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Abstract

Residential fires are responsible for over 5000 deaths a year in Europe. One way to
increase fire safety in homes is to use fire doors. Wood is more sustainable compared to other

materials used in construction.

The present research focused on developing and analysing the reaction to fire of cork
panels for a future application as the core of a fire door made of a multilayer wooden sandwich

panel.

In total, ten different cork agglomerates were produced. The thickness (12 or 19 mm),
the resin (MDI or TDI) and the amount of expandable, flame-retardant graphite used (0%, 5%,
10% or 20%) were varied. The samples were tested in the calorimetric cone following the EN
ISO 13927 standard. Triplicate mass loss tests were performed at constant heat fluxes of 50 and
75 kW/mz,

First, the influence of the thickness of the agglomerate on its fire performance was
studied. The thicker panels (19 mm) showed lower HRR peak values than the thinner panels
for both resins evaluated. The results allowed us to analyse that, although they present a similar
behaviour, the samples made with TDI released more heat in total than the MDI samples for
the same thickness and amount of graphite. It was also possible to notice that the thinner
samples presented the second peak of the HRR before the thicker ones. Therefore, it was chosen
to carry out the analysis of the influence of expandable graphite on 19 mm thick cork

agglomerates.

Expandable graphite (EG) showed good results. Its addition reduced HRR and THR
values of the specimens. The mass loss of the samples with EG was more gradual than the

samples without the additive. MDI resin was shown to react better with the flame retardant.

Keywords: Cork Agglomerate, MDI, TDI, Cone Calorimeter, Expandable Graphite,
HRR.
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Resumo

Incéndios residenciais sdo responsaveis por mais de 5000 mortes por ano na Europa.
Uma maneira de aumentar a seguranca contra incéndio em residéncias € usar portas corta-fogo.

A madeira é mais sustentavel em compara¢ao com outros materiais utilizados na construcéo.

A presente investigacdo centrou-se no desenvolvimento e analise da reacdo ao fogo de
painéis de cortica para uma futura aplicacdo como nucleo de uma porta corta-fogo constituida

por um painel sanduiche de madeira.

No total, foram produzidos dez aglomerados de cortica diferentes. A espessura (12 ou
19 mm), a resina (MDI ou TDI) e a quantidade de grafite expansivel retardador de chama
utilizada (0%, 5%, 10% ou 20%) foram variados. As amostras foram testadas no cone
calorimétrico seguindo a norma EN ISO 13927. Testes de tripla perda de massa foram

realizados em fluxos de calor constantes de 50 e 75 kW/mz2.

Em primeiro lugar, estudou-se a influéncia da espessura do aglomerado no seu
comportamento ao fogo. Os painéis mais espessos (19 mm) apresentaram valores de pico de
HRR menores do que os painéis mais finos para ambas as resinas avaliadas. Os resultados
permitiram analisar que, apesar de apresentarem um comportamento semelhante, as amostras
feitas com TDI liberaram mais calor no total do que as amostras de MDI para a mesma espessura
e quantidade de grafite. Também foi possivel notar que as amostras mais finas apresentaram o
segundo pico da HRR antes das mais grossas. Assim, optou-se por realizar a analise da

influéncia do grafite expansivel em aglomerados de cortica com 19 mm de espessura.

O grafite expansivel (EG) apresentou bons resultados. Sua adigéo reduziu os valores de
HRR e THR dos espécimes. A perda de massa das amostras com EG foi mais gradativa do que

as amostras sem o aditivo. A resina MDI mostrou reagir melhor com o retardador de chama.

Palavras Chave: Aglomerado de Cortica, MDI, TDI, Cone Calorimétrico, Grafite

Expansivel, HRR.
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Chapter 1: Introduction

1.1 CONTEXT AND MOTIVATION

Residential fires are responsible for thousands of deaths annually. Therefore, studying
fire protection means is extremely important. According to the European Fire Safety Alliance
(EuroFSA), it is estimated that more than 5000 people die per year from residential fires in

Europe and the number of injured people is about 10 times higher, [1].

The environment is a widely discussed issue nowadays. The scarcity of resources and
environmental pollution are two major problems that concern sustainable human development.
Selecting natural resources for the production of industrial goods and reducing waste play a key
role in the global environmental challenge. Industries are increasingly engaged in reducing the

consumption of non-renewable resources and unfavourable environmental effects.

In 2018, the European Union (EU) established a goal to help reduce CO2 emissions. The
plan is to achieve an 80% global reduction in domestic carbon dioxide emissions by 2050. The
European Commission's strategy is built around five objectives: ensuring food security,
managing natural resources sustainably, reducing dependence on non-renewable resources,
mitigating and adapting to climate change, and creating jobs and maintaining EU

competitiveness, [2].

With this, the development of new fire protection means made of sustainable materials
is of utmost importance. Wood is a much more sustainable and renewable material if compared
to other materials used in civil construction. Steel and concrete productions are responsible for
a large share of global emissions, [3]. In addition, according to the General Directorate of
Economic Activities of Portugal, the wood and cork industries have great weight in the country.
In 2017, it presented a turnover of 1,632.59 M€, [4].

The potential of timber is due to its production. The forest-based industry represents a
circular bioeconomy. The "leftovers" - such as wood chips, sawdust, and bark - can be used in

industry for the production of paper, wood-based panels, and energy generation. The final
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product can also be reused after the main use and become raw material for a new product or

energy source, [5].

However, the problem of wood if compared to steel and concrete is its flammability.
Therefore, its fire resistance becomes something to be concerned about in its use. Cork is known
for being a good thermal insulator, so it becomes interesting to study its application in civil
construction to improve fire safety. The problem is that for the manufacture of cork panels it is
necessary to use resins, and they are often combustible. In this way, the application of flame

retardant components is well regarded.
1.2 PROPOSED OBJECTIVES

Within this context, it is necessary to observe and know the negative and positive points
of each wood-based panel to find solutions for multilayer panels that can be used as thermal
insulators for fire safety in civil constructions to have a more ecologically correct structure than

those currently used, but without losing thermal performance.

Thus, the main objective of this thesis is the evaluation of the fire performance of
agglomerated cork panels to be applied as a core of a multilayer panel for future use in a wooden

fire door.

For this, the secondary objectives of the work are the manufacture of agglomerated cork

panels and the analysis of the influence of the type of resin and the flame retardant used.
1.3 THESIS CONTENT AND ORGANIZATION
This work is divided into 6 chapters:

* The first chapter is the introduction, where there is a brief contextualization of the
theme.

* So the second chapter is the state of the art. In this chapter, there is a deeper explanation
of the subject, with several bibliographical references showing its importance.

* The third chapter has the materials and methods. In this chapter, the entire methodology
used during the thesis work is described in detail.

* The fourth chapter is that of results and discussions. There, all the results are presented,

analysed and compared.
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* And finally, the fifth chapter is the conclusion, where the author shows the outcome and

what conclusions she reached with the results of this work.
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Chapter 2: State of Art

2.1 FIRE DEVELOPMENT

Since this work is an analysis of the thermal performance of multilayer systems for fire

doors, it is necessary to know the fire development from its start to its end.

Fire behaviour can be described by using a temperature-time curve, [6], as shown in
Figure 1. This curve is characterized by two well-defined branches: ascending and descending,
[7]. It provides the temperature of the gases as a function of the fire time. From that curve, it is
possible to calculate the maximum temperature reached by the structure and its capacity to resist

high temperatures, [8].

[ stagoa |

Fully-developed

R soo: |
Stage 4

StageZ Decay
|
() Developing fire
=2 well-ventilated |
g flaming
o
§
el stage1 |
Non-flaming
smoldering
~Zr L 4 @ >
Ignition Flashover Decay Time

Figure 1: Temperature-time curve of a real fire, [9].

The evolution of the temperature of gases in a fire has three stages delimited by two
points — flashover and maximum temperature — and starts from the ignition. The regions of a

real fire curve are explained below, [7], [10]:
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* Ignition: the instant of the beginning of the fire, of the flame. The temperature increases
gradually. It is minimally influenced by the characteristics of the compartment. It does
not endanger human life or the building structure.

* Pre-flashover: the heating stage started shortly after ignition. It is characterized by an
acceleration in temperature rise. At this stage, the fire is still localized and its duration
depends on the characteristics of the compartment. This stage begins and ends with the
possibility of the instant known as flashover.

* Flashover: it's the instant after which the entire compartment is engulfed in flames. The
crash is no longer controllable using active protection. The flashover is called the
moment of generalized inflammation.

* Post-flashover: stage characterized by a sudden change in temperature growth. At this
point, all the combustible material in the compartment ignites. The temperature of the
hot gases exceeds 300 °C and grows rapidly until reaching the maximum temperature
of the fire.

* Decay/Cooling: the stage that represents the gradual reduction of the temperature of the
gases in the environment, after the complete extinction of the combustible material
present in the compartment. There are no new fire loads to feed the flames. Then, heat

loss begins, that is, the gradual cooling of the fire.

Before the flashover, the fire can be fought with so-called active fire protection,
measures that need to be triggered, either manually or automatically, to work in a fire situation.
They are smoke and heat detectors, sprinklers, smoke control and exhaust, hydrants, and fire
extinguishers. If they are sufficient, the fire can be controlled and suppressed, without any
burden on structural safety, [8]. However, passive protection is no longer sufficient to fight the
fire once a flashover occurs. At this point, the fire is controlled by the fire load, until it is
completely burned out and passive fire protection (PFP) is required, [7].

