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Graphical abstract

Step 1: Milligram-scale thermal analysis
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A combined thermal analysis and numerical framework for determining pyrolysis kinetics and thermodynamics of RPUc in sandwich in-
sulation materials.

Public summary

m Milligram-scale thermal analysis experiments were conducted on RPUc under an inert atmosphere, yielding TGA-de-
rived mass loss and DSC-derived heat flow data during pyrolysis.

m Key pyrolysis behaviors, including the pyrolysis onset temperature, three distinct pyrolysis stages, char yield, mass loss
rate, endothermic/exothermic process, and integral heat flow, were quantitatively characterized.

m A pyrolysis reaction model framework was developed to reproduce and predict the TGA and DSC data under varying
heating conditions. The pyrolysis behaviors were well captured by a five-step consecutive first-order reaction mechan-
ism with optimized thermal properties.
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Abstract: To quantitatively characterize the pyrolysis behavior of rigid polyurethane foam core (RPUc) in sandwich insu-
lation panels, a systematic methodology is proposed that combines thermoanalytical experiments at the milligram scale
with the COMSOL Multiphysics reaction engineering module to analyze pyrolysis kinetics.and thermodynamics. Mass
loss profiles obtained from thermogravimetric analysis (TGA) enable the development of multi-step pyrolysis reaction
mechanisms and the determination of stoichiometric coefficients, preexponential factors, and activation energies for each
pyrolysis reaction via inverse modeling. A hill-climbing optimization algorithm was employed to obtain the optimal kinet-
ic parameter set. In addition, heat flow results from differential scanning calorimetry (DSC) allow the determination of
condensed-phase heat capacities and pyrolysis reaction enthalpies through inverse modeling, facilitating the development
of a comprehensive pyrolysis reaction model. The results demonstrate that a five-step consecutive first-order lumped reac-
tion mechanism successfully captures the mass loss and heat flow evolution of RPUc during pyrolysis and accurately pre-
dicts its mass loss behavior under different heating rates. The integrated methodology proposed in this study demonstrates
broad applicability and can also be applied to determine the pyrolysis characteristics of combustible solids in fire-retardant
sandwich panels and multi-layer polymer materials.

Keywords: Sandwich insulation core; rigid polyurethane foam; polymer pyrolysis; inverse modeling; COMSOL Mul-
tiphysics simulation
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1 Introduction tion, and cost efficiency. Rigid polyurethane foam (RPU)""
has low thermal conductivity (approximately 0.020-0.026
W-m™-K™"), mechanical properties, and sound insulation
properties. Therefore, it is widely used in the field of build-
ing facade insulation and is expected to account for approx-
imately 19.8% of the market share of insulation material by
2025. In practical engineering applications, RPU insulation
boards are often installed in building exterior insulation sys-
tems in the form of sandwich panels. The top and bottom sur-
face layers are typically made of metal or inorganic materials,
such as aluminum foil or cement mortar fiber paper, while the
core material is RPU with added flame retardants. Neverthe-
less, the inherent flammability of organic materials has led to

The energy crisis!! caused by the depletion of fossil fuel re-
sources poses one of the greatest challenges to the global en-
ergy system in the 21Ist century. Governments around the
world have promoted the global adoption of carbon peak and
carbon neutrality policies™ to achieve energy conservation
and emission reduction targets. The 2024 China Urban—Rural
Development Carbon Emissions Research Report™ indicates
that in 2022, the total carbon emissions from construction and
the construction industry nationwide amounted to 51.3 bil-
lion tCO,, accounting for 48.3% of the country’s energy-re-
lated carbon emissions. The total energy consumption of the
national construction and construction industry was 24.2 bil-

lion tce, accounting for 44.8% of the national total energy
consumption. Energy consumption in the construction in-
dustry was 12.3 billion tce, and energy consumption in build-
ing operations was 11.9 billion tce, accounting for 22.8% and
22.0% of the national total energy consumption, respectively.
To reduce energy loss from buildings, facade insulation sys-
tems have been developed, wherein organic insulation materi-
als dominate the market owing to their ultralow thermal con-
ductivity, strong mechanical properties, simplicity of installa-

frequent fire incidents in building facade insulation systems,
particularly in high-rise buildings®'". Therefore, systematic-
ally evaluating the fire hazard of this sandwich insulation ma-
terial is vital for providing theoretical and data support for the
design of energy-efficient and safe organic exterior wall insu-
lation materials.

