
 

1School of the Built Environment, Ulster University, Jordanstown 
Campus, UK 
2Fire Safety Team, Division of Built Environment, Korea Conformity 
Laboratories, Republic of Korea 
 
Corresponding author: 
Sengkwan Choi, School of the Built Environment, Ulster University, 
Jordanstown Campus, Shore Road, BT37 0QB, UK 
Email: s.choi@ulster.ac.uk 

 
 
 

Coupled thermo-physical behaviour of an 
inorganic intumescent system in cone 
calorimeter testing 
Sungwook Kang1, Sengkwan Choi1 and J.Yoon Choi2  
 

 
Abstract   
This paper examines the thermo-physical behaviour of an inorganic-based intumescent 
coating, tested with bench-scale cone calorimetry, in order to promote the 
understanding of its intumescence and to contribute to the optimisation of its thermal 
insulation performance. In the test, the specimen underwent the following phenomena 
simultaneously: (i) Thermo-kinetic endothermic water vaporisation; (ii) Formation of 
micro-scale pores in its internal volume; (iii) Expansion of its volume; and (iv) Variations 
in thermal boundaries. These simultaneous phenomena cause several changes in internal-
external conditions given to the test sample: (i) Loss of mass (water molecules); (ii) 
Reduction of effective thermal conductivity owing to its porous structure; (iii) Increase 
in length of the conductive heat transfer path across its expanding volume; (iv) Irradiance 
intensification and additional heat transfer generation on its moving boundaries, exposed 
to the heat source and surroundings. This interacting thermo-physical behaviour 
impedes the heat transfer to the underlying substrate. It is therefore comprehensively 
explained by finite element analysis, associated with the experimental data obtained from 
a thermogravimetric analyser, differential scanning calorimetry, electric furnace, and 
cone calorimeter tests. The numerical predictions agreed with the physical 
measurements with consistent accuracy, in terms of both histories of substrate 
temperature and coating-thickness expansion. This combined numerical-experimental 
approach enables clear interpretation on the process of intumescence, the impediment 
mechanism of heat transfer, and the critical factors of the material’s behaviour.   
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Nomenclature 

A surface area Subscripts 
c specific heat (J/(kgK)) air air 
k thermal conductivity (W/(mK)) e element 
me mass of a fully dense element eff effective 

''q  heat flux (W/m2) enve envelope 

Tj 
measure of temperature in TGA-
MS data irr irradiance 

texp 
Time at which elements are fully 
expanded  loss mass loss 

V volume p_solid solid particle 
x, y, z Cartesian coordinates s substrate 
  v_gas void filled with gas 
Greek symbols w_stream water stream 
αT thermal expansion coefficient   

Β ratio of mass at Tj to initial mass Abbreviations 

γ 
empirical ratio of volume expansion 
in x-direction to that in z-direction  CC cone calorimeter 

εT thermal strain DSC differential scanning 
calorimetry 

ℓ coating-thickness EF electric furnace 
ρ density (kg/m3) FEA finite element analysis 

Φ porosity SEM scanning electron 
microscope 

  TGA-MS thermogravimetric 
analyser/mass spectrometer 

    

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 

Introduction 
The intumescent-type fire retardant system has become increasingly popular as an 
effective means of passive fire protection for underlying structural members [1]. In order 
to promote the understanding of the behaviour of this type of material in fire, previous 
studies have attempted to mathematically model its intumescence and to verify their 
models experimentally, as well as to chemically improve its performance [2-5]. In the 
examination of such behaviours, the quantity of the net heat absorbed by the coating-
sample is the critical information required. Cone calorimetry has therefore been adopted 
frequently, since this is acknowledged to be a bench-scale apparatus which can create a 
relatively well-controlled environment of radiant heating, in contrast to gas-fired burners 
and furnaces [6-8]. 

This project aims to examine the intumescence of a particular type of coating, 
subjected to the thermal condition produced by the cone calorimeter, in order to contribute 
to the comprehensive understanding and optimisation of its thermal insulation 
performance. This refractory material is composed of four major ingredients: Sodium 
silicate of 41.1 wt%; Kaolinite of 42.3 wt%; Aluminium oxide of 8.0 wt%; and Titanium 
dioxide of 8.5 wt% [9]. It is categorised as an ‘inorganic’ (or mineral)-based intumescent 
coating [10-11]. Once this polymer compound is placed under the conical heater and 
activated at a critical temperature, it undergoes simultaneous thermo-physical phenomena, 
as illustrated in Figure 1: 

• Endothermic decomposition reactions, specifically water vaporisations with 
dehydration and dehydroxylation [9], which result in (i) loss of mass (water 
molecules); 

• Volume expansion, which leads to (ii) an increase in length of the conductive heat 
transfer path to the underlying substrate (ℓ), as shown in Figure 1(b), (iii) an 
intensification of irradiance on the coating’s top surface, due to a decrease in the 
distance between the heater and the exposed surface area (h), and (iv) a generation 
of additional heat transfers (convective loss, radiant emission and absorption) on 
the extended surface areas of the specimen’s perimeter; 

• Formation of porous structure in its internal volume, as illustrated in Figure 1(b), 
due to the water vaporisation and rapid migration of water molecules. It results in 
(v) a reduction of effective thermal conductivity, and (vi) a porosity distribution 
along the thickness of the expanded volume, owing to different levels of restrictions 
along the depth, in terms of vapour migration. 

The six resultant physical responses interact with each other’s progressions in each of the 
time increments, and therefore determine the fire retardant system’s global behaviour at 
elevated temperatures (i.e., intumescence). 