PFPs are measures that are incorporated into the construction of the building and do not
require any type of activation for its operation. Examples: escape routes, openings in the
building (such as windows and doors), proper sizing of structural elements for the fire situation
and building compartmentation, [11]. This type of measure guarantees greater structural
strength and ease of access to the accident site, and prevents its spread to adjacent rooms or

buildings, to ensure rescue and firefighting actions.
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2.2 URBAN FIRE

Urban fires are a real problem in today's society. According to EuroFSA, [12], the
vulnerable community is growing. The three main groups that are included in this vulnerable
community are elderly people (65+), disordered people, and children. This group suffers for
not being able to be so agile when evacuating the building. Research done on 9 European
countries by EuroFSA shows that more than half of the fatal victims of residential fires are
people aged 65 and over.

Therefore, we need to provide fire safety in these groups of citizens’ residential
environment, so they won’t be at a higher risk of being involved and/or suffering the
consequences of a fire. If we can increase the fire resistance of building elements, we increase
the time to get out of the building safely, and consequently, people will have more time to

escape.

To improve de fire safety in a place, it is needed to evaluate the factors that we can or
cannot change. For example, a person’s age and related illness, disabilities, and socioeconomic
status are factors that can’t be influenced. But we can influence factors such as the fire resistance
of the building and the fire prevention resources. Thermal performance is exceptional and must

be considered in structural design.
The fire scenario is influenced by the following factors, [7]:

— compartment geometry — a room restricted by walls, floors, setbacks, and others,
which limit the spread of the fire to the surroundings;

— fire load — combustible material present in the compartment;

— ventilation — characterized by openings in the compartment, such as doors and
windows;

— thermal properties of the materials that make up the compartmentalization

elements.

Due to that, one solution to improve house fire safety is delaying the flammability of
the building and the fire spread. It can be done by increasing compartmentalization and using
materials with better properties.
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The thermal response of materials influences the severity of the accident and, the
subdivision elements have the function of confining the accident to the place of origin,
preventing its propagation to adjacent compartments and neighbouring buildings.

Consequently, they have a huge influence on building safety, [13].

Installing fire doors is a way to provide more fire safety, once it prevents the fire from

spreading to other rooms.
2.3 FIRE DOORS

Fire doors limit the spread of flame and hot gases during a certain period if correctly
used, [14]. This device is a passive fire protection measure. As explained in the previous topic,
it is a system that is included in the structure of the building and responds as and when the fire
reaches the building's compartments and creates safe evacuation zones.

Fire doors provide compartmentation, which will contain the fire to a local area only
and prevent the immediate spread of fire to neighbouring rooms or buildings, [15]. Thus, as a
consequence, fire doors reduce the chances of fire growing and injuring people, both the people
who were already present in the building before the fire started and the rescue team and
firefighters. In other words, fire doors are key elements in fire safety once they slow or even
stop fire propagation.

PFPs must be tested to determine the fire-resistance rating of the final assembly. It is
usually expressed in terms of hours of fire resistance, [15]. In Europe, the standard that classifies
construction products and building elements is EN 13501-2, [16] according to the results

obtained in the tests performed following Eurocode 1, [17].
2.4 WOOD AS A SUSTAINABLE CONSTRUCTION MATERIAL

The versatility of wood is notorious. It is the source of a wide range of products. Its use
in several fields is the result of a wide spectrum of desirable properties among the many species
of wood. These properties range from appearances - such as texture, grain pattern, and colour -
to machinability and physical properties such as dimensional stability, density, moisture
content, thermal conductivity, and deterioration resistance. Often, more than one property is

required for the application of a product.
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Some of these physical properties vary by species. Others tend to be species-
independent. The wood varieties generally used for the production of glued and sawn laminated
wood elements, plywood and boards are the following species: Pinus Elliott, Pinus Caribaea,

Eucalyptus citriodora, Eucalyptus Grandis and Tectona Grandi, [18].
In general, all woods have the following characteristics in common, [19]:

The constituent elements of the trunk are symmetrical in the radial direction and
predominantly vertical, as illustrated by Figure 2;

The main chemical composition of its cells is cellulose, non-cellulosic carbohydrates
and lignin;

They are anisotropic, which means that their physical properties differ according to
dimensional variations;

They are hygroscopic, i.e., the moisture content varies with atmospheric humidity and
temperature;

They are susceptible to be attacked by xylophages, such as termites;

They are flammable, especially when dry.

earlywood Heartwood

latewood

growth ring

bark Outer
bark

Figure 2: Cross section of a tree trunk, [20].
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Santos et al, [21] did an integrative review on the use of wood in civil construction and
measured that 18% of all the scientific texts about this theme they researched were related to

sustainability.

The processing and manufacturing of steel and concrete are largely responsible for the
global emission of polluting gases into the atmosphere, [22]. Therefore, avoiding using these

materials can be a solution to reduce emissions.

Wood is acknowledged as the most useful sustainable material once it is renewable,
carbon-neutral, has less carbon dioxide produced, has low energy consumption, is durable, non-
toxic, and is naturally abundant, [23], [24]. This resource is largely used nowadays as fuel and
as raw material in civil construction and transport. As a result of it, wood is an important input

to the world economy, [25].

The use of wood in civil construction dates back to the dawn of civilization, [26] due to
its large availability in nature, [21]. An advantage is that in addition to being a good raw material

for civil construction and being a renewable resource, it has a good aesthetic, [27].

Wood presents good structural behaviour in fire situations, however, as it is a

combustible material, it is frowned upon.
2.5 DEFECTS OF WOOD

One of the flaws of wood for construction is that wood and its products can lose their
physicochemical properties chemical over time. It happens due to weather conditions,
temperature, humidity, ultraviolet radiation, rain, snow, or even insects, bacteria, and/or fungi

infestation.

Another factor that can compromise the integrity of wood properties is the fact that it is
the result of the growth of a living being. Thus, there may be heterogeneities according to the
environment in which the tree for its production is cultivated. In addition, during the wood

drying process, defects such as cracks and warping may occur, [24].

But the biggest problem with wood in civil construction when talking about fire safety

is that wood is a combustible material.
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Although, when exposed to high temperatures, it does not melt or warp like steel
elements or spall like concrete. Wood combustion is slow and superficial. While the external
layer buns, the central core of the section can remain intact, strong, and stable, [28]. This

characteristic allows timber to be able to maintain the mechanical properties of the element.

2.6 CORK AS A SUSTAINABLE AND LIGHTWEIGHT CONSTRUCTION
MATERIAL

Cork is a renewable, recyclable and high-performance eco-friendly material. It is the
outer layer of the bark of the cork oak (Quercus Suber L.) and is sustainably extracted from its
trunk at periodic intervals (generally every 9 years), without compromising the health of the
plant, [29]. Therefore, it is considered a sustainable material with a good ecological footprint,
[30]. In Figure 3 it is possible to visualize the cork oak being peeled to obtain the cork.

Figure 3: Cork oak being peeled off, [31].

Regarding its mechanical properties, cork presents the typical behaviour of cellular
materials: non-linear to compression. The stress-strain curve is characterized by a short linear

elastic region (up to about 5% of normal strains), followed by a large plateau region (up to

10
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~50%), corresponding to the progressive buckling of the cell walls, until their collapse in high

strains (~70%) with consequent densification of the material, [30].

This material has a closed-cell alveolar microstructure, and suberin and lignin as the two
main components of its chemical composition. These factors make cork a lightweight material
(density varies between 120 and 240 kg/m3), [32], [33], wear-resistant, hypoallergenic, durable,
[32], resilient, [29], [32], impermeable to gases and liquids with remarkable thermal and
acoustic insulation properties fire retardant, [29], [32], [33], with low thermal conductivity,

[29], and good damping capabilities, [33].

Cork products can be divided into two groups: natural cork and composite cork
products. The first is made with cork in natura, in the way it is extracted, as the name implies.
Typically, it is geared towards the production of wine corks. However, this production generates
a lot of material waste. Then, the cork left over from the production of stoppers is crushed and

becomes raw material for new composite cork products, [32].

Agglomerated cork composite panels are an example of a composite cork product. They
are a result of a process of agglutination of cork granules. It requires the action of pressure,
temperature, and a binder material, [34]. These agglomerates can be employed alone or in
multilayer products, [35]. They can be used as a core in sandwich structures to provide thermal,
electrical, and acoustical insulation without significantly contributing to the weight of the
structure. Cork has several applications in civil construction, aerospace, footwear, and
decoration, [34].

2.6.1 CORK AGGLOMERATES

Cork agglomerates are made by putting a mixture of cork granules with polymeric resin
under pressure at a certain temperature for a certain period, [33]. The required pressure,
temperature and time to produce the board depends on several factors based on the properties
of the resin and/or other additive used, the mould size, the agglomerate density, and the presence

of water in the mixture.

To produce agglomerated cork, it is first necessary to crush the cork into small grains of
a certain size and then mix them with a binder (usually a thermosetting resin). After this phase,

the mixture must be placed in a mould where the resin will cure and the mixture will harden,

11
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forming the agglomerate plate. The resin curing process can be carried out through different
techniques such as resin transfer moulding, vacuum bagging, compression moulding and spray

lay-up, [30].