Extensive studies have investigated the pyrolysis and com-
bustion behavior of rigid polyurethane foam core (RPUc) in
sandwich panels. Rodrigues et al.[11] compared the physical
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and thermal response characteristics of biomass-based tannin
foam sandwich panels with those of conventional polyureth-
ane foam sandwich panels through thermogravimetric analys-
is and SEM analysis. Proenga et al.[12] conducted full-scale
experimental investigations on the fire resistance perform-
ance of composite sandwich floor panels with glass fiber-re-
inforced polymer (GFRP) coverings and polyurethane foam
cores under both standard fire scenarios and mechanical load-
ing. The research team subsequently[13] conducted fire resist-
ance tests of polyurethane foam-filled mesh core composite
sandwich panels for building floors, considering two panel
variants: (i) fully composite panels using GFRP panels and
webs and (ii) hybrid panels with an additional fiber-rein-
forced concrete (FRC) top layer. The following characterist-
ics were investigated: (i) temperature changes in the panel
thickness, (ii) mechanical response, (iii) failure modes, and
(iv) fire resistance. Wi et al.[14] conducted ignition tests on
four types of polymer core materials, including polyurethane
foam, using a conical heater. They evaluated the flame retard-
ancy and combustion characteristics of four-sandwich panel
polymer core materials on the basis of the ISO 13344 and ISO
19702 standards. In terms of numerical simulations of pyro-
lysis and combustion in sandwich panels, previous studies
have focused primarily on simulation studies of the mechanic-
al properties of sandwich panels. For instance, Feih et al.[15]
and Anjang et al.[16—18] conducted modeling studies on the
mechanical and water absorption properties of sandwich pan-
els using external flames as a heat source and performed nu-
merical analysis of the surface fracture characteristics of the
latter. In recent decades, researchers have explored and de-
veloped various pyrolysis numerical models to simulate the
thermal degradation and ignition of combustible solid/liquid
substances such as polymers. Three comprehensive pyrolysis
prediction models (Gpyro[19], the FDS solid-phase
model[20], and ThermaKin2Ds[21, 22]) have gradually been
developed and are currently commonly used for multidimen-
sional numerical simulations of material pyrolysis. The first
step in applying these numerical models to perform pyrolysis
kinetic and thermodynamic analyses of solid materials is to
obtain the required input parameters. Jiang et al.[23] em-
ployed a genetic algorithm (GA) to determine the kinetic
triplets for five subreactions of polyurethane degradation in
air and analyzed the effect of the isocyanate ratio on the sta-
bility of each stage. Using TG-FTIR-GC/MS, Zheng et al.[24]
investigated the pyrolysis of flexible polyurethane foam and
identified a three-stage degradation process linked to its key
components. The shuffled complex evolution (SCE) al-
gorithm was successfully employed to optimize the pyrolysis
kinetic parameters, achieving strong agreement with the ex-
perimental data. However, current studies still lack a system-
atic methodology for determining simulation input paramet-
ers specific to the polymer core within sandwich insulation
panels, which can be used for constructing corresponding
pyrolysis reaction models and thermodynamic systems.

This work proposes a systematic methodology to character-
ize the pyrolysis kinetics and thermodynamics of RPUc in
sandwich panels on the basis of milligram-scale thermoana-
lytical data and an inverse modeling approach. By coupling a
lumped pyrolysis reaction mechanism with a reaction engin-

-2

eering framework implemented in COMSOL Multiphysics, a
pyrolysis reaction model is constructed. The developed meth-
odology provides the key input parameters required for pyro-
lysis modeling and offers a modeling framework that can be
extended to coupled simulations involving heat transfer, mass
transfer, and fluid flow in porous media.

