flux settings.

Figure 14 (a, c, and e) and figure 14(b, d, and f) show HRR obtained from the numerical model
for a 3.9-mm-thick sample along with the cone calorimetry data at external heat fluxes of 50, 70,
and 90 kW/m? for dry and wet samples, respectively (dotted lines with symbols show the average
of the three experiments for each heat flux). The model predictions are good at capturing tign (as
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shown in table 9) and t,,r,. Moreover, the general shape of the HRR curves compare well with
the test data. Not only are the PHRR predictions within the uncertainty of experimental data and
well-predicted, but the tprgr estimates are close to the corresponding test data at different heat
fluxes for dry samples (tables 8 and 10). Furthermore, the tails of the HRR curves associated
with the char oxidation are in agreement with the experiments except for the slight difference
observed at 50 kW/m? for dry samples, whereas the PHRR at high heat flux settings are higher
than the experimental data, and the HRR tails are underestimated for wet samples (table 10).

Table 9. Comparison of Model Ignition Delays (tignm) With Test Data (tigne)

Qe Thickness tignm tigne
Type | (kW/m? (mm) (seconds) | (seconds)
Dry 50 1 75 72-90
Dry 50 3.9 202 205-209
Dry 70 3.9 105 110-113
Dry 90 3.9 65 68
Dry 50 10 365 350-390°
Wet 50 3.9 126 108-113
Wet 70 3.9 55 64-67
Wet 90 3.9 34 43-44
Wet 50 10 180 130-185*

* fitted data

Table 10. Model Predictions for 3.9-mm Samples

'ex tourn toHrR PHRR THR
Type | (KW/m?) | (seconds) | (seconds) | (KW/m?) | (MJ/m?)
Dry 50 162 280 250 41

70 175 200 350 50

90 165 150 460 60
Wet 50 224 340 250 49

70 225 200 375 59

90 216 160 500 65
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The time variations of mass loss for dry and wet samples are shown in figure 15 (a and b),
respectively. Consistent with the above observations, both mass loss histories are well-estimated
by the model. Note that because of the char swelling into the cone heater, mass loss data for the
wet samples are not complete. For the low external heat flux of 50 kW/m?, the char yield value
of 0.48 was not reached in both the wet and dry specimen experiments. This is consistent with
the low THR calculation at this heat flux setting. Figure 16 (a and b) displays the THR histories
for dry and wet samples, respectively. THR histories are well-estimated by the model except for
the THR at 70 kW/m?, which has high experimental uncertainty and model results fall between
the test data. Note that, in comparison to the dry samples, THR of wet samples are higher in
agreement with the experimental data (tables 8 and 10).
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Figure 15. Comparisons of Model Predictions With the Test Data: Mass Loss Histories
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Charring, yielding a carbonaceous residue, is an important physical change for materials
undergoing thermal decomposition. Since the char layer shields the underlying virgin material
from the heat source, the decomposition rate decreases as char builds up. However, in the cone
calorimetry tests of PEEK, as the charring material swells to the cone heater, the heat exposure at
the char surface increases. The effect of charring, as a barrier for the virgin material or as an
extended surface to the cone heater, is not taken into account in the model; i.e., external heat flux
is assumed to be constant throughout the model and not adjusted for charring.
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SUMMARY AND CONCLUSIONS

Sources of variability in relation to the environmental conditions were examined for the bench
scale fire tests of a high-performance thermoplastic, poly(aryl ether ether ketone) (PEEK). More
specifically, the effect of moisture absorption on the burning behavior of PEEK was evaluated
following an earlier work where the fire response of this polymer was found to be sensitive to
humidity. The PEEK samples were studied in two groups that were conditioned as wet and dry.
The thermal degradation of the polymer was investigated using cone calorimetry and thermal
analysis techniques. In addition to the ignition characteristics, heat release rate (HRR) and mass
loss histories were assessed for wet and dry specimens. The experimental investigation was
followed by a numerical study to understand the processes behind the variation observed in the
burning characteristics. A one-dimensional pyrolysis modeling tool, ThermaKin, was used to
model cone calorimetry tests of dry- and wet-PEEK specimens.

The surface temperature measurements and the visual observations were consistent with a
burning morphology of the polymer that depended on the moisture content of the tested
specimen. Particularly, the size and the number density of the bubbles in degraded polymer were
clearly correlated with the moisture absorption levels. The lower ignition times and HRR of the
wet specimens were the direct consequences of different bubble nucleation and growth
mechanisms in wet and dry samples. Not only did bubble dynamics play an important role in the
transport of gaseous decomposition products, but they also altered the optical and thermal
properties of the polymer. These findings confirmed the significance of environmental
conditions and suggested a standardization procedure for test specimens.

In the modeling of the wet samples, a new reaction for the bubble formation was defined. Based
on the experimental observations, the moisture content was represented by conductivity, heat
capacity, absorptivity, and reflectivity of the bubbled polymer in the model. The conductivity
and the heat capacity were determined by the surface temperature measurements. The predicted
time to ignition for both wet and dry samples, which was the main focus of this study, agreed
very well with the results of the experiments. Furthermore, the predictions of the HRR, mass
loss, total heat release, and the individual fire performance parameters compared well with the
cone data. However, it is important to note that model results after ignition depend greatly on a
number of parameters that are not known. These included, but were not limited to, thermal and
optical properties of the char, heat of decomposition reaction, flame heat flux, and variations of
the external heat flux due to char swelling. Future work to quantify the effects of these sources
of uncertainty in the determination of the fire performance properties is needed for better and
more reliable model predictions beyond time to ignition. This fact, however, does not invalidate
the numerical analysis presented since the relative difference in the burning behavior between
wet and dry samples was elaborated on rather than the most accurate representation of one
selected state (dry or wet). Using the same value for the unknown quantities in the modeling of
both wet and dry samples made it possible to investigate the changes in postignition burning
behavior due to moisture uptake, which may be driven by the same physical phenomena that
yield the ignition time scatter.
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