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Abstract: This study investigates the kinetics data of glass wool (GW) and extruded polystyrene (XPS)
insulation materials used in cladding systems using a systematic framework. The determination of
appropriate kinetic properties, such as pre-exponential factors, activation energy and reaction orders,
is crucial for accurately modelling the full-scale fire performance of insulation materials. The primary
objective of this research is to extract thermal and kinetics data of XPS and GW insulation materials
employed in high-rise buildings. To obtain these properties, thermogravimetric analysis (TGA) is
conducted at four different heating rates: 5, 10, 15 and 20 K/min. The TGA results serve as the basis
for determining the kinetic properties using a combination of model-free and model-based methods.
The outcomes of this study are expected to be highly beneficial in defining the pyrolysis reaction
steps and extracting kinetics data for fire modelling of such insulation materials. This information
will enhance the understanding of the fire behaviour and performance of these materials during fire
incidents, aiding in developing more accurate fire models and improving fire safety strategies for
cladding systems in high-rise buildings.

Keywords: insulation materials; thermal degradation; pyrolysis; kinetics parameters; reaction steps;
fire simulation

1. Introduction

Building insulation materials that are flammable and combustible have emerged
as a potential new fire threat. Improved building thermal insulation is one of the most
important and increasingly popular solutions for energy saving and thermal balancing,
as energy consumption of buildings accounts for about 30–40% of global energy [1,2].
As a result, commercial building insulation materials, such as organic polystyrenes, are
receiving greater attention for use in buildings [3,4]. These insulation materials attracted
more attention in the construction industry due to their appealing characteristics, such as
being lightweight with excellent thermal insulation, good chemical resistance, and cheaper
price [5]. However, these polystyrene foams without fire protection layers can be highly
flammable. When organic polystyrenes-based insulation materials ignite, they melt and
produce flame drips, and then the flames can quickly spread and become challenging
to extinguish [1,6]. Because combustible thermal insulation materials are intrinsically
flammable, some researchers advocate replacing them with non-combustible materials.
Glass wool (GW) is a common and popular thermal insulation material widely used in
building construction as a non-combustible insulation material [7]. Due to its excellent
thermal insulation at relatively high temperatures, GW has received particular attention
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in fire protection [5]. However, the material structural deformation caused by the GW
melting that causes morphological changes under high radiation heat flux can be fatal [7].
Therefore, it is important to analyse the fire performance of these materials using full-scale
fire tests.

In different countries, the full-scale fire testing approach has been used to assess
the fire performance of the entire cladding system, including all insulations and fasten-
ing methods [8,9]. Even though the full-scale test would accurately simulate a cladding
fire, such tests require highly-equipped fire laboratories with large infrastructures [10–12].
Furthermore, these tests are usually expensive, take a long time to plan and release sig-
nificant pollutants into the environment [12–15]. In addition, Australia has more than
3400 buildings with combustible cladding systems [16]. Even while full-scale fire tests may
be carried out to examine the flammability restrictions of the building cladding system with
flammable insulations, it is not practical to analyse the flammability of the existing building
cladding system with the full-scale fire test as it needs a large number of test materials and
is highly costly [17].

Numerical simulation is a possible alternative for evaluating the fire performance of
the building cladding with insulation materials under a full-scale test [18,19]. To numer-
ically predict the fire behaviour of insulation materials, pyrolysis needs to be modelled
first. The pyrolysis model allows an understanding of the fire behaviour of insulation
materials without having to conduct expensive full-scale experimental tests. The precision
of the pyrolysis modelling heavily depends on the kinetics triplets, activation energy, pre-
exponential factor and reaction model. Several studies on kinetics triplet analysis of XPS
exist in the literature [20,21]. Limited research on the combustion properties of GW has
been conducted [7]. To the best of the author’s knowledge, no kinetics parameters for GW
are available.

Jiao et al. [19] focused on the pyrolysis characteristics of XPS in combination with EPS
and PU foam with the model-free Kissinger–Akahira–Sunose (KAS) method. The study
used the KAS instead of the OFW (Ozawa–Flynn–Wall) method to more accurately measure
activation energy. Li et al. [20] explored different kinetics models for the suitability of XPS
pyrolysis kinetics extraction. The study utilised the Distributed Activation Energy Model
Method (DAEM) instead of KAS. Most of the studies focused on typical mineral insulation,
i.e., stone wool, to analyse their thermal and kinetic reaction properties as non-combustible
insulation materials [22,23]. Hidalgo et al. [22] examined the thermal properties of stone
wool to establish the concept of the critical temperature for constructing fire-safe buildings.
Livikiss et al. [23] employed two reaction steps to analyse the kinetic properties of stone
wool and develop a model. More recently, Yuan et al. [7] investigated the temperature
range of pyrolysis and combustion, heat of the reaction and mass loss of the GW. However,
none of these studies explored the pyrolysis kinetics properties of GW, which is crucial for
fire performance analysis using numerical modelling.