The most used technique is compression moulding, as it has a high reproducibility rate,
[36]. This process is characterised by a mould, usually metallic, with a cavity where the mixture
of cork granules and resin is distributed uniformly, and a lid that is used to press the sample.
Once the cork and resin mixture is already placed in the mould, this set is compressed in a

hydraulic or pneumatic press under a certain pressure and temperature until the resin is cured.

This manufacturing process allows the production of chipboard of different sizes. The
agglomerated cork block can take any shape depending on the application in question, later
through machining processes, [30].

According to Delucia et al, [30], the properties of cork-based composites depend on
parameters such as the quality, quantity and granulometry of the cork in the mixture, the

quantity and type of resin, and the parameters of the moulding process.
2.7 WOOD-BASED PANELS

A solid wood sheet is often financially unfeasible. As a result, research have being done
to seek alternatives, [37]-[40]. One of the options was the development of wood-based panels.
This way, it is possible to use the waste from the wood industry, a fact that is in constant
evidence today, [41]. The choice of wood species for the production of particleboard must be

based on some important parameters such as density, pH, and extractives, [40].
The engineered wood-based panels that stand out are:

Plywood;
Oriented Strand Board (OSB);
Medium Density Particleboard (MDP).

They serve as alternatives to the use of lumber in civil construction.

12
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2.7.1 SANDWICH PANELS

A multilayer panel can be classified according to the particle distribution system. It can
be homogeneous, have 3 or 5 layers, or be gradual, [39]. Sandwich structures have 3 layers, see
Figure 4. They are gaining huge importance in civil construction, once it combines the high
strength and stiffness of the material used in face sheets with the lightness of the core, ensuring
a high stiffness-to-weight ratio and good structural performances. Then, they are gaining huge
importance in civil construction. The selection of the right core material is a key point in the
production of sandwiches to optimize the mechanical performances and weight of the structure,
[42].

Face sheet // o / o —
“\\
5 3 / \\K
Lightweight [—_
core material L

e

Figure 4: Main Components of Sandwich Structures, [43].

2.7.1.1 Core of a multilayer panel

Synthetic cellular materials are usually used as cores for sandwich structures due to their
high-energy absorption ability, [44]. And the polymers that are commonly used: polyurethane
(PU), phenolic, polystyrene, and polyvinylchloride (PVC) — traditional used to obtain core
foams — and polypropylene (PP), Nomex, and aluminium — usually employed to produce
honeycomb structures, [42].

However, despite the good performance, these material presents environmental
problems and then it turns necessary to investigate new sustainable alternatives. A core material
made from a biological base, such as cork, allows for a reduction in the carbon footprint of its
production, the emission of greenhouse gases and the consumption of energy and chemicals.
Another fact that makes it more sustainable is that it allows total or partial biodegradation of

the sandwich structure at the end of its life cycle, [42].
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A natural cellular material that can be used as a core in sandwich panels is cork. In
addition to its thermal and acoustic insulation qualities, the use of agglomerated cork makes it
possible to use the residue from the production of wine stoppers, so it reduces the waste.

In 2001, researchers from the Norwegian Institute of Wood Technology, [45] analysed
the strength properties of glued laminated beams before and after fire exposure. The results
showed the influence on the behaviour of the beams during and after fire exposure of the
adhesives tested — Polyurethane (PU), Urea-Formaldehyde (UF), Polyvinyl Alcohol (PVA),
and Emulsified Polymer Isocyanate (EPI) —was small. They observed no difference in charring
rate during the fire and in shear strength after a fire. But, it is important to mention that the
sample was not loaded during the test, and a large proportion of the glue was not exposed to

elevated temperatures.

However, Klippel et al., [46] did a comparison between the study made by Kallander &
Lind in 2001 and a study made Konig et al. in 2008 in Canada about glued laminated timber
beams with finger joints in the outer lamella on the fire-exposed tension side were tested by,
and they realized that on the contrary of the first one, the research made on Canada has
presented that in fire situation beams with Polyurethane Reactive (PUR) and Melamine Urea-
Formaldehyde (MUF) adhesives in the finger joints exhibited bending resistances of only 70 to
80 % of the bending resistance of the beams with Phenol-Resorcinol-Formaldehyde (PRF)
bonded finger joints, whereas that in normal ambient situations there was no such difference.

Two resins that are commonly applied to cork are diisocyanate-based pre-polymers
adhesives. One is based on methylene diphenyl diisocyanate (MDI) and the other is toluene

diisocyanate (TDI). They were denoted as hard and flexible, respectively, [47].
2.8 FLAME-RETARDANTS

Exploring a flame retardant method is interesting since although cork has a good

reaction to fire, resins are generally a combustible material.

There are two types of flame retardant methods which are usual in the industry. The first
one is the surface treatment of the material using a coating, but this can significantly increase
the final density and production costs of the agglomerates. The other is to add flame retardants

to the panel mix. This is usually a simple and cheap process, [48].
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A flame retardant widely used in Europe is TCPP (tris (chloropropyl) phosphate). It is
usually used to increase PUFs (Polyurethane Foams) fire performance [49]. However, it is a
halogenated flame retardant, and in the field of flame retardant research, halogen-free
technologies have been sought after, especially intumescent flame retardant (IFR). This is due
to the fact that materials containing halogen flame retardants release ambiguous, corrosive,

toxic, and carcinogens smoke during combustion, [48]-[50].
2.8.1 EXPANDABLE GRAPHITE

Expandable graphite (EG) is an IFRs. It is an intercalation compound of flaked graphite.
Studies have shown that it exhibits excellent flame retardant characteristics, [50]-[55]. When
exposed to a heat source, the EG expands and generates a voluminous insulating layer on the
polymer surface, providing flame retardant properties. Its expansion process starts around

240°C and its volume can increase by more than 20 times, depending on the granulometry, [57].

In recent years, EG has been successfully used as a flame retardant for a wide range of
polymers with satisfactory results. Experimental results showed that the addition of EG in PUF
significantly reduces the values of the heat release rate and the total heat released during tests
on the cone calorimeter, [48], [52]. Zheng et al., [53], also showed that expandable graphite
improves polypropylene (PP) fire performance. In contrast, [54], studied its effect on an epoxy
resin. There was an increase in the ignition time, but the EG showed an increase in the peak
value of the heat released rate. The total heat released and the effective heat of combustion did

not change.
2.9 EXPERIMENTAL DESIGNS

Experimental design is extremely important in academic research so that the
experimenter can draw conclusions from their results. These methods are based on statistical
principles, and by using them, researchers can extract the maximum of useful information from

the system under study, performing a minimum number of experiments, [56], [57].

There are several techniques available to improve or optimize systems, processes and
products. When it is necessary to evaluate more than one variable at the same time, with
statistical reliability of the results, the factorial design has been widely used, [58]-[63], in the

most diverse experiments.
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2.10 EVALUATION OF FIRE RESISTANCE

One of the main causes of the failure of structural elements of wood and its derivatives
occurs is the reduction of the resistant cross-section during fire exposure, [64]. This reduction

can be calculated from the carbonization rate, [65].

Experimental results show that there is a linear (approximately) relationship between

charring time and the depth from the original surface to the isotherm of 300°C, [65].

The tests that need to be done on the panel to be used as a building element are specified
by Eurocode 1, [17]. According to the results, the panel must be classified based on EN 13501-
2, [66].

Heat release rate (HRR) is the rate of energy released by the material per unit of surface
area. It is a parameter of great importance, as it indicates the potential fire risk and
combustibility of a given material. Thus, the lower the HRR, the lower the fire risk offered by
the material. The HRR of a material can be determined by tests performed on a Cone
Calorimeter, [67].

2.10.1 CONE CALORIMETER

The Cone Calorimeter is currently the most advanced method for evaluating the
reactions of materials to fire, [67]. Its name is due to the conical shape of the radiant heater that

produces an almost uniform heat flux along the surface of the sample.

The equipment is used to carry out small-scale tests of reaction to fire of materials
standardized by EN 1SO 13927, [68]. This standard specifies a method for evaluating the HRR
of a sample exposed to controlled levels of irradiance ranging between 0 and 100 kw/mz2. For
this, according to the standard, the products to be tested must be essentially flat in horizontal
orientation. The surface of the specimen must have an area size of at most 100 x 100 mm2 and
a thickness between 6 and 50 mm. Typical irradiance levels used are 25, 35, 50 and 75 kW/mz2,
[69]-[74].

The HRR is evaluated by measuring the output of a thermocouple located in a chimney
above the burning sample subjected to a known heat flux from a conical heater. The output (in

mV) is converted into an actual rate of heat per unit area (in KW/m2). Ignition time (sustained
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flame) is also measured in this test. The mass loss of the sample can also be optionally measured

by continuously recording the load cell output.

The equipment software also displays the Mean HRR (MHRR), the peak HRR
(HRRmax), the Total Heat Released (THR), the Total Mass Loss (TML), the Mass Loss Rate
(MLR), Effective Heat of Combustion (EHC), Ignition Time (Tign) and Flameout.
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Chapter 3: Materials and Methods

This chapter discusses the materials and methods used in this work to analyse the
thermal performance of the multilayer systems for fire doors. All this work was developed in
the Laboratory of Structures and Strength of Materials (LERM), located at the School of
Technology and Management (ESTIG) of the Polytechnic Institute of Braganca (IPB),

Foremost, before evaluating the performance of a system, it is necessary to define and

create this system.
3.1 FACTORIAL DESIGN

Once the objectives were defined, an experimental strategic planning methodology is
important to optimize the process. Factorial design was the method chosen. It is largely used in
studies that involve many variables, [57], which is the case of this work, since there is variation
in thickness, resin and amount of flame retardant in the panel. Planning is important because it
makes it possible to carry out the minimum number of experiments required in an organized
manner. In this way, it optimizes time and reduces the consumption of resources, [75]. It is a
useful analytical strategy and its main application is the screening of the most relevant variables
of a given analytical system, [57].

