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Abstract

This study describes the development both of a new surface thermal insulation system, the
experimental investigations into its fire protection mechanism and efficacy and a new thermal
response modelling program.

The use of multi-layer polymer metal laminates (PML) draws on the general principle common
in conventional insulation methods, such as mineral-fibre and intumescent coatings, of immobilising
high fractions of gas within the material and using the gas’ low thermal conductivity, harnessing the
insulating effect. PMLs have the advantage over these systems in that they also form an integral
part of the structure thereby contributing to the structural performance.

With the view of taking this concept from laboratory scale to manufacture, material charac-
terisation experiments were carried out to determine thermal and expansion characteristics of the
PML material as these properties significantly influence fire performance.

The PML_FIRE model predicts the thermal response of PML-insulated substrates and was
developed to take account of PML-specific effects such as expansion and foil melting.

A series of small-scale fire tests were performed over wide heat flux ranges and on various PML
designs, which included variations of PML ply numbers, foil thicknesses as well as the front face
appearance, in order to gain insights into the PML fire protection mechanism and to validate the
PML_FIRE model.

Fire-structural experiments on non-reactive and combustible PML-protected substrates com-
monly used in lightweight structures demonstrated the lower temperature transfer and the greatly
improved structural resilience of the underlying substrate achieved.

Good correlation of experimental and modelled temperature curves using PML_FIRE has been
obtained. The thermal state of specimens during heat exposure experiments up to structural failure
can now be accurately predicted.

Comparison of PML against other insulation methods illustrated the PML’s equivalent or
superior behaviour in reducing underlying substrate temperatures and prolonging structural life

during fire-structural testing.
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Chapter 1

Introduction

1.1 Application of Lightweight Materials

Over the last century, materials used in mass transportation industries such as aerospace, marine
and railway have seen pioneering evolution. Continued advances in vehicle design and manufacturing
processes led to the emergence of new materials such as aluminium, magnesium and titanium
alloys as well as fibre-reinforced composite materials that replaced the traditional metal and wood
structures used at the beginning of mass transportation in the 1930s.

One of the main reasons for technological progress was the drive to find lightweight substitutes
which could significantly reduce the overall mass. Weight reduction has been and continues to be
an important driving force in the development of passenger and freight transportation as it is one
of the major aspects that has direct impact on vehicle performance. Further advantages that new,
lighter but also stronger materials bring is a reduction of the vehicle’s structural weight enabling
vehicles to carry a higher proportionate payload as well as longer range, greater fuel economy and
higher speeds.

Lower fuel consumption as a direct result of weight reduction is a critical economic aspect as
cost savings play an important factor alongside ever-increasing fuel expenses. Another benefit
arising from reduced fuel consumption is the reduced emission of greenhouse gases, mainly COa,
and with global efforts to reverse climate change imposed by government regulations this is a major

objective.

1.1.1 Aerospace

Since the first powered flight that the Wright Brothers made in 1903 with their motorised and
controlled Wright Flyer, one of the main driving forces for development in aviation has been the
search for lighterweight materials. From the beginning of mass transportation in the 1930s aluminium
alloys have been the choice of materials used in aircrafts. They offer high strength-to-weight ratios
which makes them favourable in weight sensitive applications. Improvements in aluminium alloys
through the introduction of new alloying elements, new manufacturing methods and heat treatment
processes led to the development of aircraft alloys such as the 2024-T3 which features Al-Cu-Mg,
moderate strength and good damage tolerance as well as the 7075 alloy comprising Al-Zn-Mg-Cu
rated for having the highest alloy strength but with poor corrosion resistance [1]. A series of accidents
in 1954 caused by premature fatigue failure prompted a rethink of the state-of-the-art development
strategies. Improvements in structural performance simply through lighter materials was not as
important a consideration because other aspects such as damage tolerance, i.e. fatigue resistance
and fracture toughness, became essential criteria in material selection and alloy development.

The 1970s and 1980s saw diverse approaches in material developments because upcoming
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Figure 1.1: Contributions of individual structural elements to the overall weight of
a commercial transport aircraft. Data from [4].

challenges such as fuel cost, increased range and landing weight fees added to the burden of suitable
material selection. One approach to overcome these challenges was the development of aluminium-
lithium alloys. For every 1% of lithium added to the alloy the material density is reduced by 3%
which results in high specific material properties. Typical Al-Li alloys (8090/1, 2090/1) comprise of
a lithium content of around 2 % which leads to optimum strength, corrosion and damage resistance.
Disadvantages such as high material cost, high property anisotropy and thermal instability limit
the widespread use of Al-Li alloys [2]. Even today Al-Li are only used for specific applications in
commercial aircrafts, with the noteworthy exceptions of the EH101 helicopter and space craft tank
applications which make extensive use of Al-Li alloys [3].

Titanium alloys present an alternative to Al-Li alloys because of their increased strength-
to-weight ratio. They also provide thermal stability compared to aluminium alloys which is
specifically attractive in temperature sensitive areas such as engine applications of rotating and
static components, e.g. fan discs, blades, vane materials and in airframe components located close
to the engine [5]. The use of titanium has increased significantly comprising up to 10 % total weight
of a Boeing 777 as well as higher percentages in military aircraft [6].

With the development of new aluminium alloys being virtually exhausted the focus has shifted
to new hybrid materials. In the 1980s fibre-metal laminates emerged combining metals and
new composite materials. Fibre-metal laminates consist of alternating layers of high-strength
aluminium alloys and fibre-reinforced epoxy polymers. The two most common types are ARALL
(aramid reinforced aluminium laminate) and GLARE (glass reinforcement). Various laminate
configurations exist which feature tailored volume fractions or fibre orientations to meet versatile
design requirements, combining properties of high strength and stiffness. Fibre-metal laminates
have been especially developed because of their high fatigue resistance, bearing in mind that nearly
58 % of repairs to fuselages are due to fatigue cracks [7]. Cracks developing in individual aluminium
sheets can be bridged by the undamaged fibres of the composite layers which slows down the
crack growth by a factor 10-100 compared to monolithic aluminium alloys [8]. Probably the most
well-known application of fibre-metal laminates today is the fuselage of the A380 that is entirely
manufactured from GLARE material.

With the advent of composite materials being used in all transport sectors, fibre-reinforced
polymers were firstly introduced into aircrafts in the 1970s as secondary structures, e.g. doors,
spoilers, rudders and fairing, due to their weight saving potential, see figure 1.1. Advances specifically

directed at the development of fibre-reinforced composites and the manufacturing processes have led



Materials used in 787 body

Fiberglass M Carbon laminate composite - Total materials used
B Aluminum I Carbon sandwich composite : By weight

Aluminum/steel/titanium : Other
: Steel 3% Composites
50%

By comparison, the 777 uses 12 percent
composites and 50 percent aluminum.

Figure 1.2: Detailed material breakdown for a Boeing 787 Dreamliner [14].

to the emergence of high-strength and high-modulus carbon fibre structures which are compatible
substitutes for aluminium and titanium alloys for use in primary structures [9]. Besides the weight
saving potential of up to 40 % of the secondary structure and 20 % of the primary structure [10],
further advantages in the use of composite materials lie in the simplification of the assembly process
by reducing the number of component parts and in their use for repairs of metal parts of the aircraft.
Eventually in the early 1980s, the first all-composite small business aircrafts were launched with
the LearFan and the Beech Starship [11]. The increasing advances and hence the more widespread
application of composites over the last decade culminated in the launch of the super jet airliner
Airbus A380 and Boeing 787 that are manufactured using nearly 50 % of composite materials, see
figure 1.2, and more recently the A350XWB made from 52 % [12]. The military sector generally has
been more amenable to new technologies and material types due to the lack of commercial pressure.
Current examples of composite applications include the V22-Osprey helicopter which comprises
nearly 70 % composite materials of its overall weight as well as the A400M cargo transport aircraft

which makes extensive use of composites [13].

1.1.2 Rail

Compared to the aerospace sector, the uptake of composite materials within the railway sector has
been slow in the past. This is true for the substitution of traditional steel with new materials in
particular in the rail car body structure, however, in modern tram and monorail systems composites
comprise the main proportion of the overall material list [15].

Composites have been used for several decades in the manufacture of secondary elements, such
as the interiors of trains with weight savings of up to 40 % of the total weight being achieved.
Traditional material systems have comprised of glass fibre reinforced polymers made of polyester
or phenolic resin which meet the high fire, smoke and toxicity requirements needed to guarantee
passenger safety. Further developments have led to the development of new composites including
carbon fibre materials as well as sandwich structures of thin high-performance skins with a thick
low-density core [16] leading to the introduction of a vast range of interior components such as
doors, window frames, ceilings, flooring, side panels, partition walls, seats and luggage storage.

The advantage clearly lies in the flexibility of the shaping and forming processes of the composite
materials to meet the complex needs of the customers and train operators. Advances have also
been made by major train manufacturers such as Siemens, Bombardier and Alstom to expand
the use of composites to the exterior of the rail cars. The front-ends of most high speed trains
nowadays are made of composite materials because they offer a simplified manufacturing process

for the complex curvature, in comparison to metal structures, which also has the significant



benefits of meeting the high aerodynamics and aesthetic requirements of the nose design; an
example of such a composite design is shown in figure 1.3. Notable examples are the German ICE,
French TGV and Eurostar trains as well as their counterparts in South Korea and the USA [17].
Some of the drawbacks in using composites on a
larger scale, in particular, for load-bearing struc-
tures arise from concerns due to lack of research
data regarding the long term material performance
characteristics over the expected life span of 30 to 40
years. Especially, the performance during a vehicle
crash is an important aspect as impact and energy
absorption in collision scenarios have been probed
[15]. Additionally, questions of higher front loading

of investment and manufacturing costs together with

uncertainties in maintenance and repair presented
significant obstacles for a faster uptake of composite
materials. In the past, uncertainties with regard Figure 1.3: Composite nose design in
to standards and regulations, i.e. the lack of relev- Siemens Velaro train family used as Eurostar,
ant rail industry standards for certifying composite ICE3, AVE or CRHS3 [18].
designs, have also hindered progress. Much progress
was achieved through the harmonisation of a multitude of national standards contained in European-
wide legislation, which lowers trade barriers and allows for interoperability across borders. For
example, all materials in rail applications have had to comply with standards regarding the struc-
tural performance of a vehicle under static load, EN-12663 [19], in a collision, EN-15227 [20], as
well as having to fulfil stringent fire safety regulations, EN-45545 [21] which represents the most
recent European standardisation.

However, research efforts over the last two decades have shown the possibility and feasibility
of manufacturing rail vehicles that are predominantly manufactured from composite materials.
The impetus for this research has been the light railway sector. For example, the body-shells for
numerous monorails in theme parks such as Florida and Las Vegas as well as the Copenhagen
metro are all manufactured from composite materials [15, 22]. A major break-through in the field
of heavy railway development was the first full-composite prototype of a body-shell of a three car
tilting train designed by Schindler Waggon in the mid-1990s [22] which facilitates faster cornering,.
Further examples of the application of composite materials to the body-shell of rail cars include the
Korean TTX, the Amtrac NEC in the USA and the Japanese APM Otis [23].

1.1.3 Marine

The US navy pioneered the use of composites in the marine sector in the early 1950s. Although
only used for small boats and non-critical structures in the early stages, the advantages of improved
operational performance that composites offered quickly led to extended applications to a variety
of all-composite vessels including private boats, patrol boats and landing crafts [24].

Besides the universal advantages when using composites instead of steel structures of reducing
weight and inducing fuel savings, one especially advantageous aspect for the marine sector is the
much reduced maintenance costs because of the corrosion resistance inherent in composites which
avoids extensive repainting and consequently reduces maintenance time. Of further importance
in naval applications are the enhanced stealth properties due to the non-magnetic properties of
composite materials [25].

Advances in design, manufacturing and mechanical performance resulted first in the naval

application in larger vessels, hovercrafts, mine hunters and corvettes [24]. The largest all-composite



(a) Visby class naval vessel (b) TURANOR PlanetSonar

Figure 1.4: Two examples for large-scale composite marine application: a) Swedish
corvette-type warship [26], b) the first solar-powered boat to circumnavigate the globe
[27].

naval prototypes were commissioned around the turn of the millennium with the Norwegian Skgld
and the Swedish Visby class pictured in figure 1.4a. Both of these vessels make extensive use of
high performance carbon fibre laminates in combination with sandwich structures.

Traditionally, glass fibre reinforced polyesters were the materials of choice in smaller boats.
Vinyl esters and epoxies offer superior matrix properties of resistance to hydrolysis and higher
mechanical properties, respectively [28]. However, the higher material cost for both polymeric
matrices limits their application to the mass market.

Developments in reinforcement led to the use of Aramid or Kevlar fibres especially for improved
impact behaviour, with carbon fibres being used for their high strength and stiffness properties.
Sandwich structures of high-strength laminate skins and traditional polyvinylchloride (PVC) foam
are widespread [29].

In civilian ship building, small boats and yachts are almost exclusively manufactured from
composite materials. Glass fibre-reinforced composites are still the preferred choice for mainstream
constructions, but carbon fibres as well as epoxy resins are also popular especially in the luxury or
high-performance niche vessels, where specific design requirements need to be met for individual
commisions, be it based on aesthetics, strength or stiffness qualities [30]. With the existing variety
of matrix systems in combination with the number of reinforcement and core materials, composites
can be tailored to meet the required properties accordingly. This resulted in the development of
superyachts like the Mirabella V which is the largest single-mast yacht ever built with an overall
length of 75m [31] and the TURANOR, see figure 1.4b, which is solely powered by solar energy.

1.2 Principle of PML Fire Protection

Most of the materials used in lightweight transport applications summarised above suffer from one
major drawback: their poor fire performance. Aluminium alloys exhibit low softening and melting
temperatures whereas polymer-matrix composites soften and then suffer thermal decomposition
due to their organic constituents. These effects pose a major obstacle in the wider implementation
of lightweight metal and polymeric materials.

Upon exposure to heat these composite materials first undergo softening which greatly reduces
their mechanical strength before the onset of decomposition at higher temperatures for organic
components. Besides the potential structural collapse under mechanical loading within a short
time frame when exposed to heat, by-products released during decomposition present additional
hazards. Smoke not only reduces visibility and impedes evacuation, toxic fumes have a huge impact

on survival rates due to the risk of suffocation and intoxication, particular due to the inhalation of
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Figure 1.5: Fire protection principle of PML insulation systems.

CO3. Flammable reaction products add to the total heat release which can further fuel a fire and
cause increased flame spread.

In fires multi-micro-layered polymer-metal laminates (PML) are designed to overcome these
drawbacks when used as a fire protection barrier on lightweight metallic and polymeric structures.
PML are multi-layered laminates consisting of thin metal foils separated by polymeric resin. The
concept of hybrid materials assembled in alternating layers is not new. Fibre-metal laminates
were the first material class to successfully exploit the synergetic effects of combining completely
different material types in order to maximise system performance. The PML concept is derived
from the fibre-metal laminate lay-out, however, its primary application to fire protection has not
been explored so far. One of the major aspects of the PML concept is to convert the inherently
adverse effect of resin decomposition that is accompanied by mass loss and gas production into the
advantage of forming a thermal insulation shield.

When exposed to heat, PML undergo great transformation as schematically shown in figure 1.5.
The individual polymer layers within the laminate progressively decompose and release gaseous
by-products. Extensive delamination is caused as the metallic foils form an impermeable barrier
that traps the decomposition gases resulting in an expansion of the whole of the PML. This provides
an effective insulating fire barrier to the underlying structure because the rate at which heat is
transferred through the PML into the substrate is slowed down due to a drastic reduction in the

PML thermal transport properties.

1.3 Assessment of Fire Behaviour

1.3.1 Standards and Regulations

Transportation systems inherently present situations of high fire risks through the presence of
high volumes of fuel, the risk of collision or maliscious damage. This in combination with the
potential of a great number of fatalities makes fire safety an issue of high priority. Standards and
regulations have been developed implementing safety limits on the performance of materials to
ensure maximum passenger safety in case of a fire.

Historically, all legislation was based on the performance of metallic materials and structures
which usually excluded the use of the composite materials as an alternative to metallic structures.
With the acceptance of composites as alternative materials, specific regulations were developed with
regard to the use of non-metallic, combustible materials. These guidelines specify the procedures
and exact test methods as well as fire protection measures that need to be undertaken for the use
of the material to be permitted.

Over the last couple of decades a change from the multiplicity of autonomous national safety
codes to globally applicable fire legislation has been undertaken. Most notably here are the Safety
of Live at Sea SOLAS convention Chapter II part 2 [32] regulated by the International Marine

Organization IMO which defines the fire safety standards applied to all non-metallic materials used



in civil ship construction. Similar to the marine sector, in the aerospace industry the US Federal
Aviation Administration defines the fire behaviour characteristics for large, wide-bodied aircraft
to ensure passenger safety. Here, FAR-25 [33] regulates fire performance limits for heat release,
smoke and toxicity of cabin material for specific fire scenarios in order to allow safe evacuation of
the passengers within a set period of time after a crash without them being incapacitated, injured,
or hindered by heat, smoke or fumes. The rail sector has brought together European national
regulations with the implementation of the EN-45545 [21] in 2012 to ensure consistency across
nations’ borders. The counterpart for the EN-45545 in the US is overseen by the Federal Rail

Administration.

1.3.2 Fire Reaction and Fire Resistance

The properties describing a material’s behaviour during fire exposure can be grouped into two
categories: Fire reaction properties and Fire resistance properties.

The Fire reaction characteristics of a material can be determined during the initial phase of
exposure to fire. Some of the main parameters that are used to classify a material’s fire reaction
include time-to-ignition, heat release, flame spread and smoke and gas toxicity.

The Fire resistance properties are used to describe the fire behaviour of a material after flashover
has occurred and the fire is in a fully developed state. Fire resistance is widely defined as the
ability to withstand a fire. This encompasses the ability to retain mechanical integrity in order to
avoid structural collapse and to restrict the fire spread into the environment. Assessment of the fire
resistance capability of a material includes the measurement of post-fire mechanical properties as

well as the evaluation of burn-through resistance via heat conduction observations.

1.3.3 Test Procedures

Methods for the determination of fire reaction properties involve the use of coupon-sized specimens
which allow bench-scale tests to yield fast and cost-efficient results. They are however limited in
their simplification of the problem as they are tailored to measure specific aspects of the fire process
only. Effects that arise from the fire growth and turbulent gas flow which would evolve in a real
fire are not taken into account. Therefore, the fire reaction properties do not reflect the true fire
behaviour which needs to be taken into consideration whilst assessing the material’s overall fire risk
potential. This also presents difficulties for extrapolating real structural behaviour from the results
obtained from the coupon-sized samples.

Fire resistance tests on the other hand are typically carried out on larger-scale items that are
representative of the structure in end-use applications, see for example figure 1.8. These tests can
overcome some of the drawbacks of the bench-scale methods as a more accurate replication of a
real fire scenario is achieved. The use of furnace, pool fire or jet fire tests as experimental methods
to assess fire resistance requires more complex setups and resources, which involve higher cost and

are more time consuming.

Cone Calorimeter

One of the most versatile and widely used methods to determine fire reaction properties is the Cone
Calorimeter apparatus [35], illustrated in figure 1.6. According to ISO-5660 [34], small samples
with a 100 mm? surface area are exposed to a conical shaped radiant heater that can emit a heat
flux of up to 100 kW m™2. After an electrical spark initiates ignition of the evolving gases released
from the decomposing specimen upon irradiance, the sample is left to burn until the flames are
extinguished and all combustible material is spent. The gases produced during decomposition are

analysed in the exhaust system to ascertain composition and quantity while the sample’s mass loss
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Figure 1.6: Schematic of a Cone Calorimeter apparatus according to ISO-5660 [34].

is simultaneously recorded by a load cell. The single-most important fire reaction property [36],
the heat release rate of a material, can be directly deduced from the oxygen concentration in the
exhaust gases by the oxygen consumption method.

The reason for selecting the cone calorimeter is that it is capable of measuring many different
aspects from the combined measurement of additional fire reaction properties to that of average
and peak heat release rates, such as time-to-ignition, mass loss, smoke production as well as CO
and COs yields.

The choice of variable heat flux in combination with a horizontal or vertical orientation makes
it a very adaptable test procedure in replicating various real case scenarios. The option of an
atmosphere controlled cone calorimeter is largely unneccessary because most fire events happen
under normal atmospheric conditions with an oxygen concentration of 21 %. One of the drawbacks

of this method is however being unable to measure the flame spread.

Flame Spread

The Radiant Panel Test, ASTM-E162 [37], is the most commonly used method to evaluate the
rate at which a flame can spread over the surface of a material [33]. A flat specimen inclined at
45° towards the heater is subjected to a constant heat flux of 25 kW m™2. A flame spread index is
calculated from the time of flame propagation downwards along the sample and the temperature
increase in the exhaust. The flame spread index is used to rank the potential of flame propagation
in comparative material studies.

