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Abstract: Certain polymers, such as polyvinylidene fluoride (PVDEF), polyimide (PI), and poly
(phthalazinone ether sulfone ketone) (PPESK), are commonly used separator materials in batteries.
However, during the thermal runaway (TR) processing of batteries, significant heat is released by the
combustion of the polymer separator. Therefore, analysis of the fire behaviors of polymer separator
materials will facilitate a more comprehensive quantitative evaluation of battery thermal risk. This
paper investigated the combustion properties of three types of polymers, namely, PVDE, PI, and
PPESK, as potential separator materials by cone calorimetry and thermogravimetry (TG). A series of
characteristic parameters, including ignition time (TTI), heat release rate (HRR), smoke production
rate (SPR), and total heat release (THR), were evaluated for three polymers and blends (PI/PVDF,
PPESK/PVDF) under an external heat flux of 45 or 60 kW/ m2, respectively. The combustion
characteristics and fire hazards of the three polymers and corresponding mixtures were analyzed
through the comparative analysis of experimental data and phenomena. Under 60 kW /m?, the HRR
curves of all polymers presented two peaks, while PI/PVDF and PPESK/PVDF mixtures exhibited
one obvious peak. Moreover, the peak HRR (pHRR) for the mixed polymers was higher, indicating
a relatively higher fire risk. However, in the application scenario, the mixed state represents the
main polymer form as the active separator materials in batteries. The results showed that the specific
coupling behaviors were related primarily to the component type. This work will help evaluate the
fire risk of polymeric separator materials based on the combustion characteristics to predict the safety
of mixtures in batteries and develop new methods for fire suppression.

Keywords: polymer; thermogravimetric analysis; cone calorimetry; combustion characteristics; safety

1. Introduction

Lithium-ion batteries (LIBs) have been produced for decades. Due to their high
energy density, long cycle life, high power, and environmental protection, LIBs are widely
used in laptops, smartphones, digital cameras, and other portable electronic products
associated with 3C (computer, communication, and consumer electronics). LIBs comprise
four core parts: positive electrode, negative electrode, separator, and electrolyte. The battery
separator has an important role as it is inextricably associated with battery safety. However,
since the advent of LIBs, battery explosion or combustion accidents have occurred almost
yearly; the fundamental problem is their thermal safety [1]. The main causes of LIB thermal
runaway (TR) are mechanical, electrical, and thermal abuse, all of which are associated with
internal short circuits (ISCs); hence, the separator becomes damaged, causing the positive
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and negative electrodes to be in direct contact, releasing a significant amount of heat. The
main causes of ISCs are separator defects, including age-associated rupture, buildup of
metal dendrites, a pierced separator caused by external force extrusion, or shrinking and
melting of the separator caused by overheating [2]. Therefore, selecting novel separator
materials with good mechanical properties and high thermal stability can reduce the risk
of ISC and TR of the battery, improving safety.

To meet the demand of the current working environment for LIBs, various new com-
posite separator materials have been developed and optimized in terms of preparation
process improvement. Among them, polyvinylidene fluoride (PVDF) has been widely used
as a binder and coating material in LIBs due to its good mechanical strength, superior
chemical/electrochemical /thermal stability, and excellent affinity for electrolytes. In addi-
tion, polyimide (PI) shows excellent heat resistance, chemical stability, good mechanical
performance, and extremely high electrical insulation properties, potentially due to the spe-
cial engineered plastics, high-performance fibers, selective membranes, high-temperature
coatings, and composite materials. Therefore, PI-related materials are well suited for use
as safe battery separators with high temperature resistance. However, recently, a blended
PI nanofiber battery separator was developed by high-voltage electrostatic blending and
high-temperature imide treatment of two precursors. This battery contains a PI precursor
that does not melt at high temperatures and one that melts at 300-400 °C. Hence, it exhibits
high-temperature resistance, chemical stability, and porosity, as well as good mechanical
strength and permeability [3]. Liang et al. [4] studied a separator with a porous layer,
high thermal resistance, convenient operation, and high PI proportion that improved LIB
safety. Additionally, a polymer separator obtained by compounding poly(aryl ether) with
thermoplastic resin has received extensive attention due to its superior electrical conduc-
tivity and high safety [5-7]. Lu et al. [8] and Gong et al. [9] prepared a series of poly(aryl
ether) materials by introducing phthalazinone, including poly(phenylene ether ketone)
(PPEK), poly(phthalazinone ether sulfone) (PPES), poly(phthalazinone ether sulfone ke-
tone) (PPESK), etc.; the materials’ glass transition temperature exceeded 533 K and the 5%
weight loss temperature was ~773 K. Moreover, the synthesized separators comprising
these materials and PVDF generated via electrospinning exhibited excellent electrochemical
performance and thermal stability. A novel PPESK/PVDF/PPESK composite interlayer
separator for LIBs was proposed to be synthesized by electrospinning and predicted to have
good thermal dimensional stability and thermal self-closing performance to prevent ISC.
Hence, the fire risk of LIBs can be quantitatively evaluated by determining the pyrolysis
mechanism, combustion characteristics of polymer separator materials, and their effects
on TR.