The interacting thermo-physical behaviour of the inorganic intumescent coating is 
numerically analysed in this paper. The establishment of the methodology for modelling 
this behaviour is found on the key findings from existing researches on the development 
of theoretical models of intumescence: 

• Pioneering studies [12-13], conducted in the 1970s, emphasised the importance of 
the thermal environment and boundary conditions, being subjected to the solution 



 

 

domain, in designing a semi-empirical analytical model. This implies that accurate 
quantities of heat, incoming to and outgoing from the exposed surfaces of the 
coating-sample (i.e., thermal boundaries), need to be applied in simulations; 

• Another early research group [14-15] and a succeeding study [16] claimed that the 
intumescence occurs over a finite range of temperature, rather than at a specific 
level of temperature. Relating to this assertion, it was claimed that endothermic 
decomposition reactions, to a greater or lesser extent, occur simultaneously over the 
coating-thickness, depending on the creation of a temperature gradient [17-18]. 
This indicates that layers at different stages, such as charred, expanding, and virgin 
(initial) states, coexist along the coating-thickness at any one time after heating, as 
presented by a research group [19-21]. In their studies, a noticeable observation 
demonstrated that the size of pores and the degree of expansion are not also 
homogenous over the expanded thickness. Another study performed a Scanning 
Electron Microscope (SEM) observation, showing that porosity and pore-size are 
not uniform across expanded char [22-23]. These series of non-uniform/-linear 
distributions (of temperature, decomposition reaction, pore-size, porosity, and 
degree of volume expansion) along the expanding coating-thickness need to be 
included in numerical simulations. In addition, the coating’s volume expansion 
should be interpreted from the mechanism of endothermic decomposition reactions; 

• The mathematical model developed by the research group [17-18] was controlled 
by two empirical variables: The fraction of volatile and the volume expansion factor. 
This model functioned based on the assumption that the apparent (or envelope) 
density of control volume varies with the expansion of volume. The initial and final 
thicknesses of coatings, density, and volatile release (mass loss) were regarded as 
the dominant parameters in their simulations. The findings indicate that the 
determination process of an expansion factor, applicable for a given intumescent 
material, should be appropriately established in association with changes in 
envelope density and mass;  

• In explaining and simulating the mechanism of intumescence, attention was also 
paid to effective thermal conductivity (keff) [19-21, 24]. The expanding coating can 
be considered as a category of porous media, and the measure keff represents the 
medium’s ability to transport heat. In its determination, the previous studies [25-27] 
adopted one of specialised models for the mechanism of heat transfer in porous 
media, specifically Russell model [28], instead of using the fundamental models, 
such as series and parallel configurations of solid and void phases. The contribution 
of radiation to keff was also considered, and the size of the maximum bubble was 
regarded as a decisive variable. In Staggs’ studies [22-23, 29-30], a range of keff was 
proposed from two applicable outermost cases, instead of defining a single value 
for keff. With regard to this measure, a clear interpretation of its determination is 
required in the course of numerical simulations.  

The existing studies have contributed to the identification of the factors critical for the 
success of theoretical modelling of intumescence, which can be highlighted as follows: 
(i) Thermal boundaries; (ii) Nonlinear distribution of temperature along coating-thickness; 



 

 

(iii) Intumescence coupled with heat absorption and mass loss; (iv) Inconsistent degrees 
of expansion along coating-thickness; and (v) Effective thermal conductivity. However, 
those works either neglected some of the highlighted points in their modelling or provided 
insufficient interpretations of the key sub-topics, with the result that there still existed 
disagreements between theoretical predictions and physical measurements. Further 
examinations therefore need to be performed, based on the principles specialised for the 
sub-topics, such as thermo-kinetics, radiative view factor, combined heat transfer in 
porous media (via conduction, convection, and radiation), and thermal expansion.  

This work develops a numerical approach into which the critical factors introduced are 
integrated. In order for a more sophisticated predictive model to work, an infinitesimal 
element of the polymer compound is considered to be a unit solution-domain. Its ‘local’ 
thermo-physical behaviour is initially defined and applied to the simulation of the ‘global’ 
behaviour of layered elements (i.e., multi-layer). Specifically, (i) a series of sequential 
actions of the element’s mass and volume changes are theoretically developed based on 
experimental data; (ii) the multi-layer’s behaviour in proposed sequence is numerically 
simulated by employing a Finite Element Analysis (FEA) software (i.e., 
ABAQUS/Standard) with user subroutines; and (iii) the numerical predictions are 
validated by experimental measurements. There have been several efforts to examine a 
complex mechanism of heat transfer through porous media using the FE method [22, 31 
and 32]. No FEA model of intumescence was found in existing studies. The FE 
approximation is more accurate and efficient as a numerical solution in the proposed 
model than the widely used Finite Difference (FD) and Finite Volume (FV) methods. 
This ‘piecewise’ approach benefits analyses of thermo-physical behaviours of 
intumescent systems with nonlinear properties and the conditions of moving boundaries 
and nonlinear thermal boundaries, as compared to the ‘pointwise’ FD approximation [33]. 
 
Experimental methods and results 
Several bench-scale tests were conducted (i) to understand the thermo-kinetic 
characteristics of the inorganic intumescent coating, (ii) to obtain its thermo-physical 
properties, (iii) to topologically analyse its internal structure, and (iv) to verify numerical 
predictions, by utilising Thermogravimetric Analyser/Mass Spectrometer (TGA-MS), 
Differential Scanning Calorimetry (DSC), Electric Furnace (EF) and Cone Calorimetry 
(CC) [34]. The critical data physically measured from the tests are shown in Figure 2. 

For TGA-MS and DSC tests, samples of the polymer compound were fully dried at 
room temperature. A mass in the range of 10 mg to 30 mg was placed in both the 
apparatuses, and heated to approximately 1000 ℃ at a constant rate of 10 ℃/min in a 
nitrogen atmosphere. In Figure 2(a), the solid curve indicates the recorded mass loss 
according to temperature in percentage, while the symbols show the chromatograms of 
the gas mixture released: Hydrogen oxide (H2O) and Hydroxide (OH-). It can be identified 
from the TGA-MS data that (i) the polymer compound has two major thermo-chemical 
decomposition reactions: Water vaporisations with dehydration and dihydroxylation; and 
(ii) any chemical degradations of the solid residue of the inorganic intumescent coating 
do not occur in the range of temperature, less than approximately 800 ℃. The thermal 



 

 

energy required for the activation of these endothermic reactions was measured from DSC 
tests, as shown in Figure 2(b). 