Many variations of this test have been developed, including the Horizontal/Vertical Flame Chamber,
UL-94 [38], the Upward Flame propagation test, NASA-STD-6001 [39] or the Lateral Flame spread
test, ASTM-E1321 [40] and ISO-5658 [41], to account for different orientations and directions of

flame travel.

Limiting Oxygen Index

Information about ignition and flammability can be obtained through the Limiting Oxygen Index
(LOT) test according to ISO-4589 [42-44] and ASTM-D2863 [45]. During this test a vertically
orientated specimen is placed in a glass chamber within an atmosphere of controlled levels of oxygen
and nitrogen, and is ignited at the top. Through a series of tests during which the oxygen content
is continuously increased the material’s LOI is determined. LOI is defined as the minimum amount
of oxygen needed to sustain combustion for three minutes or to support a flame spread of 50 mm.

High values of LOI indicate higher resistance to ignitability and a low flammability. This test has
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Figure 1.7: Standardardised heating curves as employed during furnace tests [48].

the shortcoming that the LOI value and its validity have not been related to full-scale scenarios.

However, it is still commonly used to rank the flammability of materials in comparative studies.

Smoke Density

The optical density of smoke generated during the fire exposure of a combustible material is
measured with the NBS Smoke Density Chamber, ISO-5659 [46]. The transmission of a laser beam
is monitored during the exposure of a vertically orientated specimen to a 25 kW m~2 heat flux from
a radiant heater with or without a pilot flame. Conclusions about a material’s potential for smoke
production are measured inversely according to the degree of visibility. Drawbacks arise from the

inherent problem that laboratory combustion conditions do not replicate real fire exposures.

Furnace Test

The fire resistant properties of intermediate and large scale structures are measured in furnace tests
where fully-fitted flat panels are attached to the open side of a furnace. Thermocouples bonded to
and embedded at various points of the structure monitor the heat conduction during heat exposure.
The parameter of fire resistance is defined as the time taken to reach a certain temperature at the
unexposed rear face of the specimen. Observation of the specimen’s mechanical integrity can be
simultaneously carried out when the structure is subjected to a compressive or bending load whilst

under fire exposure.

The fire scenarios during a furnace test are standardised by the application of predefined heating
rates or temperature increases with time, where the temperature inside the furnace follows one
of the standard fire curves. The cellulosic fire curve resembles a fire that arises from burning
wood or fabric. The temperature rise is defined through a time dependency function given in
ASTM-E119 [47] and ISO-834 [48]. Another curve that is commonly applied is the hydrocarbon
curve, UL-1709 [49], which is used to replicate intense petroleum or oil based fuel fires. The
severity of the hydrocarbon fire in comparison to the cellulosic fire is evident when comparing the
temperature-time curves as shown in figure 1.7. The hydrocarbon curve features a steep increase in
temperature exceeding 1000 °C within five minutes whereas this mark is only reached after four

hours during a cellulosic fire.



(a) Furnace [50] (b) Pool fire [51] (c) Jet r [52]

Figure 1.8: Different types of fire resistance tests from medium to large scale.

Pool Fire

During pool fire tests, the specimen is placed over a horizontally orientated fuel bed which, upon
ignition, can release a heat flux of up to 150 kW m~2. For the purpose of assessing the mechanical
response, a structural load can be applied during the test. This arrangement is taken from practical
aspects of the accidental ignition of evaporating fuel from a spillage or leakage. A high variability
in the results of pool fire tests makes replication difficult because of the unsteady heat flow that is

caused due to the nature of the unaided combustion.

Jet Fire

In a jet fire test, by way of contrast, a high pressure flame that can exceed a heat flux of 180 kW m~2
is directed at the test specimen which commonly is a full size structural element. The high heat
flux in combination with the high gas velocity leads to severe fire damage to the specimen. Jet fires
are mostly used to replicate situations of accidents during which high pressurised fuel containers

burst such as pipelines or fuel storage vessels used in the oil and gas industry.

1.4 Objectives of Study

The principal objectives of the present study include:

e The development of multi-micro-layered metal laminates, including the manufacturing process

and optimisation of such.
e Determination of the thermal characteristics of the newly-developed material.

e Characterisation of the fire protection effect of PML via fire exposure tests and fire-structural

testing.

e Development and application of a material model to predict the temperature profiles during

fire exposure.
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Chapter 2

Literature Review

2.1 Material Response to Fire Exposure

2.1.1 Metal Structures

Aluminium and its alloys are chosen for many structural applications due to their high specific
strength, corrosion resistance, ease of fabrication and processing as well as relative low cost. One of
the main drawbacks however is the rapid degradation of the mechanical properties when exposed
to high temperatures which is caused by a combination of its low melting point, low density and
high thermal conductivity. Many aluminium alloys melt around 600 °C to 660 °C but experience
a reduction in mechanical properties at much lower temperatures. A noticeable degradation in
structural properties such as yield strength and Young’s modulus can be observed from temperatures
as low as 150 °C. This typically leads to a 50 % loss of structural strength at around 250 °C [53]
which is shown in figure 2.1 for aluminium alloys of the 5000er series. The inferior behaviour of
aluminium alloys is evident when compared to structural steel which retains about 90 % of its

ambient-condition mechanical properties up to 300 °C [54].
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Figure 2.1: Temperature dependence of structural property for marine aluminium
alloys. Reproduced from Fogle et al. [53].

The decrease in mechanical strength is accompanied by a high risk of structural collapse because
the load-bearing capacity of the aluminium structure is significantly reduced. The structural

deformation behaviour is determined by mechanically induced distortions as shown in figure 2.2.
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With prolonged heat exposure additional thermal deformations develop which contribute to the
structural deterioration. Therefore, aluminium alloy structures in load-bearing applications are
commonly insulated in order to decelerate the temperature increase in structural members so that
they conform with the requirements for fire resistance times of 30, 60, 90 or 120 minutes outlined
in the standards such as the Eurocode 9 (EN-1999, part 2) which sets the structural safety levels
for a requisite period of time.

The EN-1999 defines a set of safety criteria based on the temperature
dependency of the 0.2 % proof stress obtained from steady-state experi-
ments at elevated temperatures [56]. The Ramberg-Osgood relationship
[57] is used to describe the stress-strain curves whilst taking into account
the strain hardening effect of the alloy. This is commonly used at room
temperature and can be extended to higher temperatures through the
application of temperature-dependent relationships of the mechanical para-
meters. However, steady-state tests do not reflect the conditions of a true
fire scenario. Transient tests with designated heating rates are considered
to be better representative of a real-case scenario. Based on findings
that at high temperatures the structural behaviour of aluminium alloys
is dominated by creep, Dorn [58] established the first constitutive model
including creep effects which was extended to comprise of the primary and

secondary creep stages and is known as the Dorn-Harmathy [59] creep

model.
Over the last decade numerous experimental and analytical studies Figure 2.2: De-
have been carried out on aluminium to analyse the deformation behaviour formed H-column spe-

and determine failure characteristics at elevated temperatures and during cimen after structur-
ally loaded heating test.

exposure to fire. These advances are intended to overcome the erroneous
Reproduced from [55].

or conservative approaches applied in the Eurocode standard and provide
analytical models that can accurately predict the structural behaviour
under real fire conditions. Suzuki [55] derived analytical expressions that can be used to predict the
critical temperatures which lead to compressive failure of aluminium alloy structures exposed to fire.
Maljaars [60, 61] and Feih [62] developed failure models based on creep behaviour in combination
with time-independent elastic and plastic softening. Their approaches are used to describe the
dependency of deformation on time and temperature as well as failure characteristics. Kandare
[63] successfully employed the Larsson-Miller relationship which utilises the Arrhenius equation for
the description of the creep rate in order to predict creep-based softening and rupture leading to
compressive failure of aluminium structures. Whereas many studies, including the aforementioned
papers, mainly concentrated on the analysis of compressive failure, few studies deal with the failure

behaviour under flexural [64] or tensile [65] conditions.

2.1.2 Polymeric Materials

This section will discuss the effects of heat exposure on polymeric materials. The subsequent
remarks are not exclusively applicable to monolithic polymers but also apply to multi-component
materials where all organic constituents contribute towards the thermal performance. Examples
are fibre-reinforced composites that are comprised of a polymer matrix in combination with organic
or inorganic fibres or organic core materials in sandwich structures.

One of the main disadvantages which limits the wider use of composite materials is their poor
fire performance. Whilst polymeric composites are widely used in aerospace, marine and offshore
applications, all of these pose problems because of the significant risk of a fire occurring. Although

the overall fire performance of an organic material is assessed before it is cleared for specific use in
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Figure 2.3: Softening behaviour of a carbon-epoxy composite characterised by a
rapid strength loss with increasing temperature. Reproduced from Burns et al. [66].

certain applications, the maintenance of structural integrity becomes the main safety concern.

Due to their organic nature polymeric materials are inherently combustible. The fire behaviour
of polymers and polymeric composites is mainly influenced by the process of thermal decomposition
of the organic constituents. Under heat exposure, polymeric materials begin to soften readily
at moderate temperatures of 100°C and above upon exceeding the material’s glass transition
temperature. This leads to a reduction in mechanical strength and the introduction of deformations
resulting ultimately in the failure of load-carrying structures. Characteristic strength loss behaviour
of a fibre-reinforced composite material is shown figure 2.3. With further exposure to radiant heat,
decomposition is initiated at temperatures around 300 °C for most thermoset polymers such as
epoxy, phenolic, polyester and vinyl ester [67]. The decomposition reaction occurs over a wide
temperature range but mostly comes to an end at around 650 °C.

Polymers and composites experience a steep temperature gradient across their through-thickness
plane when exposed to one-sided heating because of their low thermal transport properties in
comparison to metals. This has the advantage of a slow burn-through effect of composites [68]
during which a thin decomposition front slowly progresses through the sample to the rear face. Heat
induced thermal decomposition (pyrolysis) entails the breaking down of the polymer chains via
various scission mechanisms in order to generate low molecular-weight species that are able to form
vaporised gases. The chain scission reaction is endothermic in absorbing energy from the pyrolysis
process. Therefore, the heat conduction into the material is delayed and the decomposition rate
reduced.

During this decomposition reaction a complete transformation of the polymeric material into
carbon-rich residue (char), flammable and/or non-flammable volatile gases as well as soot particles
(smoke) takes place. The release of the volatiles from the decomposition zone towards the surface
has an additional cooling effect on the material. However, the interaction of flammable volatiles
with the oxygen-rich flame front can lead to ignition and therefore further energy feed back into
the incident heat flux which contributes to the overall fire growth. A schematic illustration of the
key processes occurring during decomposition is shown in figure 2.4.

The formation of char from the solid pyrolysis reaction products via cross-linking processes is
highly desirable. The carbonaceous residue forms a porous layer that acts as a thermal barrier
between the flame and the underlying virgin material due to its very low thermal conductivity.

Additionally, the char layer provides some structural integrity to the decomposing material as
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Figure 2.4: Schematic of key processes occurring during the decomposition of
polymeric material under one-sided heat exposure.

well as reducing the flaming combustion because a lesser amount of the combustible material can
contribute to the production of heat, smoke and/or toxic products. Cracks within the polymer or
polymeric matrix occur due to the internal pressure built up from volatiles forming and moisture
evaporating. In fibre-reinforced composites another side effect of the decomposition process is the
delamination which occurs between fibre and matrix or between skin and core materials in sandwich
composites.

The nature of polymer decomposition is dependent on the chemical and physical properties
of the affected material, see figure 2.5. Many studies have investigated the fire performance as
well as the fire-structural behaviour of a variety of polymeric materials [69-73]. For example,
it is well known that phenolic resin has superior fire properties over other thermosets used in
fibre-reinforced composites. Due to its highly aromatic structure within the polymer chain, which
forms the building blocks of char residue, it yields high amounts of char up to 60 % [74]. Mouritz et
al. [75] have investigated the char formation as one factor amongst other fire reaction properties and
have shown the phenolic’s superiority over epoxy, polyester and vinyl esters which in comparison
only yield small amounts of char, between 5% to 20 % [74], and mostly transform into volatiles.
High-performance thermoplastic composites, such as PEEK and PPS used in aircrafts, can exhibit
prolonged retention of mechanical integrity as well as higher post-fire residual strength due to a high
char yield compared to common thermoset materials as shown by Benoit et al. [76]. The choice of
fibre reinforcement influences the fire performance of polymer-matrix composites as organic fibres
made from UHMW polyethylene or aramid can contribute towards heat release rate and smoke
yield in comparison to non-combustible reinforcment such as glass or carbon fibres. Aramid fibres
although thermally unstable provide some flame resistance due to a high char yield in comparison
to polyethylene fibres which are highly flammable, see data presented in table 2.1.

In structural applications the mechanical integrity is of considerable concern as this is a
temperature-sensitive property. Amongst other investigations, a study conducted by Feih et al. [77]
has shown the susceptibility of composite structures to compressive failure as opposed to tensile
failure when exposed to fire. Failure behaviour under compressive conditions is dominated by the

polymeric matrix which experiences a rapid decrease in mechanical strength due to the generally
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low glass transition temperatures. Under tension the fibre reinforcement is determinative of the
failure behaviour and is essential in maintaining structural integrity so that material failure is
delayed because the consequences of the polymer matrix softening are not as detrimental as in case

of compressive loading.
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Data from Lyon et al. [78].

2.2 Passive Fire Protection

The susceptibility of the structural performance of lightweight metallic materials and structures
comprising organic polymeric components to elevated temperatures necessitates the implementation
of fire protection measures. The current fire protection approaches can be divided into two categories:
Active and Passive fire protection.

Active fire protection entails manual or automatic fire detection systems as well as response
systems in order to assist with the fire suppression. Examples covered under this definition are fire
extinguishers, sprinkler systems and fire alarms.

The aim of Passive fire protection systems, in contrast, is to contain fires and retard the spread
of a fire through the slowing down of heat transfer into adjacent structures and therefore increasing
fire endurance and structural survivability. This, for example, is achieved in buildings through the
compartmentalisation principle which makes use of fire-resistant walls, doors and floors. These
structures usually feature some sort of measure to increase the fire resistance of the materials and
meet, the standardised fire safety requirements. The following sections present a short summary of

conventional passive fire protection methods.

2.2.1 Flame Retardants for Polymers/Composites

One of the approaches to minimise the fire risk of polymeric materials is to alter their inherent poor
fire characteristics. Through the introduction of chemical or physical additives into the polymer
formulation, a considerable reduction of heat release rate and delays of time-to-ignition can be
achieved [80]. Thus, the flame retardancy of a polymeric material is enhanced through alterations
of the combustion behaviour in comparison to the unmodified material. Flame retardant (FR)
additives can be classified into three groups [81] according to their mode of interaction with the

combustion process during fire exposure:
1. Gas-phase flame retardants

2. Endothermic flame retardants
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Figure 2.6: Fire reaction properties of a brominated FR glass/polyester composite
in comparison to an unmodified specimen. Data taken from Scudamore [84].

3. Barrier or char forming flame retardants

The most common gas-phase additives are halogenated flame retardants, such as chlorine and
bromine compounds, or phosphorous-based flame retardants. These materials work primarily in
the vapour phase where they form highly active radicals that remove free oxygen and hydroxyl
radicals which are formed during pyrolysis of the organic material. Therefore, the combustion
process is effectively interrupted by starving the flame of its fuel. The positive impact on the
fire characteristics of added bromine FRs to a composite material is presented in figure 2.6. The
effectiveness of a halogen-containing FR coating depends on the main halogen type used. The
halogen potency decreases in the order of I > Br > Cl > F because of increasing hydrogen-halogen
bond energy (from left to right) [82]. Phosphorous containing FR polymers also promote char
formation in addition to the reduction of the amount of reactive combustion gases.

The second group of FRs decompose through an endothermic route thereby cooling the condensed
phase and effectively decelerating the pyrolysis of the polymer. Additionally, non-flammable and
non-toxic gases such as CO5 and water vapour are released as a side-product of the reaction which
dilute the fuel available in the gas phase. Typical representatives of this group are mineral fillers such
as aluminium (ATH) and magnesium hydroxides (MDH). The highly endothermic decomposition of
ATH commences at 220 °C meaning that the filler is absorbing most of the heat before polymer
pyrolysis is initiated whereas the onset of the decomposition of MDH is above 300 °C which makes
it an attractive alternative for application in high-temperature environments [83].

Barrier forming flame retardants are made up of polymers reinforced with evenly dispersed
nano-scale filler materials. The FR effect arises from the formation of a nanoparticle-rich surface
layer which acts as insulation for the incident heat as well as a barrier for mass loss and fuel
release from the polymeric material. The most commonly used nano-scale fillers are clay particles
(Montmorillonite) as well as carbon nanotubes.

Although all of the listed FR methods greatly improve the fire performance of inherently
combustible polymers, they exhibit adverse side effects which need to be taken into consideration.
Halogenated flame retardants pose potential toxic effects to the environment and human health
and are therefore restricted in their application [85]. Additionally, some halogenated FR generate
corrosive products during combustion [86] which can further affect adjacent structures. The addition
of FR to polymers has, in general, an adverse effect on the inherent material properties. A careful
optimisation of the nature and ratio of the additives for specific polymers has to be carried out

with consideration of the end-use application. This is especially true for mineral fillers like ATH
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that only show profound FR efficacy if applied in high loading of more than 40 wt% of the total
composition which diminishes mechanical properties as well as increases the viscosity of the polymer
bulk, which in turn poses problems for processing and manufacture [87]. Although barrier-forming
nanocomposite polymers lower the peak heat release during decomposition, they do not lower the
total heat release despite releasing the polymeric fuel over a prolonged time period [88].

One of the major shortcomings, however, is that FR modified polymers only release their fire
retardant effect when thermal decomposition is initiated with temperatures exceeding 250 °C. This
does not address the effect of softening of the polymer matrix when the glass transition temperature

is exceeded which would lead to structural failure much before thermal decomposition starts [89].

2.2.2 Nanocomposites

Further advances in the flame retardancy of polymeric materials have been made over recent
years through the incorporation of nanoscale filler materials into polymer matrices. Considerable
improvements in thermal stability and FR characteristics can be observed at low loading levels of
typically up to 5 wt% which makes them attractive in comparison to conventional FR methods which
need high loadings. Additional advantages arise from the synergetic effects on mechanical, electrical
or thermal properties [80, 90]. A variety of nano-fillers are used for FR, purposes: layered silicates
(montmorillonite, boehmite, LDH), various types of carbon structures (nanotubes, graphene, carbon
black) as well as metal oxide nanoparticles (TiO2) [91-96].

The main mechanism responsible for the flame retardancy effect which applies to nanocomposites
in general lies in the formation of a protective layer at the surface of the material during pyrolysis of
polymer matrix consisting of agglomerated nanofillers and carbonaceous polymer residues [97, 98].
This forms an effective barrier limiting heat transmission and oxygen diffusion into the bulk material
as well as trapping volatiles beneath the surface and hence hinders additional fuel from entering
the combustion zone. Creating an even dispersion of nanofillers has proved challenging which in
turn affects the FR efficacy of the composite material because an uneven dispersion and consequent
non-continuous appearance of the protective surface would impede its functionality [99].

Alongside other studies, Kashiwagi et.al [100] have shown that the incorporation of nanocompos-
ites results in a considerable reduction in the overall and maximum heat release rate in comparison
to a neat polymer matrix because of the greatly reduced mass loss rate due to the protective
barrier. However, the flammablity parameters, total-heat-released and time-to-ignition, exhibit
converse characteristics in that no improvements or even a deterioration in these properties has
been observed, as shown in table 2.2 or by Bartholmai [101], which poses an insuperable obstacle
for classifaction ratings and suggests the use of nanocomposites is only feasible in conjunction with

conventional FR additives.

2.2.3 Surface Fire Protection

The application of surface coatings has proved to be a convenient, cost-efficient and effective fire
proofing method as it bypasses many of the difficulties involved in processing and manufacturing of

additive modified polymer formulations [102].

Thermal Insulative Barrier

The use of mineral or ceramic wool to provide fire protection for large-scale structures is widespread
in civil infrastructure and for marine applications. Insulating mats comprising of accumulated
mineral or ceramic fibres of specific density, length and diameter are bonded onto substrates with
a high-temperature adhesive and used, for example, in composite hulls, bulkhead structures, or

in flame proof walls for buildings. These materials effectively restrict the heat conduction to the
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Material pHRR TTI THR

[kW/m?] [s] [MJ/m?]
PP 2011 £ 80 33 106 £ 4
PP/CB 765 £ 30 25 103 =+ 1
PP/ MWNT 85 £ 34 23 100 £ 2
PP/EG-1 1129 + 79 24 105 =+ 3
PP/EG-2 1104 + 45 24 106 + 1
PP/MLG 570 £ 22 25 9% =+ 2
PP/TRGO 532 £ 21 23 97 £ 2

Table 2.2: Cone calorimeter parameters of peak heat release rate, ignition time
and total heat released for a variety of 3mm thick carbon/polypropylene (PP) nano-
composites tested at 50 kW m~?2 irradiance: carbon black (CB), multiwall nanotubes
(MWNT), expanded graphite (EG), multi-layer graphene (MLG), thermally reduced
graphite oxide (TRGO). The polymer contained 5 % per weight of nanoparticles. Data
from Dittrich et al. [93].