2 Experimental

2.1 Sample preparation

The sample selected for this study is the core of a RPU sand-
wich insulation material. The sandwich insulation board
sample was purchased from Langfang Changyexin Insulation
Materials Sales Co., Ltd. The selected sandwich insulation
board complied with the national standard GB/T 23923 and
the industry standard JG/T 314-2012. The top and bottom sur-
faces of the sample were covered with 0.4 mm thick cement
mortar paper (CMP), and the RPUc was 20 mm thick. The
CMP covering layer was dark gray, whereas the RPUc was
pale yellow. The density of the RPUc was approximately 50
kg-m~, with a thermal conductivity of 0.026 W-m™"-K™'. The
dimensions of the sample were 600 mmx1200 mm. The geo-
metric structure of the sandwich insulation board sample and
the physical board material are shown in Fig. 1.

During sample preparation, the covering layers were re-
moved to isolate the RPU core. The RPUc was subsequently
scraped into powder using a blade to obtain thermally thin
samples suitable for milligram-scale thermal analysis. Prior to
thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC) tests, all the prepared samples were condi-
tioned in a drying oven at 60 °C for 48 hours to eliminate re-
sidual moisture in the porous foam structure that could inter-
fere with the microscale thermal characterization.

2.2, Simultaneous thermal analysis

A Netzsch STA449 F5 Jupiter simultaneous thermal analyzer
(STA) was used to perform TGA and DSC tests on RPUc.
Platinum-rhodium crucibles were selected for the experi-
ments to ensure high sensitivity in heat flow data collection.
The STA instrument was calibrated for temperature and sens-
itivity prior to the experiment to ensure accuracy. Since CMP
is an inorganic material that does not participate in combus-
tion reactions (under undamaged conditions, it isolates extern-
al oxygen from the combustible foam core), and the oxygen
concentration in the thermal decomposition region of the ma-
terial core tends toward zero under the influence of
flames[25], nitrogen was purged into the thermal decomposi-
tion chamber of the STA instrument at a flow rate of 70
mL-min™" during the STA tests to provide an inert atmo-

Fig. 1. Geometric structure diagram and real-panel diagram of RPU sand-
wich panels.
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sphere for thermal degradation for RPUc.

The STA testing procedure was as follows[26, 27]: (1) A
high-precision balance with a precision of 0.1 ug was used to
initially weigh 5-10 mg of powdered flake samples. (2) To
prevent the sample from flying out during movement and
heating, the sample was placed in a platinum-rhodium cru-
cible with a lid containing a 0.25 mm vent hole. During heat-
ing, the pyrolysis gases can escape through these small holes.
(3) The sample and reference (empty) crucibles were placed
symmetrically in the STA holder. (4) The sample was heated
from 323 K to 973 K at heating rates of 5 K-min™, 10 K-
min’, and 20 K-min™' to obtain information on mass loss and
heat flow evolution as functions of temperature. A blank test
was conducted prior to each formal test to eliminate the influ-
ence of environmental factors on the test results.

The experimental data acquisition protocol recorded mass
loss (m) and heat flow (HF) values at 1 K intervals
throughout the heating program. From these primary meas-
urements, derived parameters, including the mass loss rate
(MLR) and integrated heat flow (/HF), were calculated as
functions of temperature. All tests were repeated a minimum
of three times, with the final results presented as the mean of
repeated measurements. The error bars were calculated as two
standard deviations of the mean, corresponding to an approx-
imately 95% confidence interval for the reported data, which
was plotted alongside the experimental data in these figures.
For details, please refer to Sections 3.1 and 3.2.

3 Numerical model framework

3.1 Inverse modeling

Inverse modeling is a computational approach used to determ-
ine model input parameters on the basis of experimental res-
ults. This method is widely applied in parameter estimation,
model calibration, and optimization. In general, the modeling
process begins with the development of a forward model. Ini-
tial estimates of the input parameters are assumed, and the
simulated results are compared with the experimental data.
On the basis of the constructed mathematical model, the in-
put parameters are iteratively optimized to obtain an optimal
parameter set for the given materials and conditions, thereby
developing a complete numerical model.