To address the above research gap, this study aims to establish quality kinetics data
of XPS and GW insulation materials and benchmark their accuracies compared to ex-
perimental data from TGA. The materials include (i) XPS and (ii) GW. A state-of-the-art
kinetic software (Kinetics NEO) is used to determine the key kinetic parameters in the
form of a derived kinetic triplet (activation energy Ea, pre-exponential factor A, and kinetic
conversion function related to the pyrolysis mechanism) by combining model-free and
model-based kinetic methods. Once a kinetic model has been verified for certain reaction
steps, a numerical prediction method is used to predict the mass loss of XPS and GW
insulation materials under standard fire curves.

2. Materials and Methods
2.1. Materials

This study used two types of insulation materials (XPS and GW) commonly used in
buildings as thermal insulators [24]. XPS is mainly produced from oil-based polystyrene
with expanding gas agents, such as HFC, CO2 or H6H12, with an extruded nozzle [5]. The
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GW is composed of SiO2 (63.4%), Na2O (16.1%), CaO (8.3), MgO (2.5), Al2O3 (1.9) and
others (7.8%) [25]. The current materials are collected from the commercial products used
in the existing buildings, which are listed in Table 1. Materials thicknesses are based on the
available commercial product. The density of XPS is measured as 28 kg/m3 and 45 kg/m3

for GW. The measured specific heat was 1.712 Jg−1 K−1 for XPS and 0.855 Jg−1 K−1 for GW.
The thermal conductivity is collected from literature [1,7]. All the samples are shown in
Figure 1, where the onset is the top view of each sample.

Table 1. List of materials used in a typical cladding system.

Sample Code Material Types b (mm) ρ (kg/m3) k (W/mK) CP (Jg−1 K−1) Ref.

XPS Extruded
polystyrene 25 28 0.025 1.712 [1]

GW Glass wool 30 45 0.032 0.855 [7]

b = Thickness, ρ = Density, k = Thermal conductivity, and CP = Specific heat.
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2.2. Simultaneous Thermal Analysis

Simultaneous thermal analysis (STA), including thermogravimetric analysis (TGA)
and differential scanning calorimetry (DSC), was performed for all test samples with two
objectives. The first objective was to investigate the difference in thermal degradation
patterns between these materials. The second objective was to analyse the decomposition
reaction scheme with a number of reaction steps that can provide a satisfactory fit to
experimental data and derive the kinetics parameter. TGA/DSC analysis was conducted
on a Netzsch STA449C Jupiter with four linear heating rates of 5, 10, 15 and 20 ◦C min−1.
The heating rates were chosen based on a study carried out by several current research
studies [26–28]. The chosen range of heating rates allowed for analysing the various thermal
breakdown stages and the effects of varying the flow rate. The characterisation was carried
out in a nitrogen atmosphere with a total flow rate of 50 mL/min and temperatures ranging
from room temperature to 1000 ◦C. Each sample was loaded into a crucible, with sample
weights ranging from 10 ± 2 mg. The reproducibility at each heating rate and with each
material was also periodically checked by performing duplicate runs.

2.3. Pyrolysis Kinetics Theory

Pyrolysis, also known as the thermal deterioration of a material without oxygen,
produces volatile combustibles, which can induce ignition, sustained combustion and
flame spread over a material. To fit a model accurately, pyrolysis kinetics data of the
individual materials of cladding systems can play an important role that has not yet been
examined in depth for ACP cladding simulations. These kinetic parameters, which are
often termed kinetic triplets, include the pre-exponential factor (A), activation energy (Ea)
and reaction order (n). Many researchers are now using small-scale simultaneous thermal



Fire 2023, 6, 231 4 of 18

analysis (STA) techniques, such as thermogravimetric analysis (TGA) and differential
scanning calorimetry (DSC), for pyrolysis kinetics investigations of organic polymers [2,14].
Model-free and model-based techniques can be used to calculate the kinetic parameters
(i.e., calculation of peak points, different phases of the process, number of reaction steps,
prediction at temperatures, process optimisation and/or heating rates) [29–32].