Figure 2.7: Intumescent coating before (left) and after (right) heat exposure in
a cone calorimeter at 50 kW m~2 irradiance [105]. Commercial intumescent paints
typically exhibit an expansion factor between 25 and 250.

underlying structure thus considerably prolonging the onset of thermally induced degradation in
the substrate material [103]. The main disadvantage is that they add significant weight when
applied in the considerable amounts needed for effictive fire protection whilst fulfilling no structural
function. They can also absorb liquids which not only leads to a reduction in thermal insulation
characteristics but is also highly undesirable in case of spilt fuels as this can act as an additional

fuel source during fire scenarios contributing to the fire growth [104].

Fire Retardant Polymeric Coating

The same principles as presented in sections 2.2.1 and 2.2.2 above can be employed for use in flame
retardant surface coatings. In combination with an appropriate organic binder or polymer the FR
additive or nanofiller can form an aesthetic layer on a substrate whilst providing finely tuned fire

protection characteristics without affecting the bulk material properties.

Intumescent Coating

One of the most widely applied methods is the use of intumescent surface coatings. These coatings
expand (intumesce) under heat exposure, see figure 2.7, due to a multitude of chemical reactions
being activated by the heat input. The fire protection effect arises from the formation of a porous
carbonaceous foam which acts as an insulative and fire resistant heat barrier. Three constituents

are required to ensure the intumescence effect:
e an acid source, e.g. Ammonium Polyphosphate

e a char-forming (carbonific) component, e.g. Pentaerythritol
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Figure 2.8: Schematic of the different reaction zones forming during the intumescing
process. Reproduced from Alongi et al [106].

e a foaming (spumific) agent, e.g. Melamine

The decomposition of the acidic constituent initiates the intumescence reaction. The reaction
occurs at temperatures below the polymer pyrolysis temperature, usually at temperatures between
100°C to 250°C [107]. During this the carbon source is dehydrated, resulting in the formation
of a carbon-rich, highly viscous char melt. Simultaneously, the blowing agent decomposes into
non-flammable gases such as carbon dioxide and water vapour which cause the char to foam
as the released gases are trapped within the viscous char melt. As the result, a highly porous,
multi-cellular char is formed [108, 109] which acts as an effective thermal barrier inhibiting the
heat conduction into the underlying substrate as well as providing a diffusion barrier of oxygen
which prevents combustion. Figure 2.8 shows these different zones that can be observed during
the intumescing process in a schematic cross-section view of an intumescent coated substrate.
Intumescent coatings are effective in suppressing flame spread, reducing heat release and lowering
smoke density [67, 110, 111]. Increasing the initial coating thickness provides a simple means to
achieve an even greater delay of the temperature increase of the underlying structure, see figure 2.9.

However, several disadvantages are associated with the use of intumescent coatings. Envir-
onmental exposure (UV, radiation, moisture, salt water) adversely affects their durability thus
impairing the fire protection performance linked with ageing [113, 114]. Water absorption and
exudation are acknowledged as the major problems affecting chemical and physical stability [115]
and the risk of mechanical damage of an intumescent coating is high due to a low resistance to
wear and erosion. This can lead to the exposure of the underlying substrate which on the one hand
diminishes the fire-proofing purpose and on the other hand can introduce corrosion to the metallic
substrates under normal operational conditions which is also a significant problem.

H
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Figure 2.9: Effect of intumescent coating thickness on rear face temperatures of
steel plates during a furnace test: the temperature increase is greatly prolonged with
increased coating thickness. Reproduced from Bartholmai et al. [112].

2.3 Thermal Modelling

The scientific discipline of modelling the thermal response of materials under heat exposure has
increased in importance in the same way that new and innovative materials are increasingly used
to replace metal-based structures in conventional applications across all industries. Accurate
theoretical predictions are required to provide assistance during the design process of new materials
and structures. Simulating the fire performance with these models reduces the need for expensive
and time consuming fire testing. Additionally, such models provide the opportunity of developing
and assessing innovative materials with tailor-made properties, before prototypes are built.

The focus in this section is the description of thermal models for non-metallic materials. The
thermal response of steel or aluminium structures can accurately be characterised by the temperature
rise through heat conduction processes and eventually the phase changes through melting. The
thermal modelling of non-metallic materials that are partially or fully combustible is a much more
complex procedure due to the manifold and occasionally interdependent chemical and physical
processes that occur during heat exposure, as described in previous sections. Models developed
within the research community typically use finite difference methods or finite element analyses
to make predictions about the temperature evolution at any point of a specimen. Additional
characteristics that can be evaluated are residual mass content, volume changes, strain development
or the production of volatiles.

The theoretical description of the polymer degradation mechanisms has advanced into such detail
that molecular dynamic analysis has become a standardised tool in understanding the chemical
reactions occurring during polymer decomposition. However, for the present study a holistic
approach is chosen for the theoretical characterisation of the fire performance as it is understood
that this is the most important aspect, to be able to accurately predict the macroscopic behaviour

for the assessment of any developed polymer-metal laminates as an effective fire protection material.

2.3.1 Polymers and Composites in Fire

Various theoretical studies on the fire behaviour of wood [116-119] constitute the framework for
the mathematical formulation of the fire behaviour of combustible polymeric materials. These

studies include effects of heat conduction, endothermic pyrolysis reactions, convective gas flow as
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well as variable material properties which depend on the virgin or charred state of the material.
Similar processes to those described occur during the decomposition of composite materials due to
the organic constituents common both in wood and composites, which means these studies lend
themselves to adapt those early mathematical models to composite materials.

Most of the early models include the description of heat transfer in one dimension which is
suitable to replicate real case scenarios where material is exposed to uniform, one-sided heating.
Advances have been made to accurately predict heat transmission in two and three dimensions
[120, 121] in order to analyse spatial temperature distribution caused by localised heating. As most
decomposition reactions are ignored, these models are only valid for low heat flux and exposure
conditions where material degradation is not yet initiated. The challenge here is to accurately
describe heat and volatile mass transport as well as material properties in all three dimensions.

After Pering et al. [122] developed one of the first models to include the effect of mass loss
caused by the thermal decomposition of organic matrices in combination with transient heat
conduction, Henderson et al. [123] published an advanced model to describe the thermal response of
a composite material exposed to one-sided heating. It is based on one-dimensional heat conduction

in combination with the influences of mass loss, convective mass flow and the heat of decomposition:

oT T 9koT 9T dp

Per gy =T T Gn g~ Ma%a gy~ gp (@P e —hy) 2

where T, t are the temperature and time,
x is spatial coordinate in through-thickness dimension,
p is material density,
¢p is the specific heat,
k is the thermal conductivity,
g is the mass flow of volatile products,
Cp,, is the specific heat of the volatiles,
Qp is the heat of decomposition,
hs and hy are the enthalpies of the solid material and the volatiles, respectively.

The first two terms on the right-hand side of the equation describe the effect of heat conduction
with variable thermal conductivity on the temperature rise of the material whereas the third term
reflects the internal flow of gaseous decomposition products directed towards the material’s hot
face thus causing a cooling effect. The last term defines the amount of heat generated or absorbed
during the decomposition process in dependency of the material’s mass loss where @ p denotes
the heat of pyrolysis and hs, hy the enthalpy of the consumed solid material and evolving gases,
respectively. Positive terms are designated to exothermic reactions associated with the release of
heat while negative terms indicate endothermic reactions and therefore energy absorption. The

expression for the mass loss rate 9m /0t is defined via the Arrhenius equation.
om m—mgs\" E
o= Am [ —H - 2.2
= —Amo (M) e (< 7r) 2

where m is material mass at current time t,
my the initial mass at ¢ = 0,
my the final value of residual mass,
A is the pre-exponential factor,
n is the reaction order,
FE is the activation energy for pyrolysis reaction,
R is the ideal gas constant,
T is the temperature.
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Figure 2.10: Comparison of calculated and experimental temperature curves of a

30mm thick glass/phenolic composite specimen, exposed to a one-sided heat flux of
280 kW m~2. Reproduced from Henderson et al. [123].

The kinetic parameters pre-exponential factor A, the activation energy E and the order of reaction
n can be derived experimentally from thermogravimetric analysis.

The Henderson model can be used to accurately predict the temperature development within decom-
posing polymer-matrix based materials. Henderson carried out fire exposure tests on glass/phenolic
specimens in order to validate the calculated temperature evolution through comparison with
experimentally obtained temperature profiles. Good correlation between the experimental and

theoretical results was observed as shown in figure 2.10.

Gibson et al. [124] presented a simplified version of the Henderson model. The main assumptions
made refer to constant material properties such as thermal conductivity and specific heat capacity

as well as constant gas transport parameters during the decomposition process.

pcp%—f = % (kg:) - Mc;%hg —pA <mm;ﬂf) exp (—é;) (Qp + hs — hy) (2.3)
Just as in the Henderson model, the Gibson model cannot account for any effects caused due to
char formation or further material degradation at high temperatures, e.g. carbon fibre degradation
beyond 500 °C [125] or glass fibre deterioration above 900 °C [126]. Despite the apparent restrictions
to low and intermediate heat fluxes due to these omitted effects, the Gibson model has been
succesfully used to describe the thermal behaviour of various composite types [77, 127, 128] as well

as composite sandwich structures exposed to one-sided heating [129].

More recently, more sophisticated models have been developed in order to include additional
effects that are related to or caused by the decomposition process. However, the influence of
these processes usually has a smaller effect on the temperature development than heat conduction,
pyrolysis and gaseous mass flow [130]. Florio et al. [131] proposed a model that adds the effects of
thermal expansion and internal pressure rise due to the accumulation of gaseous decomposition
products to the basic Henderson equation. It yields important information about the diffusion of
the volatiles and the formation of delamination cracks. McManus et al. [132, 133] were the first to
combine thermal and mechanical material responses during heat exposure. This model includes the
calculation of the total strain within the material arising either from externally applied loads or
those internally induced through thermal expansion, gas pressure of volatiles and moisture as well

as char formation.
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2.3.2 Fire Protection Materials

The modelling of heat transfer across a passive thermal barrier encompasses materials like ceramic
fibre blankets or refractory ceramics. As these materials do not undergo physical or chemical
changes when exposed to high-temperature environments, simple heat conduction analysis can be
applied to calculate temperature evolution across a passive thermal barrier during heat exposure
[103]. ,
Ppccp,pcaa% = km% (2.4)
With kpc, ¢ppe and pp. being the critical parameters which describe the material’s properties of
thermal conductivity, specific heat and the density of the passive coating and should be inputted as
function of temperature in order to reflect the correct temperature dependency of the parameters.
In contrast, the simulation process for thermal coatings classified as reactive fire protection
materials is much more complex due to the variety of thermal effects invoked when active intumescent
coatings are exposed to a high-temperature environment. The main processes to be accounted
for in a heat transfer model for intumescent coatings include the decomposition of active coating
compounds, the gas flow of the produced volatiles and the formation and expansion of porous char
and basic heat conduction [134].
A concise review on this subject has been published by Griffin [135] outlining the research
efforts and the limitations of earlier studies [136—-141]. In this study Griffin presents a governing
equation for the one-dimensional heat transfer across an intumescent coating taking into account

the aforementioned thermally induced effects.

oT 0T oT
pIntcp,IntE = klnt@ - prgascp,gas% + Ahlnt (25)
Ahpn = po.mt (1= w) Y yriAhy (2.6)
k

where v, is the velocity of volatiles in z-direction, w is the void fraction,
vk is the initial mass fraction of coating consumed during reaction k,
ri is the rate of reaction k,
Ahy, is the specific enthalpy change for reaction k.

The first term on the right hand side of equation (2.5) describes the heat conduction through
the coating whereas the second term denotes the energy balance arising from the cooling effect
of volatile gas flow and the last term accounts for the absorbed or evolved energies during the
decomposition reactions of the individual chemical compounds. Due to the physical expansion of
the coating during heat exposure, the spatial dimension between neighbouring nodal points of the

simulation needs to be adjusted

Tig1j — Tij = Qg (M) (Tig1,0 — Tio) (2.7)

with e, (my) denoting a variable expansion parameter and x representing discrete nodal points at
specific loactions 7,4 + 1 and times 7,7 = 0.

One of the most significant limitations of the current models, and consequently the greatest challenge
to overcome, as pointed out by Griffin and later by Staggs [109] is an accurate reproduction of
the expansion behaviour. The introduction of an expansion factor is of widespread use either as
parameter directly determined from experimental observations [142] or coupled to the conversion of
intumescent components into gaseous products [138]. It is shown in studies, e.g. Kandare [143], that
a reasonable correlation between calculated and experimental temperature profiles can be achieved

despite acknowledging the shortcomings that are due to the consequences of using a simplified
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expansion factor.

As the process of expansion is a complex issue due to its non-uniform and non-linear character-
istics influenced by atmospheric conditions, type of heat source, the rheological properties of the
char melt and coating thickness, a detailed and accurate mathematical description of intumescent
swelling is yet to be established.

Studies into the kinetics of the decomposition reactions, such as [144-146], can be an aid to
further the understanding of the complex processes involved and contribute towards the development

of more sophisticated models.

2.4 Conclusions of Literature Review

Based on the observations presented in the literature review as well as the basic principles outlined in
the introduction, it has been shown that a variety of new lightweight materials are viable alternatives
to traditional metallic structures. When subjected to elevated temperatures the susceptibility of
these lightweight materials to change both their material behaviour and mechanical performance is
widely acknowledged, and this is their shortcoming. The mechanisms of the materials’ reaction
occurring during fire exposure and the consequences thereof have been pointed out for both metallic
and combustible materials.

In order to overcome the apparent deficiencies of reduced fire resistance, one solution would
be the use of thicker sections of material to exploit the advantage of the slow burn-through effect
in e.g. polymer-matrix composites. In theory, this would delay the decomposition long enough to
provide adequate and safe escape time. However, in reality this contradicts the principle of the
lightweight design approach where as little as possible high-strength material is used in an assembly
to fulfill structural requirements and safety factors. Therefore, the only feasible alternative is to
use lightweight materials in combination with some form of fire protection method.

Several methods of fire protection commonly implemented have been outlined in previous sections.
The beneficial effects and implications of their use in combination with lightweight materials has
to be critically assessed. For example, the application of flame retardant additives cannot be
considered as a feasible option because these materials exert their fire protection effect only with
the onset of decomposition at high temperatures. In consequence, the softening stage at lower
temperatures is not inhibited or retarded which has fatal consequences in structural applications
such as an aircraft fuselage or ship bulkheads where structural collapse can cause great human and
resource losses.

Therefore, surface fire protection offers the only viable alternative to address these shortcomings
in prolonging both the onset of the softening (for metallic structures and combustible materials)
and the decomposition (in case of combustible materials). Any newly developed fire protection
solution has to overcome the drawbacks associated with conventional fire protection methods. Of
special importance here is the ability to withstand environmental influences, in particular water
absorption and corrosion resistance, considering that the life time of transport vehicles may span
several decades. The deadweight of fire protection measures can considerably add to the overall
structural weight hindering performance, which is why it is sometimes referred to as parasitic.

In comparison with any existing surface coating, a novel coating or fire barrier should therefore
be of lightweight design and preferably combine several functions so that further weight savings
are possible. This could for example be realised through the incorporation of lightning strike
protection which is currently carried out as an additional metal mesh on the surface of carbon-epoxy

composites used in the fuselage of aircraft or in rotor blades for wind turbines.
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Chapter 3

PML Design and Manufacture

This study’s aim is to investigate and evaluate novel fire-resistant surface barrier for lightweight
metal or polymer-based structures which could be applied, ideally, to any transport vehicle type.
The lightweight aspect of such a design is essential to the transport sector as it promises cost and
emission savings. Therefore materials have to be chosen that, when introduced into the laminate
design, can establish a sufficient fire-protection effect without adding significant undesirable weight
to the primary structure.

This chapter conatins a brief presentation of the PML design concepts and the materials used as
laminate constituents. The manufacturing process, which is an adaptation of widely used processing
techniques for multi-component materials such as fibre-reinforced polymer composites, will be

outlined.

3.1 Materials

Aluminium foils

Aluminium is an intuitive lightweight choice as a laminate constituent with its long history of use
especially in the aerospace sector. Specific aluminium based alloys have been developed to satisfy
the need for high structural properties, while providing fatigue and corrosion resistance at the same
time, compared to pure aluminium which has low mechanical strength properties.

Commercially available foils range from pure aluminium foils to tailor-made alloy foils with iron,
silicon and manganese additives. However, the latter materials have the disadvantage that they are
usually not readily available and involve significant cost. Therefore, pure aluminium foils have been
the favoured choice of material in this study.

Aluminium foil with the smallest thickness available is commonly used as household or kitchen
tin foil. Its thickness typically ranges from 10 pm to 18 pm. The very fabric like behaviour of kitchen
foil is unsuitable and undesirable for the processes during the laminate manufacture which involves
manual handling and hand lay-up. Its low thickness causes the foil very easily to form creases
and kinks; also tearing frequently occurs. Additionally, at this thickness range the aluminium
foils feature many rolling defects and numerous pin holes, as shown in figure 3.1, which are highly
undesired as the performance of the laminate in fire is strongly dependent on its capability to
capture the volatile decomposition products. With increased foil thickness the number of defects
significantly reduces and the stiffness increases which improves the handling conditions during
manufacture. Therefore, commercially available aluminium foils of 30 pm and 50 pm thickness
sourced from North Fast Laboratory Supplies have been chosen as the PML metal constituent in
this study.
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(a) Pin holes (b) Rolling defects

Figure 3.1: Irregularities and visible pin holes in common aluminium household foil.

Polymer Interlayers

Epoxy resins are one of the main types of structural adhesives. Their relatively high strength
and wide operational temperature range make them first choice for a wide range of engineering
applications. A high performance, aerospace grade epoxy resin system, resin LR-135 and hardener
LH-137, supplied by PRF Composites (UK), has been chosen for the manufacture of the multi-layer
laminates. Its low viscosity is one of its main properties that is essential for the manufacturing
process. Additionally, a room temperature curing cycle followed by a low-temperature post-curing

process are very operational-friendly and do not require specifically developed equipment.

Metal Foils with High Melting Points

The use of aluminium in a fire-scenario, where temperatures can easily exceed 1000 °C, may seem
counter-intuitive as the melting point for the pure metal lies at around 660°C. In severe fire
conditions where PML would be exposed to temperatures above the melting point of aluminium,
degradation caused by the foil melting is to be expected. Nevertheless, the principle mechanisms
responsible for the establishment of the PML fire protection effect are not impaired by the damage
to the PML because the melting phase only occurs in the final stages after the thermal insulation
barrier has fully developed. Additionally, melting of the PML is a gradual process which occurs after
the heat front has gradually progressed through the PML. Alternatively, it is thought that through
the introduction of metal foils with melting points above flame temperature the fire performance of
the laminates can be improved as it would provide an additional non-melting barrier against the
flames so that it is able to retard the heat transfer further.

These high-melting foils typically have a much higher density than the aluminium foils which
would be in contrast to the lightweight design principles if the laminates were solely made out of

these alternative materials, see table 3.1 for comparison. To ensure a good fire-protection effect, the

Tmett  Tdecomp Density Conductivity — Heat capacity
[°C] [°C] [kgem™3] [Wm K] [Jkg 'K!]

Aluminium 660 - 2700 200 910
Stainless Steel 1400 - 7800-8000 16 490-530
Titanium 1665 - 4510 12 540

Epoxy resin - 300-350 1100-1400 0.18-0.2 800-1200

Table 3.1: Material properties at room temperature.
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laminates can be a hybrid of the non-melting foils in combination with the aluminium foils as the
non-melting foils are only needed to lessen the destructive character of the fire on the aluminium.
Therefore, modified laminates would be manufactured that feature either one 30 pm Stainless Steel
foil Type 304 supplied by Hollinbrow Precision Products (UK) Ltd or one 30 pm Grade 2 Titanium

foil sourced from T%-Shop.com at their front face.