A laboratory-scale EF with dimensions of 200 mm x 300 mm x 200 mm was utilised 
(i) to measure the envelope density (or porosity) of the coating under different 
temperature conditions, and (ii) to identify the distributions of porosity and pore-size 
along the expanded thickness. The top and perimeter surfaces of plain steel plates (70 mm 
x 70 mm x 5 mm in dimension) were coated with the inorganic intumescent material to a 
dry-film thickness (DFT) of 3 mm. The prepared samples were fully dried at room 
temperature, and placed in the furnace which was heated to the designed levels of 
temperature, from 100 ℃ to 800 ℃ at intervals of 100 ℃, at a rate of 10 ℃/min. Once the 
thermal environment reached the designated temperatures, it was preserved for a while to 
succeed in achieving a thermal equilibrium between the furnace and the intumescent 
specimen placed.  

It was observed that the fully expanded coating-residue was not a carbonaceous black 
char but a rigid white foam. The coating-residues obtained at different levels of 
temperature were horizontally sliced at intervals of 4 mm by utilising a high-speed cutter. 
The envelope density of each of the sliced segments, sampled from different geometrical 
positions along the expanded coating-thickness, was individually measured, as shown in 
Figure 2(c). It transpired that there was a growing tendency among the porosity (Φ) data 
in the range of 0.865 to 0.930, gained at difference temperatures and the fully expanded 
state, according to the distance from the underlying steel substrate (z). The data were thus 
averaged out to identify the relation between Φ and z, which are listed in Figure 2(d); the 
observed porosity, the region in which it was measured, and the proportions of the regions 
in percentage are henceforth referred to as the maximum porosity (Φmax), ‘zone’, and the 
proportion of zone (Vzone), respectively. It is assumed based on this observation that when 
the inorganic intumescent material is heated by the cone calorimetry, its fully expanded 
specimen also reaches the observed distributions of Φmax and Vzone, independent of the 
amount of fully expanded thicknesses. The true density of the solid particle at ambient 
temperature (ρp_solid) was also measured at approximately 2077 kg/m3. It is noted that 
although the EF test results contributed to the identification of the Φmax-z relationship, the 
test process was not delicate enough to derive a relationship between temperature and 
porosity (the furnace temperature was adjusted at intervals of 100 ℃). This relation is 
therefore defined from a temperature-dependent sequence of mass and volume changes, 
based on the TGA-MS and DSC data, in this work. 

For CC tests, plain steel plates (70 mm x 70 mm x 5 mm in dimension) were placed in 
the middle of a sample-holder (100 mm x 100 mm x 10 mm in dimension). The mouldable 
intumescent material was then carefully poured to make test-samples with no air pocket. 
The DFTs of the specimens were regulated at 2 mm, 3 mm, and 4 mm. Five 
thermocouples (k-type) were welded on the bottom surface of the steel substrate. The 
prepared specimens were irradiated at 35 kW/m2, 50 kW/m2, and 65 kW/m2 (q̇irr′′ ) by the 
conical heater. From the CC tests, two sets of data were recorded via thermocouples, a 
video recorder, and a digital ruler, to verify numerical predictions. Figures 2(e) and (f) 
show the histories of (i) substrate temperature and (ii) the expansion of coating-thickness, 
at q̇irr′′ =50 kW/m2 and DFT=3 mm. For analysis purposes, the development of the 



 

 

substrate temperature over time was compartmented in four stages, according to the state 
of system: (i) 1st initial transient, (ii) 2nd short plateau, (iii) 3rd subsequent transient, and 
(iv) 4th steady states.  

 

Determination of the critical issues 

The critical issues, highlighted in the part of Introduction, are individually discussed in 
this section. 

Thermal boundaries 

In this project, the thermo-physical behaviour of the inorganic intumescent coating is 
mainly examined through the cone calorimetry. Its behaviour is powered by the thermal 
energy supplied by the conical heater, and thus determined by the amount of the net heat 
absorbed at each time-increment. In the course of the testing, (i) the irradiance on the top 
surface of the heat-sensitive specimen is intensified, and (ii) the additional radiant flux is 
incident on its extended side (perimeter) surfaces, due to its moving boundaries 
underneath the heater which is geometrically stationary, as illustrated in Figure 3. To 
include the changes in thermal energy in numerical modelling, the quantities of the 
irradiances, varying according to the z coordinates of the surface areas (A1 and A2), were 
theoretically predicted by calculating view factors at each time-increment. The 
determined values were continually updated to FEA models by using user subroutines. 
The details regarding the derivation of view factor formulas were thoroughly discussed 
in the previous work [35]. 

In regard to the heat exchange on the specimen’s sides, a two-dimensional (2-D) model 
was developed, as shown in Figure 4(a), in order to consider the effect of this heat transfer 
on the coating’s behaviour in the primary z-direction. The prediction of this x-z plane 
model therefore represents the behaviour of the ‘square’ specimen. This 2-D plane model 
yields the outcomes technically identical to those predicted by the 2-D wedge model of a 
cylindrical specimen, as illustrated in Figure 4(b). This is due to the fact that, during cone 
testing, irradiances being incident on the top and side surfaces are identical in the two 
models, based on the view factor maps as shown in Figure 3. For the same reason in terms 
of irradiance dispersions, the 2-D wedge model produces identical results, as compared 
to those obtained from a three-dimensional (3-D) quarter wedge model (Model I), as 
illustrated in Figure 4(c). Although Model I differs from the 3-D quarter model (Model 
II), extended from the original 2-D plane model, the difference between the results gained 
from Models I and II is minor, based on the deductions that (i) the amount of irradiance 
on Area A is much smaller than that on Area A’; (ii) the difference between the irradiances 
on Areas B and C is ignorable; and (iii) the difference between the heat losses through 
Areas B and C is minor. 3-D modelling of the interacting behaviour of the intumescent 
coating requires significant computational resources and time, due to a large number of 
elements and nodes. Hence, use of the 2-D plane model meets the requirements of both 
theoretical accuracy and computational efficiency.  
 



 

 

Nonlinear distribution of temperature along coating-thickness 

The coating’s behaviour is determined from the combination of several interactants 
varying with the change of temperature: Thermal boundaries; specific heat (with sensible 
and latent heats, required for thermo-chemical reactions); thermo-kinetic mass loss; 
length of the conductive heat transfer path; porosity (or density); and the porous 
structure’s ability to transfer heat (effective thermal conductivity). The coating’s 
behaviour is therefore highly dependent on temperature.  