3.2 Governing equations

Since the material was prepared into a powdered thermally
thin sample and the thermal analysis experiments were con-
ducted at the milligram scale, the sample temperature can be
assumed to instantaneously follow the programmed temperat-
ure of the furnace. Therefore, the reaction engineering model
is reduced to a zero-dimensional heat-and-mass-transfer mod-
el because of negligible internal thermal gradients. The spe-
cific governing equations of the model are shown in Egs. 1 to
4, which primarily include the energy conservation equation,
mass conservation equation, Arrhenius reaction rate equation,
and reaction scheme equation.

dé,
— =) 6l (1)
dt ZA

-3
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N Nr
dT
;fjch = ;hiri 2
E;
r = A,’exp(_ﬁ)fcoMPlgCOMPZ (3)

0'COMP1 +6*COMP2 — 6°COMP3+0'COMPA+h, (4)

In the governing equations, 7" denotes temperature (K), and
t represents time (s), where N and N, correspond to the total
number of condensed-phase components and pyrolysis reac-
tions in the reaction mechanism, respectively. ~The
subscripts/superscripts i and j indicate the i-th reaction and j-
th condensed-phase component, respectively. The key para-
meters include ¢; for the mass concentration of the j-th con-
densed-phase component (kg'm™), @ as the stoichiometric
coefficient of the j-th component in the i-th reaction, r; for the
reaction rate of the i-th reaction (kg'm™-s™), and ¢; for the
specific heat capacity of the j-th component (J-kg'-K™). The
thermal parameters include the heat of pyrolysis for the i-th
reaction (4;, J-kg™), the Arrhenius pre-exponential factor (4;,
s"), and the activation energy (E,, J-mol™"), with R being the
ideal gas constant (8.314 J-mol':K'). The components are
designated COMP1, COMP2(reactants) and COMP3,
COMPA (products), where &coupr and &coup, represent the
mass concentrations of reactants 1 and 2 (kg-m™), respect-
ively.

3.3 Modeling setup

Since the development of this model is based on numerical
inversion using STA test values, the external heating bound-
ary conditions of the model must correspond to the actual
heating rate of the STA tests. As is well known, temperature
transfer exhibits a time delay. Although the nominal heating
rates were set at 5, 10, and 20 K-min' in the STA instrument,
the real-time heating profiles exhibited dynamic variations
because of inherent thermal inertia effects. As demonstrated
by the experimental data points (blue, purple, and cyan scat-
ter points in Fig. 2), the experimental heating rate initially in-
creases but then gradually decreases before stabilizing at the
target heating rate.

In this work, an appropriate exponential decay trigonomet-
ric function fitting function was adopted as the external heat-
ing condition input for the external heating boundary condi-
tion of the model, as expressed in Eq. 5 below.

% () = u, {1 = [exp (—u,1)] [cos (ust) + uysin (us1)]} &)

In this equation, —~ (1) represents the evolution of the in-

stantaneous heating rate over time, where u;, u,, u;, and u, de-
note the four fitting coefficients. The optimized coefficients
for the three heating rates (5, 10, and 20 K-min™') are shown
in Table 1. A comparison between the fitted values and exper-
imental values of the heating rate is shown in Fig. 2, reveal-
ing excellent agreement. The R* value for the fitted data at
5 K'min"' is 0.96, that at 10 K-min"' is 0.96, and that at
20 K'min™ is 0.97.
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Fig. 2. STA heating rates and fitting curves.

Table 1. Fitting coefficients of the STA experimental heating rates.