3.2 Experimental Procedure

PML Manufacture

The 30 pm and 50 pm thick aluminium foils are supplied as 300 mm wide rolls. This allows the
aluminium rolls to be placed in a small jig and for the foil to be pulled out to the required length
during manufacture. The low-viscosity of the mixed epoxy resin (500 mPas to 1000 mPas at room
temperature) enables the use of a spray gun to apply the resin onto the foils. The advantage over
other coating techniques such as using a paint brush or a hand-held squeegee is that it offers a
controlled way of applying a homogeneous resin layer with uniform thickness that can easily be
repeated to achieve layers of the same thickness in the manufacturing progress.

After the resin is sprayed directly onto the unrolled foil, a Stanley knife can be used to cut the
foils to a standard size of 300 x 300 mm?. Individual coated foils are then stacked on top of each
other according to the desired architectural design whilst a foam roller is applied with pressure to
encourage good bondage as well as minimising the amount of air that might be trapped between
the two aluminium layers.

At this point the non-melting top layer can be introduced for the assembly of so-called modified
PML. The steel or titanium foils are cut to size and treated with a spray coat in the same way as the
aluminium foils. The steel or titanium foils then form the top layer of the stacked aluminium-resin
laminate.

For consolidation the assembled laminates are pressed with 70 kN for an initial curing period of
2 hours at 60 °C. A post-curing heating cycle at 80 °C for 10 hours as outlined in the manufacturer’s
datasheet follows the initial 24 hours room temperature cure process in order to develop the full
mechanical strength of the resin.

The method of unrolling the foil and cutting after applying the spray-coat reduces the amount
of manual handling which in turn minimises the chances of introducing creases and kinks into the
foils. A careful handling of the foils is important as any irregularity within one layer will imprint

through to the other layers and multiplies the locations where air can become trapped. Air within

Figure 3.2: Fabricated PML a) before and b) after revision of manufacturing process.
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foil roll
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Figure 3.3: Schematic of the PML manufacturing process.

a PML is an unwanted flaw which will compromise the effectiveness of the fire retardancy and

reduces overall PML structural integrity.

With ongoing study, advancements to the manufacturing process became necessary to improve
PML quality and consistency. A new processing procedure has been developed in order to minimise
the amount of manual handling which presents the greatest risk of causing faults within the
laminates. The revised procedure, schematically shown in figure 3.3, involves a continuous process.
At the start, the aluminium foil is unrolled onto heated plates set at a temperature of 70 °C which
assists the initiation of the curing process of the resin after the foil has been spray-coated with the
epoxy. After a short resting time, the coated foil is draped onto a mandrel-like device. Through
rotational movement of the mandrel the foil is tightly wrapped around the device until the desired

number of layers is reached. The same curing procedure as previously described follows.

The laminates manufactured by the revised process were of a higher quality as shown in
section 3.2 as a result of there being less manual handling. Higher consistency in weight and
thickness ratios of the samples in combination with a fault-free appearance was observed. By way
of example, micrographs of a manually assembled PML and a PML manufactured according to the
revised technique are shown in figure 3.4, respectively. A number of air pockets and irregularities
can be noticed in the manually assembled PML which in contrast are eradicated within the second

sample which features evenly distributed resin layers in a highly uniform PML sample.

(a) 50 pm PML, 19 layers (b) 30 pm PML, 20 layers

Figure 3.4: PML micrographs taken with a light microscope showing laminates
with a) inferior quality and b) much enhanced quality due to improvements in the
manufacturing process.
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Bonding of PML onto a Structure

It is critical to be able to fully integrate the laminates into the primary structure of any proposed
application. To this effect, a process has been developed to bond laminates onto various substrate
materials. During this study aluminium and carbon-epoxy composite substrates are chosen as the
main subjects of investigation because they provide a fair representation of material types used by
the transport industry, be it an aircraft fuselage material, a structural member of a ship hull or a
train carriage body. The process developed allows PML to be attached to either one or both faces

of the primary structure.

In principle, the bonding technique follows the manufacturing process outlined in the above
section. For a good interface bonding the surface roughness of the substrate has been slightly
increased either via grit blasting (aluminium) or manual abrasion (polymer-matrix composite)
before a spray-coat of resin is applied onto which a PML is positioned. During the curing the
bonded specimen is clamped between metal plates which allow the sample to be held in place so
that slippage is prevented. The standard curing cycle of 24 hours at room temperature and then

elevated temperature post-curing would follow.

3.3 PML Architecture

As PML presents a new concept of fire protection technique, there is a need to understand the basic
behaviour in fire scenarios. In order to assess principle influences on the fire behaviour various
laminate architectures have been produced. Besides the two different foil thicknesses, another
principal variable introduced to study the fire protection effectiveness of PML is the number of
aluminium foils present within a sample. A PML is manufactured featuring either 10 or 20 layers of
metal foil; which includes one non-melting top foil in case of the modified PML samples. Table 3.2

provides an overview of the main PML types and their nomenclature used in this study.

The PML constitutive properties are governed by the relative contributions of each constituent
material which is generally expressed as a volume or mass fraction. The volume fractions p,;,0res
of the aluminium and epoxy resin within a PML can be derived from the basic relationship of mass

fraction and density for a two-component system
Wal

Pal = Wal palw'res (31)

Pal Pres

with w and p denoting the weight fraction and material density of each constitutive element,

Polymer-metal laminates Modified Polymer-metal laminates
Label Label
9 layers + 1 Steel foil 10L/30pm + St
30pm thick 10 layers 10L/30pm 19 layers + 1 Steel foil 20L/30pm + St

Alu foil 20 layers  20L/30pum 9 layers + 1 Titanium foil ~ 10L/30um + Ti
19 layers + 1 Titanium foil 20L/30um + Ti

9 layers + 1 Steel foil 10L/50pum + St

50um thick 10 layers ~ 10L/50um 19 layers + 1 Steel foil 20L/50pum + Ti
Alu foil 20 layers 20L/50pm 9 layers + 1 Titanium foil  10L/50um + Ti
19 layers + 1 Titanium foil 20L/50um + Ti

Table 3.2: Overview over basic PML architectures.
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respectively. And vice versa, converting the volume fraction into weight fraction via

_ PalPal
PalPal + PresPres

Wal (32)
Material properties such as PML density, specific heat capacity and other mechanical characteristics

can be estimated according to the rule-of-mixture using average epoxy volume fractions of around

6 %.

PPML = PresPres + PalPal (33)
CppML, = PresCPresPres + PalCPal Pal (34)
PPML

For modified PML materials the above equations change accordingly to take into account the

contribution of the additional constituent.
n
PPML = Z ©Lipi (3.5)
i=1

where ; and p; represent the volume fraction and density of the i-th element of a Steel/ Aluminium/Epoxy
PML or Titanium/Aluminium/Epoxy PML, respectively. The overall specific heat capacity of a
modified PML is then defined as n

21:1 PiCPiPi

cppmy, = ==L (3.6)
PPML
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Chapter 4

Material Characterisation

Understanding and analysing the fire performance of Polymer-Metal Laminates requires knowledge
of their thermal and physical properties over the whole temperature range to be considered. There
is an abundance of information about the material properties of metals over a wide temperature
range, whereas characteristic material data for polymers is mostly limited to ambient temperatures.
This section provides a description of the experimental work conducted in order to characterise
these thermal and physical properties. Focus has been placed on experimental methods that would
assist in the understanding of the material’s behaviour at ambient as well as elevated temperatures.
The experimental findings together with analytical results will form an essential part of a material’s

properties database from which a thermal model can be developed.

4.1 Epoxy Resin

4.1.1 Glass Transition Temperature

For materials comprising of polymeric constituents, glass transition (7}) is defined as the temperature
range over which a change in the polymer from a glassy to a rubbery state occurs. It is a
transformation of the molecular structure which affects thermal as well as mechanical properties.
The mechanical properties experience a significant decrease which practically excludes polymers or
polymer-matrix materials from being deployed in environments above T, due to these low structural
properties. Thermal properties such as specific heat capacity and thermal transport characteristics
show noticable changes, too. The specific heat capacity commonly increases on exceeding the
glass transition temperature because of the increased polymer chain mobility which corresponds
to a higher level of stored energy whereas thermal diffusivities are reduced due to the intensified
scattering of the heat transferring phonons caused by the increased chain movement.

The glass transition temperature for the epoxy used in the developed PML lies between 78 °C to

82 °C as obtained from Differential Scanning Calorimetry experiments.

4.1.2 Thermal Analysis

Combined Thermogravimetric Analysis (TGA) and Differential Scanning Calorimetry (DSC) are
used to study the decomposition behaviour of the PRF epoxy resin. In a PerkinElmer STA3000
device a 12mg resin sample is heated up from room temperature up to 800 °C while its mass loss
(TGA) and the heat flow towards the sample (DSC) are recorded. The tests are carried out at three
different heating rates of 10°Cmin~!, 20°C min~! and 40 °Cmin~! in a nitrogen atmosphere. The
higher heating rate results in a shift of the corresponding curves and curve characteristics towards

higher temperatures due to the sample’s thermal inertia, see table 4.1 for details.
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Tonset Toffset Tmax T95wt% T90wt% T50wt% Char yield

S RS Y °C] [°C] [wt%]
HR10 341 426 373 339 348 378 6.49
HR20 355 439 381 353 363 389 6.37
HR40 370 448 406 366 376 404 5.75

Table 4.1: Change in decomposition characteristics of PRF epoxy resin for three
heating rates.
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Figure 4.1: Thermogravimetric analysis of PRF epoxy resin for three different heating
rates: 10 Kmin™', 20 K min~! and 40 K min~"'.
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The TGA curves as shown in figure 4.1a are characterised by a steady mass loss between 300 °C
and 500 °C which indicates a single-stage decomposition process. During the decomposition the
resin is mostly transformed into hydrocarbon volatiles and lightly combustible gases leaving only a
small amount (6 %) of solid charred residue. The first derivative curves dw/dT are used to assess
the rate of weight loss and determine the point at which the maximum decomposition rate occurs,
see figure 4.1b.

A multi-branch least squares fitting technique [147] is applied to analyse the TGA curves in
order to obtain the kinetic parameters E, and A for the decomposition reaction of the epoxy
polymer. Since the heating rates within a decomposing resin vary from a few degrees per minute
up to 100°Cmin~! depending on the spatial temperature distribution within the sample [148],
simultaneous analysis of the TGA curves is important. Individual curve fitting provides an
independent set of kinetic parameters for every mass loss curve recorded at a specific heating rate.
The assumption that taking the average of these individual parameters, in order to obtain one
universal set of parameters for the particular polymer analysed, accurately describes the mass loss
behaviour does not follow. Thus, the multi-branch fitting is necessary to appropriately consider the
wide range of heating rates that occur within a decomposing polymeric resin.

As the pyrolysis reaction follows a first order Arrhenius equation, the kinetic parameters
activation energy and rate coefficient of the epoxy resin used within PML can be obtained from
the fitting procedure. These values are later used as input data for heat transfer simulations. The
GNUPLOT software provides a fitting technique that allows a simultaneous evaluation of all three

mass loss curves according to the multi-branch fitting technique which uses the Arrhenius equation

dp p=pt| (—E
o __, (~Eu/RT) 11
dt po[ 0t (4.1)

where A and E, are the two unknown parameters rate coeflicient and activation energy, respectively.

The following values for A and E, are obtained during the fitting procedure
A =244 x 10" s71 £10.86% E, =207 x 10> Jmol ' K~! +0.32%

Figure 4.2 shows the close correlation of the experimental TGA curves and the data curves simulated

with the kinetic parameters obtained from the fitting procedure. The recorded DSC curves, see
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Figure 4.2: TGA fit results obtained with GNUPLOT, curves with increasing heating
rate from left to right.

figure 4.3, clearly show the endothermic characteristic of the decomposition reaction. The onset
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of the decomposition is determined to be around 340 °C. The DSC measurement also allows for
the evaluation of the specific heat capacity of the resin as the heat flow rate is proportional to
the material’s specific heat. In recording the heat flow and comparing it with the heat flow rate
into a reference material (e.g. sapphire) tested under the same conditions, the specific heat of the
sample is obtained. Of special interest here is the change in value around the resin’s glass transition

temperature, see table 4.2.
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Figure 4.3: DSC analysis of Table 4.2: Specific heat capacity
PRF epoxy resin at varying heat- of PRF epoxy resin

ing rates

4.1.3 Thermal Transport Properties

The thermal diffusivity of a material is commonly measured via transient methods like Hot Disk
or Laser Flash during which a thermal gradient is applied to a small coupon sample. However, a
simple and low-cost step-change technique that has been developed in-house can also be used to

determine the thermal diffusivity accurately.

Theory

In general, a thermal experiment during which heat is transferred one-dimensionally through a slab
of material can be modelled using LaPlace’s equation
dr d’T
al 4.2
dt Qx ( )
where T is temperature, t is time and = the spatial coordinate. The material property a, denotes
the thermal diffusivity in the through-thickness, x, direction. It can be described through thermal
conductivity Ky, material density p and specific heat c, as follows
k
ay = — (4.3)
PCp
The main factor that determines the heat transfer through a material of thickness b is defined as
the Fourier number
axt
Fo= b—’; (4.4)
The recorded data of the centreline temperature can be expressed as the dimensionless temperature

0
0 = h-T (4.5)
Ty —To
where T is the centreline temperature, Ty is the initial sample temperature, T} is the ambient
temperature which will be reached at long exposure times. The dimensionless temperature 6 ranges

from an inital value of 1 to 0 for long experiment times, independent of the direction of the imposed
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thermal gradient.
The well-known series solution [149] for equation (4.2) can be truncated to the first term without
significant loss of accuracy when Fo > 0.2. The centreline dimensionless temperature of a flat plate
is then calculated according to
4 (_ 72 Fo )
0=—e 4

- (4.6)
This equation has its limitations as it is restricted to situations of perfect heat transfer when the
sample surface is instantaneously exposed to the ambient temperature 77. In practice the exact
realisation of such a boundary condition is rarely achieved. A physical measure, the so-called Biot
number, has been introduced to evaluate the efficiency of heat transfer through boundary layers.
The Biot number, Bi, describes the ratio of the sample’s internal resistance to heat conduction to

the external resistance to heat convection.
hb hb

Bi=—= 4.7
! kx  oxpcp (4.7)

with h denoting the heat transfer coefficient.

When Bi > 300 the effect of surface resistance to heat transfer may be ignored and the relationship
in equation (4.6) can be used to derive the value of thermal diffusivity. For low Bi numbers, which
occur mostly in such step-change experiments, the effect of the surface resistance to heat flow has
to be taken into account. Heisler [150] delivered a modified version of the LaPlace equation that is

applicable for cases where Bi < 100

— 17 _ e(=¢7Fo)

= = 4.

0 T Ce (4.8)
. ) 4sin ¢

with Bi = = —— 4.
it i=(tan( and C 5T sin2C (4.9)

From the above equations it is apparent that Bi is defined as a function of ¢ which poses a problem
since ( is an unknown factor and not vice versa.
Yovanovich [151] has given an approximation for the solution of heat transfer problems within a

slab geometry to overcome this intrinsic problem and defined ¢ as dependant upon Bi.

s

(= ———— with C; =224, Cy=1.02 (4.10)
2 \/ L+ B?éz

Reorganising equation (4.8) will lead to a final expression that is used to derive the thermal

diffusivity from a step-change experiment when the above modifications are considered
—b? 0

The last undefined variable is the Biot number. From the outset of the experiment the heat
transfer coefficient (HT'C) needed in equation (4.7) is not known. However, the same experimental
step-change procedure can be used to determine the HTC at various temperatures with a material
block of high thermal conductivity. In that case, Bi becomes very low and the analysis of the
recorded data can be based on the so-called Lumped System Analysis [152]. For Bi < 0.1 a
uniform temperature distribution throughout the specimen is assumed so that the energy balance
is expressed as the energy increase of the sample limited by the heat transferred into the sample

during the time interval dt

T
hA(T —Ty) = —chpCjTt (4.12)

where h is the convective heat transfer coefficient, A is the surface area, V is the sample volume,
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T is the ambient temperature, 1" is the sample temperature, ¢, is the specific heat capacity.
After integration and substitution of the dimensionless temperature 0, the above equation can be

written as

T-T. hA

Inf =1 = t
1 nTO—TOO pVep

(4.13)

Therefore, the HT'C can be directly obtained from the slope of the curve when the logarithm of the
dimensionless time 6 versus time t is plotted.

Procedure

A 100 x 100mm? and 12 mm thick epoxy block, as shown in figure 4.4, is prepared featuring a fast-
response thermocouple at its centre point that allows the recording of the variation of the centreline
temperature. In order to ensure a one-dimensional heat
transfer through the thickness of the specimen and pre-
vent an in-plane temperature gradient the specimen edges
are insulated with a Syndanio ceramic board bonded on
with epoxy resin. The sample is kept in a temperature-
controlled furnace for a few hours to achieve a uniform
temperature of the sample. The sample is then rapidly
moved from the furnace and placed in a temperature-
controlled and agitated water bath which is kept at a
temperature that is 20 K lower than the sample temper-

ature. A temperature gradient will instantly form at the

specimen’s surface. The change of the centreline temper-
ature is recorded by a data acquisition system from the
time the specimen is submerged until the sample reaches Figure 4.4: Polymer slab specimen
a constant final temperature. In order to investigate pfter high temperature thermal diffusiv-
the temperature dependence of the thermal diffusivity ity measurement. Discolouration due to
as well as measuring the heat transfer coefficient for the —€Xposure to temperatures above 180 °C.
surrounding medium, experiments have been carried out

in temperature intervals of 10 K over a wide temperature range.

Results

As can be seen from the above derivation of the equations for the analysis of the step-change
experiment, it is essential for the accurate measurement of thermal diffusivity values to have defined
boundary conditions. Literature values for the convective HTC can give an orientation towards the
magnitude but are far too vague to allow for precise calculations. A list of HTC values is commonly
given in heat transfer text books [149, 152] indicating the wide range that occurs, arising from the
fact that the value of HT'C for each individual case is highly dependent on the settings such as

temperature, sample geometry, surface orientation or fluid properties.

In order to ensure that the criterion of Bi < 0.1 is fulfilled, the step-change experiments have
been carried out with an aluminium specimen. Aluminium has a very low resistance to heat
transfer as its high conductivity prevents the development of a temperature gradient through the
sample. A one-dimensional explicit finite difference method has been developed with MATLAB
software to validate the experimental HT'C values obtained via equation (4.13). It is assumed that
if the measured temperature-time curve can be precisely reproduced, the value for the HTC of the

surrounding medium is accurate.
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Figure 4.5: Determination of HTC: Comparison of measured and simulated reduction
of a specimen’s centreline temperature during a cooling experiment.
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Figure 4.6: Temperature dependence of HT'C of the agitated water bath.

The heat is conducted through the sample according to

Do (it 1) = 25 (T — 2T+ T (4.14)
Considering the convective boundary conditions on the exposed surfaces the finite difference equation
modifies to A L
%71: (T =T0) = = (Thay — T) +h (T —~ T3) (4.15)
Leaving instrument settings such as rotational mixer speed and water level constant over the testing
period, the value for the convective HTC for the described step-change experiment is mainly a
function of temperature. Having used a 20 mm slab of 5000er aluminium with known thermal
properties, the derived results in figure 4.6 show a steady increase in the HTC with increasing
temperature which lies well within the range compared to values found in literature. The developed
finite difference method is able to accurately replicate the experimental temperature curve as shown
in figure 4.5 in the case of a cooling experiment performed from 60 °C down to 40 °C. The results
from the experiments at other temperatures show identical behaviour with similar accuracy. Thus,
the measured HTC values are used as valid input values for the determination of thermal diffusivity.
The thermal diffusivity of the PRF epoxy resin has been measured as temperature dependent

between room temperature and 100 °C. The reduction in thermal transport property with increasing
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temperature is shown in figure 4.7. Typical step-change behaviour over the tested temperature
range is observed with the main decrease occurring around the resin’s glass transition temperature.
At 100 °C the thermal diffusivity is reduced to about 70 % of its room temperature value. The room
temperature value of & = 0.1761 mm s~! relates to a thermal conductivity of k = 0.1943 Wm ' K~!
via equation (4.3). This shows good correlation with theoretical values for epoxy resins which cover

a wide range from k£ = 0.15 — 0.32 [153, 154] due to the chemical versatility of epoxy polymers in

general.
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Figure 4.7: Thermal diffusivity of PRF epoxy resin as function of temperature.

4.2 Polymer-Metal Laminates

4.2.1 Thermal Transport Properties
Theoretical Background

The thermal properties of multi-component materials depend on the orientation of the layered
material towards the direction of heat flow. This is analogous to electrical resistance systems
because properties such as the effective thermal conductivity can be evaluated either in series or
parallel. The series model [155] applies in the case of a heat flow perpendicular to the layered
sample as schematically illustrated in figure 4.8. The overall thermal conductivity is then calculated

according to the following equation (4.16) taking into account the thermal conductivity of each

1 Z": i (4.16)

koverall

constituent and its volume fraction

I
S

where ¢; is the volume fraction and k; the thermal conductivity of the i-th element.
Therefore, the calculation of the room temperature thermal conductivity for a typical PML made

of aluminium foil and PRF epoxy resin with the respective properties of
kai =200 W/mK, Fkepoxy =0.19 W/mK, ©epozy = 0.06

yields a theoretical value of

1 1-—
_loe v
ktheory kal kepoxy

Ktheory = 3.19  W/mK
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Figure 4.8: Series model for multi-layered materials.