To carry out a factorial design, it is first necessary to specify the levels at which each
factor will be studied. These factors can be quantitative values or qualitative versions to be

evaluated in the experiment, [56].

It is necessary to vary a factor and observe the consequence of this variation to study its
effect on the final result. This implies that it is necessary to carry out tests on at least two levels
for each facto. The design in which all variables are studied at only two levels is called 2¥
factorial design. In this method, there are k factors, that is, k variables controlled by the

experimenter. It is necessary to carry out 2 x 2 x ... x 2 = 2% different tests, [56], hence the name.

In this work, it will be evaluated how the thermal performance of the system will depend
on three factors: type of resin, and thickness of the cork agglomerate of the core. With that,
k=2. That is, the complete factorial design will need to perform 22 = 4 trials for each type of

analysis.
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To evaluate the influence of the thickness and the pure resin, the levels are:

* cork agglomerate thickness: thinner and thicker;
* resin: MDI and TDL.

The listing of these combinations, which is called the planning matrix, is presented in
Table 1. It lists the attempts in the standard order: the columns start with the lowest level (-)
and then the signs alternate. One by one in the first column, - + - +..., then two by two, - - +
+...., [57].

Table 1: Planning Matrix for pure agglomerates.

Lowest Level (-) Highest Level (+)

Factors: A — Resin MDI TDI
B — Cork Agglomerate Thickness Thinner Thicker
Composition Resin Thickness
1 MDI Thinner
2 TDI Thinner
3 MDI Thicker
4 TDI Thicker

In this way, factorial design allows the combination of all possible factor levels. Thus,
the effect of each factor could be evaluated according to the change in the response when passed
from the - level to the + level of that factor.

The same was done to define the use of expandable graphite after having already
evaluated which thickness have better fire performance and was chosen for the panels. Table 2

declares the planning matrix for the samples with EG.
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Table 2: Planning Matrix for samples with EG.

Lowest Level (-) Highest Level (+)
Factors: A — Resin MDI TDI
B—> % of EG 5% 10%
Composition Resin EG Weight Fraction
5 MDI 5%
6 TDI 5%
7 MDI 10%
8 TDI 10%
9 MDI 20%
10 TDI 20%

3.2 SAMPLES NOMENCLATURE

Then, with the composition defined, it was created a pattern to the samples
nomenclature. The first section represents the type of resin used (MDI or TDI). Then, the second
one identifies the thickness of the core. The third one is the percentage of expandable graphite.
And the last section is the number of sample of that specific composition. For example:
MDI-6mm-10%EG-S3 is the third sample of MDI agglomerate with thickness of 6 mm and
10% of expandable graphite.

When referring only to a composition and not to a specific sample, the last part is

removed. For example: MDI-6mm-10%EG.
3.3 AGGLOMERATED CORK PANELS

Cork grains were supplied by Granorte® in two different particle sizes: 0.2 - 0,5 mm
and 3 - 4 mm, from now on denoted small and large grains respectively. The proportion of cork
particle sizes used was: 6% of small grains and 94% of large grains. The small grains were

placed only to envelop the larger ones and improve the adhesion between the them.

20



Analysis of thermal performance of multilayer systems for fire doors

And binders, two different diisocyanate based pre-polymers, were provided by Flexpur
(Ovar, Portugal). One of them was a methylene diphenyl diisocyanate (MDI) binder and the
other one was toluene diisocyanate (TDI). The second one have been previously reported to be
more flexible than MDI-based ones, [76]. Usually, the resin weight fraction is around 10% in
cork-based agglomerates. It corresponds to a volume fraction of about 2%, [30]. And so it was

done. Each resin was used separately.
3.3.1 MATLAB CODING TO DEFINE PRESS PARAMETERS

One of the issues perceived during the manufacture of the agglomerates was how to
define the amount of mixture and the necessary pressure to obtain a panel with any desired
thickness and density. So, it was decided to create a code in MATLAB software in which the
inputs were density and thickness, and the output was pressure to be applied and the necessary

amounts of each component of the mixture.

For this, a study was made of the relationship between of these four parameters. Panels
were made with different pressures and quantity of mixture. These values, with the final panel
thickness and it average density, were placed in a spreadsheet of Origin software. Then, graphs
were plotted and, with the use of “fitting” tool of the software, the equation that relates the

parameters was found.

In this way, it was possible to create a code that calculated the pressure and quantity of
the components needed for each desired agglomerated cork panel.

3.3.2 COMPONENT WEIGHING

In order to manufacture the panels, each component had to be weighed first. For that,
the scale was reset to zero with the container in which the material was going to be placed, then
the materials were weighed, as shown in Figure 5. The amount was in accordance with the
desired percentages of each component in an agglomerate cork board, defined above, and with
the dimensions of the mould. Water was added in a small quantity to reduce the resin’s viscosity

and facilitate the process of adhesion to the cork grains.
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Figure 5: Weighing the materials for the manufacture of agglomerated cork. (a): cork
weighting; (b): MDI resin weighting; (c) water weighting.

3.3.3 MIXTURE PREPARATION

Then, once all the materials were already weighed, the mixture was made. For this, as
shown in Figure 6, they were all placed in the same container and then, with the aid of a mixer
coupled to a manual drill, the components were mixed. From time to time, the equipment was
paused and, wearing gloves, a mix was made manually to bring the cork granules from the

bottom of the container to the surface and ensure that everything was mixed evenly.

Figure 6: Mixture preparation for the manufacture of agglomerated cork.
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3.3.4 MIXTURE MOULDING BEFORE PRESSING
Following, the cork and resin mixture is placed in the mould.
3.3.4.1 Smaller Mould

At first, it was used a metallic mould with base dimensions 165 x 165 mm and 90 mm
high. This size required the use of a small amount of mix material. In this way, the waste of raw
material was reduced until it reached the ideal mixture and parameters values for the cork

agglomerates.

The mould was previously lined with tracing paper, so that the sample does not stick to

the mould, as shown in Figure 7.

Figure 7: Mould filling for making an agglomerated cork.

Then, wearing gloves, a manual levelling was done so that the compound was evenly
distributed in the mould, illustrated in Figure 8, and thus guarantee a homogeneous sample.
This whole process had to be done quickly (under 30 minutes), because once any of the resins

were mixed with water, it reacted and started its curing process.
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Figure 8: Manual levelling the compound.

Finally, the material was covered with a sheet of tracing paper and then the mould was

closed, Figure 9.

Figure 9: Closed mould.
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However, this mould was too small and with that the production of the samples would
take too long. In addition, a larger mould would allow larger samples and, as a consequence,
larger scales tests.

This mould allowed only one sample, that would have to be cut, for testing in the

calorimetric cone, which is a small scale test.
3.3.4.2 Larger Mould

Then, once the quantities of the mixture components and all the parameters would be
used during the pressing were defined, it was possible to use a larger mould. This mould, Figure
10, was built in wood due to the availability of this resource at LERM, the laboratory where

this work was carried out. It internal dimensions was a base of 550 x 550 mm and 80 mm high.

Figure 10: mould design for medium scale samples.

The whole process of putting the mixture in this mould was similar to the small one.
The difference is that the base and the inner sides of the this one were coated with aluminium
adhesive tape to waterproof the mould and thus prevent resin absorption by the wood.

This mould allowed 25 samples for tests in the calorimetric cone or one sample for tests

in the fire simulation oven on a medium scale per panel made of agglomerate.
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3.3.5 APPLICATION OF PRESSURE AND TEMPERATURE IN THE MOULD
FOR PANEL FORMATION

Quickly the assembly had to be placed in the hot press, previously configured and
heated, to compress the mixture and form the agglomerate, and cure the resin, Figure 11. To
perform this procedure, the press was lined with aluminium foil so that it would not run the risk

of being damaged by resin leakage, if any.

LP 3000

|
\ by -~ o s
> - Frra
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\
!

MonTech
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Figure 11: Pressing process.

To carry out this process, the MonTech LP 3000 Laboratory Press, was used at 2 MPa
for 90 min at 140 °C and 125 °C, at first, for the samples made with MDI and TDI, respectively.

These values were chosen after a literature search. The curing temperature of the MDI

resin is provided by the manufacturer. However, a literature search was necessary to find
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baseline values of pressure to be applied, [30], [40], [77]-[79], curing temperature of the TDI
resin, [47], [76], [80], [81], and polymerization time of both resins, [47], [80].

3.3.6 REMOVAL OF THE FINISHED AGGLOMERATE FROM THE MOULD
3.3.6.1 Smaller Mould

After completing the pressing time, the set was removed from the press. However, the
demoulding could not be done immediately, since the mould, being metallic and being

subjected to high temperature, dilated and made it very difficult to open.

A fan was used to accelerate the cooling through forced convection, Figure 12. With it,

it took about 2 hours for the mould to reach a temperature where it was possible to open it.