Heating rate u uz u3 U4
5 K min™' 0.08353 0.002122 0.003316 -0.5018
10 K-min™' 0.1671 0.002239 0.003727 —0.5432
20 K'min™' 0.3357 0.002471 0.004547 —0.491

4 Results and Discussion

4.1 Characterization of the pyrolysis kinetics of RPUc

The m/m, and MLR of the sample as a function of temperat-
ure at a heating rate of 10 K-min™ are shown in Fig. 3. All the
data have been normalized by the initial mass to facilitate the
observation and analysis of mass loss in RPUc at different
pyrolysis stages. The error bars are visually negligible be-
cause of excellent experimental reproducibility, with their

magnitudes comparable to the data point symbols. On the
basis of the TGA profiles, the RPUc pyrolysis process can be
categorized into three distinct stages:

(i) Initial decomposition stage (375-525 K): The cleavage
of macromolecular bonds yields small molecular fragments
with limited gas evolution.

(ii) Primary pyrolysis stage (525-750 K): Intensive degrad-
ation occurs, with rapid mass loss dominated by substantial
volatile release.

(iii) Carbonization stage (750-900 K): The porous poly-
mer matrix skeleton decomposes and collapses to form loose
fibrous charcoal, with a residual carbon yield of 28.1%.

The MLR curve reveals five distinct peaks at 415 K
(7.13x107 s7"), 482 K (1.46x10* s™), 610.3 K (L11x1072s™),
676.3 K (3.49x10™* s7"), and 798 K (1.42x10™* s!), indicating
that a five-step consecutive first-order lumped reaction mech-
anism is required to fully characterize the mass loss behavior
of RPUc, as systematically presented in Table 2. The stoi-
chiometric coefficients () for each lumped pyrolysis reac-
tion were derived from the MLR of RPUc using Eq. 6, while
the corresponding reaction rates followed the Arrhenius for-
mula (Eq. 3). Using Egs. 7 and 8/in conjunction with the in-
verse modeling approach, initial estimates of the Arrhenius
pre-exponential factor (4) and activation energy (E) for each
reaction were obtained. These initial values were sub-
sequently refined via a hill-climbing optimization algorithm
[27]. On the basis of the developed numerical pyrolysis reac-
tion model, the algorithm operates by iteratively adjusting the
input parameters (6, 4, and E) in small increments and then
searches for local optima while the simulated results are con-
tinuously compared with the experimental data. This process
is repeated until a global optimum is achieved. Throughout
the optimization, the goodness of fit (GOF) was evaluated
using Eq. 9 and was iteratively updated until a predefined
convergence criterion was satisfied. The final optimized val-
ues of 6, 4, and E are presented in Table 2.

10 stage 1 stage2 stage3 0.0014 n
’ peak3 @ Exp-mass 40.0012 1- Z ;
0O Exp-MLR n=1 .
0.8 o Qp 10.0010 i = ——,(i>1) (6)
‘e T 6
EQ 0.6k 40.0008 l‘f/ l_l[ ol
< i=
S = 10.0006 g
0.4r 0 eMLR, E
peakd 10.0004 A= exp|—— (7
m} My R T])
02r o P2 D 0.0002
FEE . ,MLR,
0.0 = : : : BTEL (). (000 eRT,
300 400 500 600 700 800 900 1000 My
E=—r ®)
Temperature (K) (1-6) —
Fig. 3. TGA experimental data: m/m, and MLR profiles. d
Table 2. RPUc reaction mechanism of the pyrolysis model.
Serial number Pyrolysis reaction A(s) E (J-mol™)
1 RPUc—0.991 RPUc_int1+0.009 RPUc_gasl 3.39x10° 8.81x10*
2 RPUc_int]1 —0.939 RPUc_int2+0.061 RPUc_gas2 5.31x10? 4.66x10°
3 RPUc_int2—0.653 RPUc_int3+0.347 RPUc_gas3 7.02x10° 1.39x10°
4 RPUc_int3—0.637 RPUc_int4+0.363 RPUc_gas4 1.07x10' 4.67x10°
5 RPUc_int4—0.715 RPUc_res+0.285 RPUc_gas5 1.75x10™" 3.15x10¢
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Z (Exp, — Model,)’
1 k=1

E'xpmax n

GOF =1- )

Here, 6., represents the stoichiometric coefficient of the
component of the condensed-phase product component of the
i-th reaction, and «; corresponds to the mass loss conversion
rate associated with each lumped reaction. The subscript p de-
notes the value or corresponding temperature of the MLR
peak, and m,,, represents the initial mass of the RPUc sample.
The symbol e refers to the base of the natural logarithm, and
R is the universal gas constant. The GOF in the optimization
algorithm is defined as follows: Exp,,,, indicates the maxim-
um experimental value, Exp, indicates the k-th experimental
data point, Model, represents the simulated value at the &-th
data point, and # is the total number of data points.