Experimental Procedure

The same experimental technique as described under section 4.1.3 can be used to measure the
thermal conductivity of the laminates. A combination of using the agitated water bath up to 100 °C
as well as a fluidised sand bath for elevated temperatures up to 250 °C allows the determination of
the temperature dependence of the PML’s thermal conductivity over a wide temperature range.
However, due to technical limitations measurements above the onset of resin decomposition are
not possible. Alternatively, the PML specimen can be artificially decomposed under controlled
furnace conditions (time and temperature) and the step-change experiment then carried out at
room temperature.

Preparation of the samples involved the bonding of two PMLs on the exposed surfaces of a
100 x 100 mm? aluminium block that had been insulated along the edges of its 10 mm thickness.

Figure 4.9 depicts a schematic design of such a specimen for the step-change experiment.

Convective heat transfer

[ 1

Aluminium

Thermocouple
substrate P

[

Convective heat transfer

Figure 4.9: Cross-section of a typical PML/aluminium sample used for step-change
experiments.

Theory

During the cooling experiment, the amount of heat that is conducted across the laminate layers and
then transferred from the PML surface layer into the surrounding water environment via convection
can be quantified through the variation of the centreline temperature of the aluminium. A schematic
temperature distribution along the specimen’s cross-section is shown in figure 4.10. This is possible
because the temperature at the interface between laminate and aluminium is assumed to be the
same as in the centre since there is no temperature gradient present within the aluminium due to

its high thermal conductivity.
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Figure 4.10: Schematic temperature distribution along the cross-section of a
PML/aluminium sample during a step-change cooling experiment.

The heat conducted through the laminate is defined as

Q kEpwmr
= 2 = T -1 4.1
gPML A a ( oo) ( 7)

with kpasr, being the laminate’s thermal conductivity, a the thickness and (T' — Ti) the temperature
difference to the ambient environment.
Whereas the temperature rise within the aluminium substrate is defined as

dT

Q
== — _jpe b— 4.1
gAl A PCp dt ( 8)

where p,c, and b are the aluminium density, specific heat capacity and plate thickness, respectively.
dT/dt describes the temperature change over time. Combining the above relationships enables the

modelling of the temperature change during a cooling experiment from the following differential

equation
kpmL dTr
Rearranging and integrating leads to
pcpba
t=—"—(T-Tw)+C (4.20)
PML

The integration constant C' is found when the boundary conditions at the start of test are taken as
T= T() att =0

b
C =Ly (1 — T (4.21)
PML
and as a consequence
pepba ( T—Ts ) pcpba
t= In = Inb 4.22
kpmL To — T ke (4.22)

The thermal conductivity of the metal laminates can be derived from the above equations. It is
common to plot the logarithm of the dimensionless temperature 6 versus time. The slope of the

obtained curve can be directly related to the thermal conductivity kpy, through equation (4.23).

In6
kpML = pcpbanT (4.23)

Results

Thermal conductivity values for the 10L/50um PML sample have been obtained from the analysis

of thermal step-change experiments carried out over a temperature range from room temperature
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Figure 4.11: Temperature dependence of thermal conducitvity of unexpanded PML.

to 100°C and 250 °C as well as measurements of the decomposed sample condition.

It is found that at room temperature the PML has a thermal conductivity of k = 1.09 Wm =t K1,
This is not as low as thermal conductivity values for materials purely designed and optimised
for fire insulation purposes such as ceramic fibre blankets (k ~ 0.04 Wm~! K=1) or intumescent
paints (k ~ 0.03 Wm~! K~!). However, considering that over 90 % of this material is comprised of
metal foil, it proves its considerable potential as a fire protection material in comparison with other
materials in high temperature applications such as fire clay bricks (k ~ 1.4 Wm~! K1) or glass
fibres (k ~1.2Wm~1K™1).

As seen from figure 4.11, with increasing temperatures a reduction of about two thirds from
k=11Wm 1K tok=031Wm 1K= at 100°C can be seen with the major change occurring
around 80°C. The latter observation is not surprising bearing in mind that the limiting factor
for any property of a multi-component material is the constituent exhibiting the lowest property
value. Therefore, the temperature dependence of the PML thermal conductivity is dominated by
the behaviour of the epoxy polymer component. This can be seen when the curves for thermal
transport properties for PML and epoxy resin are compared with each other as the same step-change
characteristic can be observed with the main decline occurring around the polymer’s glass transition

temperature of around 80 °C.

In case of a 10L/50pm PML the theoretical value at room temperature is calcuated by the
equation (4.16) to k = 3.39Wm~'K~!. The apparent difference between the theoretical and
experimental value for the thermal conductivity of PML can be explained by the presence of air

within the samples. During the manufacturing process it is possible that air is either not completely

removed by debulking and compressing, or introduced secondarily because of tiny creases in the foil
and air trapped in the resin spraying process.
Epoxy

Air
‘B /
—_—
e
e

Figure 4.12: Combination of in-parallel and in-series configuration in a PML.

Heat Flow
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Technique  Sample type kexp  Ktheory —apparent @air

10L/30pm  1.07  2.91 7.18%

. 20L/30pm  1.06 271 7.12%
Hot-Dise 10r /50um 117 3.39 6.97%
20L/50um  1.03  3.54 7.47%

Step-change  10L/50pum  1.09  3.39 7.38%

Table 4.3: Thermal conductivity for various PML types at room temperature, given
in Wm—! K1

The aforementioned analogy of an electrical resistance system can be used in reverse to determine
the air content within the PML sample under the assumption that the overall thermal conductivity
equals the value obtained via step-change experiment kay = kexp = 1.09 Wm ™' K1, For the new
three-component material comprised of aluminium, epoxy and air, the general series equation (4.16)
needs to be modified to account for the fact that air is contained within the polymeric interlayers,
which is illustrated in figure 4.12. Thus the air and epoxy fractions are in parallel with each other,
denoted as the denominator of the second term on the right hand side of equation (4.24), which in

turn is connected in series to the aluminium foils.

1
kall kal Pepoxy kepoxy + Pair kair

— Pal + Player (424)

The ratio of the fractions .1 and @jayer is deduced from the thickness of the individual specimen.
The parameter @jayer also reduces the number of unknown variables as it equals the sum of @epoxy
and @,i,. Solving the above equation with respect to @epoxy leads to the air volume fraction
contained within PML.

Pl
Pepoxy (kepoxy - kair) + Splayerkair = % (425)
kau  Kal

The amount of air trapped within the 10L/50pm PML is determined to @ai, = 7.38 %.

In order to investigate the variation in thermal conductivity for the different laminate designs
additional measurements have been carried out. The Hot-Disc method was used for this purpose
because, besides the property determination, it provides an additional means of verifying the
results obtained from the step-change experiment. The results for measurements performed at
room temperature are listed in table 4.3. All values lie well within a 10 % error margin around
an average value of k = 1.08 Wm ' K~!. The slight variations arise from the differing weight
fractions of epoxy resin present within each sample as well as a possible volume fraction of around
7% trapped air. But more importantly it verifies the results from the much simpler step-change
experiment which seems to show it is a quick and inexpensive alternative. Also, since the variations
of the thermal conductivity lie within a very small margin it can be assumed that the temperature
dependence measured for the 10L/50um PML type can be taken as reference values for further
analysis of all four different PML designs.

At temperatures above 100 °C the PML sustains a further gradual decrease in thermal transport
properties. The thermal conductivity is steadily reduced to a low of k = 0.13Wm~' K~! at 230°C.
Although these temperatures are well below the onset of polymer pyrolysis, the epoxy resin within
the PML will experience thermal degradation over this temperature range which can affect its
material properties. An indication of such behaviour is observed in the slight colour changes of the
epoxy resin itself that occur when the polymer is exposed to temperatures as low as 150 °C. With
increasing temperatures the effect of thermal degradation will become more pronounced affecting
the material’s properties still further. However, the biggest factor affecting the reduction in thermal

conductivity is related to the air content within the PML samples. As the temperature rises, the
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trapped air volume increases due to the thermal expansion of the gas. This in turn influences the
thermal transport capability since a higher proportion of the thermally resistive gas-air mix causes
a reduction in the overall thermal conductivity of the PML. The thermal expansion effect can be
observed in the appearance of small blisters at the laminate’s surface resulting in a slight overall
increase in PML thickness.

Decomposed PMLs display a thermal conductivity of k& = 0.095 Wm~! K~! which is less than
one order of magnitude lower, compared to the room temperature value. The reduction is caused
by the pyrolysis of the polymer which almost completely transforms the organic material into
decomposition gases yielding only 6 % of char from the total amount of resin present within the
PML. In addition, the decomposition gases cause the PML to swell extensively. Due to the swelling,
the PML in a decomposed condition comprises of nearly 90 % air-gas mix. The theoretical value
for the thermal conductivity of a decomposed PML, based on the observed volume ratios of air,
aluminium foil and char, is determined via the series model to & = 0.03 Wm ™! K~!. The apparent
difference between the theoretical and experimental results for the decomposed PML is thought
to arise from the difficulties of accurately capturing the decomposed condition of the laminates.
With the applied experimental technique, the specimens had to cool down before they could be
handled. It was noticed that this resulted in a contraction of the expanded PML so that the

observed expansion factor underestimates the true expansion during decomposition.

4.2.2 PML Expansion Behaviour

The process of laminate expansion due to resin decomposition is essential to the fire protection effect
constituted by PML materials. Knowledge of an accurate description of the swelling behaviour is a
necessary prerequisite for correct thermal analysis.

The expansion characteristics of passive fire protection, i.e. intumescent materials, are commonly
specified through the introduction of a swelling factor. In early investigations of intumescent coatings,
expansion has been simplified and described as a temperature-dependent volumetric parameter
obtained from visual observation [156]. As the pyrolysis reaction is the direct cause for the
transformation of organic matter into gaseous products and hence a macroscopic mass loss, the
expansion performance should be directly related to the mass loss characteristics. Recent approaches
achieved a more accurate depiction as the expansion has been successfully linked to the production
of decomposition gases during the pyrolysis reaction [143, 157] although secondary effects influencing
the swelling behaviour might have been neglected as a result.

Isothermal heat exposure tests represent a simple method that allows the assessment of the
swelling capabilities of expandable materials in a controlled thermal environment. For this, PML
specimens are placed in a temperature regulated furnace and mass loss and expansion are recorded
at specific time intervals. The experiment has been repeated for various points over the temperature
range from just above the onset of decomposition up to 500 °C which is indicated as the end of the
decomposition reaction by TGA.

The time-dependent mass loss behaviour under isothermal conditions can be reproduced by
a simplified kinetic model presented by Lyon [158] which defines the pyrolysis of the chemical
polymeric bonds as the rate-limiting parameter for the mass loss of a char-forming polymer. Therein

the residual polymer fraction can be expressed

m _
o = Vet (1w Fpt (4.26)

with m/mg denoting the ratio of current mass m to initial mass mq, y. describing the equilibrium
char yield, k, the pyrolysis rate constant and ¢ representing time.

The mass loss curves reproduced from the above equation show good correlation with the
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Figure 4.13: Mass loss of the resin contained within PML as function of time during
isothermal furnace tests.

experimental data for long exposure times and in the identification of the final mass fraction after
the pyrolysis reaction has come to an end. Distinctive discrepancies are noticeable during the
initial phase of the reaction due to the thermal lag induced by the furnace environment. The
non-conformity arises from the deduction of Lyon’s model based on isothermal TGA experiments
with near-immediate material response of small-scale samples, whereas the conducted furnace tests
represent a different thermal environment which seems to affect the pyrolysis pattern as the residual
polymer fraction in the isothermal TGA experiments is much lower than in the corresponding
furnace test suggesting incomplete polymer conversion. This does not, however, allow an inference
that the determination of the kinetic parameters of TGA heating curves can be derived from the
isothermal tests, as additionally proposed in Lyon’s work.

Adjustments to the basic equation are necessary in order to accommodate the effect of the
thermal inhibition time observed during the furnace experiments. The revised equation for an

adequate description of polymer mass loss Am within a PML is given as

mo —m o Ammam
mo  L+exp(k(t—te))

Am = (4.27)
where temperature-dependent parameters represent the total amount of polymer mass loss Amnaz,
a reaction constant k and the point of highest mass loss rate t... The mass loss curves obtained from
the furnace tests are presented in figure 4.13 showing good consistency with the revised modelling
procedure of the pyrolysis reaction above 300 °C. The observed PML expansion behaviour is a
non-linear function of the recorded polymer mass loss as shown in figure 4.14 where the relationship
between PML expansion factor and the logarithm of mass loss are presented. The exponential
curve characteristic indicates behaviour based on a power-law dependency which can be expressed

in the form of
f(@) =yo + a(z”)

The application of the above equation during a least-squares fitting procedure leads to a mathematical
description of the PML expansion during isothermal furnace tests with good correlation, as shown

in figure 4.15. .
ﬁ = di = BO + (Bmax - 50) (M) (428)

do mo
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Figure 4.14: PML expansion, i.e. ratio of final to inital PML thickness, shown as
function of polymer mass loss recorded during isothermal furnace tests.

where 3, Bo, Bmaz are the instantaneous, initial and maximum expansion factor,
dy/dy is the ratio of final to initial PML thickness,
mo — m/mg defines the epoxy mass loss,
n is the reaction’s rate constant.

The slight inhibition time is evidently caused by the thermal lag of the decomposition reaction of
the polymer within the PML in the first place. Furthermore, enough reaction gases need to be
produced in order to cause deformation of the softened PML aluminium foils which ultimately
results in macroscopic surface blisters and overall expansion. The average expansion observed is in
the range of 9 times the initial PML thickness. Individual measurements show maximum values
of the expansion factor of greater than 10. The measured values are slightly underestimating the
actual expansion because of the specimens’ cooling down phase. During this process the expanded
PMLs experience noticeable contraction which leads to a conservative description of the swelling

potential of PML materials in the presented model.
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Figure 4.15: Time-dependent change in expansion factor during furnace tests shown
as comparison between experimental observation (data points as average of four
individual measurements) and calculated parameter as a function of polymer mass
loss (dashed curve).

An example of an expanded PML is presented in figure 4.16. The micrograph shows a cross-
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section of an expanded PML bonded to an aluminium substrate. In contrast to isothermal furnace
testing where the sample is exposed to heat to all faces, thermal input had only been applied to the
PML surface. Nevertheless, the swelling behaviour is still discernable as distinctive delamination
between individual foil layers occurs which leads to the overall observed expansion of the PML

thermal barrier.

200 pm

Substrate

Figure 4.16: Cross-section view of an expanded 20-ply PML on AA2024 substrate
after exposure to a radiant heat flux of 50 kW m~2 for 9 min, with the heat exposed
surface being at the top of the picture. Residual gas pockets resulting from the epoxy
decomposition during high temperature exposure are clearly visible.
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Chapter 5

Thermal Modelling of PML

Structures

The COM_FIRE program was developed at Newcastle University in the mid-1990s as a FORTRAN
program [124]. Over the years COM_FIRE has been updated numerous times to include options
for different heating sources, broadening the property library of homogeneous composite materials
as well as incorporating additional thermal effects to better reflect realistic material behaviour.
During this research it was found that COM_FIRE is deficient in that it was unable to predict the
temperature evolution in non-homogeneous materials as well as being unable to recognise the cause
and effect of expansion within specimens. It is only able to simulate the thermal behaviour of thick
fibre reinforced composite materials comprising of a polymer matrix in fire conditions.

In this study a new thermal model has been developed to predict the temperature distribution
within PML materials and PML-protected specimens when exposed to elevated temperatures.
The newly developed PML_FIRE program, written as a MATLAB program and based on the
COM_FIRE program, overcomes the shortcomings in the existing modelling approaches and will
accurately simulate the thermal response of PML materials bonded onto a substrate material when
exposed to fire conditions. It is possible to use PML_FIRE independently or in combination with
COM_FIRE. The new modelling in the program was necessary, in particular, to adapt COM_FIRE
to recognise the behaviour of the layered structure of the multi-component materials. Additionally,
specific thermal effects that occur during the PML’s exposure to fire due to the unique architecture

and the formation of the fire protection effect have been incorporated into the new program code.

5.1 Governing Equations

The one-dimensional heat transfer process in the through-thickness direction of a solid material
which is heated from one side is described by a non-linear partial differential equation. The rate of
change of the internal energy of the material, i.e. temperature increase or decrease, is determined
by the rate at which heat is conducted through the solid

aT 0 aT

The temperature increase is indicated on the left-hand side of the equation whereas the heat transfer
as conduction through the material is denoted on the right-hand side. At the material’s front face,
which is directed to the heat source, the heat is transferred from the flame towards the sample
through radiation and free convection. No forced heat convection is considered in the analysis.

The net heat flux ¢, defined as energy per surface area into the front face of the sample, is the
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combined effect of radiation (first term) according to the Stefan-Boltzmann Law and natural

convection (second term) from the heating source

q= % =0 (enas Ty — eT2) + h(Ta — Ty) (5.2)
where ¢ is the Stefan-Boltzman-constant, eq and €5 are the flame and sample emissivity respectively,
ai is the sample’s absorptivity at the front face, h is the convective heat transfer coefficient, Th
and Ty are denoted as the temperature of the flame and the sample, respectively. Similar boundary
conditions apply for the back face where the effect of natural convection and radiation is driven by
the temperature difference between the sample and the ambient temperature. In a fire situation
where the temperature of the heating source easily exceeds 1000 °C radiation is the dominant mode
of heat transfer.

The effect of natural convection on the hot face of the sample can be best described as a turbulent
boundary layer of air flow for a vertical wall surface [159]. Thus, the heat transfer coefficient is
defined as

hps = 1.31V0  with =Ty — T, (5.3)

where 6 denotes the temperature difference between the surrounding flame environment Ty and the
front face of the sample T;. The heat transfer coefficient for the cold face is estimated according to
the following equation [159]

et = hne + 0.03T% + 0.0001772 (5.4)

with hy,. being the heat transfer coefficient for natural convection in air which is in the range of
5Wm 2K to 20Wm~2K~!. The temperature of the sample at the cold face is represented by
Ts.

5.2 Numerical Realisation

Discretisation

A one-dimensional explicit Finite Difference (FD) method has been chosen as the numerical approach
to simulate the heat transfer through a PML bonded onto a substrate. It allows for the calculation
of a temperature change during a certain time interval at any given point x throughout the material
by taking into account the temperature development of its neighbouring points * — 1 and = + 1, as
schematically shown in figure 5.1.

The laminate part of a bonded PML sample is equally divided into nodes to form uniform elements

X
@
km
®
Figure 5.1: Principal determination of nodal temperatures during 1D explicit FD
methods.

x—1 x+1

t

t+1

according to the number of laminate layers. One metal foil together with one epoxy layer forms a
combined spatial element of thickness x. The spatial elements for homogenous metal or composite
substrates can be coarsely distributed, i.e. a less fine mesh is needed. For substrates with a thickness
of up to 20 mm the application of a maximum of 50 substrate nodes is standard practice.

An alternative to the aforementioned practice of distributing the nodes would be to treat every

48



physical layer as an individual layer within the simulation as outlined in figure 5.2. The significant
disadvantage is that this would cause a substantial impact on the computing time. The separation
of metal foils and epoxy layers into individual elements leads to a multiplicity of nodes to be
evaluated at any one time step in comparison to the approach of combined elements. The fact
that the element with the smallest spatial dimension determines the number of time steps results
in hugely increased computing time as there exists at least a factor of ten between the spatial
dimension of a combined element in comparison to a single epoxy layer element.

Based on these considerations, the overall increase in computing time which would take up to
several hours is deemed unacceptable in creating an efficient model that can be used to accurately
simulate the thermal response in different fire scenarios and assist in the development of new PML

materials.

T

combined layer of foil and resin substrate

| |

1 T

metal foil resin substrate

Figure 5.2: Schematic outline of the nodal mesh for combined (top) and individual
(bottom) layer approach for a 4-ply PML/substrate specimen.

Finite Difference Equations

For the principal heat transfer through any element within the sample equation (5.1) can then be

rewritten in finite difference notation as

PCp (41 o _ kK t t t
E (Taz - Tz) - sz (Terl - 2Tz - Tzfl) (55)
The temperature development at the boundary node on the hot face is determined as shown below
where the first term on the right-hand side describes the heat conduction away from the hot face
into the first layer of the laminate, the middle term denotes to the radiation effect and the last

term describes the convective heat transfer.