The study of combustion characteristics is interdisciplinary, covering combustion,
turbulence, radiation, and material science, all of which have equally important roles.
Therefore, evaluation of the polymer separator combustion behavior is a complex challenge.
More specifically, the physical and chemical properties of the material must be considered,
as well as the effects of different heat sources, transfer mechanisms, and changes in the
combustion environment, such as temperature, humidity, oxygen concentration, or airflow.
Additionally, the decomposition behavior of polymer materials depends largely on the
environment in which they begin to decompose [10], particularly the external heat flux [11].
To date, more than 37 methods are employed to characterize the combustion characteristics,
including the limiting oxygen index (LOI) method [12], horizontal and vertical combustion
method, smokebox method put forward by the National Bureau of Standards (NBS) to
measure smoke density, and tunnel method to measure flame propagation velocity. To
evaluate the combustion characteristics of polymer materials more comprehensively, a cone
calorimeter was invented in 1982 to study the heat release of materials under certain heat
flux [13]. That is, after the sample is placed under a conical cover with a preset heat flux, the
parameters, such as heat release rate (HRR), smoke production rate (SPR), and total heat
release (THR), are calculated by the established program to characterize the combustion
behavior of the material. The environment is similar to the real fire environment, which can
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more accurately characterize the combustion characteristics of the polymer. Indeed, it has
particular reference value in evaluating, designing materials, and evaluating fire risk [14].

The principle of cone calorimetry is based on oxygen consumption (OC); for every
1 kg of oxygen consumed, the heat released is approximately 13.1 k] /g, and the deviation of
OC and combustion heat between polymer materials is 5%. The heat release amount of the
burning substance can be calculated according to O, combustion. According to previous
studies, HRR is one of the most important variables in determining fire risk [15]. In all fires,
most casualties are caused by smoke poisoning, followed by burns and suffocation; hence,
analysis of smoke products produced by thermoplastic polymer combustion is essential [16].
Thermogravimetry (TG) is also a commonly used method to determine the thermal stability
of polymers quantitatively. Thermogravimetric analysis (TGA) could be applied to measure
the relationship between the mass and temperature of the polymer separator to evaluate the
material’s thermal stability under pre-setting the starting, heating, and cutoff temperature
conditions in the program [17]. It can also be used to analyze the kinetics of polymer thermal
decomposition. When comparing the thermal stability of different polymer materials, the
mass loss percentage is generally used for comparative analysis. Through the comparative
analysis of the polymer material mass loss and temperature, insights are obtained regarding
the relationship between the thermal stability and mass of the polymer and intermediate
products produced during the thermal decomposition process. In addition, many factors
influence the TGA, including differences between the experimental conditions and different
samples. Hence, to increase the accuracy and repeatability of the thermogravimetric curve,
it is necessary to analyze various influencing factors before the experiments and determine
the heating rate, start and end temperatures, air flow rate, and other parameters. The
heating rate of the TGA is generally controlled in the range of 5 to 20 K/min. Typically, the
lower the heating rate of the test sample, the higher the resolution. When TGA is carried out
on polymer materials, the polymer’s properties inevitably change due to residual solvents
or historical effects. In this case, repeated experiments can generally eliminate errors [18].

Hermouet et al. [10] studied the effect of local oxygen concentration on polymer
combustion using a cone calorimeter with a controlled atmosphere. Regarding the fire
spread of organic polymer materials, the heat transfer mechanism primarily includes
flame heat feedback, convection, and heat conduction inside the fuel. Based on heat
transfer analysis and relevant experiments, worldwide, prediction models of fire spread
rate have been established under different conditions of external heat flux, dip angle,
and flow rate [19,20]. In addition, Parthasarathy et al. [21] used the thermogravimetric
method to analyze the stability of organics and the Flynn-Wall-Ozawa model to calculate
the thermodynamic properties of reactions. Meanwhile, Zheng et al. [22,23] carried out
numerical simulation analysis on the fire spread behaviors of polymethyl methacrylate
(PMMA), and constructed a melting model to determine the influence of dimensionless
parameters on the fire spread behaviors. Kim et al. [24] simulated the melting dripping
behaviors of polypropylene (PP) under external radiation and simplified many influencing
factors in the simulation process. Additionally, Wen et al. [25] simulated the melting
dripping of flame retardant polyethylene (PE); the results showed that the carbon particle
additives could effectively reduce the dripping rate. These previous studies validate that
the present study is meaningful to some extent for the safety evaluation of polymers.
However, many scholars are also concerned about the effects of air humidity and moisture
on polymer combustion properties. Although the research on polymers has been relatively
sufficient, in a real fire, the combustibles do not typically comprise only polymers, making
it necessary to evaluate the combustion behavior of the mixed polymer phase and assess
the fire risk of polymers in a mixed state.