In this lumped pyrolysis reaction scheme, RPUc represents
the original component. RPUc_intl through RPUc_int4 cor-
respond to four condensed-phase intermediate products
formed during the reaction process, whereas RPUc gasl to
RPUc_gas5 denote five gaseous pyrolysis products generated
in the reaction. RPUc res represents the final condensed-
phase residual char component. Notably, owing to the inher-
ent complexity of polymer chemical reactions, the defined
components in the lumped reactions do not represent specific
chemical substances but rather serve as collective representa-

tions encompassing multiple compounds. Nevertheless, the
constructed lumped pyrolysis reaction mechanism success-
fully reproduces and predicts the critical thermal degradation
characteristics of RPUc (including mass loss and heat flow
data, as demonstrated in this work), thereby providing a suffi-
cient theoretical foundation for material pyrolysis analysis.

The experimental and simulated TGA results under a
10 K-min™ heating rate are compared in Fig. 4, where the red
solid line represents the TGA simulation output from the
pyrolysis reaction model. The results demonstrate that the
proposed reaction framework, combined with optimally in-
verted input parameters, accurately reproduces the global
pyrolysis behavior of RPUc. The model precisely captures
(1) the pyrolysis onset temperature, (2) the three characterist-
ic decomposition stages, (3) the peak magnitudes and posi-
tions of the MLR, and (4) the final char yield—all critical fea-
tures of the thermal degradation process:

4.2 Characterization of the pyrolysis thermodynamics of
RPUc

The mean of the experimental DSC data for RPUc are shown
in Fig. 5, revealing the evolution of both the normalized HF
and /HF with temperature. The results indicate that the HF
curve exhibits three distinct thermal peaks, comprising two
endothermic peaks and one exothermic peak. The specific po-
sitions and peak values are as follows: (1) 346 K, 0.163 W-

Z0.00125
1.0 @ Exp-mass I\zf)/ O Exp-MLR
10 K-min™ Model-COMSOL o 0.00100 L 10 K-min’! Model-COMSOL
2 0.8} s
g 2
0.00075
= 0.6 R
g 2
= 04l = 0.00050
g )
8 N 0.00025
Z 02 =
:
0.00000 (e
0.0 L 1 I L 1 L 2 L L 1 1 1 1
300 400 500 600 700 800 900 1000 300 400 500 600 700 800 900 1000
T (K) T (K)
Fig. 4. Experimental and simulated TGA data at a heating rate of 10 K-min™'.
. 1.50 1200
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; ' | 21000k .
1.00 - 0 B
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~ Feakl: |
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Fig. 5. DSC experimental data: Normalized heat flow and integral heat flow curves.
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g’ (2) 461 K, —0.711 W-g'; and (3) 584 K, 0.549 W-g'',
where positive values denote endothermic processes and neg-
ative values represent exothermic processes, as indicated by
the “Endo” direction in the figure. The first endothermic peak
observed between 313 and 375 K arises from initial heating
disturbances. The exothermic and endothermic peaks within
375-525 K result from pyrolysis-induced heat effects. Not-
ably, the correlation with mass loss data from the TGA tests
indicates that each HF peak corresponds to an MLR peak,
definitively suggesting the absence of melting behavior dur-
ing RPUc pyrolysis. The [HF curve initially increases to
44.6 J-g" at 371.3 K, after which it decreases from 371.3—
539.3 K and then increases again with increasing temperature.
The [HF remains negative within the temperature range of
407.7-847.7 K.