T -1t = . (T, — 2T —T!_ ) + o (eaas Ty — &T%) + by (TG —TL)  (5.6)

@ﬁ(
Ax

At 2

Similarly, the boundary conditions for the cold face of the sample can be defined as

pep Ax
b B

Tt+1 7Tt —
At 2 )

x x

k
Ve (T, — 2T —T!_ ) + o (eaosTd — &T¢) + hey (T — TE)  (5.7)

Introduction of Interfaces

As PML structures are multi-component materials with a wide range of thermal properties it
is important to ensure that sustained heat transfer is passed on from one element to the next
where different material types meet. This is valid within the PML itself, the foil-resin junction, as
well as the transition from PML to the substrate material. Therefore, the set of finite difference
equations for any interface node needs to take into account the different material properties as well

as the change in spatial dimension from both elements contributing to the interface. Equation (5.5)
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changes accordingly to formulations given by Croft [160]

(pcp)< ment kl k2
% (T£H - T;) = Tﬁ (T;~+1 - QT; - T£—1) + Tx% (T;+1 - 2T£ - T£—1) (5-8)

Stability Criteria

The Fourier number is a dimensionless number that is used to characterise the heat transfer process.
For stability reasons negative coefficients in the finite difference equations are not permitted as
it would contradict thermodynamic principles. In order to fulfil this requirement, the stability
criterion has to have a value lower than 0.5. A low Fourier number may result in an improvement
in accuracy as reducing Fo decreases the time interval for every time step. However, if too low
a figure is chosen it dramatically increases the computing time as well as the cumulative error
for the predictions in every time step due to the large total number of time intervals. The best
solution seems to be, when selecting an appropriate Fo, to compromise between the positive effect
of improved accuracy as against the adverse influences of error and time increase, and to find a

figure that best satisfies those competing effects.

At kAt
Fo=% <05 (5.9)

Az? pepAx? —

5.3 Thermal Effects

Substrate Material

The fire protection effect of PML can only be assessed in relation to the performance of the
unshielded substrate material during the heat exposure. Therefore, it is important to correctly
reproduce the observed experimental behaviour of the substrate within the simulation. This can
be realised as shown under section 5.2 where equations (5.5) to (5.7) describe the heat transfer
through a homogeneous material including boundary conditions. Material specific properties such
as thermal conductivity &, specific heat capacity c,, density p, absorptivity a, and emissivity e,
have to be adjusted accordingly. It is preferable to implement them as functions of temperature
instead of as a single-value property which might give a rough estimation but is less accurate.

As an example, for a 10 mm aluminium substrate plate the material properties listed in table 5.1
have been implemented into the MATLAB program. The simulated curves for aluminium substrates
exposed in a fire test based on these input criteria fit the temperature recordings obtained from
the thermocouples very well, see figure 5.3. Additionally, the simulation allows prediction beyond
the experimental results as the thermocouples are limited to temperatures below 400 °C. The fire
behaviour from room temperature up to the melting point of an aluminium plate can be accurately
estimated.

When other substrate materials are used such as GFRP or CFRP polymer-matrix composites,
the existing COM_FIRE code is suitable to predict the fire performance of these combustible

materials. It contains a vast material library comprising various types of polymer (polyester, vinyl

Property Definition Reference
cp=0.41T+903  for T = [0°C,500°C]
Specific heat capacity in Jkg7! K=1 ¢, = 0.825T + 695.5 for T = [500 °C, 660 °C] [161]
cp = 1040 for T = 660°C
Thermal conductivity in Wm™t K=t &k = T/15 + 200 up to T = 660 °C [161]
Emissivity and Absorptivity es =0.14 with ag/es = 2.5 [149, 162]

Table 5.1: Material properties for 99.8 % purity aluminium.
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Figure 5.3: Comparison of experimental and modelled temperature response of a
10 mm aluminium substrate exposed to 116 kW m~2 heat flux.

ester, epoxy, phenolic) and reinforcement (glass, carbon, aramid) from which it is possible to account

for most common fibre-reinforced composite materials.

Temperature-dependent Material Properties

The rule-of-mixture approach is widely used to calculate material properties of multi-component
structures. PML exhibits overall material properties arising from the partial contribution of its
constituents, metal foil and resin. Thus, effective properties such as PML density p.fs and specific

heat capacity cpcyrs can be evaluated using

Peff = PPepory + (1 = ©) patu (5.10)
epox 1 -
Cpeff = ¥Cp,epozyPepo yp+ ( 4/7) Cp,alPal (5.11)
eff

It is essential for the accurate prediction of a material’s thermal response to heat exposure to use the
correct material property values as thermal conductivity kpysr and specific heat capacity ¢, rf are
not independent of temperature. Through various experimental methods as described in chapter 4
these properties have been established at certain temperatures from ambient temperatures up to
the point when resin decomposition starts. During the simulation the variables are implemented as
functions of temperature, based on the experimental points or the rule-of-mixture technique stored

within the program and linear interpolation between these points.

Thermal Degradation of Resin

With the onset of polymer decomposition during extended heat exposure, the constantly changing
resin composition and the amount of absorbed or generated heat from the degradation process
influences the heat transfer through the material. In order to account for these effects the governing
FD heat conduction equation has to be extended to be in the form of the Henderson equation (2.1)
which offers a mathematical description of the decomposition process. Changes in resin density
and therefore mass loss are determined via Arrhenius equation for which the kinetic parameters
obtained from the thermogravimetric analysis in section 4.1.2 are used as input parameters. During
a simulation run, an evaluation of the resin density and hence the element’s effective density is made
for every node at every time step in order to take into account changes due to resin degradation

and related reaction heat.
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Expansion of PML

Arising from the resin degradation is an effect that is essential for the fire protection principle within
PML laminates. Due to the layered architecture of the laminates the gases that are produced when
the resin is decomposing are trapped between the metal foils. This means that in fire scenarios
the laminates are gradually expanding as the degradation progresses, this can be observed by the
formation of blisters. Through various experiments, such as the cone calorimeter, the isothermal
furnace and small-scale fire testing, the expansion behaviour of the samples has been evaluated.
From these observations the PML expansion has been directly linked to the mass loss characteristics
based on the production of decomposition gases. In the numerical model the expansion factor is
calculated from the equation (4.28) in order to describe the increase of the thickness of a node over

a set temperature range.

Melting of Metal Foils

As described before in section 4.3, aluminium foils will
eventually melt when they are exposed to fire for a pro-
longed period of time. The effect of melting can be im- " |
plemented into the model as a phase change as described 7% |
in [160]. The amount of energy it takes to melt a certain s |
quantity of aluminium can be expressed as a temperature ., |

difference that equals 309 K.

525 A no melt

- = melt

AT, = =2 (5.12) " ‘ ;s s 1

Time [min]

with H,, denoting the latent heat for melting of aluminium
Figure 5.4: Effect of thermal delay due

and c, the specific heat capacity. This means for the FD ] ) o
to melting effect in aluminium.

model that whenever a node reaches the melting point a
further increase in temperature is arrested and the node
is held at a constant temperature, see figure 5.4. During the following time steps the predicted
temperature rise is calculated according to the governing equations and accumulated until the
temperature difference AT, is exceeded. Consequently, this node is then fully melted and its

temperature will be set to the flame temperature.

Non-melting Front Face

The developed PMLs consist in their basic structure of alternating layers of aluminium and epoxy
resin. As mentioned before the temperatures in a fire scenario usually exceed 1000°C. This
highlights the disadavantage of using aluminium foils which have a melting point of only 660 °C and
can therefore withstand the high temperatures for only a limited period of time. Hence, modified
laminates have been developed where the front-facing aluminium foil has been substituted with
another non-melting metal foil. Laminates modified with a stainless steel foil or titanium foil as a
front face were made. The consequent changes which needed to be made to the PML_FIRE model
are limited to the introduction of variable material properties for the front-facing layer element,
depending on which material is present in the actual laminate. The properties implemented include

thermal conductivity k, specific heat capacity cp,, density p, emissivity €, and absorptivity a.
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Figure 5.5: Schematic PML_FIRE model output depicting the temperature-time
distribution for individual nodes within a specimen under influence of all three major
thermal effects.

5.4 Output

One of the main outcomes of the model is the computation of the time-temperature profiles in the
through-thickness direction of a specimen for a selected time period of heat exposure. Figure 5.5
displays a schematic example of such temperature distributions for chosen nodal points of a
PML/Aluminium specimen. This was simulated using the most advanced version of the PML_FIRE
model including the effects of polymer decomposition and consequent PML expansion, as well
as metal foil melting. The consequences of these thermal effects are traceable in the calculated
temperature profiles in comparison to conventional heat transfer simulations of polymer composite
materials which display a continuous temperature increase during the transient stage before reaching

stable conditions for long exposure times, as shown by Mouritz and Gibson [130].

After an initial inhibition time, the onset of decomposition leads to the formation of gas pockets
within the PML which form sections with low-thermal conductivity properties. This results in the
establishment of a thermal gradient within the specimen which is noticeable from the PML_FIRE
generated temperature profiles as fanning out of individual nodal temperature curves and the
consequent slower increase in the back face temperature in comparison with the heat exposed
front face. At high temperatures when the aluminium melting point is reached the melt stage of
the simulation starts abruptly resulting in a sharp halt in the temperature rise followed by the

substitution of the nodal temperature with the temperature of the flaming environment.

Additional output from the PML_FIRE model includes the display of the remaining resin content
RRC which is expressed as a ratio of the residual polymer content to the initial polymer content.
It serves as an indicator of the rate of conversion as it shows the continuous decrease in polymer
content with an ongoing decomposition reaction until only residual char is left which thus inversely
acts as a gauge for the expansion status and overall fire protection efficacy. Independently, the nodal
expansion factor calculated during the simulation run is recorded for similar reasons. Furthermore,
the actual mass loss during every time step and for specified nodes is produced in order to monitor
the smoothness of the decomposition reaction and to detect any occurring anomalies that may

indicate computational errors or erroneous results.
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Figure 5.6: Influence of various material and process parameters onto the temperature
evolution at different stages during the fire exposure of a fibre-reinforced composite
laminate [165].

5.5 Sensitivity Analysis

Investigating the sensitivity of the PML_FIRE model to changes in external and intrinsic parameters
aids the understanding of the behaviour of the simulation under various test conditions. The influence
of the different thermal effects on the calculated temperature profiles and the model’s sensitivity
to changes in the scale and manner of the material’s properties should be analysed. Through this
it is possible to identify the importance of individual parameters as well as the incidence of any
interacting or competing relationships that affect the outcome of the thermal predictions.

Few studies [163-166] have investigated the influence of multiple input parameters on the
outcome of thermal modelling of fibre-reinforced composites under heat or fire exposure. Based
on results from FD calculations as well as FE modelling, strong influences on the calculated
temperature profiles are indentified in these studies as arising from changes in intrinsic material
properties such as resin density p and thermal conductivity k as well as the activation energy F,
used to characterise the polymer decomposition reaction. Furthermore, these studies underline the
importance of a detailed knowledge of the material’s properties and in particular their temperature
dependency as seen in examples of thermal conductivity k£ and specific heat ¢, for which small
variations in the actual property values can cause considerable uncertainties in the outcomes of the
applied thermal models [163]. The study by Lattimer et al. [165] identified characteristic thermal
properties which most affect the temperature evolution during different stages of the heat transfer
process. In figure 5.6 the influence of parameters such as thermal conductivity, specific heat, heat
transfer coefficient and emissivity on the transient and steady-state sections of a temperature profile

are visualised.

5.5.1 Thermal Effects

As presented in previous sections, PML_FIRE is a thermal model based on a number of essential
processes that have been identified during experimental observations as the main physical driving
forces determining the overall fire performance of specimens during heat exposure. A starting point

into a sensitivity analysis of the developed model is the examination of these various basic effects in
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Figure 5.7: Influence of thermal effects (decomposition, expansion and melting) and
combinations thereof on the temperature evolution in the through-thickness direction of
a PML/Alu specimen: a) basic heat conduction, no thermal effects, b) heat conduction
with decomposition, ¢) heat conduction with decomposition and laminate expansion,
d) heat transfer including all three effects.
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Figure 5.8: Schematic evolution of back face temperatures of a PML/Alu specimen:
a) basic heat conduction, no thermal effects, b) heat conduction with decomposition, c)
heat conduction with decomposition and laminate expansion, d) heat transfer including
all three effects.

55



order to assess the consequences of the incorporation of the individual routines into the simulation,
as well as the implications arising from a combination of these processes in comparison with a
non-reactive material exhibiting only basic heat conduction properties. Figures 5.7 and 5.8 show
the simulated results of such analysis for a PML/Aluminium specimen subjected to various test
cases. In figure 5.7 complete specimen temperature profiles of individual test cases are displayed
whereas figure 5.8 illustrates a comparison of specimen back face temperatures for all simulated

tests cases, as this is one of the main aspects in fire design engineering.

The reference case is represented by a non-reactive material exhibiting the same constant room
temperature properties, k, ¢, and p, as a real PML/Aluminium specimen thus acting passively
during the heat conduction process the specimen is subjected to under the given boundary conditions.
From the resulting temperature profile shown in figure 5.7a it can be seen that temperatures continue
to increase during the transient period of heat transfer before stable steady-state conditions are
reached at long exposure times with a constant temperature gradient in the through-thickness of

the specimen.

Any of the thermal effects additionally introduced into the simulation, like decomposition,

expansion and melting impose a deviation from the reference behaviour, see figures 5.7b to 5.7d.

The process of decomposition is assumed to have significant consequences on the results of the
computation as the material undergoes major changes during the physical process of decomposition
which then needs to be reflected in the variation of the material property values during a simulation
run. The resulting temperature profile (figure 5.7b), however, shows only small difference compared
to the temperature increase of the reference curve (figure 5.7a) after temperatures for the onset of
decomposition are exceeded, before a small retardation effect in the nodal temperature curves is
observed when the decomposition reaction is completed. The effect only appears slight, particularly,
when compared with the effects seen in fibre-reinforced polymers where a minimum of 35 % of the
specimen volume is of degradable origin, whereas in the present specimens only 6 % are of polymeric

origin.

Adding the routine of specimen expansion to the previous test case is a logical consequence
arising from the physical degradation process during which decomposition gases are released as
by-products together with the effect of expansion which is the most important design principle of
the PML fire protection effect. After temperatures for the onset of decomposition are reached a
drastic change in behaviour of the nodal temperature curves can be observed in comparison to
the previous test case results, with a steep temperature gradient being predicted to occur. Every
polymeric layer, in its degraded state is filled with decomposition gases, which creates a thermal
barrier that exhibits very low thermal transport properties contributing to a developing thermal
gradient. As a consequence, the specimen’s back face temperature curve exhibits almost no further
increase after decomposition has been initiated in the layers at the front and remains at a low

temperature level in comparison to the previous two test cases.

As with the physical effect and subsequent experimental observations, adding a routine to the
PML_FIRE program describing the melting of the metal foils has a significant effect on the predicted
temperature distribution. The underlying layers experience a sudden temperature increase after
the melting process of the previous node is completed because of the direct exposure to the flame
temperature and thus induces cyclical repetition in the neighbouring nodes. This behaviour is
disadvantageous because it interferes with or suppresses the process of retaining the decomposition
gases and therefore inhibits the insulating effect. Furthermore, if the simulation time is set long
enough the melting effect could hypothetically be observed within the aluminium substrate material

as well.
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Figure 5.9: Change in parameter T600 due to perturbations of thermal conductivity.
Deviation given as relative percentage based on the results obtained for T600 via
experimental values for thermal conductivity.

5.5.2 Parametric Study of Material Properties

A parametric study of PML_FIRE on major input variables has been conducted in order to test
the sensitivity and the accuracy of selected input parameters and to investigate their effect on
the simulated temperature distribution. For that purpose, a parameter 7600 measuring the time
until a temperature of 600 °C at the back face of a specimen is reached has been introduced during
the parametric study. This allows a comparison of an infinite number of simulations exhibiting
differences in their calculated temperature evolution due to relative changes in input variables.
The effect of a number of parameter perturbations is summarised in figures 5.9 and 5.10 for the
input parameters of PML thermal conductivity and the overall PML expansion factor. A positive
deviation on the vertical axis indicates an increased time period until a temperature of 600 °C is
reached, whereas a negative deviation indicates that 600 °C is reached at an earlier time than the

reference simulation, which is entirely based on experimental values and properties.
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Figure 5.10: Change in parameter T600 due to perturbations of the overall PML
expansion factor. Deviation given as relative percentage based on the results obtained
for T600 via experimental values for laminate expansion behaviour.

With a widely acknowledged range of + 10% for the accuracy of experimentally determined

57



Polymer E, A Reference
[kJ mol_l] [S_l]

Epoxy’ 117 216046  [167]
Epoxy? 182 9.67e+10  [73]
Phenolic? 163 4.62e+4  [168]
Phenolic* 218 1.30e+16  [169]
Polyester 128 4.00e+8  [170]
Polypropylene 299 8.7le+18 [71]
PEEK 9922 1.10e+13  [171, 172]

Table 5.2: Kinetic parameters of various polymers used during the sensitivity analysis.

Deviation [%]
=
(9]

Polypropylene
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Figure 5.11: Change in parameter T600 through variation of polymer activation
energy of decomposition reaction. Deviation given as relative percentage based on
T600 results of standard PML specimens containing PRF epoxy resin.

variables, these figures clearly show the significant influence variations in thermal conductivity k
and expansion factor 8 have on T600 for the individual test cases. For thermal conductivity, this
means an indirect translation of any variation in input value into a change of the T600 parameter.
For the expansion parameter, a pronounced direct dependency of the calculated time values on the
actual expansion factor can be observed albeit of non-linear behaviour. The analysis shows that
an under- or overestimation of these two input parameters can lead to a considerable variation of
the simulation outcome in comparison to experimental results. It emphasizes the importance of
experimental accuracy and careful execution of subsequent experiments to limit possible model
output errors due to inaccuracies in input properties.

Further changes to input parameters such as resin specific heat ¢, and activation energy E, are
observed to have only a minor influence compared with the aforementioned parameters k and (.
Although identified in those studies [163-166] as influential to the outcome of the thermal simulations
the discrepancy arises from the type of specimen investigated. Whereas these studies investigated
the behaviour of fibre-reinforced polymeric composites with a minimum of 35 % polymeric content,
during the parametric study of PML_FIRE those parameters characterise properties of the resin
constituent the contribution of which, to the overall PML properties, is low according to rule-of-
mixtures. Therefore, applied to PML such great parameter influence is not observed as only 6 % of

a PML material is actually of polymeric origin. This leads to observations that perturbations of

1 Araldite epoxy resin LY5052 and hardener HY 5052
2Toray 3900 epoxy resin

3Resitan IP502 novolac-type phenolic resin
4Fiberite MXBE-350 phenolic resin
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Figure 5.12: Change in parameter T600 through variation of surface emissivity.
Deviation given as relative percentage based on T600 results of a blackened specimen
surface.

up to + 20% to the specific heat capacity of the resin used within a PML would only lead to a
variation in T600 of under 5%. Only drastic changes, such as the assumption of the entire nodes

exhibiting only polymeric character, would lead to significant changes in the thermal outcome.

An investigation of the dependency of the kinetic parameters activation energy E, and rate
constant A has been carried out with the prerequisite of substituting the current parameter set
with values published in literature for a variety of different polymeric materials used as matrix
constituents for fibre-reinforced composite materials. These include epoxies, phenolics, PEEK,
polyester and polypropylene [71, 73, 167-172], see table 5.2 for details. The results of the analysis
show a low sensitivity of the PML_FIRE model to changes in the rate constant which covered a
range of 15 orders of magnitude whereas changes to the parameter of activation energy, ranging
from 100kJ mol~! to 300kJ mol~!, seemed more critical, which is in accordance with the literature
studies outined for example by Ramroth et al. [164]. No clear indication of a trend with a variation
in activation energy is observed, however, a strong dependency with a deviation up to almost 30 %
for T600 for the different material types is noticeable, see figure 5.11. From a physical point of
view, the lower activation energy would be favourable with regard to the PML protection efficacy
as it would result in the decomposition reaction being initiated earlier, leading to the formation of
the thermal gradient at earlier times, in comparison with the reference case with higher activation
energy thus elongating the delay of the heat transfer resulting in a slower rise of the specimen back

face temperature which could be observed.

One important point is, the conducted parametric study does not reflect the true behaviour
of PML manufactured from different resin types as only the kinetic parameters have been varied
according to the material simulated. For a realistic simulation of the effect of using different
resin types within PML, further changes to other intrinsic material properties such as thermal
conductivity k, specific heat c,, density p and swelling capacity 8 would have to be introduced to
the model.