Overall, the separator is the LIB component with the highest heat release per unit mass;
thus, it is of considerable importance to evaluate the pyrolysis mechanism and combustion
characteristics of the separator to evaluate the fire risk of LIBs quantitatively. However, the
complexity of the chemical structures of PVDEF, PI, and PPESK as raw materials of the new
composite separator complicates these analyses. Accordingly, the current study analyzes
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the kinetic characteristics of PVDEF, PI, PPESK, PI/PVDEF, and PPESK/PVDF to supplement
the quantitative evaluation of battery safety. Importantly, this is the first study to apply
cone calorimetry to investigate these substances. Moreover, the thermal decomposition
processing of the polymer separator was evaluated, the mechanism function was assessed,
and the kinetic parameters were solved. The influence of external heat flux and other key
factors on the distribution of gaseous products was further studied to provide insights
regarding the sample dissociation path and primitive reaction. The combustion behaviors of
the samples were then examined, and the proportion of the thermal release was calculated.
In this way, the thermal decomposition behaviors of separator materials, including PVDE, PI,
PPESK, and their mixed phase, are evaluated and compared by analyzing the combustion
characteristics of the three polymer compounds at a certain ratio. Additionally, the effect
of external heat flux on the combustion process was determined. Finally, the HRR, SPR,
ignition time (TTI), and THR under different heat fluxes were characterized by cone
calorimetry and TG. Collectively, the results of this study broaden the understanding of
polymer separator safety and clarify the role of the separator in the TR behaviors of LIBs.

2. Experiments
2.1. Experimental Materials

PVDF and PI powders were provided by Dongguan Zhanyang Polymer Materials
Co., Ltd. (Dongguan, China) and Nanjing Quanxi Chemical Co., Ltd. (Nanjing, China),
respectively. PPESK, in a sawdust state, was supplied by Suzhou Jiahui Company (Suzhou,
China). The average molecular weight (MW) of PVDF is approximately 400,000, with a PI
of approximately 44,000. The category of PI applied in this study is aromatic, with an imide
ring in the main chain, which is rigid and insoluble and is used primarily as membranes or
solid powders. The molar ratio of PI to PVDF in the PI/PVDF mixture was 1:1 based on
MW, and of PPESK to PVDF in PPESK/PVDF was 1:1 based on the relative molar mass of
the PPESK/PVDEF separator. These ratios were selected based on the proportion of each
polymer in the composite separator of LIBs. PI/PVDF and PPESK/PVDF were mixed in a
ball mill for at least one minute to guarantee homogeneous mixing; there were no chemical
reactions between the samples and components. No solvent was added during the mixing
process; thus, no drying step was required. According to the International Organization for
Standardization (ISO) 5660-1 “Reaction-to-fire tests—Heat release, smoke production, and
mass loss rate—Part 1: Heat release rate (cone calorimeter method) and smoke production
rate (dynamic measurement)” standard [13], the final physical state of the samples was
powder. The samples were weighed by an electronic scale with an accuracy of 0.01 g; the
densities are listed in Table 1.

Table 1. Density of polymer samples used in this work.

Sample Density (g/cm?)
PI 1.43
PPESK 1.37
PVDF 1.78
PPESK/PVDF 1.26
PI/PVDF 1.31

2.2. Experimental Instruments

A cone calorimeter (PX-07-007, produced by Suzhou Phoenix Instrument Co., Ltd.,
Suzhou, China) was applied to detect the fire parameters, comprising six parts: ventila-
tion device, combustion chamber, lifting platform, smoke measurement system, oxygen
analyzer, and related auxiliary equipment (Figure 1). The data acquisition system was
manufactured by Nanjing Jiangning Analytical Instrument Co., Ltd., Nanjing, China, and
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the thermogravimetric analyzer was purchased from Mettler-Toledo International Inc.,

Columbus, OH, USA.
o ‘
Exhaust pump
Camera
 —
.
e Sample pan
Lift platform
Electronic balance h i .:“ ] g S
-7
Gas analyzer Computer

Figure 1. Principle diagram of the used cone calorimeter.