As expressed in Eq. 10, the total heat flow comprises two
parts: sensible heat from temperature elevation and heat from
pyrolysis reactions during RPUc pyrolysis. The initial mass of
the sample (m,), heat flow (4), number of condensed-phase
components (N,), number of lumped pyrolysis reactions (V,),
mass concentration of the j-th component (¢;), volume (V),
and Arrhenius reaction rate (r;) are known. Consequently, ac-
curate simulation of the total heat flow evolution requires pre-
cise determination of three key parameters: (i) the specific
heat capacities of all condensed-phase components (c,;), (ii)
the real-time instantaneous heating rates (d7/dt), and (iii) the
reaction enthalpies associated with each lumped pyrolysis

step (h,.;).

g oV, dT KV
s Z i g (10)

The specific heat capacity of the initial component (RPUc)
was determined by dividing the total DSC heat flow in the
315-332 K temperature range by the product of the instantan-
eous heating rate and sample mass. A polynomial function
derived from linear fitting of this curve was adopted as the
temperature-dependent input for the model. For the residual
char component (RPUc _res), a value of 1700 J-kg™'-K™" was
assumed on the basis of literature-reported averages for poly-
meric chars[28]. On the basis of the specific heat capacities of
RPUc and RPUc res, in combination with the thermal  de-
composition mass loss curve, reasonable determinations were
made for the specific heat capacities of each component of the
intermediate products (RPUc intl to RPUc_int4) in the con-
densed phase (see detailed assignments in Table 3).

Table 3. Heat capacity of each condensed component.

Condensed component ¢, (J-g"K")

RPUc 444.17+1.52 T
RPUc_intl 444.17+1.14 T
RPUc_int2 444.17+0.76 T
RPUc_int3 444.17+0.76 T
RPUc_int4 444.17+0.76 T
RPUc_res 1700

The determined specific heat capacity was input into the
pyrolysis reaction model framework, and the reaction heat of
each lumped pyrolysis reaction was set as 0 in the model. The
temperature rise sensible heat baseline could subsequently be
output, as shown in Fig. 6. The three shaded areas in the fig-
ure quantitatively represent the heat of the pyrolysis reaction
of the sample. The blue shaded area represents the net exo-
thermic process, and the red shaded area represents the net
endothermic process. Through iterative numerical inversion
and optimization of the reaction model, the enthalpies for
each lumped pyrolysis reaction were precisely determined
(see complete parameterization in Table 4).

The pyrolysis reaction model framework developed for
RPUc, incorporating the determined kinetic parameters, spe-
cific heat capacities of condensed phases, and heat of lumped
pyrolysis reactions, successfully reproduces the experimental
DSC data of RPUc. Fig. 7 demonstrates good overall agree-
ment between the simulated heat flow curves and DSC exper-
imental data, with only slight deviations observed: a minor
overestimation of the initial exothermic peak and a small un-
derestimation in the high-temperature region above 850 K.
These discrepancies are considered to be caused by (i) the in-
herent complexity of pyrolysis mechanisms in polymeric ma-
terials and (ii) the diminished thermal sensitivity of STA at el-
evated temperatures, as evidenced by the larger error bars in
the high-temperature range. The /HF curves derived from the
temporal integration of both the experimental and simulated
data strongly correspond, further validating the accuracy of
the pyrolysis reaction model.

1.50
1.25
1.00
0.75
0.50
0.25 p
0.00
—-0.25
= —0.50
-0.75 L
—1.00

O Exp-DSC ”
Model-Sensible heat baseline

Normalized Heat Flow (W-g™)

25 L 1 1 1 L 1
300 400 500 600 700 800 900 1000
T (K)
Fig. 6. Normalized heat flow data collected from the DSC tests and simu-

lated sensible heat baseline.