In relation to this fact, the polymer’s low conductivity and irregular internal structure 
creates a temperature gradient along its heat transfer path (thickness). It indicates that the 
temperature-dependent activation moment in time varies along the thickness. To simulate 
its sophisticated response to heat, the virgin coating was regarded as being a number of 
discrete and isothermal layers with an infinitesimal thickness, as shown in Figure 5. In 
this assumption, each of the elements is a ‘continuum mixture’ of solid and void, and acts 
individually in accordance with a temperature-dependent process of intumescence. The 
summation of the local behaviours of the solution domains resulted in a global behaviour 
of the coating in turn, where texp refers to the instant at which all the layers are fully 
expanded. Based on this scheme, a temperature-dependent dynamic progress of 
intumescence took place during the simulations. 
 

Intumescence coupled with heat absorption and mass loss 

Intumescence originates from the release of molecules from blowing agents (water-
vapour) produced in the course of the endothermic decomposition reactions. These 
reactions are activated by the absorbed heat, and occur in a finite range of temperature, 
rather than at a particular temperature. The thermal quantity required for reactions is 
represented by Arrhenius parameters in conventional modelling, whilst in this work the 
essential temperature-dependent profiles of mass change and specific heat, measured by 
TGA-MS and DSC (Figures 2(a) and (b)), are directly used, in order to reduce the number 
of uncertain variables in numerical modelling.  

A series of sequential actions of the kth layer of the multi-layer virgin coating was 
initially developed, as shown in Figure 6. This sequence is composed of three steps: 

STEP 1: When the fully dense layer with a constant mass (me) and initial volume 
(Vp_solid(T0)) at ambient temperature reaches critical temperature, it dehydrates 
part of its water molecules, indicating a mass loss, as follows:  

_ _ 1( ) ( ) ( ) 1, 2, 3,loss j p solid j p solid jm T m T m T j−= − =   (1) 

where Tj refers to the measure of temperature in the TGA-MS data. The mass 
of the residual solid at each level of temperature is expressed as:  

_ ( ) ( )p solid j TGA j em T T mβ=  (2) 

where βTGA represents the ratio of the mass at Tj to the initial mass, me, in 
percentage.  



 

 

STEP 2: The dehydrated molecules, mloss, stay as liquid-water for an extremely short 
period of time. After absorbing sensible and latent heat, the liquid-water is 
vaporised. In the course of phase-change, the mass of water vapours occupies 
a greater volume space, as shown in Figure 6(a), due to its lower density than 
that of solid-particle. The volume of water vapours is defined as: 

_
_

( )
( ) mass j

w stream j
v gas

m T
V T

ρ
=  (3) 

where ρv_gas represents the parametric density of gas filling pores. 

STEP 3: It is assumed that the gaseous water-molecule with the lower density 
subsequently escapes into the atmosphere, and the void space is naturally re-
occupied by the surrounding air with no changes in volume. The sum of the 
volumes of the air and residual solid is equivalent to the envelope volume at Tj 
(Venve(Tj)). It indicates an increase in the volume (or thickness) of the kth layer, 
in accordance with its mass loss. The changes in mass and volume occur at 
each level of temperature, as illustrated in Figure 6(b), which give: 

    ( )

_
1

1

1_ _

( ) ( ) ( )

( ) ( ) ( )

j

enve j p solid j air i
i

j
TGA j e TGA i TGA i e

ip solid v gas

V T V T V T

T m T T mβ β β
ρ ρ

=

−

=

= +

−
= +

∑

∑
 (4) 

For description purposes, although the sequential changes of mass and volume are 
illustrated with discrete segments in series in Figure 6, the envelope volume of the kth 
layer is in fact a homogeneous mixture of solid and air in numerical modelling. It is 
important to note that, in equation (4), ρv_gas is the only unknown variable, which thus 
represents the degree of expansion of the kth layer in this intumescence process. This 
variable is determined from parametric studies when a best-fit numerical prediction to 
experimental measurements is obtained, in terms of the coating’s global behaviour.  

To promote the accuracy of numerical predictions on the coating’s thermo-physical 
behaviour, the designed sequential expansion in z-direction was extended to two-
dimensions on the x-z plane, as shown in Figure 7. Specifically, the secondary volume 
change in x-direction was considered in the calculation of the differential thickness-
expansion in the primary z-direction (dℓz(Tj)) by: 

 
( ) ( )2

1 1 1 1( ) ( ) 4 ( ) ( ) ( )
( )

2
x j z j enve j x j z j

z j

T T dV T T T
d T

γ γ γ

γ
− − − −+ + − +

=
   

  (5) 

where 
1( ) ( ) ( )x or z j x or z j x or z jT T d T−= +   , ( ) ( )x j z jd T d Tγ=   

The subscripts x and z indicate the x and z directions, while γ refers to the empirical ratio 
of the volume expansion in x-direction to that in z-direction, which was measured as 0.1 
[36]. The assumptions made for the derivation of the sequential changes in mass and 
volume as a function of temperature are summarised as follows: 

• The elemental layer is infinitesimal, discrete, and isothermal; 
• Once expanded, the layer does not shrink; 



 

 

• The three-dimensional ‘volume’ expansion is modelled as the two-dimensional 
‘area’ expansion; 

• The densities of solid particle, liquid water, and the air are constant and independent 
of temperature. 

 

Inconsistent degrees of expansion along coating-thickness  

In this work, the temperature-dependent volume expansion of the kth layer was simulated 
by the FEA software, as logarithmic thermal strain (εT) of the solution domain. It is 
represented by thermal expansion coefficient (αT), as follows: 

, ,
0

( )
ln 1

( )
z j

T z T z
z

d T
T

T
ε α

 
= ∆ = + 

 




 (6) 

To determine αT, equation (5) is substituted into equation (6), which gives: 

( )
( )

2

1 1
,

0
1 1

( ) ( ) 4 ( )1 1ln 1
2 ( ) ( ) ( )

x j z j enve j
T z

z
x j z j

T T dV T
T T T T

γ γ
α

γ γ

− −

− −

  + +  = +   ∆   − +  

 

  
 (7) 

Equation (7) is coupled with equation (4). This fact implies that αT is in turn determined 
by ρv_gas representing the degree of expansion. 