2.3. Experimental Methods

The cone calorimeter experiments were carried out according to the ISO 5660-1
“Reaction-to-fire tests—Heat release, smoke production and mass loss rate—Part 1: Heat
release rate (cone calorimeter method) and smoke production rate (dynamic measurement)”
standard [13]. For each measurement, 10 g of sample was weighed in advance and placed
ina5cm X 5 cm metal pan wrapped in aluminum foil, and the appropriate height was
adjusted. Aluminum foil was applied according to ISO-5660 so that only the upper surface
of the sample would receive radiation, which is a common practice in cone calorimeter
testing to avoid the thermal heat flux from the sample tray/pan, holder, etc., and improve
the accuracy of the results. The electronic balance was placed under the lifting frame and
returned to zero. The characterization experiments were performed at a heat flux of 30, 45,
or 60 kW/m?. At 30 kW/m?, the signal given by the instrument was consistently low, and
the background noise was relatively high, preventing accurate analysis; hence, only the
results at 45 and 60 kW /m? were analyzed in most cases. Three thermocouples were set on
the surface of the material above the sample pan (regarded as 0 cm) and at 1 cm and 2 cm
from the surface to collect data through an Agilent 34970A data acquisition device (Agilent
Technologies, Inc., Santa Clara, CA, USA). The system automatically started the test after
collecting baseline results for 60 s. During the test, the ignition and fire extinguishing time
and the beginning and ending of the smoke time were recorded. A camera recorded the
entire process to analyze the combustion phenomena. The test was completed at the end
of the smoldering, surface combustion, or flaming combustion. After the test, the initial
and remaining sample mass, HRR, smoke release rate, and other data were saved in the
corresponding folders.

TGA was performed using a thermogravimetric analyzer, and the measurements
were performed in an Ny atmosphere. The primary function of N, was to prevent the
oxidation of the instrument. The gas flow rate was set to 50 mL/min, and the temperature
increased from 303 to 1073 K with a heating rate of 20 K/min. A ceramic crucible was used
in the tests. First, the initial test temperature was set at 303 K. Next, an empty crucible
was used for firing, and the blank experiment was conducted as a baseline to reduce the
measurement error. Subsequently, 3 mg of each sample was placed in the crucible to select
the set procedure for the experiment. The detection was stopped after the mass of the
sample to be tested was ~0, it was no longer reduced, or the curve plateaued for a certain
period; the experimental data was saved after normalization.
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According to the cone calorimeter test standard, each experiment was repeated at
least twice to guarantee reproducibility. The average value from the duplicate samples was
taken for analysis. Data will be made available upon request.

2.4. Calculation Methods
2.4.1. Heat Release Rate

HRR refers to the rate of heat release during the combustion reactions of polymer
materials in per unit area at per unit time, which is one of the most important parameters
used to quantify the fire risk of flammable substances. The value was calculated according

to Equation (1):
0
. Ahe Ap XY —xo,
— (2 )aa0c,/FR 2 22 1
(t) ( o )( €\ T, 1105 — 15x0, @

Bhe is an empirical constant as 13.1 x 103 k] /kg;

o
C is the calibration constant of the orifice flowmeter;
Ap is the pressure difference of the orifice flowmeter;
Te is the absolute temperature of the gas on the orifice flowmeter;
xoo2 is the average value of the oxygen mole fraction measured during the 1-min baseline
measurement;
X0, is the molar fraction of oxygen measured by the oxygen analyzer.

where

As arule, the higher the HRR, the shorter the ignition time, the greater the risk of fire.

2.4.2. Fire Performance Index

The fire performance index (FPI) was expressed as per Equation (2):

TTI

FPI = JHRR ()
where FPI represents the fire hazard during material combustion, (m?-s)/kW.
pHRR, kW /m?.
TTI,s.
2.4.3. Fire Growth Index
The fire growth index (FGI), was calculated using Equation (3):
HRR
FGI = —F ®)

~ Time to pHRR

where FGI, kW /(m?-s).

pHRR, kW /m?.
Time to pHRR, s.

2.4.4. Broido Method to Achieve Activation Energy from Thermogravimetry

To calculate the activation energy of the polymer materials, the Broido method [26]
was applied, expressed by Equation (4):

(W — Weo)

y= (WO — Woo) 4)

where W; is the weight of the sample at any time, s.

W is the initial weight of the sample, g.
W is the final residue mass of the sample, g.
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The reaction rate was calculated as derived in Equation (5):
dy
—= = —ky" 5

where k is the specific rate constant. In this case, the reaction order n is 1. Thus, Equation (5)
was simplified to Equation (6):

dy _
TR —ky (6)

When the rate constant k varied with temperature, the Arrhenius Equation (7) was used:

Eq

k= Ae R @)

where k is the rate constant at temperature T;

A is the pre-exponential factor, also known as Arrhenius constant;

e is the base of the natural logarithm.

E, is the experimental activation energy, which can be generally regarded as a constant
independent of temperature, k] /mol;

R is the molar gas constant, ] /(mol-K);

T is the absolute temperature, K.