Table 4. Heat of reaction of each first-order lumped pyrolysis reaction

model.
Pyrolysis reaction h.(J g
1 53930.0
2 405746.9
3 —156311.6
4 —26881.0
5 —251436.9
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Fig. 7. DSC experimental and simulated data at a heating rate of 10 K-min™.
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4.3 Pyrolysis reaction model validation

The pyrolysis reaction model developed in this work was ap-
plied to predict the mass loss behavior of RPUc under differ-
ent heating conditions. In most kinetic studies[29-31] on
polyurethane pyrolysis, the most commonly employed heat-
ing rate range is 020 K-min™'. Therefore, the external heat-
ing parameters of the model were modified (using Eq. 5) to
simulate both lower (5 K-min™) and higher (20 K-min™) heat-
ing rate conditions, with the simulation results compared
against experimental TGA data for mutual validation in this
work. In Fig. 8, the experimental TGA results are represented
by scatter points with black-bordered circles for 5 K-min™
and black-bordered squares for 20 K-min™', whereas the cor-
responding model simulation results are shown as solid red
lines for 5 K-min™ and 20 K-min™'. As emphasized by the IC-
TAC Kinetics Committee in its guidelines for multi-step kin-
etic analysis[32], optimal kinetic parameters determined with-
in a defined range may be reliably applied for interpolation
and extrapolation, provided that the reaction mechanism re-
mains essentially unchanged. In support of these conditions, a
previous study[33] revealed that the pyrolysis mechanism of
RPU does not significantly change even at relatively high
heating rates. The excellent agreement between the simulated
and experimental data across various heating rates confirms
that the developed pyrolysis reaction model, through appro-

1.0 5 K-min™'
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<
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o

N

Té 0.4

)

Z 02F| ® Exp-mass
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z
2
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=
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T
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=
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2
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0

300 400 500 600 700 800 900 1000
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priate extrapolation, demonstrates a predictive capability over
an extended range of thermal conditions.

5 Conclusions

The pyrolysis process of the RPUc was systematically invest-
igated through STA, including the evolution of mass loss and
heat flow. On the basis of the STA experimental data, the
pyrolysis kinetics and thermodynamics were determined to
develop a pyrolysis reaction model for predicting the behavi-
or of RPUc pyrolysis under different heating conditions. The
major findings are as follows:

(1) Three distinct pyrolysis stages were identified: initial
decomposition (375-525 K), primary pyrolysis (525-750 K),
and carbonization (750-900 K). The majority of mass loss oc-
curred during the primary pyrolysis stage, yielding a final
char residue of 28.1%. Five MLR peaks were observed
throughout the thermal decomposition stage, further confirm-
ing the complexity of the reaction mechanism of this RPUc
polymer material.

(II') Three significant HF peaks were resolved in the DSC
measurements: an initial temperature-perturbation endotherm,
followed by an exothermic peak and a subsequent endotherm-
ic peak. The IHF curve remained negative within the temper-
ature range of 407.7-847.7 K, indicating the transition from
net exothermic to net endothermic behavior.

1.0

o
)

g
oy

N
~

B Exp-mass

o
o

Model-COMSOL

0.0
300 400 500 600 700 800 900 1000
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Fig. 8. Experimental and simulated TGA data at heating rates of 5 K-min™' and 20 K-min™
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(IIT) On the basis of the COMSOL Multiphysics reaction
engineering model framework, five consecutive first-order
thermal decomposition reactions were applied as the thermal
decomposition reaction mechanism of RPUc, successfully
capturing its thermal decomposition mass loss behavior. By
changing the external heating conditions of the model, the
TGA test results under different heating rates (5 K-min™ and
20 K-min™) were accurately predicted, verifying the predict-
ive ability of the constructed reaction mechanism within a
wide heating rate range.

(IV) The total heat flux during the RPUc pyrolysis process
was simulated by coupling the sensible heat and the heat of
the pyrolysis reaction. The specific heat capacity, heat of re-
action, and instantaneous temperature increase rate, com-
bined with the reaction mechanism kinetic framework, were
used to successfully predict the HF and /HF curves, resulting
in the development of a complete RPUc pyrolysis reaction
model. This provides a critical pyrolysis characteristic input
parameter set and a sub-model framework essential for devel-
oping comprehensive multi-dimensional pyrolysis models.
Furthermore, the proposed systematic methodology is applic-
able for characterizing the pyrolytic behavior of flammable
solids in flame-retardant sandwich panels and multi-layer
polymer materials.
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