Figure 12: Cooling the mould.

To open the mould, it was turned upside down and lifted. The lid, being made of solid
aluminium, was much heavier than the base, so it was expected until the lid came down

completely. Then the cork agglomerate could be removed.
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3.3.6.2 Larger Mould

The cooling process of the medium-scale agglomerate was similar to the first. The
assembly was also removed from the press to cool. Unlike the metallic one, the lid was removed
from above. Then, a thin sheet of metal was passed between the sides of the panel and the mould
to ensure that the chipboard was all loose and the base of the mould was turned upside down so

that the panel came out.
3.3.7 SMALL SAMPLES PREPARATION

Once the panels were made, they were cut with a circular saw so they fit the dimensions
of the standard EN ISO 13927, [68], to perform the cone calorimeter test. The specimens shall
be square with sides measuring 100 mm + 2 mm. For this, squares with such dimension were

drawn on the panel, Figure 13. The edges were discarded for standardization of the samples.

Figure 13: Agglomerated cork panel ready for sample cutting.
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3.4 CONE CALORIMETER TEST

In this work, the Cone Calorimeter equipment existing in the Laboratory of Structures
and Resistance of Materials (LERM), located at ESTiG from IPB, was used. The equipment is
shown in Figure 14 and it essentially consists of a smoke extraction system (1), a thermopile
(2) housed by a chimney (3), a cone-shaped radiant heater (4), a specimen holder (5), and a load
cell (6).

Figure 14: Cone Calorimeter.

To carry out the tests of this work, the equipment was adjusted to constant heat fluxes.

The face of the sample had to be exposed at a distance of 25 mm from the cone.
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3.4.1 SAMPLE WEIGHTING AND SELECTION

For mass loss testing, all samples were weighed and then a selection was performed so
that all specimens tested in a certain flow had approximately the same mass. This helps to

standardize the tests and gives more credibility to the results.
3.4.3 SAMPLE WRAPPING

The required specimens wrapping. EN ISO 13927, [68], says that the unexposed
surfaces of the samples must be wrapped in a singles layer of aluminium foil, Figure 15. This
was done to leave only the face where the flux would be applied exposed. With this, the heat
release by the faces of the specimen that were not exposed to the flux would be as little as
possible. In addition, this wrapping prevented any particle that is released by the sample from
falling off the balance. Thus, ensuring that the test did not present a loss of fictitious mass, thus

making the test even more accurate.

Figure 15: Sample wrapped in aluminium foil before testing.

3.4.4 SAMPLE HOLDER PREPARATION

Before performing the test, it was necessary to place the substrate in the sample holder.
Ceramic fiber was used. For this, it was necessary to follow some steps, [66]:

30



Analysis of thermal performance of multilayer systems for fire doors

1. place the retainer frame on a flat surface facing downwards;

2. insert the specimen wrapped in aluminium foil into the frame with the exposed surface
facing downwards;

3. place layers of ceramic fiber mat (nominal thickness 13 mm) on top of the specimen
until two layers extend above the edge of the frame;

4. fit the sample holder in the frame on top of the ceramic fiber and press down;

5. tighten the screw until the assembly was closed.
3.4.5 EQUIPMENT CALIBRATION

Each day that a test must be performed, it is necessary to verify that the equipment is in

compliance. Otherwise, a new calibration is required.

The daily check started with the load cell. With the cone still at room temperature, its
zero must be set and then a standard weight must be calibrated in the cone's calorimetric

software.

Then it was possible to check the heat flux. The cone should be adjusted to heat up to
the temperature corresponding to the desired flux. This temperature was the one set in a
previous calibration. When the cone reached this temperature, the flux meter was placed at a
distance of 25 mm from the base of the cone. A ruler was used to measure this distance, see

Figure 16.
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Figure 16: Flux meter positioning with a 25 mm ruler.

The HRR was checked with a methane flow rate corresponding to 3 kW as requires the
standard [68]. If this reached a difference greater than 5%, the position of the thermopile had to

be checked. When it was not a problem, the equipment needed to be recalibrated.
All these proceedings had to be done every time the operating heat flux was changed to.
3.4.6 TEST PROCEDURE

Then, once everything was set, the test was started following EN ISO 13927, [68],
proceedings. By first, the power of the cone heater and the extractor fan were turned on. Then,
it was needed to calibrate the equipment as previously explained in section 3.4.5 of this work.

To start the test, it was necessary, with the shield closed, first to place the sample holder
with the right amount of ceramic fiber in the load cell and tare the set. Then this sample holder
was removed and another empty one was put in its place. The shield was then opened and it
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was needed to wait until the temperature stabilize again. While waiting, the sample could be
placed in the holder with the ceramic fiber. Once the temperature of the cone was stable, it was
necessary to collect the baseline with the sample holder empty for 60 seconds. Figure 17 shows
the sample holder empty and positioned for the baseline collection. The empty sample holder

placed on the top of the load cell was removed and then the test could get started.

Figure 17 (a and b): sample holder empty and positioned for the baseline collection,
respectively.

Then, the sample was covered with gypsum board to protect its surface so that it suffers
as little heat influence as possible before the actual start of the test, see Figure 18. Then, the
specimen was positioned. The "Start Test" icon was selected in the software at the same time
the gypsum board was taken out and the output data started to be collected. The spark plug was
moved into place and its power was turned on. So it was lighting up continuously. As soon as
the ignition occurred, | needed to press the "I" key on the keyboard so that the ignition time
(Tign) was computed.
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Figure 18: Sample covered with gypsum board to protect its surface before test.
Figure 19 shows the moment after ignition with the sample on fire. When the flame went
out, the "F" key on the keyboard had to be pressed in order for the flameout time to be recorded.

The test was ended when the mass value indicated by the load cell was stable.

Figure 19: Specimen on fire during a test.
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3.4.7 ADOPTED HEAT FLUX

In the analysis of reaction to fire, it is common to carry out tests for constant flow of 35,
50 and 75 kW. These flows simulate the stages of a fire. A flux of 35 kwW/m?2 simulates the
beginning of fire propagation, a flux of 50 kW/m2 simulates the beginning of flashover and a

flux of 75 kW/m2 simulates a fully developed fire, [67].

The present work evaluates the thermal performance of a multilayer panel in which only
its core varies. In this way, the beginning of fire propagation should not change, since it occurs
in the external layer of the panel. Therefore, it only depends on the properties of the MDF,
already tested before, [82]. With this in mind, it was determined that the heat fluxes that would
be evaluated are 50 and 75 kW/m2.

The standard, [68], determines that at least 3 tests per type must be performed for a more

reliable analysis of the results.
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Chapter 4: Results and Discussions

In this chapter, the main results obtained during the work will be presented. Both the
production of cork agglomerates and the tests in the calorimetric cone for each of the
compositions. The graphs with the junction of the results for each heat flux tested will be
presented.

4.1 AGGLOMERATED CORK PANELS
4.1.1 SMALLER MOULD
4.1.1.1 Panels made from MDI

First, it was defined the parameters for the manufacture of agglomerates with MDI resin.
Once all the parameters were defined, these values were tested in the fabrication of panels with
TDI resin.

It was noted that the pressure of 2 MPa was too high for making the panels. The first
test, shown in Figure 20, had a noticeably unsatisfactory result. The panel was completely
deformed and it was assumed that this was due to the high pressure.

In addition, the amount of water to be added to the mixture was not stated in any of the
articles read for the theoretical framework of this work. Therefore, initially a value of 35% of
the total weight of cork and resin in water was chosen. It is worth remembering that the density

of water is much greater than that of cork, so in terms of volume, it is a small amount.

However, it was noticed that during pressing, resin overflowed. In Figure 21 it is
possible to see marks of resin that flowed on the base of the mould. Therefore, it was assumed
that there was a lot of water. This factor is bad, because if there was a resin leak, it means that
the agglomerate was left with less resin than expected, impairing the adhesion between the

particles.

For the purposes of analysing the influence of each factor, it is important to change only
one parameter at a time. Pressure was believed to have a greater influence on the unsatisfactory
outcome than the amount of water. So, it was decided to test lower pressures. A new attempt

was made at half the initial pressure. There was a visual improvement, but the panel was still
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not satisfactory. The agglomerate was extremely compacted and presented a ""swollen™ region,
as shown in Figure 22.

Figure 22: Extremely compacted agglomerate with a rupture inside.
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Then, tests were carried out with lower pressures and longer pressing times until the
best solution was found: applying the minimum pressing force (6 kN), which means a pressure
of around 220 kPa taking into account the area of this mould, during 2 hours and 15 minutes.

4.1.1.2 Panels made from TDI

Once all the parameters used for the agglomerates made with MDI resin were defined,

they (except the temperature) were used for the manufacture of the panels with TDI.

However, although the MDI panels were successful, the TDI panels showed swelling in
the middle even with longer pressing time. It was assumed that this factor was happening due
to the different properties of the resins. While the MDI is more rigid, the TDI is more flexible.
The pressure was probably too high for the TDI resin to maintain adhesion between the
particles.

As the pressure used was already the minimum force of the machine used for pressing,
it was then decided to test making TDI agglomerates in the larger mould, since a larger area

distributes more force and, as a consequence, implies a lower pressure.