Substituting Equation (7) into Equation (6), considering the heating rate in TG [26],

Equation (8) was obtained:
dy_ —(i)elgﬂT .dT ®)

where u is the heating rate, K/s.
By integrating both sides, Equation (9) was created:

-1 T
[ Af g o
Jy Y u JT,

Many pyrolysis processes can be represented as first order reactions, as represented

by Equation (10):
3= ie=n(g)
— =—Ilny=In{ - (10)
oy =l

By combining Equations (9) and (10), the logarithm was obtained from integration, as
depicted in Equation (11):

1 _E;
In <ln<y)> = RT + Constant (11)

From Equation (11), by taking the In (ln (%)) as the ordinate and 10—790 as the abscissa,
the activation energy E, of the polymer reactions was calculated.

3. Results and Discussion
3.1. Experimental Phenomena and Smoke/Ignition Time

TTlis considered an important parameter in characterizing the fire hazard and thermal
decomposition degree of materials. Generally, samples with low TTI have higher fire risk.
Many theories and models have been proposed based on the TTI, incident radiation, and
physical properties of the material for TTI analysis. Hence, the study of TTI has considerable
importance [27,28].

As PVDF, PI, and PPESK are polymers with extremely high thermal stability, only PI
burned under the external heat flux of 45 kW /m? based on the combustion phenomena.
Therefore, all polymers were characterized by smoke/ignition time at heat flux of /above
45 kW/m?, as presented in Table 2.
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Table 2. Experimental phenomena and smoke/ignition time of samples under 45 and 60 kW /m?.

Experimental Phenomena and Smoke/Ignition Time

Heat Flux
PI PPESK PI/PVDF PPESK/PVDF
45 KW /m2 extinction fume  extinction fume extinction ~ fume extinction  fume extinction
/m 357 s 87s 554 s 301s 1200 s 60s 435s 70s 520s
5 extinction ignition extinction ignition extinction ignition extinction ignition  extinction
60 kW/m 1300 s 107 s 1906 s 166 s 1800 s 405s 1700 s 234s 1142 s

From the time data and corresponding phenomena, PI had the shortest ignition time,
and PVDF had the longest under the same heat flux. However, the burning period of
PI was the longest, while that of PPESK was the shortest. In the mixed state, the TTI
and continuous combustion time of the polymer mixture was between that of the two
macromolecular polymer types, indicating that the polymer separator with a low ignition
point would burn first, igniting the material with the high ignition point and increasing the
fire risk.

Flammable combustion refers to combustible materials being ignited and continu-
ing to burn after removing the ignition source under specified experimental conditions.
Meanwhile, surface combustion refers to the flameless combustion phenomenon occurring
on the surface of the material due to the direct reaction between combustible solids and
oxygen. Figure 2 shows that the combustion phenomenon of pure PVDF was considered
surface combustion, while PI exhibited relatively weak flame combustion without apparent
volume expansion. In contrast, PPESK presented violent flammable combustion, and its
volume changed markedly after heating. This was due to the thermal decomposition
reactions of thermoplastic materials occurring at the material’s surface and in deeper layers.
When the temperature increased, the chemical bonds began to break, and the MW and
viscosity of the polymer decreased, resulting in melting. However, the gases would not
immediately overflow from the surface; rather, gases would accumulate until the surface
of the polymer was broken by high-temperature volatiles [29,30]. After the polymer was
mixed at a certain proportion, the combustion phenomenon would become more violent
than that of a single polymer. In particular, under the combination of PI/PVDE, a dynamic
jet flame was observed with a height that surpassed that of the other groups. Meanwhile,
the combustion of PPESK/PVDF was weaker than that of PI/PVDEFE however it was more
intense than the single polymers. This may have resulted from the diffusion rate of oxygen
in the polymer being much slower than the cracking rate of the polymer when the ignition
temperature exceeded 573 K. The polymer with a lower ignition point was first ignited,
and the heat conduction rate was much faster than the heat flux, causing the polymer with
a higher ignition point to ignite and the fire scale to increase. This was confirmed by the
recorded phenomena and data presented in Table 2.