The model-free analysis or iso-conversational analysis can be described using one (sin-
gle) kinetic equation (Equation (1)) as a single-step reaction process for mass conversion (α).

dα

dt
= A (α)·exp

[
−Ea(α)

RT

]
· f (α) (1)

where dα
dt is the reaction rate (s−1), t is the time (s), α is the conversion rate, Ea is the activation

energy (J mol−1), A is the pre-exponential factor (s−1), T is the absolute temperature (K), R
is the gas constant (8.314 J K−1 mol−1) and f (α) is the kinetic reaction model.

There are some common model-free methods, including Friedman (FR), Ozawa–Flynn–
Wall (OFW), Kissinger–Akahira–Sunose (KAS) and the Vyazovkin method (VA) [33]. The
model-free methods considered to study the kinetics analysis are listed in Table 2. In the
calculation, the FR method applies the differential equation approximation (see Table 2).
The FR model findings (curves Ea(α) and A(α)) were numerically adjusted to improve the
fit between experimental and simulated curves. The modified differential method of FR
is known as numerical optimisation analysis (NOA). NOA uses a differential form of the
iso-conversional method to determine the activation energy and pre-exponential factor to
achieve the best agreement between simulated and experimental curves [34,35]. In contrast,
OFW (Ozawa–Flynn–wall) and KAS (Kissinger–Akahira–Sunose) use the approximation of
integral equations (see Table 2). VA (Vyazovkin) analysis uses an integral variant of the
iso-conversional procedure. For NOA, non-isothermal and isothermal conditions may be
necessary, whereas for VA, non-isothermal conditions are required only. The activation
energy is calculated using the same conversion values (α = 0.01 to 0.99) from data taken at
various heating rates in all techniques.

Table 2. List of iso-conversional models considered to study the kinetics [33].

Methods Expression Types

Friedman (FR) ln
(

β dα
dt

)
= ln[A f (α)]− E

RT
Differential

Ozawa–Flynn–Wall (OFW) ln(β) = ln
(
− AE

R ln(1−α)

)
− 5.331− 1.052 E

RT
Integral

Kissinger–Akahira–Sunose (KAS) ln
(

β
T2

)
= ln

(
− AR

E ln(1−α)

)
− E

RT
Integral

Vyazovkin (VA)
Φ(Ea) =

n
∑

i=1

n
∑

j 6=1

J(Ea ,Ti(tα)
J(Ea ,Tj(tα)

Where J(Ea, Ti(tα) =
∫ tα

tα−∆α exp
[
−Ea

RTi(t)

]
dt

Integral

In the model-based kinetic analysis, the reaction consists of multi-step reactions, each
of which can be described by individual kinetics equations based on the concentration of
the initial reactant, ej, the concentration of the product, pj, the pre-exponential factor, Aj
and the activation energy, Eaj, for this step with number, j, as follows:

(Reaction rate)j = Aj· f j
(
ej, pj

)
exp

(
−

Eaj

RT

)
(2)

Each considered step has its reaction type described by the function of f j
(
ej, pj

)
. The

number of kinetic equations equals the number of reaction steps. Some of the most often
used functions in Kinetics NEO and their codes are summarised in Table 3.
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Table 3. Model-based reaction types and corresponding reaction equations considered [36].

Code Function Type of Reaction

Fn f = (1− α)n Reaction of nth order

Cn f = (1− α)n·(1 + Kcat·α) Reaction of nth order with autocatalysis
by product

Cnm f = (1− α)n·(1 + Kcat·αm) Reaction of nth order with m-Power
autocatalysis by product