According to the proposed sequential process of intumescence, the ‘local’ thickness 
expansion of each of the zones originates from the loss of water molecules (Figure 2(a)) 
and is mainly induced by the increase in the air-filled space in its volume (Vair(Tj)), as 
expressed in equation (4). Since the growth in void space indicates the increase in porosity, 
it transpired that this property is closely related to the degree of expansion of each of the 
zones. 

With respect to the relationships among the thickness expansion, mass loss, and 
porosity, attention was paid to two observations: (i) There was a ‘single’ curve of mass 
loss, as shown in Figure 2(a); (ii) ‘Multiple’ porosities (Φmax) were observed along the 
thickness of the fully expanded coating-residue, as shown in Figure 2(d). These findings 
indicate that the local thickness expansion of each of the zones was determined by not 
only the TGA-MS datum but also its geometric position along the coating-thickness (in 
z-direction). In this regard, provided that the layered zones were uniformly heated and 
simultaneously reached a critical temperature, the lower layer would expand more than 
the upper one, due to a stronger level of restriction, in terms of water-vapour’s internal 
migration towards outwards, as illustrated in Figure 8(a) (‘expanding state’). As a result 
of this discussion based on the observations, it was determined that the degree of 
expansion, represented by αT (or ρv_gas), is individual for each zone, in order to include 
the effect of geometric position in predicting the ‘global’ expansion of coating-thickness. 
This approach leads the derived equations to matrix algebra, as follows: 
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The matrix {αT} was determined through the comparison between numerical 
predictions and experimental measurements in this work. In relation to its determination, 
it was identified from several sensitivity studies that αT affects both the histories of 
substrate temperature (Ts(t)) and coating-thickness expansion (ℓz(t)). An applicable 
matrix to the inorganic intumescent coating was therefore determined when concurrently 
creating two lines of best-fit, as shown in Figure 9(a), in terms of: 

• The rate of the substrate temperature increase in the initial transient state (1st stage); 
• The level of the substrate temperature in the short plateau state (2nd stage); 
• The rate of the coating’s thickness expansion over time (dℓz(t)/dt). 



 

 

In the course of this process, to effectively define the group of unknown values, matrix 
{αT} (or {ρv_gas}), ρv_gas was assumed as being a linear function of the observed values of 
Φmax, as shown in Figure 9(b).  

Figure 10 shows the derived result of the matrix{αT}, which was assigned to FEA 
models to simulate the volume expansion of the intumescent coating at elevated 
temperatures. It is noted that the degree of expansion of the inorganic intumescent coating 
(matrix {αT}) was determined under the conditions of the coatings’ dry film thickness of 
3 mm (DFT) and the thermal load of 50 kW/m2 (𝑞̇𝑞𝑖𝑖𝑖𝑖𝑖𝑖′′ ). Based on the proposed sequence 
and the determined degrees of the multi-layers’ expansions over temperature, the zones 
would systematically expand depending on their individual temperatures during cone 
testing, as illustrated in Figure 8(b) (‘expanding state’), due to the temperature 
distribution along the expanding coating-thickness. 
 

Effective thermal conductivity 

Simultaneous to the ‘external’ volume expansion of the coating at elevated temperatures, 
its ‘internal’ body becomes porous. Its ability to transfer heat, which is represented by 
effective thermal conductivity (keff), therefore varies in the course of intumescence which 
relies on temperature. In other words, once relationships amongst porosity (Φ), keff, and 
element temperature (Te) are defined, this dynamic phenomenon can be numerically 
modelled. 

The relation between Te and Φ was derived from the proposed sequence of mass and 
volume changes. The relationship between Φ and keff was thoroughly examined in the 
companion work [36]. Regarding this study, the property keff, applicable to the present 
case, was determined based on the principle specialised for the mechanism of heat transfer 
in porous media. Use of this theory required considerations of heat transmissions through 
solid and void phases via conduction, convection, and radiation, as illustrated in Figure 
11(a). This combined heat transfer mechanism depends on several factors, such as 
porosity, size and shape of pores, external thermal load, volume ratio of cell-strut to -wall, 
principal heat flow direction, and orientation and connectivity of local paths of conduction; 
the terms are described in Figure 11(b). Adequate methodology and assumptions 
therefore need to be established for engineering applications. In the companion study:  

(i) a topological analysis was performed on the structural characteristics of the fully 
expanded coating-residue. Regarding the necessity of this sub-analysis, the 
internal morphology of the inorganic intumescent coating is constructed in the 
course of the rapid outward migration of the water vapours, released from 
endothermic decomposition reactions. Its structure is composed of both open and 
closed pores with irregular size. From a practical point of view, a process of 
definition of a representative elemental cell (REC) was therefore required for 
modelling its sporadic morphology. SEM images of the porous medium sampled 
from EF tests, as shown in Figure 2(d), were used in the topological analysis, 
which produced probability distributions of pore-size and -volume. As a result, 
the REC, applicable to the present case, was defined as a 200μm-sized pore filled 
with semi-transparent media;  



 

 

(ii) a prototype single-enclosure model was initially developed using the FEA tool 
with user subroutines for calibration of the numerical modelling. A mechanism 
of radiation transfer through the unit-REC filled with translucent media was 
formulated based on the extended net-radiation method [37], and applied to the 
FEA simulations. The prototype model was then extended to multi-cellular 
models, to assess the thermal insulation performance of the porous medium (i.e., 
keff). Two outermost cases of pore-arrangement in inline and staggered 
configurations were considered, in order to define the upper and lower bounds 
of keff at a designated porosity, as illustrated in Figure 12. The simulations 
produced the histories of the top- and bottom-surface temperatures of the porous 
structures (Ttop(t) and Tbtm(t));  

(iii) from the data of FEA simulations, keff was derived based on the principle of the 
steady-state guarded hot-plate method, as follows: 

''
net_in

eff c_solid c_void r_void
top_steady btm_steady

zq
k k k k

T T
= = + +

−

 
 (9) 

where 𝑞̇𝑞net_in′′  and ℓz refer to the external thermal load imposed on the exposed 
top surface of the coating and the thickness of the fully expanded coating, while 
Ttop_steady and Tbtm_steady denote Ttop(t) and Tbtm(t) at a steady-state, respectively. In 
addition, the property keff was defined as being composed of effective solid 
conductivity (kc_solid), effective void conductivity (kc_void), and effective 
‘radiative’ conductivity (kr_void) in the companion work, in order to quantify their 
individual contributions to the overall mechanism of heat transfer.  