Pl PPESK PVDF PPESK/PVDF PI/PVDF

Figure 2. Combustion phenomena of different polymer materials as (a) PI, (b) PPESK, (c) PVDEF,
(d) PPESK/PVDF and (e) PI/PVDEF under a heat flux of 60 kW /m?.
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3.2. Heat Release Rate

The HRR curves of the polymer separator materials under a heat flux of 45 and
60 kW/m? are presented in Figure 3. Under 45 kW/m?, signals were not apparent
(Figure 3a). The three polymers had two obvious peaks, followed by a long step (Figure 3b),
which might be due to the different combustion order of the pyrolysis substances [31,32].
It was speculated that due to the temperature increase in the materials after heating, the
thermal decomposition reactions produced different volatile combustible gases, which
ignited. Since the pyrolysis products of the polymers varied at different temperatures, their
contributions to the peaks also differed, causing the appearance of different peaks. With the
increase in combustible gases generated by the thermal decomposition reactions, the HRR
peaked and began to decline due to the decrease in the combustible gases generated by the
reactions. Alternatively, the polymers may have formed a relatively dense heat-resistant
outer surface with the development of pyrolysis during combustion; the thermal decom-
position reactions of the polymers could have then occurred at a certain thickness [33].
That is, the thermal decomposition reactions would also occur inside the polymers. As the
temperature continued to rise, the dense heat-resistant outer surface cracked and released
the volatile combustible gases inside the polymers. Due to the gradual expansion of the
cracks, the second peak value of HRR (pHRR) emerged. However, theoretical studies have
suggested that the second peak might have been due to heat transfer to the back of the
thermal insulation material [34-36] and the accumulation of energy generated by the insu-
lation, resulting in increased HRR. However, regarding the PI/PVDF and PPESK/PVDF
mixtures, only one peak was observed, which was postulated to be due to the relatively
flammable polymer component igniting the other polymer, triggering positive feedback in
the mixed system. The temperature then rapidly increased, and all materials were ignited
instantaneously, resulting in only one apparent peak.

100 500
(a) 45 KW/m? —— Pl (b) 60 KW/m? —— P
—&— PPESK —&— PPESK
80 —&— PVDF 400 4 —a— PVDF
1 —¥— PPESK/PVDF —w— PPESK/PVDF
- PI/PVDF y PI/PVDF
o s N
£ £ 300 L
= = AN
=3 =
@ x
[ o
o % X
0 T T T T T 0 r . : .
0 250 500 750 1000 1250 1500 0 250 500 750 1000
Time (s) Time (s)

Figure 3. HRR curves of polymer separator materials under a heat flux of (a) 45 and (b) 60 kW / m?.

Besides the highest point in the HRR curve being designated the pHRR, THR is also
important for characterizing the combustion characteristics of polymer materials. More
specifically, they reflect the most intense heat release of polymer combustion and the sum
of heat generated during the combustion process, respectively, making them important
variables in determining the risk of polymer fire. At a heat flux of 45 kW/m?, the pHRR
of all single polymers and mixtures was similar as no flame burning occurred for PDVE,
PPESK, P1/PVDEF, or PPESK/PVDEF; meanwhile, PI presented weak flame combustion
(Figure 4). Flame combustion occurred in all samples under the 60 kW /m? heat flux, and
the fire safety could be more intuitively characterized and analyzed. At 60 kW/m?, the
trend in pHRR and THR was consistent across the samples. The highest peak for the single
polymers was generated during PPESK combustion. Hence, the pHRR of the PPESK/PVDF
mixture was approximately 76.1% higher than that of PVDF and approximately 25.2%
lower than that of PPESK. The THR order was also PPESK > PPESK/PVDF > PVDE. In
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pHRR (kW/m2)

800

contrast, the pHRR of the PI/PVDF mixture was 239.3% and 991.1% higher than that
of PI or PVDF, respectively. Although the THR was also higher for the mixture than
that of the two polymers, the increase was not as sharp as that of pHRR. Therefore, the
combustion characteristics of the mixtures were relatively complex. In addition, the greater
the external heat flux, the higher the pHRR and THR, and the more serious the fire risk of
the polymer separator.

In summary, the polymer fire is more prone to smoke poisoning in the early stage of
the fire and will develop to suffocation in the middle and late stages. In addition, PVDF
generated a large amount of CO in the 250-750 s period, indicating that PVDF had a
long incomplete combustion stage, resulting in highly toxic CO production (Figure 5b).
According to Figure 5a—c, the smoke production by PPESK remained high after 500 s, while
CO and CO; production was low, indicating that PPESK tended to generate solid products,
such as soot particles, and low levels of gas products during combustion.
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Figure 4. (a) pHRR and (b) THR of different polymers under heat fluxes of 45 and 60 kW / m2.