It was noticed that the TDI panels were softer and smoother to the touch than the MDI

ones. Possibly also because this resin is more flexible.
4.1.2 LARGER MOULD

Once the parameters for manufacturing the panels on a small scale were defined, the
manufacturing of larger agglomerates began.

It was decided to make panels with a lower density than those previously made on a
smaller scale, for two reasons. First, it was seen that TDI, being more flexible than MDI, cannot
hold a panel of that density and with that it would not be possible to compare the two resins.
Second, considering the final product of the fire door, a very high density for the panel would

imply a heavier door, which is not so advantageous.

The input settings of the press used were plate temperature, force to be applied and
pressing time. Therefore, there was no way to set a desired thickness for the panel. Thus, it was

sought to find a relationship between the force applied by the press and the final thickness of
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the panel. For this, several different panels were produced with different amounts of cork-resin

mixture and different pressing forces.

The density chosen for the panels was around 160 kg/m3, a density considered medium
for agglomerated cork, [30]. The thicknesses chosen were 12 and 19 mm, because smaller
thickness would not add much thermal resistance to the door and a greater thickness would

imply a very wide door.

Once the panels were ready, they were marked so that they could be cut to a size of

100 x 100 mm, as required by the standard for testing in the calorimetric cone.

4.1.3 MATLAB CODE TO CALCULATE THE PARAMETERS NECESSARY FOR
THE MANUFACTURE OF EACH PANEL

A spreadsheet was set up with data from 12 panels and a linear relationship between the
applied pressure and the density of the panels was noted. Thus, with the help of the Origin
software, [83], it was possible to estimate the equation of this relationship. A linear relationship
between the parameters was noted. Therefore, a linear fitting was performed. The resulting
equation and its associated error are described in the graph of shown in Figure 23.
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Figure 23: Graph of the relationship between the applied pressure and the final density of the
panels.

39



Analysis of thermal performance of multilayer systems for fire doors

For the MATLAB equation to encompass any amount of agglomerate mix, it was also
necessary to plot the relationship between the compression ratio and the applied pressure,
Figure 24. The compression ratio was based only on the volume of cork with larger granules.

Compression Ratio
iy

’// Equation y=a+b*x
34 Plot Compression Ratio
Intercept 1,7658 + 0,41474
Slope 0,01962 + 0,00551
2 0 I ) T T T T T T 1
0 50 100 150 200 250

Pressure (kPa)

Figure 24: Graph of the relationship between the applied pressure and the compress ratio of
the cork.

Then, these equations were passed to a code in the MATLAB software so that only with
the inputs "final panel thickness", "density", and "mould base area" it was possible to know the

amount of cork, resin and water, and which force is needed to manufacture that desired panel.

The code is described in Attachment | — MATLAB code to calculate the necessary

parameters for the manufacture of each agglomerated cork panel.

With this code, it was possible to standardize the samples, including for continuations
of this research and future works. In addition, the problem of not knowing the required strength
and required amount of mix to manufacture a panel with the desired thickness and density has

been resolved.
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4.1.4 EXPANDABLE GRAPHITE

Adding the expandable graphite to the mix had difficulties in the beginning. By simply
placing the graphite together with the cork and then adding the resin, it was noticed that a good
part of the EG was at the bottom of the container and did not adhere very well to the mixture.
Then, an attempt was made to pre-mix the graphite with the resin to ensure that all the
combustible material (resin) was adhered to the flame retardant. However, the addition of this
component caused the resin to become very thick. Thus, it was not possible to achieve a

homogeneous mixture.

So, the best way found was to mix the panel normally, without the EG. And only after
all the cork granules were covered with resin, gradually add the retardant. This addition was
made by three-thirds. First add one third, mix, then another third and so on.

Figure 25, Figure 26 and Figure 27 show images taken with an optical camera at 200x

optical zoom of cork panels with 0, 5, and 10% expanded graphite, respectively.

Figure 25: Agglomerated cork with 0% EG magnified at 200x.
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Figure 27: Agglomerated cork with 10% EG magnified at 200x.
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4.2 CONE CALORIMETER TEST
4.2.1 DETERMINATION OF THE USE OF SPECIMENS

Once the parameters of each sample were defined, it was possible to list the use of each
sample. Table 3 includes the name of each sample, with the resin used in its manufacture, its
thickness, the amount of expandable graphite added and the heat flux to which the sample was

exposed during the test.

As previously defined in the experimental planning, in total there are two samples with
12 mm of thickness, one made with MDI and the other with TDI; and eight samples of 19 mm,
with four different concentrations of EG (0%, 5%, 10% and 20%) for each type of evaluated

resin.
Each sample was tested under two heat fluxes.

The table with the final composition of each panel is described in Attachment Il — Table

of panel mix component quantities.

Table 3: Composition and heat flux performed on each test piece.

_ Thickness % of Expandable Heat Flux
Sample Resin )
(mm) Graphite (kW/im?)
TDI-12mm-0%EG-S1
TDI-12mm-0%EG-S2 75
TDI-12mm-0%EG-S3
TDI 12 0
TDI-12mm-0%EG-S4
TDI-12mm-0%EG-S5 50
TDI-12mm-0%EG-S6
MDI-12mm-0%EG-S1
MDI-12mm-0%EG-S2 | MDI 12 0 75
MDI-12mm-0%EG-S3
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MDI-12mm-0%EG-S4

MDI-12mm-0%EG-S5 50

MDI-12mm-0%EG-S6

TDI-19mm-0%EG-S1

TDI-19mm-0%EG-S2 75

TDI-19mm-0%EG-S3
TDI 19 0

TDI-19mm-0%EG-S4

TDI-19mm-0%EG-S5 50

TDI-19mm-0%EG-S6

MDI-19mm-0%EG-S1

MDI-19mm-0%EG-S2 75

MDI-19mm-0%EG-S3
MDI 19 0

MDI-19mm-0%EG-S4

MDI-19mm-0%EG-S5 50

MDI-19mm-0%EG-S6

TDI-19mm-5%EG-S1

TDI-19mm-5%EG-S2 75

TDI-19mm-5%EG-S3

TDI 19 5
TDI-19mm-5%EG-S4

TDI-19mm-5%EG-S5 50

TDI-19mm-5%EG-S6

MDI-19mm-5%EG-S1

MDI-19mm-5%EG-S2 75
MDI 19 5
MDI-19mm-5%EG-S3

MDI-19mm-5%EG-S4 50
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MDI-19mm-5%EG-S5

MDI-19mm-5%EG-S6

TDI-19mm-10%EG-S1

TDI-19mm-10%EG-S2 75

TDI-19mm-10%EG-S3
TDI 19 10

TDI-19mm-10%EG-S4

TDI-19mm-10%EG-S5 50

TDI-19mm-10%EG-S6

MDI-19mm-10%EG-S1

MDI-19mm-10%EG-S2 75

MDI-19mm-10%EG-S3
MDI 19 10

MDI-19mm-10%EG-S4

MDI-19mm-10%EG-S5 50

MDI-19mm-10%EG-S6

TDI-19mm-20%EG-S1

TDI-19mm-20%EG-S2 75

TDI-19mm-20%EG-S3
TDI 19 20

TDI-19mm-20%EG-S4
TDI-19mm-20%EG-S5 50

TDI-19mm-20%EG-S6

MDI-19mm-20%EG-S1
MDI-19mm-20%EG-S2 75

MDI-19mm-20%EG-S3 | TDI 19 20

MDI-19mm-20%EG-S4
50
MDI-19mm-20%EG-S5
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MDI-19mm-20%EG-S6

4.2.2 RESULTS OF MASS LOSS

The values of mass loss of each sample were obtained through data acquisition from the

software used. As the standard required that the tests be carried out in triplicate, an average of

the values obtained for each composition was subsequently calculated. Then, to standardize the

data to be analysed, the m/m0O ratio was calculated between the sample's mass during the test

(m) and the initial value of the sample's mass (m0). These data were then processed and

organized into graphs.

4.2.2.1 Samples without flame retardant

Figure 28 and Figure 29 show the graphs of mass loss throughout the test of

agglomerates without flame retardant by heat flux tested.
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Figure 28: Graph of the mass loss of specimens without flame retardant tested for a heat flux

of 50 kW/m2.
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Figure 29: Graph of the mass loss of specimens without flame retardant tested for a heat flux
of 75 kW/mz,

The tests for the heat flux of 50 kW/m2 showed that the way in which the specimen loses
mass has more to do with its thickness than with the resin used. This is probably due to the fact

that the resin mass is only 10% of the total mass of the sample. Therefore, its burning has little
influence on mass loss.

For this heat flux value, there was a large difference between the composting of samples

with different thicknesses. The 12 mm specimens lost half their mass about 150 seconds earlier

than the 19 mm specimens. As for the samples tested at 75 kW/m?2, this time difference was a
little smaller (around 100 seconds).

The flux of 75 kW/m?2 resulted in a faster mass decay. While the 19 mm samples lost

50% of their mass after approximately 400 seconds of running test at 50 kw/m2, for 75 kW/m?
this time reduced to 330 seconds (TDI) and 280 seconds (MDI)

There was no residual mass in any of the cases. Figure 30 shows a specimen without
EG after the end of the test.
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Figure 30: A specimen without flame retardant after the end of the test.

4.2.2.2 Samples with Expandable Graphite

To evaluate the samples with expanded graphite adding, two graphs were plotted for
each heat flux. Each of them presents samples of one type of resin, including the sample without

EG for comparison purposes.