An f = n(1− α)·[− ln(1− α)]n−
1
n

n-dimensional nucleation according to
Avrami−Erofeev

KS Reaction rate = A·(1− α)n
[
exp

(
− E

RT

)
+ Kcat·αm· exp

(
− E2

RT

)]
Kamal–Sourur equation

2.4. Proposed Framework for Kinetics Data Extractions

A systematic framework is given below for selecting an appropriate model for kinetic
extraction using STA measurement (Figure 2). It is crucial to identify the pyrolysis reaction
steps of the materials for choosing the model types. These can primarily be determined
from TGA and DTG curves. To define an appropriate model, curve fitting is carried out,
which is also helpful in identifying the appropriate number of reaction steps of the tested
materials. Depending on the careful selection of experimental data fitting to a model-
free or model-based analysis, the kinetics triplets can be used to predict measurement
output (signals), conversion, conversion rate, concentration for each reactant (model-based)
and reaction rate for each reaction step (model-based). Next, the appropriate model can
be selected from the statistical analysis for individual materials to extract the kinetics
data. All calculations and model selections were made using the Kinetics NEO software
toolset. In isoconverisonal analysis, Kinetics Neo substitutes the decimal logarithm for the
traditional natural logarithm. For optimisation and curve-fitting, Kinetics Neo, NETZSCH
developed the nonlinear least square method [36]. In order to achieve the best coefficient
of determination, or R2, of the calculation fit to experimental data, the kinetic parameters
are optimised using the least squares method. The F-test was chosen as a statistical test
to compare the models, as well as to assess the suitability of various model-free and
model-based approaches. The kinetics data are then used for mass loss estimation and fire
modelling under different fire profiles.
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Figure 2. Proposed framework for kinetics data extractions of insulation materials used in the
cladding system.

For statistical analysis, the coefficient of determination (R2), residual sum of squares
(S2) and F-test were calculated, and a right tail p-value of 0.05 was used. The coefficient of
determination, R2, is well known, and the details can be found elsewhere [37]. The sum
of squares, S2, was measured as the sum of deviation squares between experimental and
calculated data (Equation (3)). If the experimental data, yj, measured at the points xj for
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the curve i, and the model function, f (x), is calculated at these points, then the regression
values are f(xj). The residual between the experimental data and model data for ith curve is
yi,j − f

(
xi,j
)
, therefore, S2 can be written as:

S2 =
Curves

∑
i

Points

∑
j

[
yi,j − f

(
xi,j
)]2 (3)

The F-test is used to compare various models provided by the least square method.
A non-symmetrical distribution or F-distribution is used for sampling to describe the
distribution of the ratio of two estimates of standard deviations, σ2. The F-test value for
each analysed model presents a ratio of its minimal estimate variance to minimum variance
in the experimented population as Equation (4). The models are selected based on the F-test
value, which is within the range of critical F-distribution. Higher F-test values indicate that
the standard deviations for the j and min models are equal, which is a reason to reject the
null hypothesis, and as a result, such models should be disregarded. Using the S2 in the
formula for F-test can be written as:

F =
Sj

2

Smin
2 (4)

Here, Sj
2 and Smin

2 min represents the variance estimates of σj
2 and σmin

2, which
are minimum values of the model and experimental population, respectively. The mean
residual (MR) is the average of the absolute residuals Equation (5). If the experimental data
yj is measured at the points xj for the curve i, and the model function f (x) is calculated at
these points, then the regression values are f (xj). yi,j − f

(
xi,j
)

is the residual value of the
experimental and model value for the ith curve. The mean residual (MR) is written as:

MR =
∑curves

i ∑
points
j

∣∣yi,j − f
(
xi,j
)∣∣

∑curves
i nPointsi

(5)

Here, nPointsi are the number of points in the ith curve. If the model curve matches ex-
actly to the experimental curve, the residuals will be zero. Hence the MR value will be zero.
Thus, MR approaches zero as the calculated model curve approaches the experimental data.

2.5. Fire Curves for Modelling

Mass loss of insulation materials is a commonly used parameter in fire safety engineer-
ing to evaluate fire hazards. A model (model-free or model-based) with which the data was
previously studied has been chosen to examine the prediction of mass loss under different
fire curves [38]. Different external temperature profiles have been used for predicting the
material behaviour under fire. In this study, three pre-defined temperature profiles or fire
curves are used: (i) standard fire curve, (ii) external fire curve and (iii) slow heating fire
curve (see Figure 3).

The standard fire curve [39] is the oldest fire curve used to evaluate and classify
passive fire protection systems for buildings, such as loadbearing structure fire protection,
compartmentation and fire stopping.

Standard fire curve, T = 20 + 345× log10 (8t + 1) (6)

where T is the temperature (◦C) and t is time (min).
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The external fire curve [40] is employed when the outside of the building is required to
offer fire resistance to prevent the fire from spreading to the next story. The curve assumed
that the air outside the structure cools the flames.

External fire curve, T = 20 + 660 × (1 − 0.687e−0.32t − 0.313e−3.8t) (7)

In addition to regular fire curve testing, a slow-heating fire curve [38] is advised to
ensure that reactive chemicals, such as intumescent paints, work well under slow-heating
circumstances. The beginning phase of a slow-heating fire starts at a low temperature, and
after about 20 min, the fire reaches the standard fire curve. The equation for the fire curves
is as follows:

Slow heating curve, T = 20 + 345 × log10 [8(t − 20) + 1] (for, T > 21 ◦C) (8)

= 154 ×t0.25 + 20 (for, T ≤ 21 ◦C) (9)

2.6. Microscopy Imaging and Elemental Microanalysis

Microscopic imaging was used to determine the presence of any filler materials in the
insulation materials. The samples were first imaged at 50× magnification on a Jeol 6510LV
SEM in a low vacuum with a backscatter detector and an accelerating voltage of 25 kV and
connected with an Amptek EDS detector for elemental analysis. The results obtained from
SEM and EDS for the insulation materials (XPS and GW) are reported in Figure 4.