From the multi-cellular FEA simulations, the Φ-keff relationship was determined. 
Figure 13 shows the numerical predictions (dotted lines with symbols, titled ‘inline’ and 
‘staggered’), superimposed on the data obtained from existing generic models. As a result, 
Te-keff profiles in upper and lower bounds were derived in association with the defined Te-
Φ and Φ-keff relations, as demonstrated in Figures 14(a) and (b). These profiles are 
assigned to the multi-layer FEA modelling being mainly discussed in this paper. 
 

Numerical modelling 

The sequence proposed for a single element (kth layer) was applied to each of the multi-
layered elements by employing ABAQUS/Standard. To calibrate this FEA approach, a 
one-dimensional (1-D) multi-layer model was initially designed in z-direction, as 
illustrated in Figure 15(a). It includes the findings from the five sub-topics discussed: 
Thermal boundaries; Nonlinear distribution of temperature along coating-thickness; 
Intumescence coupled with heat absorption and mass loss; Inconsistent degrees of 
expansion along coating-thickness; and Effective thermal conductivity. A four-noded 
plane stress element (i.e., CPS4T), developed to carry out coupled temperature-
displacement analysis [38], was used. Nonlinear thermo-physical properties of the coating, 
obtained from the bench-scale tests (Figures 2(b), 2(c), 10, and 14), were assigned to the 
model, while the properties of the other materials used are listed in Table 1. It is noted 
that the more detailed temperature distribution along the expanding coating-thickness the 



 

 

more sophisticated prediction of the coating’s intumescence. In order for a detailed 
temperature gradient to be predicted, the number of the isothermal elemental layers was 
determined as 150 units, which resulted in each of the virgin elements having 
infinitesimal thicknesses of 13.3 μm, 20.0 μm, and 26.7 μm at DFT=2 mm, 3 mm, and 4 
mm, respectively.   

In order for a more sophisticated behaviour to be predicted, the 1-D model was 
extended to two dimensions; the selection of the 2-D model, rather than 3-D one, was 
previously explained in the section of thermal boundaries. This extended model was 
designed as a half-width plane which exposes its horizontal top and vertical side edges to 
the heat source and surroundings, as shown in Figure 15(b). The unit-element’s 
thicknesses, established in the 1-D simulation, were still used while its width was 
determined as 1 mm. Since the coating’s major behaviours, such as heat transfer and 
volume expansion, occur in z-direction, the x-directional dimension ‘width’ has minor 
effects on the numerical results and 1 mm-width element is therefore sufficiently small 
for achieving numerical accuracy. In terms of computational efficiency, the 2-D model 
has 8,400 elements with 25,251 nodes and consumes the average CPU time of 19,784 
seconds for a single simulating process. Hence, it can be deduced that this approach to 
the number and size of elements meets the requirement of numerical efficiency, as well 
as accuracy; the accuracy will be demonstrated in the section of verification. 

From the simulations using the 2-D multi-layer FEA model, two sets of profiles were 
mainly predicted: Histories of (i) substrate temperature and (ii) coating-thickness 
expansion (Ts(t) and ℓz(t)). These results were obtained using the method of transient fully 
coupled thermal-stress analysis, provided by the FEA software. This method requires 
consideration of changes in time, as well as in temperature and space. The Euler 
differential equation of the boundary value problem on a solution-domain (Ωe) is solved 
adopting the calculus of variations based on the principle of minimum potential energy 
(Π) [39]. It is then reformulated using trial solutions (shape functions) in the form of 
algebraic matrix, as follows: 

[ ] [ ]{ } [ ]{ } { }1 0
2 netC K Qδθ θ θ Π = + − =  

  (10) 

where [ ] [ ] [ ] [ ] [ ] [ ][ ] { } [ ], ,
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 [C] = thermal capacitance matrix 
 {θ} = nodal temperature matrix 
 [K] = conduction (stiffness) matrix 
 {Qnet} = matrix of the rate of net heat transferred on Γe. 
 [N] = shape (interpolation) function matrix 
 [B] = displacement differentiation matrix 
 [D] = material property matrix 
 Ωe = elemental solution domain 
 Γe = boundary of solution domain 
 ρ = density 
 c = specific heat 

For time-stepping solution in transient FEA, the backward Euler method (modified 
Crank-Nicholson method, ξ=1) is used based on the Finite Difference (FD) technique [39-



 

 

40]. The rate of temperature increment with respect to time can be equated using linear 
interpolation, as follows: 

{ } ( ){ } ( ){ } { }1
1,i i

i

t dt t
dt dt

θ θ θ θ
θ θ θ+

+

+ − −
= = =  (11) 

where ξ and i refer to a weighting factor that is in the range of 0 to 1, and the iteration of 
the time-stepping process, respectively. Once this concept of iteration is applied to 
equation (10), it becomes: 

 ( )1 1i i net
C CK K Q
dt dt

ξ θ ξ θ+
   + = − − +      

 (12a) 

1ξ =  1 1i i netC K Qθ θ+ ++ =  (12b) 

This FD algorithm-based formula is applied for the calculation of increases in element 
temperature (Te) at each instant of time, from an initial condition at t=0 (or i=0). This 
process is coupled with the FE method-based predictions of temperature distributions 
through the multi-layer and volume expansions.  

 

Results and discussion 
Verification 

The 2-D FEA multi-layer modelling, based on the proposed sequence of intumescence, 
was verified by the experimental data, gained from the cone calorimeter test. Figures 16-
19 demonstrate the histories of (i) temperature of the underlying steel substrate (Ts(t)) and 
(ii) thickness of the intumescent coating (ℓz(t)), obtained from the FEA predictions and 
physical measurements under the different conditions of DFT=2, 3, and 4 mm and 
𝑞̇𝑞𝑖𝑖𝑖𝑖𝑖𝑖′′ =35, 50, and 65 kW/m2; Figures 16(a)-19(a) show the overall data of Ts(t) and ℓz(t), 
while Figures 16(b)-19(b) demonstrate close-up views of their initial stages. The cross 
symbol indicates the test results, whilst the continuous solid and chain thin lines refer to 
the numerical results gained when respectively adopting the upper and lower limits of keff, 
as shown in Figure 14.  