For the heat flux of 50 kW/m?, tests were also carried out for samples with 20% of
expandable graphite. However, these samples were not carried forward, because the EG, when
it expands due to the heat, becomes very light and ends up being carried away by the air current
that arises due to natural convection during the test. Thus, it is not possible to know what of the
mass was lost due to convection and what was lost due to burning. Figure 31 shows how the
test environment was after the tests performed with samples with 20% EG. Another problem
that happened during the rehearsal of this sample was that as there was a lot of EG, it expanded
too much and touched the cone, Figure 31Erro! Fonte de referéncia ndo encontrada.. In this
way, it ended up making a contrary force and caused changes in the value of the mass read by
the load cell during the test. This mainly happened with samples made with TDI. For these

reasons, it was decided not to continue with samples with this composition.
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Figure 31: Working environment after testing a TDI sample with 20% expandable graphite.
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Figure 32: TDI sample with 20% expandable graphite touching the cone during a test.

TDI samples with 10% EG showed the same problem as those with higher concentration
of the additive, but as the visual amount of expanded graphite flying during the test due to

convection was low, it was decided to proceed with the samples.

Figure 33 and Figure 34 shows 200x optical zoom photos of pure expandable graphite
before and after being exposed to heat, respectively. Note that it ceases to be in grains and takes
on a filament format.
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Figure 33: EG before being exposed to heat (200x zoom).

Figure 34: EG after being exposed to heat (200x zoom).
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Figure 35 and Figure 36 show the mass loss graphs of MDI and TDI samples,
respectively, with different EG concentrations for a flux of 50 kW/m?2. Figure 37 and Figure 38

show the graphs with the mass loss results of the same samples, but this time for tests carried
out at 75 kW/mz2,
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Figure 35: Mass loss graphs of MDI samples with different EG concentrations for a flux of
50 kW/mz,
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Figure 36: Mass loss graphs of TDI samples with different EG concentrations for a flux of

50 KW/m2,
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Figure 37: Mass loss graphs of MDI samples with different EG concentrations for a flux of
75 KW/mz2,

53



Analysis of thermal performance of multilayer systems for fire doors

[ = TDI-19mm-0%EG
|+ TDI-19mm-5%EG
{—&— TDI-19mm-10%EG|

0,4 -

T T e

0,0 4!

0 100 200 300 400 500 600 700 800 900 1000 1100 1200
Time (s)

Figure 38: Mass loss graphs of TDI samples with different EG concentrations for a flux of
75 kW/mz,

The addition of expandable graphite resulted in a slower mass loss, mainly in tests
carried out at 50 kW/mz2,

Figure 36 shows that TDI samples with 20% EG did not present a satisfactory result. Its
mass was lost very quickly during the test, when compared to the other samples. This is due to
the fact that as it released a lot of large soot with natural convection during the test. Thus, it is
not known how much mass was actually lost and the results, as a consequence, are not reliable.

For these reasons, it was decided to discard samples with 20% of additive.

With the results obtained, it was possible to evaluate that, except in the exceptional cases
described, there was a direct relationship between the amount of expandable graphite and the
loss of mass. Specimens with higher concentrations of EG showed lower mass loss during the

tests performed in both flows, regardless of the type of resin.

Figure 39 and Figure 40 show samples of MDI with 5 and 10%, respectively, of EG
after a test carried out at 50 kW/m2.
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Figure 40: MDI specimen with 10% of EG after a test carried out at 50kW/m2.
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423 RESULTS OF HEAT RELEASE RATE (HRR) AND TOTAL HEAT
RELEASED (THR)

The values of Heat Release Rate (HRR) and Total Heat Released (TRH) of each sample

were obtained through data acquisition from the software used. An average of the values

obtained for each composition was calculated. The software also displays the peak of the HRR.

These data were then processed and organized into graphs and tables so that the results of all

48 tests could be analysed.

4.2.3.1 Samples without flame-retardant

In Figure 41 and Figure 42, it is possible to observe the averages of the heat release rate

results of pure agglomerate samples with 12 and 19 mm thickness for the heat fluxes of

50 and 75 kW/m?2, respectively.

HRR (KW/m?)

Figure 41: Graph of the averages of Heat Release Rate (HRR) of samples without EG at a
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Figure 42: Graph of the averages of Heat Release Rate (HRR) of samples without EG at a
heat flux of 75 kW/mz.

To facilitate the comparison, Table 4 and Table 5 describe the peak values and the time

at which they occurred in the tests for the fluxes of 50 and 75 kW/m?, respectively.

Table 4: HRRpeaks of samples without EG tested at 50 kW/m2.
HRRpeakl Time HRRpeak?2 Time

Sample (kw/m?)  HRRpeakl (s) (kW/m?) HRRpeak2 (s)
TDI-19mm-0%EC 46.2 20 56.9 492
MDI-19mm-0%EC 40.2 21 53.9 452
TDI-12mm-0%EC 64.4 22 90.7 260
MDI-12mm-0%EC 48.9 25 72.0 241

Table 5: HRR peaks of samples without EG tested at 75 kW/mz.
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sample HRRpeakl Time HRRpeak?2 Time
(kW/m2) HRRpeakl (s) (kW/m2) HRRpeak2 (s)
TDI-19mm-0%EG 70.6 19 74.8 425
MDI-19mm-0%EG 60.3 16 63.3 355
TDI-12mm-0%EG 73.2 19 104.8 232
MDI-12mm-0%EG 60.4 18 80.5 201

Both heat fluxes showed similar results. All samples had two HRR peaks. The first peak
was at the very beginning of the trial for all four cases, when the ignition happened.

It was also possible to see that for the same thickness, the samples made with TDI had

higher HRR peaks than the MDI panels. Therefore, the MDI resin presents a lower risk of fire.

Thinner agglomerates had the second peak earlier than the thicker ones. Which means
that, in a fire situation, there would be less time before the material becomes engulfed in flames.
These samples also showed higher HRR for both fluxes tested. In other words, in addition to

the peak happening earlier, it is also more intense, which would be disadvantageous.

After the second peak, the 12 mm specimens had a marked decrease in the rate of heat
release. This is due to the fact that a large part of its mass had already been consumed and at

this point in the test there was little combustible material left.

In Figure 43 and Figure 44, it is possible to observe the averages of the results of the
total heat released from the samples without EG for the heat fluxes of 50 and 75 kW/m2,

respectively.
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Figure 43: Graph of the averages of Total Heat Release (THR) of samples without at a heat
flux of 50 kW/m2.
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Figure 44: Graph of the averages of Total Heat Release (THR) of samples without at a heat
flux of 75 kW/m2.
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Table 6 and Table 7 present the average of value of Total Heat Released (THR) recorded
for the pure agglomerates for each tested flux after 1200 seconds.

Table 6: THR after 1200 seconds of tests performed on pure samples at 50 kW/mz2,

Sample THR(1200) (MJ/m?)
TDI-19mm-0%EG 31.6
MDI-19mm-0%EG 29.5
TDI-12mm-0%EG 31.3
MDI-12mm-0%EG 26.9

Table 7: THR after 1200 seconds of tests performed on pure samples at 75 kW/mz2,

Sample THR(1200) (MJ/m?)
TDI-19mm-0%EG 39.0
MDI-19mm-0%EG 27.0
TDI-12mm-0%EG 37.2
MDI-12mm-0%EG 24.0

After analysing the graphs and tables, it was observed that even the TDI samples
showing higher HRR peaks, the 50 kW/m2 flux did not result in a large difference in THR,
while the 75 kW/m2 flux had a more significant difference between the MDI and TDI samples.

But still, both TDI samples released more heat in total than MDI, regardless of thickness.

Although the HRR peaks of samples made with MDI are smaller, their curves are less
sharp and remain high for longer. In this way, the difference between the peaks is compensated
and the total heat released does not undergo much change in relation to the resins, only in

relation to the thickness of the sample tested.
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This comparison was made for 1200 seconds of running test. The 19 mm samples took
longer to reach complete combustion and, as a consequence, if the total test time is analysed,
they released more heat.

4.2.3.2 Samples with Expandable Graphite

Figure 45 and Figure 46 show the averages of the heat release rate results of MDI and
TDI agglomerate samples, respectively, for the heat fluxes of 50, and Figure 47 and Figure 48
for 75 kW/m?2, respectively.
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Figure 45: Graph of the averages of Heat Release Rate (HRR) of MDI samples with different

concentrations of EG for a heat flux of 50 kW/mz.
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Figure 46: Graph of the averages of Heat Release Rate (HRR) of TDI samples with different

concentrations of EG for a heat flux of 50 k\W/m2.
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Figure 47: Graph of the averages of Heat Release Rate (HRR) of MDI samples with different
concentrations of EG for a heat flux of 75kW/mz2,
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Figure 48: Graph of the averages of Heat Release Rate (HRR) of TDI samples with different

concentrations of EG for a heat flux of 75 kW/mz2.

Table 8 and Table 9 describe the peak values and the time at which they occurred in the

tests for the fluxes of 50 and 75 kW/m2, respectively.

Table 8: HRRpeaks of samples with EG tested at 50 kW/m?2.

Sample

HRRpeak1l
(KW/m?)

Time HRRpeak2

HRRpeakl (s) (kW/m?)