XPS samples revealed non-charring qualities; hence, no char analysis was performed
on XPS samples. XPS samples (Figure 4a) revealed the presence of certain coloured pig-
ments in the microstructure. Apart from carbon (C) and oxygen (O), the existence of
elements such as aluminium (Al), bromine (Br), calcium (Ca) and magnesium (Mg) was
found in Figure 4b. The solid structure of GW revealed a thread-like structure (Figure 4c),
containing silicon (Si), calcium (Ca), oxygen (O), sodium (Na) and magnesium (Mg)
(Figure 4d). In comparison to the solid samples, the char of GW displayed a more compact
microstructure (Figure 4e) after heat exposure with no elemental change in the material
configuration (Figure 4f). This indicates the shrinkage behaviour of the GW under higher
thermal exposure [7].
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3. Results and Discussion
3.1. Thermal Analysis

The heating rate, temperature range, onset temperature (To), peak temperature (Tp),
end temperature (Te) and mass residual % are shown in Table 4 for XPS and GW. The
scheme used for calculating To, Tp and Te from the DTG curve is described in [31]. Table 4
shows that a higher heating rate slows the rate of deterioration, causing the beginning,
peak and end temperatures to move to higher values.
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Table 4. Thermal analysis at different heat rates: Onset (To), end (Te) and peak degradation tempera-
ture (Tp).

Material
Temperature
Range (◦C) β (K/min) To (◦C)

Te (◦C) Mass Residual %
R1 R2

XPS 25–600 5 390 408 - 430 3.32
XPS 25–600 10 390 418 - 453 3.63
XPS 25–600 15 407 428 - 460 2.48
XPS 25–600 20 411 435 - 469 2.42
GW 25–1000 5 242 295 745 819 95.12
GW 25–1000 10 246 300 750 820 95.48
GW 25–1000 15 256 320 754 877 95.89
GW 25–1000 20 260 335 775 986 95.45

To = Onset temperature; Tp = Peak temperature; Te = End temperature, R = reaction steps, β = Heating rate.

This change was mainly attributable to the temperature and time histories of the
materials. The contour of the weight loss curve does not alter with the change in the
heating rate, as seen in TGA curves. The change in the mechanism caused by increasing the
heating rate explains the displacement of To, Tp and Te to higher temperatures by many
researchers [31,41,42]. The difference in mechanism owing to various heating rates supports
this argument since the sample size and amount taken for TGA are modest enough to
disregard any heat and mass transfer gradients [31].

The TGA analysis was used to estimate the number of reaction steps of the materials
across a wide range of temperatures under visual inspection. Though the visual inspection
does not always indicate the accurate multi-step nature of materials, it will be useful for
primary model selection for kinetics analysis [33]. In the later section, the specific reaction
steps will be discussed.

3.1.1. Extruded Polystyrene (XPS)

Only one mass loss step in the TG curve (Figure 5a) and a single DTG peak confirm the
one-step process of XPS (Figure 5b). Only 3% mass residue was observed. The degradation
behaviour of XPS begins at 390 ◦C and stops at 469 ◦C in Figure 5b. In this degradation
temperature range, only one peak in weight loss exists, which performs similarly to other
literature [43]. The main reason for the mass loss is that the solid phase of XPS generates
volatile gases [44]. As shown in Figure 5b, the movement of the DTG or conversion rate
curves is related to the heating rates. As the heating rate increases, the reaction range is
gradually delayed to a higher temperature to complete the reaction.
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For example, the peak temperatures (TP) of the DTG curves at four heating rates are
408 ◦C, 418 ◦C, 428 ◦C and 435 ◦C. In addition, the initial decomposition temperature of
XPS varies from 390 ◦C to 411 ◦C depending on the heating rate (5 to 20 K/min), and the
final temperature ranges from 430 ◦C to 469 ◦C. It is suggested that if there was just one
peak in the DTG curve, one reaction occurred. Figure 5c also confirmed one endothermic
peak for each curve. This endothermic peak is associated with the significant mass loss
seen in TGA curve and was the thermal decomposition of the sample. However, a limited
exothermic peak was observed, specifically for 10 K/min and 15 K/min heating rate curves.
It suggested that some small amount of additives in the materials was volatilised in this
stage. Since each DTG and DSC curve has only one peak, the pyrolysis of XPS in nitrogen
is a one-step reaction [45].