Overall, it can be observed that the FEA model produced the Ts(t) predictions in 
agreement with experimental data, from the 1st stage (as defined in Figures 2(e) and (f)), 
through the 2nd and 3rd stages, to the 4th stage. With respect to ℓz(t), the numerical 
predictions also agreed with the measurements from transient to steady states with 
consistent accuracy. It is noted that although the degree of expansion (i.e., matrix {αT}) 
was determined under the ‘single’ condition of DFT=3 mm and 𝑞̇𝑞𝑖𝑖𝑖𝑖𝑖𝑖′′ =50 kW/m2, it led to 
accurate predictions even under other different conditions of DFT and 𝑞̇𝑞𝑖𝑖𝑖𝑖𝑖𝑖′′ . This indicates 
that the determined matrix {αT} can be considered to be one of thermo-physical properties 
of the inorganic intumescent coating. 
 
 

Mechanism of heat transfer impediment 



 

 

Figure 20(a) shows the temperature-time profiles of the steel substrate (Ts(t)) and the 
coating’s elemental layers, affiliated to the individual zones, at DFT=3 mm and 𝑞̇𝑞𝑖𝑖𝑖𝑖𝑖𝑖′′ = 50 
kW/m2. It demonstrates the impediment to the progress of transient heat transfer, from 
the top layer directly exposed to the heater and surroundings (in Zone 1) through the 
coating-body to the underlying steel plate, in association with its thermo-kinetic 
characteristics and the formation of porous structure in its internal volume. The hatched 
grey region denotes the approximate range of temperature (about 50℃~120℃) in which 
both the initial endothermic water vaporisation with dehydration, as shown in Figure 2(b), 
and the reduction of effective thermal conductivity, keff, as illustrated in Figure 14, mainly 
occur. The grid grey and blank (white) areas refer to the approximate temperature ranges 
where the continual water vaporisation with dehydration (about 120℃~230℃) and 
endothermic reactions with dehydroxylation (about 230℃~) gently take place, 
respectively. It is noted that these regions are not discrete but partially overlapped. 

Specifically, it was found that there existed a rapid increase in the temperature of the 
coating’s top layer (in Zone 1) in the initial period of time (~ 1 minute). During this stage, 
the layer had absorbed heat which was consumed for the endothermic reactions (Figure 
2(b)). These led to (i) the release and migration of water molecules (Figure 2(a)), (ii) the 
generation of microscopic pores (Figure 2(d)), (iii) the reduction of keff (Figure 14), and 
(iv) the increase in the element’s thickness (Figure 2(f)). These sequential responses 
resulted in the enhancement of thermal insulation performance of the top layer, and thus 
allowed only a small portion of the absorbed heat to transfer down to the lower layer at 
each time-increment. The heat which failed to be transferred downward induced the rapid 
increase in the top layer’s temperature. Concurrently, the contemporary responses of the 
lower layer (affiliated to Zone 2) individually progressed, in accordance with the 
proposed sequence of intumescence. However, the increase in its temperature was 
impeded, as compared to that of the upper layer, due to the small amount of heat supplied 
from the upper layer. Hence, the temperature gaps between the upper and lower layers 
(e.g., ΔT1-2, ΔT2-3, ···) had considerably widened over time. 

In addition to this aspect, it can be identified that the rate of the temperature rise of 
each of the layers had gradually reduced in the green and blue regions. This phenomenon 
is ascribable to the two facts: (i) Part of the heats, absorbed by the individual layers at 
each time-increment, was continually consumed for endothermic water vaporisations 
with dehydration and dehydroxylation; (ii) The quantity of heat loss from the top layer to 
the surroundings, via radiant emission, increased quickly with the fast growth of this 
layer’s temperature. The radiant emission is the dominant mechanism of heat loss at 
elevated temperatures, and an increase in its quantity reduces in turn the amount of the 
net heat absorbed by the coating at each time-increment. Therefore, the rapid increase in 
radiant emission, represented by the coating’s emissivity, also contributed to the heat 
transfer impediment. Consequently, the aspects discussed had detained fast temperature 
rises of the multi-layers, which had protected the underlying substrate from the external 
thermal load in order.      
 

Interaction between heat transfer and thermal expansion 



 

 

Figure 20(b) shows the logarithmic thermal strain histories of the elemental layers at 
𝑞̇𝑞𝑖𝑖𝑖𝑖𝑖𝑖′′ =50 kW/m2 and DFT=3 mm. The profiles indicate the individual development of 
intumescence of each of the isothermal layers, depending on their temperature and degree 
of expansion. The cross symbol refers to the experimental measurements, whilst the black 
dotted line denotes the prediction of ‘global’ thermal strain of the coating.  

This figure demonstrates an ongoing interaction between thermal (heat transfer) and 
physical (volume expansion) behaviours, in association with Figure 20(a). At t=5 minutes 
in Figure 20(b), the elemental layers in from Zone 1 to 5 were fully expanded, indicating 
that these elements had already undergone both the reduction of keff and the increase in 
length of conductive heat transfer path (i.e., ℓz in equation (5)). In the case of the layers 
in Zones 6, 7, and 8, the changes in keff and ℓz were still in progress. At this instant of time 
in Figure 20(a), the layers in Zones 6, 7, and 8 still remained in the hatched grey area, 
indicating that the elements undergo the ongoing variations in keff and ℓz. It can be 
therefore concluded that the thermal volume-expansion of the coating was instrumental 
in promoting the impediment of heat transfer to the substrate, and this fire-retardant 
system functioned based on the combination of the thermal and physical behaviours. 
 

Conclusions 
This work aimed to investigate the interacting thermo-physical behaviour of an inorganic-
type intumescent system. Its behaviour was systematically analysed, from microscopic 
thermo-kinetic characteristics to macroscopic physics of heat transfer and thermal 
expansion. A series of sequential steps to determine the mass and volume changes of a 
unit element were designed. Subsequently, this temperature-dependent sequence was 
numerically simulated by a 2-D multi-layer model. It was developed based on the coupled 
temperature-displacement finite element analysis procedure, in association with bench-
scale tests utilising TGA, DSC, electric furnace, and cone calorimetry.  