One parameter that determines transmission of heat into the specimen is the property of surface
emissivity which is used to define the boundary conditions within the simulation. Depending on
the appearance and conditioning of the specimen’s front face, the emissivity value needs to be
adjusted. During the experimental as well as model analysis two ends of the emissivity spectrum

have been considered: on one hand a black painted sample surface promoting maximum heat
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transfer into the specimen as the reference sample, and on the other hand a polished metal surface
of the aluminium with high reflectivity so that only a small portion of the incoming heat is actually
transmitted into the specimen. The results shown in figure 5.12 reflect these assumptions wherein
strong non-linear behaviour is observed. A continued decrease in the emissivity parameter leads to
a positive deviation in the T600 parameter indicating a delay in heat transfer due to a reduced
surface transmission with lower emissivity values.

This effect has been experimentally witnessed under different boundary conditions than those
assumed during the parametric study. However, the effect of surface preparation on the temperature
profiles for the back faces of specimens featuring PML is clearly noticeable, see figure 5.13. Specimens
with a pristine metal surface experience much slower temperature increases compared to samples

featuring a black painted front face.
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Figure 5.13: Temperature evolution of the rear face for two specimens with different
surface emissivities: black paint and pristine metal.

60



Chapter 6

Fire Performance of

Polymer-Metal Laminates

Small-scale fire testing is used for the assessment of the fire protection efficacy of PML materials.
It offers an inexpensive and quick option with regard to sample preparation and test operation
compared to other widely used fire tests, such as the full-scale furnace test, whilst allowing for a
prompt evaluation of the heat transfer and flame resistance characteristics of unprotected and PML
protected substrates. The results of a number of fire tests carried out are presented in order to
gain an in-depth knowledge of the material’s behaviour under heat exposure. Various combinations
of external parameters, of energy input and heat source, and material selection contribute to a
thorough analysis covering a broad range of fire scenarios. Furthermore, the results of these fire
tests are used to validate the development of the PML_FIRE model.

6.1 Experimental

6.1.1 Small-scale Fire Testing

A conventional small-scale Bullfinch burner connected to a propane gas tank provides regulated
gas flow at a constant level [173, 174]. The specimen is held upright by a steel picture frame at a
specified distance from the burner so that the burner flame strikes the sample surface perpendicular

to the flame direction as shown in figure 6.1. The sample has insulation around the edges to avoid

Frame
Insulation

Burner

TC

—+— PML
—— Substrate

(a) Experimental installation (b) Test schematic

Figure 6.1: Setup of small-scale burner test experiments for specimens in vertical
orientation.
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heat loss. The specimen’s back face is left uncovered to allow for free heat transfer from convection
and radiation at the so-called cold face of the sample.
With a burner cross section of 60mm diameter, a
conventional sample size of 100 x 100 mm? that is typically
used in small-scale fire testing, would be sufficient for
this type of burner test. However, due to the swelling
behaviour of PML which is not limited to the area directly
impacted by the burner flame, see figure 6.2, specimens of
size 300 x 300 mm? were also tested in order to capture the
full extent of PML expansion caused by the accumulation
of the decomposition gases. This is to avoid adverse
effects as seen with samples of smaller dimensions where
a splitting of the laminates can occur leading to a partial

release of the decomposition gases and thus reducing the

fire protection effect.

The flame produces a combustion zone at the front of __
Figure 6.2: Heat affected area (dark
coloured region) greatly outsizes actual
temperature. The incoming heat flux as indicated by the burner diameter (white circle).

the specimen which can be characterised through its field

field temperature is monitored by type-K thermocouples
at the front of the sample to check consistency and record any anomalies. On the back face of
the sample additional thermocouples record the temperature rise which is essential to assess the
specimen’s thermal performance. Furthermore, the back face temperature indicates the risk of
heat dissipating into the environment and the potential for ignition of adjacent structures which in
turn is a major safety concern when it comes to the safe structural life time of the whole structure
or section of it and the consequent effects on evacuation strategies. These fire tests were mainly
carried out at a heat flux of 116 kW m~2 which is in accordance with 1SO-2685 [175] and a standard
regulation used by the areonautical industry to assess the fire resistance of materials. However, the
heat flux parameter is continuously adjustable so that it is possible to simulate fire scenarios of
much higher intensity or much less severity.

A comparison of the cold face temperature profiles measured during the fire testing and the
results obtained via the PML_FIRE model allows the validation and necessary adjustment of the

fire performance model.

6.1.2 Burner Calibration

The field temperature is one possible way of characterising the severity of the flame during the
small-scale fire testing. However, a more controlled option is to perform the burner test at constant
heat flux level, with heat flux defined as the amount of thermal energy penetrating a specific area.
It offers advantages over simple temperature-controlled tests in that it accounts not only for the
radiative contribution of the flame which is sensed by thermocouples but also for the convective
element. This is necessary because the propane burner used in the testing produces a flame of
high velocity with the convective characteristics becoming more dominant towards higher heat flux
levels. Additionally, any energy feedback from the material into the combustion zone as a result of
ignition and endothermic reactions would impair the field temperature measurements, distorting
the level of adjustments necessary to maintain constant heat flux.

The two major parameters influencing the detectable field temperature and thus the heat flux at
the specimen surface during the burner test are the propane gas pressure and the distance between
specimen front and burner itself. Increasing the gas pressure results in higher heat flux whereas a

greater distance lowers the heat flux.
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Figure 6.3: Front and cross section view of the copper block heat flux meter used
during calibration experiments of the propane burner.

For purely radiative heat transfer conditions, such as those present in cone calorimeter testing,
calibration devices like the Schmidt-Boelter meter are commercially available. Due to the much
higher ferocity of the actual burner flame in this small-scale test, a calibration method previously
devised within this research group provides a more robust apparatus that tolerates radiative and
convective heat transfer up to high flux levels.

Due to its high thermal conductivity and its known thermal properties, copper is particularly
suitable for use as the sensing material in a heat flux meter. A copper block encased in a ceramic
insulation board, save for a small surface area, which is additionally wrapped in ceramic fibre
blanket for further insulation, is used during the calibration procedure. During the exposure of the
copper block’s front face to the burner flame, the temperature rise of the copper, for various test
conditions with variable gas pressure and burner-specimen distances, is recorded by thermocouples
inserted at different depths at the back of the block. These are indicated as TCI to TCS in
figure 6.3 which depicts the principle test setup for burner heat flux calibration.

The determination of the incident heat flux is based on a principle evaluation of the thermal
potential of the copper block in comparison with any occurring thermal losses. Although the heat
flux meter is well insulated, heat losses can occur through radiation from the exposed front face and
convection between the unexposed copper block surfaces and the insulation layer due to a small air
gap. A detailed description of the methodology and the analysis of the different effects are given in
the work by Browne [176]. From there it follows that the incident heat flux ¢ is calculated according to

Q (mep)ea St + Agurpecuo (T, — T 1) + Ainsh (Tew — Tams)

= = .1
1 Asurf aAsurf (6 )

where (@ is the thermal energy input,
m is the copper block mass,
cp is the specific heat,
dT'/dt is the rate of temperature rise,
Asury is the exposed surface area,
€ is the emissivity of the block,
o is the Stefan-Boltzmann constant,
Ains is the unexposed surface area of the meter,
h is the heat transfer coefficient,
Tey and T,,pp are the instantaneous meter and ambient temperature respectively,
Tump is the ambient temperature,
« is the copper block absorptivity.

Figure 6.4 shows the resultant calibration curve for the propane gas burner which is used as

63



225 4
200 -~
175
150 -+
125
100 -
75 -
50 - @ 350mm

Heat FLux [kW/m?]

25 4 * | 250mm

O T T T T T T T T T 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Gas Pressure [bar]

Figure 6.4: Calibration curve of the propane burner used during small-scale fire
testing.

the standard reference curve during the small-scale fire testing. The correct heat flux level up to
200kW m~2 can be achieved for individual testing conditions through a combination of different
gas pressures and burner-to-sample distances. It is noticeable that at very low gas pressures below
0.2 bar the flame temperature is not stable and therefore the flux meter underestimates the true
heat flux. To correct this, the test should be carried out with a greater burner-to-sample distance

but with a higher gas pressure in order to achieve a stable heat flux.

6.1.3 Cone Calorimeter Testing

The fire reaction properties of the newly developed thermal barriers are measured according to
ISO-5660 using a Fire Testing Technology cone calorimeter. The 100 x 100 mm? specimens are
positioned in a steel edged frame, horizontally orientated and exposed to a radiant heat flux
of T0kWm~2. Testing the PML on its own or bonded onto a metal substrate does not yield
any meaningful results with regard to the fire reaction properties as the amount of combustible
material within these specimens is too small to create a signal greater than the general signal noise.
Therefore, the PML has to be bonded onto various flammable substrate materials including 2 mm
unidirectional carbon epoxy composite (CFRP) of type MTM44-1 supplied by Cytec as well as
2.5mm Glass Laminate Aluminium Reinforced Epoxy (GLARE) of type G3-5/4-0.4 supplied by
University of Delft.

6.2 Substrate Response

As a starting point for the model validation, accurate modelling of the temperature distribution
within a specimen substrate is necessary before the correct assessment of the heat transfer through
the PML can be calculated by the simulation in a later stage. Aluminium is a non-combustible,
inert material so that the heat transfer calculations include only heat conduction as the mode
of heat transfer through the substrate, there will be no other thermal effects. Convection and
radiation are considered as boundary conditions for both the hot and cold face of the specimen
when modelling the thermal behaviour observed during fire testing.

Due to its very high thermal conductivity, the aluminium substrates experience a rapid rise
in temperature over a short period of time when exposed to heat, this has been confirmed in fire
tests of 10 mm aluminium slabs of type 5083. The recorded back face temperatures of specimens

during these tests are presented in figure 6.5 showing the temperature response characteristics for
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Figure 6.5: Rear face temperature profiles for an aluminium 5083 specimen in fire
scenarios of different heat flux levels. The severity of the flame decreases from left to
right. Modelled temperature curves are also included for these test cases.
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Figure 6.6: Effect of + 10 % variation in experimental readings (grey curves) as well
as in the heat flux input parameter for the PML_FIRE model (black curves).

various heat fluxes. For this short exposure time transient heat transfer is dominant with steadily
increasing temperatures occurring. In case of high incident heat flux levels, the temperature rise is
almost linear whereas for the lowest heat flux tested a clear deceleration of the heating rate towards
the end of test is observed. This is an indicator of the onset of the transition from transient heat
transfer to steady-state conditions which for prolonged test durations would result in a decline of
the temperature increase as thermal equilibrium is neared and, subsequently, an even temperature
distribution throughout the sample is achieved.

It is noticeable that even for the low heat flux of 75 kW m~2 the back face temperature reaches
a critical level of 150 °C and above within a short period of time, which occurs at even shorter
times at higher heat fluxes, see figure 6.5. At theses temperatures softening of the metal occurs
which leads to a significant reduction of the material’s load-bearing capacity. The rapid loss of
the mechanical strength of the aluminium makes it a very temperature-sensitive material which
necessitates the application of thermal insulation to prolong safe structural integrity.

The modelling results of these temperature profiles are included in figure 6.5, and it will be

observed that a close fit with the experimental temperature readings is achieved. Only in the
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75kW m~2 test does a slight discrepancy between the experimental and the modelled curve appear
in results at high temperatures above 250 °C where the slope of the temperature profile decreases.
However, the resulting temperature profiles still falls within a 10 % error margin of each other as

indicated by the paired solid and dashed lines in figure 6.6.

6.3 Aluminium-based PML

Polymer-metal laminates are designed to provide thermal protection for temperature-sensitive
substrate materials in structurally critical applications. The basic PML material is comprised of
alternating aluminium and epoxy resin layers in various sample architectures.

Upon fire exposure blisters emerge at the front face of the PML due to decomposition gases
evolving from the underlying epoxy interlayers after a short inhibition time from heat being
conducted into the material. Since in all the performed tests the flame temperature has exceeded
the aluminium melting point, the top metal layer of the PML can only withstand this for a short
time period before foil melting occurs which leads to ignition of the decomposition gases that are
retained within the formed blisters. The fire performance of PML materials is characterised by this
continuous cycle of resin decomposition, blister formation and subsequent exposure of underlying
layers due to the melting of the top foils which is accompanied by gas ignition. A sequence of
pictures presented in figure 6.7 shows the different stages the basic PML material undergoes when
exposed to severe heat. The PML expansion in form of individual blisters as well as the melting

damage is clearly visible.

Influence of Number of Layers

The comparison of back face temperatures recorded during the fire testing of uncovered 10 mm thick
aluminium substrates and same-type specimens covered with PML is shown in figure 6.8. The effect
of thermal insulation that PML materials provide, despite being prone to a destructive appearance,
is evident from the temperature difference between unprotected and protected specimens which
results in a significant time delay for the PML-covered specimens, before the aluminium substrates
reach a temperature at which they will begin to soften and loose structural integrity. Initially, the
temperature profiles of all samples exhibit a similar heating rate until decomposition of the polymer
within PML is initiated. The rate of temperature increase in PML-covered substrates is retarded
as the formation of the thermal barrier occurs, i.e. the expansion of PML greatly slows down the
heat conduction with ongoing test duration. In case of a 116 kW m~2 heat flux test, it is observed
that a minimum temperature reduction of 50 % at three minutes can be achieved for specimens
featuring PMLs which means that it takes twice as long to reach the same temperature levels as in
unprotected aluminium substrates, leading to prolonged structural life and potential increase in
safety time of a factor of two. Increasing the foil number from 10 layers to 20 layers further enhances
the insulation effect caused by PML materials. The reason lies with the additional amount of epoxy
resin present within the PML which is available for decomposition thus additionally contributing to

a further slowing down of the heat transfer across the thermal barrier, see figure 6.9.

Influence of Layer Thickness

The influence that the PML metal foil thickness imposes on the characteristic of the thermal
protection effect is not as clear as theoretically anticipated. The high conductivity of the aluminium
might cause adverse reactions which can only be explained in conjunction with other factors such
as layer numbers.

Increasing the foil thickness from 30pm to 50 pm appears to have a positive effect on the

temperature reduction for 10-layer PML. The thicker foil provides a greater amount of physical
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Figure 6.7: Principal fire reaction of PML-covered specimens exposed to 116 kW m ™2
heat flux. With ongoing test duration not only is heat conducted in the through-
thickness direction of a specimen, lateral spread of the affected heat zone beyond the
incident flame radius also occurs due to flame buoyancy and high thermal conductivity
of the metal foils. Photographs of a 10L/50um PML specimen are captured at exposure
times of a) 110s, b) 150s, ¢) 255s and d) after the end of test after 335s.
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Figure 6.8: Temperature profiles for aluminium substrates with and without PML
insulation tested at 116 kW m~2 heat flux.
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Figure 6.9: Reduction in temperatures in comparison to uncovered substrate, cap-
tured at 3min of fire testing at 116 kW m~2 heat flux.

mass which absorbs more energy during the heating up to the same temperature levels as the 30 pm
PML as well as higher energy absorption during the actual melting process. This absorbed energy
is consequently absent from the heat transfer through the material and therefore contributes to a
lower substrate back face temperature. Furthermore, the melting process itself is prolonged which
proves advantageous in so far as it most likely provides sufficient time for the formation of the
gas-filled blisters, whereas for 30 pm samples the decomposition process and the formation of gas
pockets might be interrupted due to melting before the blisters are formed to their full extent which,

in consequence, adversely affects thermal lag.

In 20-layer PML samples the effect of an increase in foil thickness on the temperature reduction
is less pronounced. As the epoxy resin layer and the consequential decomposition process are the
limiting factors for the heat transfer across the PML materials, because of the multiple epoxy layers
present in a 20-layer PML, a slight delay in heat conduction through thicker metal foil might be
assisted by the low thermal conductivity of the gas-filled layers.
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6.4 Performance of Alu-PMUL in different Fire Scenarios

The influence of the magnitude of the incident heat fluxes on the behaviour of aluminium-based
PML has been analysed. In addition to tests carried out at 116 kW m~2 heat flux as described in
the previous sections, a smaller fire scenario is represented in burner tests performed at 75 kW m ™2
as well as the imitation of much more severe fire conditions carried out at a heat flux of 150 kW m—2.

Some results of these fire exposure tests are compared in figure 6.10.
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Figure 6.10: Comparison of time spans to reach 180 °C at the rear face of different
PML/aluminium specimens obtained during fire tests with varied heat flux levels.

Overall, similar tendencies to tests with a 116kW m~2 flame are observed in experiments
with 75kWm™2 and 150kW m~2 heat flux levels. The aluminium substrates experience a fast
temperature increase whatever the heating conditions, whereas PML-covered substrates exhibit
a much slower rate of heating up due to the thermal barrier formed by the PML material. For
all three tested heat flux levels, the 20L/50pum PML offers the best insulation potential of the
four PML architectures tested. It is submitted that this is due to the greater number of polymer
layers available for decomposition and the thicker metal foils that provide greater resistance against
melting and thermal abrasion. In comparison, the 10L/30um-type PML proves to be the least
effective in slowing down the heat transfer resulting in higher specimen back face temperatures and
this can most probably be attributed to the fact that this PML is the layer architecture with the
least material present. Nevertheless, a 10L/30um PML bonded to the metal substrate still greatly
improves the temperature performance of structures in comparison to unprotected aluminium
substrates that are exposed to the same fire conditions.

In case of the 75 kW m~2 heat flux tests, all types of PML barrier very effectively slow down the
heat transfer into the substrate which is observed in the pronounced thermal lag of the temperature
curves as shown in figure 6.11. A time delay in reaching structurally critical temperatures of up to
a factor of six times in comparison with unprotected substrates is achieved in the best case scenario.
With a radiant flame temperature equivalent of around 800 °C, these fire conditions cause less
fire-induced damage to the PML front face. Only the areas directly impacted by the flame diameter
are affected by the melting process and the convective character of the flame is also reduced. This
allows the full formation and accumulation of decomposition gases between individual metal layers
as individual foils provide greater resistance and therefore enhance the fire protection effect.

At 150kW m~2 on the other hand, the burner flame is very turbulent with a highly abrasive
character which causes considerable and non-uniform fire damage at the sample front due to

melting and ablation similar to the observations made in 116 kW m~2 testing. The individual
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Figure 6.11: Temperature profiles for aluminium substrates with and without PML
insulation under 75 kW m~2 heat flux.
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Figure 6.12: Temperature profiles for aluminium substrates with and without PML
insulation under 150 kW m~2 heat flux.

temperature profiles recorded for the protected and unprotected specimens are shown in figure 6.12
for comparison. Individual metal foils of the PML are eroded within a short time period resulting in
considerable disruption and erosion to the PML barrier surface. It is assumed that this non-uniform
fire damage affects the heat transfer into the specimen causing thermal losses which would explain
why there is not a greater temperature increase in back face temperatures in comparison with
116 kW m™? test results.

6.5 Front-face-modified PML

Incorporation of non-melting materials into the PML architecture has proved to be an effective
method to further enhance the fire protection properties of the basic aluminium-epoxy PML.
Whereas basic PMLs are affected by the melting process of the aluminium foils, a stainless steel or
titanium PML surface layer offers the advantage of resistance against abrasion up to very high heat
fluxes as their melting points lie well above 1200 °C.

The observed temperature profiles, as presented in figure 6.13 for the case of 10L/30um
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Figure 6.13: Influence of material choice of PML top layer on rear face temperature
profiles, tested at 116 kW m~2 heat flux.The curve labelled Alu-PML refers to a basic
10L/30pum PML, Steel-PML to a 10L/30um + St modified PML and Ti-PML to a
10L/30pm + Ti modified PML, all bonded to an aluminium substrate.

laminate types exposed to 116 kW m™2 heat flux, of steel- or titanium-modified PML show a
clear improvement in delaying the heat transfer through the samples in comparison to basic PML
specimens. As the unprotected substrate experiences a rapid temperature increase within the
first minute of a 116 kW m™2 test the surface layer already reaches temperatures which are critical
for structural performance, whereas compared with Steel/PML- and Ti/PML-covered substrates
these temperatures are only exceeded after three minutes of testing. The maintained integrity of
the modified laminates allows for the full formation of the insulation effect as the decomposition
gases are successfully trapped in between the individual metal layers of the laminate, which can be
observed by the extensive expansion caused by the blister formation during the experiment. In
general it is found that because of the lower thermal conductivity of the titanium foil itself, in
comparison with the steel foil, an initial delay in the heat transfer into the laminate is created
resulting in a slower rise of back face temperature. This has been observed across the different

laminate types at the three tested heat flux levels, see figure 6.14.
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Figure 6.14: Influence of heat flux on temperature profiles in front face-modified
PML/aluminium specimens: a) 10L/50pum + St, b) 20L/30pum + Ti.
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A summary of the performance of the different laminate types in comparison to an aluminium
substrate under different fire scenarios is given in figure 6.15. The data is taken after one minute
of testing and should therefore be treated with some caution if predictions are to be extrapolated
from this data for longer term heating times. However, these results give an indication of the fire
protection efficacy of different PML types in comparison with an uncovered substrate. The use of
front face modified PML below a heat flux of 100 kW m ™2 is economically inappropriate as the basic
aluminium PML provides sufficient thermal insulation. At higher heat flux levels, however, when
the effect of melting and abrasion becomes more prominent modified PML might prove to be a
suitable alternative. Despite the improvements achieved in the test results using non-melting front
layers in the PML design, the greater weight and higher cost involved in producing these materials
may necessitate compromises when considering their application. Such compromises might limit
the use to structures with a significant risk of being exposed to high heat flux fire scenarios, or
localised usage where either the structure is most temperature sensitive or there is the greater

potential for fires, near an engine for example.
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Figure 6.15: Effect of heat flux on temperature reduction for specimens featuring
different PML types in comparison to an unprotected aluminium substrate captured
at 1 minute of heat exposure.