3.1.2. Glass Wool (GW)

From the TGA curves, two-step reactions were initially identified for GW. The amount
of residual percentage for GW was 95% (Figure 6a). The onset temperature (To) ranged
between 242 ◦C and 260 ◦C (Figure 6b). Two visible reaction steps were found. The peak of
the first reaction steps ranged between 295 ◦C and 335 ◦C, corresponding to the dehydration
and reaction of the resin binder [23]. The second steps were between 745 ◦C and 775 ◦C,
consistent with previous research [23]. The second step indicates the pyrolysis process of
the GW. The DSC curves are not perfect, especially for 20 k/min (Figure 6c). Overall, the
heat flow signals were very weak and indicated that GW does not react strongly during the
single pyrolysis process.
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Fig 6. Thermal degradation profile of GW. 
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Figure 6. Thermal degradation profile of GW.

3.2. Model Selections

The present study utilised the proposed framework described in Figure 2 to select the
model for each sample and analyse the kinetics parameters. All the kinetics analyses were
based on the collected TGA mass loss results and the decomposition steps. Sample XPS,
consisting of only polystyrene, is modelled using isoconversonal multipoint model-free
methods (i.e., FR, OFW, VA and NOA) to analyse the kinetics parameters. The advantage
of the model-free analysis is its simplicity and avoiding errors connected with selecting
a kinetics model [46]. However, GW consists of multi-mixture elements in its core and
have possibilities for individual reaction steps. In this type of condition, the model-free
method is not suitable. Hence model-based methods are used (i.e., An, Cn, Cnm, Fn and
KS) [47]. Table 5 shows a comparative overview of the statistical analysis of all used models
employed in the kinetics analysis of the tested samples (XPS and GW). A higher R2, lower
F-test and a lower sum of deviation indicate a good fit model [35,48]. From the curve fitting,
Friedman, numerical optimisation analysis (NOA) and Vyazovkin models overlapped each
other (Figure 7a,b).
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Table 5. Comparative statistical analysis results of different models.

Material Types of
Method Model/Code R2 Sum of

Deviated Squares Mean Residual F-Test

Glass wool
(GW) Model-based

An 0.99961 1.30 0.03 1.00
Cn 0.99870 4.33 0.06 3.35

Cnm 0.99891 3.64 0.05 2.82
Fn 0.99874 4.22 0.06 3.26
KS 0.99948 1.73 0.04 1.35

XPS Model-free

Friedman 0.99981 781.80 0.60 α

NOA 0.99985 626.856 0.544 α

OFW 0.99734 10,861.58 2.024 α

Vyazovkin 0.99955 1854.16 0.885 α

Here, α = infinity number, NaN = not a number.
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Figure 7. Comparison between the experimental and numerical fit of conversion rate curves for XPS
using the Friedman and NOA model.

In contrast, the shift and amplitude variation in curve fitting is obtained with OFW.
The Friedman, VA and NOA methods use the point values of the overall reaction rate or
short time intervals [32]. However, OFW underestimates the Ea when Ea increases with α.
This is because in OFW models, Ea assumes to be a constant value. As a result, conversion
rate vs. time curve variation can be observed [49]. On the other hand, the An model gives
the best curve fitting (Figure 8a,b) compared to other models for GW. However, for further
confirmation, statistical analysis is essential.

Table 5 shows a comparative overview of the statistical analysis of all used models
employed in the kinetics analysis of the tested samples (XPS and GW). A higher R2, lower
F-test and a lower sum of deviation indicate a good fit model [35,48]. For XPS, similar trends
were observed from the statistical analysis, where the Friedman, numerical optimisation
analysis (NOA) and Vyazovkin models showed comparatively similar trends. The low
mean residual was obtained from Firedman and NOA model ranging between 0.544 and
0.60. For simplicity and due to available related literature, the Friedman model is selected
for model development.

On the other hand, for GW, low mean residual and F-test values of 0.03 and 1, re-
spectively, were found for the An model. The R2 value and sum of deviation value also
support the statistical significance of the An model compared to other models. From the
observation of curve fitting and analysis, the statistical significance of different models and
the An model is used to analyse the kinetics of GW in this study.
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3.3. Kinetics Analysis

Kinetics analysis used the Friedman model for XPS and the An model for GW. The
kinetics parameters obtained using the abovementioned models for XPS and GW samples
are listed in Table 6 and are discussed in the subsections below.