3.3. Flue Gas Analysis

Typically, when a fire occurs, the key factors causing the largest casualties are the
shielding effect of smoke and its toxicity, however, polymer materials are a primary source
of fire smoke. The gases produced in the fire mainly comprise CO and CO,. Thus, measur-
ing the smoke release rate of polymer materials and the concentration changes of various
gases is necessary. The gas analyzer in this study was sampled from the exhaust pipe,
which could directly analyze and quantify CO, CO;, and O,. As indicated in Figure 5a,
when the materials were in flame combustion or smoldering, surface combustion process-
ing, their gas production and flue gas product types differed significantly. As presented
in Figure 5b,c, the fitting degree of CO, content and HRR curves was high, while that
of CO concentration and the HRR curve was not. Therefore, it was speculated that the
polymer materials released a large amount of CO, when burning, and the total amount of
flue gas markedly increased. The CO content produced by the polymer materials during
smoldering was significantly greater than that of flame or surface combustion. The only
group with CO concentration changes that were to the HRR curve was PI/PVDE. This
might have been due to the intense combustion phenomenon of PI/PVDE. The amount of
O; in the air was insufficient to maintain the complete combustion of PI/PVDF, resulting
in more CO being produced.
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3.4. Combustibility Index

To perform a more comprehensive analysis of the fire risk of each material, the data
measured by the cone calorimetry method can be statistically integrated. This has led to
the proposal of several comprehensive evaluation indicators that provide a more intuitive
representation of the combustion behaviors of various materials [27,28].

3.4.1. Fire Performance Index

The longer ignition time and lower pHRR would increase FPI, indicating that the
material is not readily ignited after heating. In this case, the flashover phenomenon would
not easily occur, and thus, the fire risk would not be high. Contrarily, a low FPI indicates
that the material is readily ignited and dangerous, as FPI is an attribute of the material.

3.4.2. Fire Growth Index

The less time required to reach pHRR and the greater the pHRR, the higher the FGI,
indicating that the fire will spread rapidly after the combustion of the material, and the fire
risk would also increase. In contrast, a low FGI indicates that the fire growth is relatively
slow and the fire risk is not high.

The FPI and FGI of the five samples were calculated according to Equations (2) and (3)
and are presented in Table 3.

Table 3. Combustion characteristic index of polymer separator materials under 60 kW / m?2.

Heat Flux Index Type PI PPESK PVDF PPESK/PVDF PI/PVDF
FPIT gﬁ;ﬁgﬁﬂe% 056 050 25 0.53 0.62
60 kW /m? . )
FGI (dimensionless 072 1.5 0.36 157 6.90
parameter)

From the values listed in Table 3, it is apparent that the fire risk of the polymer
materials varied greatly. In general, the higher the FPI, the lower the FGI, the better the
flame retardant properties of the material. As a result, the fire risk of PPESK was the
largest among the three macromolecular polymers, followed by PI and PVDE. Under a
heat flux of 60 kW/m?2, the FPI of PI was ~12.0% higher than that of PPESK but only
accounted for 22.4% that of PVDEF. From the perspective of FGI, that of PI was 31.4% lower
than that of PPESK and twice that of PVDF. As for the mixtures, the fire risk indexes of
PEESK/PVDF were slightly higher than those of PPESK. However, the comprehensive fire
risk of PI/PVDF was considerably higher than that of PI and PVDF. The FGI was 858.3%
higher for PI/PVDF than PI, indicating that the combination of PI and PVDF would rapidly
increase the thermal hazard. Notably, after the mixture of polymers, the fire risk has a high
probability of increasing to a certain extent.

3.5. Thermogravimetric Analysis

TGA can be divided into isothermal processing [37] and non-isothermal process-
ing [38]. However, it is difficult to achieve ideal isothermal conditions. Therefore, the
non-isothermal method is often used to analyze the thermal decomposition of substances.
Using TGA, the thermal stability of the various polymer materials was compared, and
the pyrolysis behaviors of the polymers under heat action were analyzed [39-42]. The
thermal decomposition reactions of materials depend on several factors, including polymer
type, mass, and particle size. The polymer materials used in this study were all powdered,
and the mass of each sample was controlled. The kinetic parameter of activation energy
(Eq) in the thermal degradation process was calculated by the Broido method [26], and
the difficulty level of releasing energy during combustion of the polymer separators was
quantitatively analyzed according to the activation energy required for the reactions. Ther-
mal degradation includes kinetics, thermodynamics, and a reaction mechanism, which is a
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complicated process that depends on the temperature, sample state, placement form, and
time. Although TGA cannot be used to display products of polymer materials visually,
it can provide significant insights for the safety evaluation of polymer separators and
explanations of combustion phenomena.

Figure 6 and Table 4 show that the thermogravimetric curves of various polymer
samples exhibited apparent stages, and those of mixed polymers had a higher consis-
tency than those of single polymers. According to the slopes, the TG results of mixtures
resulted from the positive feedback between two single polymer substances during the
combustion process.

100 -
75
)
™
A
=
_E? 50
2
25 4—PI
—— PPESK
—— PVDF
PPESK/PVDF
0 —— PI/PVDF

0 100 200 300 400 500 600 700 800
Temperature (°C)

Figure 6. Thermogravimetric curves of different polymer materials.

Table 4. Mass loss percentage of each sample at different temperatures using TGA.