This modelling involved the following critical issues: (i) Variations in irradiance on 
the moving boundaries of the coating-sample; (ii) Heat losses from its exposed surfaces, 
via radiant emission and free convection; (iii) Temperature-dependent nonlinear heat 
capacity, including sensible and latent heats for water vaporisation with dehydration and 
dehydroxylation; (iv) Systematic temperature-dependent changes in mass, volume, and 
porosity; (v) Effective thermal conductivity, representing the heat transfer through its 
porous structure, via solid conduction, void conduction, and cavity radiation; and (vi) 
Distributions of temperature and degree of expansion, along the coating-thickness. The 
numerical predictions were verified by the experimental data. It showed consistent 
agreements under several conditions of external thermal load and specimen-thickness, 
which could not have been achieved unless the key issues were included in modelling. 

It can be identified that this fire retardant coating provided effective insulation to the 
underlying substrate, due to the following main reasons: (i) The absorption of sensible 
and latent heats, consumed for water vaporisation with dehydration and dehydroxylation; 
(ii) The reduction of effective thermal conductivity; (iii) The increase in length of the path 
of conductive heat penetration; and (iv) The active heat loss via radiant emission on the 
coating’s exposed surfaces. It can be therefore concluded that water-content, porosity, 



 

 

degree of expansion, and emissivity are closely related to the enhancement or 
optimisation of thermal insulation performance of this refractory system.   
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FIGURE 
 

 
(a) (b) 

Figure 1. Inorganic-based intumescent coating, tested with cone calorimetry: In (a) 
virgin state and (b) fully-expanded state. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 

  
(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 2. Experimental results: (a) temperature-dependent mass loss (TGA-MS), 
(b) temperature-dependent specific heat (DSC), (c) porosity distribution along 
thickness of fully expanded coating (EF), (d) schematic of porosity distribution (EF), 
(e) overall histories of substrate temperature and coating thickness at 𝑞̇𝑞𝑖𝑖𝑖𝑖𝑖𝑖′′ =50 
kW/m2 and dry-film thickness=3 mm, and (f) their initial histories (CC). 

 



 

 

 
Figure 3. Irradiances on moving boundaries of intumescent specimen tested with 
cone calorimetry. 

 

 
(a) (b) 

 
(c) 

Figure 4. Consideration on two- and three-dimensional modelling schemes: (a) 2-D 
plane, (b) 2-D wedge, (c) 3-D quarter wedge (I) and 3-D quarter models (II). 

 
 



 

 

 

Figure 5. Scheme of FEA multilayer modelling. 

 

 
(a) 

 
(b) 

Figure 6. Sequential changes of mass and volume of the kth layer: (a) in a single 
increment of temperature and (b) in multi-increments of temperature. 

 
 



 

 

 
Figure 7. Two dimensional volume change of the kth layer over temperature. 

 

 
(a) 

 
(b) 

Figure 8. Schematics of intumescence of multilayer model: (a) virtual behaviour for 
description purposes and (b) true behaviour in cone calorimeter testing. 

 



 

 

  
(a) (b) 

Figure 9.  Determination of degree of expansion: (a) comparison between 
predictions and measurements and (b) linear relationship between ρv_gas and Φmax. 

 

 
Figure 10. Temperature-dependent profile of {αT}. 

 

  
(a) (b) 

Figure 11. Conceptual diagrams: (a) heat transfer through internal porous structures 
of fully expanded intumescent systems, and (b) definitions of components of a unit 
pore’s geometric structure. 

 



 

 

 
 (a)  (b) 

Figure 12. FEA multicellular models: (a) inline and (b) staggered formations [36]. 

 

 
Figure 13. Φ-keff relations, obtained from multicellular simulations, with existing 
generic models [36]. 

 

  
(a) (b) 

Figure 14.  Te-keff relationships: (a) upper and (b) lower bounds. 

 



 

 

 
(a) 

 
(b) 

Figure 15. Geometries of FEA multi-layer models: (a) 1-D, and (b) 2-D. 

 

  
(a) (b) 

Figure 16. Substrate temperature development over time at 𝑞̇𝑞𝑖𝑖𝑖𝑖𝑖𝑖′′ =50 kW/m2: (a) 
overall and (b) initial stage. 

 



 

 

  
(a) (b) 

Figure 17. Coating expansion over time at 𝑞̇𝑞𝑖𝑖𝑖𝑖𝑖𝑖′′ =50 kW/m2: (a) overall and (b) 
initial stage. 

 
 
 

  
(a) (b) 

Figure 18. Substrate temperature development over time at DFT=3 mm: (a) 
overall and (b) initial stage. 

 



 

 

  
(a) (b) 

Figure 19. Coating expansion over time at DFT=3 mm: (a) overall and (b) initial 
stage. 

 
 
 
 
 
 

  
(a) (b) 

Figure 20. Numerical results obtained at DFT=3 mm and 𝑞̇𝑞𝑖𝑖𝑖𝑖𝑖𝑖′′ =50 kW/m2: histories 
of (a) temperature and (b) logarithmic thermal strain of elemental layers. 

 
 
 



 

 

TABLE 
 

Table 1. Thermo-physical properties of materials and convective coefficients in 
cone testing. 

Properties 
 

Materials 

Conductivity  
k (W/(mK)) 

Density 
 ρd (kg/m3) 

Specific 
heat c 

(J/(kgK)) 

Emissivity 
ε 

Convective 
coefficient, 
h (W/(m2K)) 

Intumescent 
coating Figure 14 Figure 2(c) Figure 2(b) 0.77 6 

14.6 4 / 
13.7 5 

Steel plate1 53.30 7870 440 - 
Air2 0.03 1.16 1007 - 

Insulation 
board3 0.21 900 1000 0.90 

1 Mild steel element (AISI C1020) 
2 Standard air properties 
3 High-performance insulation board (Promatech-T produced by Promat) 
4 Coefficient for turbulent free convection adjacent to a horizontal upward-facing surface [36] 
5 Coefficient for laminar free convection adjacent to a vertical surface [36] 
6 Hemispherical total emissivity [36] 

 
 