Table 6. Kinetics parameters of different cladding materials under an inert atmosphere.

Material Model Ea (kJ/mol) log A (A/1/s) ni ci

Glass wool (GW) An

R1 = 106.96 R1 = 6.88 R1 = 0.33 R1 = 0.47
R2 = 89.27 R2 = 1.88 R2 = 0.27 R2 = 0.31

R3 = 361.89 R3 = 16.40 R3 = 0.06 R3 = 0.22

XPS Friedman R1 = 159.89 R1 = 9.927 - -

Ea = Activation energy, A = pre-exponential factor, Ri = Reaction rate, ni = Avrami–Erofeev constant,
ci = Contribution, and i = 1, 2, 34.

3.3.1. Extruded Polystyrene (XPS)

The kinetics triplets of XPS are calculated using Friedman model. The average activa-
tion energy, Ea, and the log A value were 159.89 kJ/mol and 9.927 (A/1/s), respectively.
The predicted curves obtained from the Friedman model for the different heating rates
are compared with the experimental TGA curves for XPS in Figure 9. It can be seen that
the predicted curves fit well with the test curves. The XPS showed single steps reaction
(Figure 9) and supported the previous literature [44,50]. The degradation process of XPS is
that the reactant is heated procedurally and transformed into gaseous hydrocarbon [44].
The reaction scheme can be represented using Equation (10):

a R1→ b + gas (10)

where, a = initial reactant, b = product and R1 = single reaction step

3.3.2. Glass Wool (GW)

The statistical analysis allows access to the suitability of each tested model and aids in
choosing the kinetic model that can be selected within a given statistical significance [35].
After statistical analysis and curve fitting (Figure 10), it was found that the three-step
consecutive mechanism represents the topgallant accepted mechanism as the most probable
for the pyrolysis of GW, where each step is described by the n-dimensional nucleation
Avrami–Erofeev model (An) from Table 5.
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Figure 9. Numerical fit of the TGA curve for XPS using the Friedman model.
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Figure 10. Numerical fit of the TGA curve for GW using the An model.

The current model reaction scheme is as follows:

a R1→ b R2→ c R3→ d (11)

The balance equation:

Mass = mi − ∆m
×
[
ctb. (a→ b)×

∫ [ d(a→b)
dt

]
dt + ctb.(b→ c)

×
∫ [ d(b→c)

dt

]
dt + ctb. (c→ d)×

∫ [ d(c→d)
dt

]
dt
] (12)

where mi is initial mass, ∆m is total mass change and ctb. is contribution.
The equations for each reaction step, considering the An model:

Reaction step R1, a R1→ b :
d(a→ b)

dt
= A1 × n1a[− ln(a)]

n1−1
n1 × exp

[
−

EA1

RT

]
(13)

Reaction step R2, b R2→ c :
d(b→ c)

dt
= A2 × n2b[− ln(b)]

n2−1
n2 × exp

[
−

EA2

RT

]
(14)

Reaction step R3, c R3→ d :
d(c→ d)

dt
= A3 × n3c[− ln(c)]

n3−1
n3 × exp

[
−

EA3

RT

]
(15)
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In the above Equations (11) to (15), d = 1-a-b-c-d = α (total conversion). In equation,
R1, R2, R3 and R4 are the decomposition steps; a, b, c and d represent the concentrations in
chemical model kinetics. In transformation to conversion values separated by individual
steps using the consecutive mechanism, where A1, A2, A3 and EA1, EA2, EA3 represent pre-
exponential factors and activation energy values related to first, second and third reaction
steps, respectively; n1, n2 and n3 are the Avrami–Erofeev nucleation exponent constants. In
the Avrami–Erofeev (An) model, the nucleation exponent constant is attached to the first,
second and third reaction steps, where decomposition follows the chemical kinetics as step
2 follows step 1 and step 3 follow step 2.