Time

HRRpeak2 (s)

TDI-19mm-0%EC

MDI-19mm-0%EC

TDI-19mm-5%EC

MDI-19mm-5%EC

TDI-19mm-10%EC

MDI-19mm-10%EC

46.2
40.2
42.6
49.3
29.1

37.8

20

21

23

23

20

27

56.9

53.9

38.3

39.5

38.8

320

492

452

613

541

639

494

Table 9: HRR peaks of samples with EG tested at 75 kW/mz2,
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sample HRRpeakl Time HRRpeak?2 Time
(kW/m2) HRRpeakl (s) (kW/m2) HRRpeak2 (s)

TDI-19mm-0%EC 70.6 19 74.8 425
MDI-19mm-0%EC 60.3 16 63.3 355
TDI-19mm-5%EC 57.2 20 58.9 376
MDI-19mm-5%EC 36.6 27 60.8 422
TDI-19mm-10%EC 34.3 120 46.6 279
MDI-19mm-10%EC 44.7 25 43.9 437

It is noticeable that the addition of expandable graphite to the sample reduces the heat

release during the test. In other words, it reduces the risk of fire.

MDI samples showed to react better with EG than TDI samples. They had resulted
regular curves. The behaviour of the samples with the flame retardant is similar to that of the

pure sample, but to a lesser extent.

But for samples made with TDI, this patterning of the heat release behaviour during the
tests is not noticed. This is probably due to the reaction of the TDI with the EG releasing soot
in blocks during combustion. As during the test, the soot of these samples was released in
blocks, the release of heat was not uniform, as a result of which the loss of combustible material

was not uniform.

Figure 49 and Figure 50 show the averages of the heat release rate results of MDI and
TDI agglomerate samples, respectively, for the heat fluxes of 50, and Figure 51 and Figure 52

for 75 kKW/mz, respectively.
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Figure 49: Graph of the averages of Total Heat Release (THR) of MDI samples with different
concentrations of EG for a heat flux of 50 kW/mz2,
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Figure 50: Graph of the averages of Total Heat Release (THR) of TDI samples with different
concentrations of EG for a heat flux of 50 kW/mz2.
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Figure 51: Graph of the averages of Total Heat Release (THR) of MDI samples with different
concentrations of EG for a heat flux of 75kW/mg2,
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Figure 52: Graph of the averages of Total Heat Release (THR) of TDI samples with different
concentrations of EG for a heat flux of 75 kW/m?2,
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Table 10 and Table 11 present the average of value of Total Heat Released (THR)

recorded for the samples with different concentrations of EG for each tested flux after 1200

seconds.

Table 11: THR after 1200 seconds of tests performed on samples with different

Table 10: THR after 1200 seconds of tests performed on samples with different

concentrations of EG at 50 kW/mz.

Sample

THR(1200) (MJ/m?)

TDI-19mm-0%EC

MDI-19mm-0%EC

TDI-19mm-5%EC

MDI-19mm-5%EC

TDI-19mm-10%EC

MDI-19mm-10%EC

31.6

29.5

29.9

25.7

28.3

25.7

concentrations of EG at 75 kW/m2.

Sample

THR(1200) (MJ/m?)

TDI-19mm-0%EC

MDI-19mm-0%EC

TDI-19mm-5%EC

MDI-19mm-5%EC

TDI-19mm-10%EC

MDI-19mm-10%EC

39.0

27.0

40.8

30.9

30.2

30.1
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Tests performed at 50 kW/m? showed lower THR values for samples with EG. But
although the addition of EG resulted in lower HRR peaks, in the sum, THR did not improve in
tests performed at 75 kW/mz.

There were no large variations between THR values. All were between 25 and 32 MJ/m2
(with the exception of the TDI samples with 0 and 5% and EG tested at 75 kW/m?2).
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Chapter S: Conclusion

5.1 GENERAL CONCLUSIONS

This work proposed to manufacture and analyse the fire behaviour of cork panels for
use as the core of a wooden fire door through the test method recommended in the EN 1SO

13927 standard, using the Cone Calorimeter equipment.

It was possible to make the panels and develop an equation to know how much mixture
to put and how much force to apply in the press to produce a panel with the desired

characteristics. The entire step by step was described in the work.

The methodology of the mass loss test was described, along with the equipment used
and the results obtained for each of the tests performed. All tests obtained results of Heat
Release Rate (HRR), mean HRR (MHRR), peak HRR (HRRpeak), and Total Heat Released
(THR).

With this, it was possible to conclude during the realization of this thesis that regarding
thickness, thinner samples, although they have less combustible material, show higher risk of
fire than the thicker ones.

About the influence of the resin, MDI resin performs better on fire than the TDI resin.
They had lower HRR and THR results than those made with the other resin. Although it has

been noticed that the type of resin does not interfere much with the loss of mass.

However, an important factor to remember is that although the MDI specimens showed
much lower peak values of HRR when compared to samples with the same concentration of EG

made of TDI, the THR didn’t present such discrepant values.

Regarding the expandable graphite, it is concluded that it contributes significantly to the
improvement of the panels' reaction to fire. However, it seems to react in an undesired way to

TDI. There was a clear change in behaviour between the two resins.
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5.2 SUGGESTIONS FOR FUTURE WORKS

Furthermore, still with the intention of studying the thermal performance, it is
interesting to analyse the thermal properties such as conductivity and thermal diffusivity of the

panels.

Another interesting study would be the chemical reaction between TDI resin and

expandable graphite.

Then, still focusing on the development of a wood-based fire door, it is suggested that
in future works the cork agglomerate studied in this work be applied as a core in a multilayer

panel. It is recommended to use MDF as an outer layer.

It is good practice to test the cone calorimeter with the new composition. This time also
for the constant flow of 35 kW/mz2. In addition, the author of this work suggests that tests be
carried out on a medium scale according to EN 1363-1 [84] so the set can be classified according
to EN 13501[16].
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Attachments
Attachment I — MATLAB code to calculate the necessary parameters for the
manufacture of each agglomerated cork panel.
clear
close all;
clc;
% Input:
density_kgm3 =0;
lenght_ mm = 0;
mould_area_ m2 = 0;
% Output:
pressure_kPa = 0;
press_force kN = 0;
cork_quantity 3 4mm_g=0;
cork_quantity 02 _05mm_g =0;
% Pressure
%origin equation density x pressure
% -> density =111.82973 + 1.27624*pressure
% -> density =a + b*pressure
% -> pressure = (density - a)/b

a=111.82973;
b=1.27624;

pressure_kPa = (density_kgm3 - a)/b;
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% Press Force to be Applied
press_force kN = pressure_kPa*mould_area_m2;
% Compress Ratio
%origin equation compression ratio X pressure
% -> compression ratio = 1.7658 + 0.01962*pressure
% -> compression ratio = a2 + b2*pressure
a2 = 1.7658;
b2 = 0.01962;
compress_ratio = a2 +b2*pressure_kPa;
% Volumes
final_volume_m3 = mould_area_m2*lenght_mm*(107(-3));
initial_lenght_mm = lenght_mm*compress_ratio;
initial_volume_m3 = mould_area_m2*initial_lenght_ mm*(10°(-3));
% Cork Quantity
cork_3 4 mm_density_kgm3 = 55;
cork_02_05 mm_density _kgm3 = 90;
cork_quantity 3 4mm_g = initial_volume_m3*cork_3_4_mm_density_kgm3*(10"3);
cork_quantity 02_05mm_g = cork_quantity 3 4mm_g*(7.3508/123.3293);
% Resin Quantity
resin_quantity g = (cork_quantity 02 _05mm_g + cork_quantity 3 4mm_g)*0.1;
% Water Quantity

water_quantity g_if MDI = (cork_quantity_02_05mm_g + cork_quantity_3_4mm_g +
resin_quantity_g)*0.21,;

water_quantity g_if TDI = (cork_quantity_02_05mm_g + cork_quantity_3_4mm_g +
resin_quantity _g)*0.14;

% EG Quantity

EG_5 quantity_g = (cork_quantity_02_05mm_g + cork_quantity 3 _4mm_g +
resin_quantity _g)*(5/95);
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EG_10_quantity_g = (cork_quantity_02_05mm_g + cork_quantity 3 4mm_g +
resin_quantity _g)*(10/90);

EG_20_quantity_g = (cork_quantity_02_05mm_g + cork_quantity_3_4mm_g +
resin_quantity _g)*(20/80);
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Attachment Il — Table of panel mix component quantities.

sample Name Cork Mass (9) Resin | Water EG
3-4mm 0,2-0,5 mm | Mass (9) | Mass () | Mass (g)
MDI-12mm-0%EG 500.4 29.8 53.0 122.5 -
MDI-19mm-0%EG 792.3 47.2 83.9 193.9 -
MDI-19mm-5%EG 792.3 47.2 83.9 193.9 48.6
MDI-19mm-10%EG 792.3 47.2 83.9 193.9 102.6
MDI-19mm-20%EG 792.3 47.2 83.9 193.9 230.9
TDI-12mm-0%EG 500.4 29.8 53.0 81.6 -
TDI-19mm-0%EG 792.3 47.2 83.9 129.3 -
TDI-19mm-5%EG 792.3 47.2 83.9 129.3 48.6
TDI-19mm-10%EG 792.3 47.2 83.9 129.3 102.6
TDI-19mm-20%EG 792.3 47.2 83.9 129.3 230.9
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