Temperature
600 K 700 K 800 K 900 K 1000 K
Sample

PVDF 0% 1% 68% 92% 100%
PI 2.4% 3% 13% 46% 91%
PPESK 0% 0% 1% 35% 58%
PPESK/PVDF 0% 1% 24% 46% 66%
PI/PVDF 0% 1% 18% 46% 73%

Through Equations (4)-(11), the activation energy of the polymer reactions were
calculated using the slope fitting function in Origin 2022 software, as presented in Table 5.

A higher activation energy indicates that the reaction requires more energy. When
the required temperature is relatively high, a slight change in the temperature has little
effect on the reaction. Conversely, when the required activation energy is lower, a slight
change in the temperature can greatly impact the chemical reaction. From Table 5, it can be
concluded that PI required the least energy in the first stage, suggesting that PI was most
likely to start the reaction, while PPESK required the most energy in Step 1. However, the
activation energies required for the second stage for all three polymers were much lower
than those of the first stage. According to the TGA of the polymer mixtures, the activation
energy of the first stage for each blend was lower than that of the components in the same
step. Hence, the separator materials would be more likely to burn after mixing, increasing
the fire risk of the polymer mixtures.
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Table 5. Kinetic parameters of different polymers from TGA.

The Starting Temperature

Polymer Material Pyrolysis Stage of Pyrolysis Stage Activation Energy
PVDF Step 1 679K 30.83 £ 0.33 kJ /mol
Step 2 770 K 6.64 £ 0.21 k] /mol

PI Step 1 765 K 27.88 £ 0.05 kJ /mol

Step 2 830K 13.67 £ 0.15 k] /mol

Step 1 836 K 42.37 £ 0.65 k] /mol

PPESK Step 2 891 K 10.10 + 0.16 kJ /mol
Step 1 702 K 26.05 £ 0.69 k] /mol

Step 2 767 K 2.68 % 0.05 kJ /mol

PPESK/PVDF Step 3 844 K 13.70 + 0.24 K] /mol
Step 4 883 K 7.74 £ 0.12 kJ /mol

Step 1 691K 19.82 + 0.42 k] /mol

PI/PVDF Step 2 783 K 4.36 % 0.05 kJ /mol
Step 3 850 K 8.41 £ 0.11 kJ /mol

3.6. Flame Temperature

The flame temperature curves from the thermocouples at three different positions are
presented in Figure 7, illustrating which exhibited strong correlations with the TG curves.
Taking the PI/PVDF mixture as an example, the TG and flame temperature curves showed
three stages. Therefore, the different temperature peaks of polymer combustion likely
corresponded to the different decomposition stages.
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Figure 7. Temperature curves of (a) PI, (b) PVDE, (¢) PPESK/PVDE, and (d) PI/PVDF during polymer
powder combustion using cone calorimetry.
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4. Conclusions

In this study, the combustion characteristics of PI, PPESK, PVDEF, and the PPESK/PVDF
(1:1, mole ratio) and PI/PVDF (1:1, mole ratio) mixtures were studied by cone calorimetry.
The main conclusions are as follows,

e  According to the combustion index of the polymers and various quantitative parame-
ters, the fire risk of the three single polymer samples was ranked as PPESK > PI > PVDF,
and that of the mixtures was ranked as PI/PVDF > PPESK/PVDEFE. Moreover, the ther-
mal hazard of the polymer materials would be significantly influenced by changes in
the external heat flux.

e The HRR curves of the polymer separator materials were consistent with the CO,
concentration curves. The temperature of the fire could be inferred by measuring the
CO; concentration. Nevertheless, in the early stage of most fires, the probability of
smoke poisoning was higher, while in the stable combustion period, suffocation and
burns were more likely to occur.

e  After the polymers were mixed, the positive feedback of the two substances in the
burning process would change the combustion characteristics of mixtures and could
be distinguished from the single polymer. For instance, the pHRR of PI/PVDF was
approximately ten times that of PI or PVDF combustion, while for PPESK/PVDE, the
PHRR values were between those of PPESK and PVDEF, indicating that changes in the
combustion characteristics were significantly associated with the polymer materials.
Compared with the current commercial PVDFE, PPESK and PI are recognized as ex-
cellent separator materials with high-temperature resistance. However, according to
the results of the present study, in the event of a fire, the addition of PPESK and PI
may significantly improve the pHRR. Hence, their combination as separator materials
warrants further evaluation.

e According to the fire risk coefficient and activation energy calculated by the Broido
method, mixing polymers increases the fire risk. The specific increase depends primar-
ily on the type of mixed polymer components. Therefore, from the point of view of fire
suppression, once TR occurs, the addition of PI, or other high-temperature resistant
polymers, as separator materials might require more fire extinguishing agents, which
has greater firefighting value.
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