Following the above information, the first reaction, R1, has an activation energy,
Ea = 106.96 kJ/mol, log A = 6.88 (A/1/s). Therefore, it is assumed that this reaction step
was due to the evaporation of humidity and the burnup of the organic binder in the range
of 200–400 ◦C [51]. The second reaction step, R2, can result from the glass transition of the
GW samples with activation energy, Ea = 89.27 kJ/mol, log A = 1.88 (A/1/s) [52]. Finally,
reaction step R3 valued with Ea = 361.89 kJ/mol and log A = 16.40 (A/1/s), can be a
product of the crystallisation of the samples with an endothermic effect [52].On the other
hand, considering the Avrami–Erofeev exponent constant, (ni), for all steps in consecutive
mechanism, the values were observed as less than the unity (ni < 1), and its variations are
connected with the changes of Ea values for each reaction steps. The reaction contributions
value (ci) showed that the responses decrease with the reaction steps.

3.4. Mass Loss Prediction with Different Standard Fire Curves

The mass loss of insulation materials served as an essential parameter in fire safety
engineering, enabling experts to assess and understand the fire hazards associated with
these materials and ultimately enhancing fire safety measures and strategies. In the case
of a building fire, either the metal skin peeled off owing to structural failure and exposed
the insulation materials in the cladding system, or the fire might spread through the
weak channels or vents of the cladding system, such as the connections and joining of
the panels [53,54]. When the fire interacts with the insulation materials of the cladding
system, it spreads more quickly [55]. As a result, they undergo a process called mass loss,
which refers to the reduction in their overall weight or quantity due to combustion or
degradation. By measuring and analysing the mass loss of these materials during fire
incidents, fire safety engineers can gain insights into the severity and progression of the
fire, as well as its potential to spread and cause damage. During the primary stage of fire
exposure, the insulation layer is covered by metal skins and is not exposed to air. Therefore,
using Kinetics Neo software, the present study utilises the kinetics data under a nitrogen
atmosphere and fits with different fire curves. In this study, TGA tests were followed by
kinetics analysis of the test samples. The current simulation of mass loss is performed
according to the worst-case scenario, where it is assumed that materials have the same
temperature everywhere at the same time. The present study utilises the Friedman model
for the XPS and An reaction model for GW. The models fit well with experimental data at
different temperature conditions and were used for the mass loss modelling with standard
curves [33].

Figure 11a,b from the XPS samples demonstrates a rapid mass loss of 47% at 2 min
on 480 ◦C for both cellulosic and external fires. Additionally, during 23 min at 480 ◦C,
rapid mass loss (50%) was observed on slow heating fire (Figure 11c). Four percent (4%)
mass residue was observed for each fire curve, i.e., cellulosic, external and slow-heating
fire curves.
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Figure 11. Mass loss of XPS under different fire profiles.

Only 2% of the mass loss for GW in the rapid mass loss reaction phases was observed
in 2 min at 440 ◦C for both the cellulosic and external fire curves (Figure 12a,b). In contrast,
the slow heating fire curve (Figure 12c) requires 23 min to attain a mass loss of 2%. In total,
96% of the predicted mass residue for each fire curve was measured for GW.
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Figure 12. Mass loss of GW under different fire profiles.

Overall, mass loss predictions for all samples showed a consistent pattern for both
cellulosic fire and external fire, with the time for maximum mass loss occurring around
2 min at a temperature of 440 ◦C for GW and 480 ◦C for XPS. A slow-heating fire had
a maximum mass loss time of around 23 min. The peak temperature range at which
the highest mass loss occurs in the current study could provide valuable information for
refining the failure criterion of insulations in real fire scenarios.

4. Conclusions

In this work, thermo–chemical reaction stages and kinetic analyses were used to
investigate and explain the thermal degradation of XPS and GW insulation materials.
Model-free and model-based models have been used to obtain the kinetic parameters
of the pyrolysis process. The cutting-edge kinetics software Kinetics Neo was used to
create the preliminary mechanistic diagram of the pyrolysis process of the samples. Using
kinetics parameters, such as activation energy, pre-exponential factor and reaction order,
among others, the degradation behaviour and mass loss of cladding materials were also
predicted under the different present fire curves. Finally, a framework has been provided
for extracting kinetics data on the insulation materials for real-scale fire modelling. Based
on the scope of this study, the following main points can be drawn:

• GW has lower mass loss than XPS, with an average residue of 95% and 3%, respectively;
• XPS has a single reaction step, while GW exhibits three reaction steps;
• The Friedman model fits XPS best (R2 = 0.99966) and the An model code fits GW best

(R2 = 0.99961);
• Mass loss prediction shows consistent patterns, with a maximum mass loss around

2 min at 440 to 480 ◦C for cellulosic and external fires and around 23 min for slow-
heating fires.
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These kinetics data provide a foundation for further research on the fire behaviour of
XPS and GW insulation materials in full-scale fire modelling, according to AS 5113.
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