6.6 Effect of PML on the Fire Characteristics of Combust-
ible Substrates

The main point of interest during an investigation of the fire performance of non-reactive, metal
structures is the temperature development within the structure as well as the potential of heat
dissipation into adjoining structures or the environment. The increased use of polymer-matrix
composite materials in modern-day applications, commonly as a substitute for metal structures,
necessitates the assessment of the fire characteristics of these combustible materials besides the
basic temperature analysis. During heat exposure these materials will decompose releasing heat
and smoke which creates the risk of fire spread as well as impeding the evacuation process during
accident scenarios. It is submitted that PML thermal barriers show great potential in reducing the
fire risk of such combustible materials due to the PML’s fire protection efficacy.

Upon heat exposure all combustible materials experience an initial inhibition time during which
heat is transferred into the different layers and the temperature consequently increases until the

critical point is reached when enough decomposition gases are produced for ignition.
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Figure 6.16: Fire reaction characteristics (HRR) of combustible materials protected
by PML materials - CFRP substrate.
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Figure 6.17: Fire reaction characteristics (ML) of combustible materials protected
by PML materials - CFRP substrate.

Carbon-Epoxy composite laminates demonstrate only short resistance to ignition due to the high
emissivity of the composite which leads to a high portion of the incident heat being transferred into
the material. The decomposition temperature of the resin is exceeded within a short time period
resulting in intense burning. This is accompanied by a rapid increase in mass loss as the available
combustible material is consumed at a high rate releasing high levels of heat, see figures 6.16
and 6.17 for CFRP specimens exposed to 70kW m~2. The ongoing flaming consumption of the
material leads to an almost complete depletion of the resin. The residual mass at the end of test is
composed of the carbon fibre content and residual char.

GLARE behaves slightly differently because its layered architecture contains dissimilar materials.
The high reflectivity of the outer aluminium layer delays the ignition time of the underlying composite
layer considerably in comparison to the CFRP. Similar to the CFRP though, an almost complete
consumption of the polymer constituent occurs resulting in full delamination of the individual
aluminium layers and the charred composite plies of the GLARE material, see figures 6.18 and 6.19.

Additional curves in all four diagrams (figures 6.16 - 6.19) represent either a CFRP or a GLARE

substrate protected by PML surface insulation. The superior behaviour of these specimens in
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Figure 6.18: Fire reaction characteristics (HRR) of combustible materials protected
by PML materials - GLARE substrate.
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Figure 6.19: Fire reaction characteristics (ML) of combustible materials protected
by PML materials - GLARE substrate.

comparison to the unprotected substrates is clearly demonstrated. Under the radiant heat exposure
of the 70 kW m~2 heat flux, the PML material is able to fully establish its fire protection effect as
the adverse effects arising from melting of metal foils or convective surface abrasion do not occur.
Hence the unhindered formation of the thermal barrier through decomposition of the PML resin
interlayers, and the formation of decomposition gases are fully developed. Although partial melting
of the PML surface is observed during later stages of the test, this arises from the ignition of the
decomposition gases originating from the substrate rising up from the sample edges which does not
occur in real life applications. The process of forming the expanded PML is very effective in slowing
down the heat transfer into the underlying substrate which in turn experiences a longer heating up
period until the critical temperatures for ignition are exceeded. Consequently, ignition times are
observed to be greatly extended, for PML/GLARE specimens a factor of 5 was achieved and for
PML/CFRP specimens a minimum factor of 15 has been recorded. This therefore carries with it
the great advantage in increasing the time for safe evacuation due to resultant prolonged structural
stability as well as reducing the risk of harmful by-products and smoke which also hinders safe

evacuation.
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Substrate Insulation TTI Peak HRR THR MARHE FIGRA Residual Mass
[s] [kW m 2] MJm~2]  [kWm?] KWm=2s~1]  [%]

unprotected 2641 323.90+16.04 25.18+0.60 142.034+6.96 12.46+0.80 69.4+2.5
+10/30 PML 335+3 187.43+10.06 28.55+1.11 34.16+1.95 0.56+0.03 82.8+3.4
CFRP +20/30 PML 527+4 76.94 4 4.56 29.17+1.05 20.79+1.23  0.154+0.01 89.2+3.5
+10/50 PML 495+2 98.73+5.56 26.58 £0.74 23.46+1.58  0.20+0.01 86.1+3.3
+20/50 PML 407+5 90.52+4.41 24.68£0.94 21.57+1.04 0.22+£0.02 90.44+2.8
unprotected  1014+2 132.81+8.14  10.284+0.34 41.12+1.55  1.314+0.08 93.4+0.2
GLARE +10/50 PML 461+3 149.27+10.82 12.57+0.65 19.86+0.69  0.32+0.02 99.8+0.1
+20/50 PML 544+5 122.014+8.47 12.56+0.75 16.59+0.80 0.22+0.03 99.8+0.1

Table 6.1: Summary of cone calorimeter results of PML-protected and unprotected composite substrates tested at 70 kW m~2 irradiance.



Despite similar or slightly higher levels of the total amount of heat released (THR) in the
specimens protected by PML, the risk of fire spread and fire growth is greatly reduced as the
released heat is spaced out over a longer time period due to the contribution of the PML insulation.
This is evident from the MARHE values (maximum average rate of heat emission) which are reduced
to below 50 % for GLARE and below 30 % for CFRP specimens in comparison with the respective
unprotected substrates, see table 6.1 for more details.

Generalised statements about the influence of the PML surface protection on the burning
behaviour of combustible substrates is difficult to make because the measured curve characteristics
are very much dependent on the choice of substrate material. For GLARE, a similar burning
behaviour of unprotected and protected specimens with a comparable mass loss rate is observed
leading to similar charring conditions with similar residual sample weight. Overall, the samples
expand in a similar manner and complete delamination of the individual GLARE layers occurs for
all tested samples.

For the monolithic CFRP composite substrate, the intensive burning results in an almost
complete depletion of the contained polymer as the residual weight is close to the initial fibre weight
fraction of 64 %. The mass loss curve shows two distinctive stages of the degradation reaction.
Firstly, organic polymer is lost through decomposition which is followed by further char degradation
until a residual mass level is reached close to the fibre weight fraction.

In contrast, CFRP substrates featuring PML protection exhibit a different behaviour as the mass
loss rate indicates an incomplete consumption of the resin with a maximum of 50 % of the contained
polymer being converted into decomposition gases in case of a specimen with a 10L/30pum PML
protection. This suggests that due to the introduction of the PML thermal barrier the temperatures
are not high enough for extended consumption of the resin but also that the second stage of the
decomposition reaction is supressed. A further aspect is the fact that in unprotected CFRP samples
the oxygen can easily diffuse through the porous char layers into the bulk of the sample initiating
further char degradation. This is in contrast to PML/CFRP specimens where the oxygen can only
enter the material via the side edges and which presents a long and limited diffusion route as the

top surface of the sample is covered with an impermeable PML.

6.7 Model Validation

From observations during the small-scale burner testing of PML-protected specimens, it can be
concluded that the behaviour of the PML surface layers can be categorised into two groups: one
being, where the PML surface layer exhibits destructive characteristics with melting and ablation
effects; and the other, where the surface of the PML remains fully intact with no impairments

visible. For this reason the following sections will discuss each of these cases individually.

6.7.1 Low Heat Flux Environment

An environment characterised as being of low heat fluz is defined by the absence of irreversible
physical damage to the individual layers of an aluminium-based PML thermal barrier. In this case
the heat flux the specimen is exposed to is not high enough to initiate any melting or ablation
effects on the PML.

The first signs of fire damage to PML have been observed during fire testing at heat fluxes
above 75kW m~2. This appears to be in contradiction to the Stefan-Boltzman law for radiative
heat transfer which predicts a flame temperature that lies above the aluminium melting point to
be equivalent to a heat flux of 4kW m~2. However, it is not surprising that when the very low
emissivity of the aluminium metal and its high reflectivity are taken into account, no signs of actual

foil melting have been observed in experiments carried out at 70 kW m~2, which is equivalent to a
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Figure 6.20: Effect of surface emissivity on temperature profiles obtained in low heat
flux fire testing with the cone calorimeter at 70 KW m~2. Experimental temperature
profiles of aluminium substrates featuring either a 10/50 PML or 20/50 PML with
different surface preparation are given. The simulated reference curves (solid line) of
an unprotected aluminium substrate are included for completeness.

flame temperature of 796 °C. Because of the inherent low transmission properties of aluminium, the
results are much lower hot face temperatures in the worst case scenarios where the specimen surface
had been sprayed with black paint in order to maximise the heat absorption into the specimen. In
that case, the hot face temperature was measured at around 620 °C which would have been even
lower for the case of the pristine metal surfaces of unmodified aluminium-based PML. Therefore,
no fire damage of the PML layers will be observed over this heat flux range for test durations up to
30 minutes.

As it is difficult to achieve stable flaming conditions at a reliable constant heating level with
the current burner setup for heat fluxes below 100 kW m~2, the following remarks are based on
experiments performed with the cone calorimeter which facilitates very controlled and stable testing
conditions.

In figure 6.20 the results of cone calorimeter tests carried out at 70kWm~2 heat flux are
presented for two different types of PML bonded to an aluminium substrate, each with varied
surface preparation. In the graphic, low emissivity refers to a pristine, metal state of the PML
surface with a high reflectivity, whereas high emissivity is attributed to a PML surface painted
black in order to maximise heat transmission. It is apparent that the original-manufactured surface
condition proves advantageous over paint-modified PML specimens in that the former samples
exhibit a much slower temperature increase, only reaching similar temperature levels to the latter
after much longer testing time. When testing above the critical temperature for the maintainance
of structural integrity of aluminium substrates (> 150°C), a time delay around a factor of 3 is
observed in specimens of low emissivity compared to high emissivity specimens. Furthermore, this
set of experimental curves for the different PML architectures presents an upper (low emissivity) and
lower (high emissivity) limit for the fire protection potential of PML under the applied boundary
conditions. The temperature curves for any additional aluminium substrates featuring PML with
varied surface preparation, e.g. white paint or brushed metal appearance, will fall into the range
spanned by these curves, see figure 6.21.

Small differences in the temperature profiles of thin 10-ply PML specimens compared with
thicker 20-ply PML specimens are noticeable, with the thicker PML specimen showing slightly

lower heating up rates. The similarity of the curves arises from the low heat flux environment which
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Figure 6.21: Influence of varied surface conditions on simulated temperature profiles
of a) unprotected aluminium substrate, b) aluminium substrate featuring a 10/50
PML, c) aluminium substrate featuring a 20/50 PML. The emissivity value decreases
continuously from curve (1) to curve (5) representing modifications of black paint
e = 0.9, white lacquer € = 0.69, 10 % aluminium paint ¢ = 0.52, oxidised aluminium
€ = 0.26 and pristine metal surface ¢ = 0.14. Reference emissivity values taken from

(177, 178].
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Figure 6.22: Comparison of experimental and simulated temperature profiles of
PML-protected aluminium specimens with different surface emissivity characteristics
exposed to a low heat flux environment.

causes only minimal thermal degradation to be initiated within the PML resulting in an under-
developed PML fire protection effect. This also explains the affinity of the reference temperature
curve which has been produced via simulation of the behaviour of an aluminium substrate without
PML protection under the same testing conditions. Yet, for cases of samples with high emissivity,
which in principle means an apparently higher heat flux being absorbed into the sample, the fire
protection effect becomes more effective due to greater barrier function being formed, leading to
greater deviation of the PML sample curves in contrast to the substrate reference curve, so that a
greater temperature delay can be observed.

The PML_FIRE model predicts the experimentally determined temperature profiles without
further adjustment with good correlation. The input parameters for the hot face boundary conditions
have been taken as € = 0.14 as the lower emissivity limit resembling the pristine metal surface, which
can be found in literature [149, 162]. The upper limit for the emissivity value in the case of a surface
modification painted black is represented by a value of € = 0.9, which is a common assumption
[69, 179]. Overall, fitting accuracy of the calculated temperature profiles in comparison with the
experimental ones is good, see figure 6.22. Yet, the model seems to exaggerate the temperature
response at times.This can be attributed to the assumption that the specimen is fully insulated
during the simulation run which is in contrast to experimental conditions where perfect insulation

cannot be achieved and thermal losses will inevitably occur.

6.7.2 High Heat Flux Environment

For the modelling of PML-covered specimens exposed to a high heat flux, the emissivity of the
unmodified PML surface is set to the same value of ¢ = 0.14 as obtained from the analysis of low
heat flux experiments. However, due to the occurrence of the thermal damage to the PML the heat
transmission characteristics into the specimen will change with ongoing heat exposure. The highly
turbulent nature of the heat flow at the PML surface, together with molten sections of aluminium
foil and distorted foil, creates a situation where the effects on heat transmission are impossible to
quantify. It is accepted that when setting the emissivity parameter to a constant low value which
resembles a pristine metal surface, a significant assumption and simplification is made.

Another factor observed which would greatly influence the calculated temperature profiles is
the thermal conductivity of the PML. Initial modelling attempts have used the experimentally
obtained temperature dependence of the PML’s thermal conductivity which gradually declines from
room temperature down to the values of the decomposed material when decomposition is initiated.

Figure 6.23 depicts a set of temperature curves obtained with this data set as the dashed curves
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Figure 6.23: Effect of variation in PML thermal conductivity as input parameter for
PML_FIRE. The dotted curves representing the experimental temperature dependence,
whereas solid curves denote a constant low value of thermal conductivity.

under heat exposure with a flame of 1050 °C. A slow increase in temperature of the hot face and
a small thermal gradient across the whole specimen thickness for the initial heating up phase is
noticeable. This is in contrast to experimental observations which have shown that within the first
ten seconds of the experiment, expansion followed by partial melting of the top PML layers occurs.
Furthermore, the predicted steep temperature rise at the specimen’s back face does not match the
experimental temperature readings. Because the simulated thermal gradient across the specimen’s
thickness is not great enough to replicate the experimental behaviour, this means that the hot
face’s heating rate is not high enough and the back face shows a deficient thermal lag.

One potential solution to overcome this problem is to adjust the thermal conductivity parameter
to the constant value of k& = 0.095, associating it with the decomposed state of the material, instead
of the temperature dependence which only reaches this value when high temperatures are present
within the material. The results obtained from the modified model are presented in figure 6.23 as
the solid temperature curves. It will be seen that a much improved correlation of the observed
experimental behaviour has been achieved. A wide divergence in the thermal gradient develops
from the initial heating phase displaying the considerable thermal insulation potential that PML
barriers present. This leads to the slow heating up of the specimen’s cold face as shown in the
graphic and a much improved thermal lag can be noticed in comparison with the simulated curve.

Applying the adjusted PML_FIRE model to PML-covered specimens, which had been exposed
to the flaming conditions of various heat fluxes achieved with the small-scale burner test, results
in the temperature profiles shown in figure 6.24 for a 10L/30um PML/Aluminium specimen and
figure 6.25 for a 20L/30pm PML/Aluminium specimen. From the comparison of the experimental
and calculated temperature curves it can be deduced that the model is able to capture the thermal
behaviour of the samples during these short-term heat exposure experiments over a wide heat flux
range with good accuracy. Slightly greater deviations between the curves occur for the case of
20-ply PML specimens in comparison to the 10-ply specimens. However, the experimental and
simulated temperatures curves corresponding to one heat flux still fall within a 10 % error margin.

Additionally, the PML_FIRE model can be used to investigate the influence that changes to the
PML design have on the overall thermal behaviour of substrate materials protected by PML beyond

experimental activities and possibilities. In figures 6.26 and 6.27 results of such analysis are shown
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Figure 6.24: Comparison of the experimental and modelled thermal performances
of a 10-ply PML under various heat flux conditions.
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Figure 6.25: Comparison of the experimental and modelled thermal performances
of a 20-ply PML under various heat flux conditions.

based on a 10L/30um PML/Aluminium specimen exposed to a 116kW m~2 heat flux affected
by a variation of the input parameters such as PML ply number or the individual aluminium
foil thicknesses within the PML. This is partly only for theoretical considerations because, for
application in real-case scenarios, a careful compromise between the PML efficacy, the added
weight to the substrate together with cost implications have to be considered. In general, it can be
concluded that doubling the number of layers provides a greater temperature retardation potential
than using foil that is twice as thick. This can be explained by the fact that with an increasing layer
number not only is more foil available which imposes a physical barrier against thermal degradation
but also the number of organic interlayers is increased which is highly advantageous because a

greater expansion potential is available and therefore a more effective barrier formed.
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Figure 6.26: Simulated temperature profiles of 30gym PML /aluminium specimens
with the PML being manufactured to different overall thicknesses using multiples of
foil numbers.
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Figure 6.27: Simulated temperature profiles of 10-ply PML /aluminium specimens
with the PML manufactured with aluminium foil of varied thickness.
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Chapter 7

Application of PML_FIRE:
Influence of PML on

Fire-structural Performance

The previous chapter has shown the efficacy of PML thermal barriers in retarding the temperature
increase of structural materials when exposed to fire, consequently resulting in the improvement of
their fire resistance characteristics. However, looking exclusively at the temperature distribution
during such thermal system analysis does not mean that these conclusions can be safely used in
real-life applications. The materials tested are intended for use in structures that are designed to
have regular mechanical loading applied throughout their life time or that will experience structural
loading at some point during their life time, e.g. pressurised air cabins, ships’ walls or train bodies.

One aim of this study is to investigate whether the introduction of PML thermal barriers
could prove advantageous during a structure’s life time particular in a fire scenario with regards to
structural collapse and/or prolonging the safe evacuation time by preserving the structural integrity,
bearing in mind that the mechanical strength of these materials is highly temperature dependent.
Characterisation of the mechanical response of specimens, representing either a non-reactive or a
flammable substrate type, in combination with PML insulation barriers has been undertaken by
experiments exposing samples simultaneously to structural and thermal loading. Briefly comparing
the PML system to conventional insulation methods will be undertaken to classify the PML
protection efficacy. The PML_FIRE model is used to give an insight into the thermal state of the
specimens at the point of structural failure during the analysis of the materials’ fire performance

under load.

7.1 Experimental

A non-reactive type of substrate material is represented by 6.35 mm thick 2024-T351 Aluminium alloy
plates which were cut down into strips of 600 mm length and 50 mm width with the longer dimension
corresponding with the direction in which the aluminium plate is rolled during manufacture. Carbon-
fibre reinforced epoxy composite material was chosen as the combustible substrate type. The
composite material has been manufactured from 24 plies of unidirectional carbon/epoxy prepreg
of type AS4/3501-6 supplied by Hexcel to achieve a total specimen thickness close to 6.35 mm.
The individual plies were arranged in a symmetric and balanced stacking order to construct a
quasi-isotropic composite material featuring a [0/45/90/-45] lay-up resulting in an overall laminate
thickness of 6.7mm and a fibre volume fraction of the manufactured composite laminate of 62 %.

Basic aluminium PMLs of the type 10L/30pm and 20L/30pum were used as thermal barriers.
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Figure 7.1: Test setup for simultaneous mechanical and thermal loading of long
slender sample strips: a) Experimental setup prior to test start with an insulated
specimen inserted into the machine grips and the heater stage in the picture foreground,
b) Schematic of the testing arrangement.

From pre-manufactured sheets, 150 mm long and 50 mm wide PML samples were bonded onto the
substrates. All specimens featuring a metal laminate were spray-painted with heat-resistant black
paint which maximises the heat absorption into the sample during the fire exposure representing a
worst case scenario. A ceramic fibre blanket applied as thermal insulation was wrapped around the
edges of the specimen leaving only a 100 mm long window open at the front. For samples with a
PML surface barrier, bulldog clips were used to apply pressure on the edges in order to avoid the
undesirable delamination of the polymer-metal laminate at the edges which might facilitate the

unwanted release of decomposition gases.

A 250kN load capacity MTS machine was used to determine the specimens’ tensile and
compressive behaviour under the influence of one-sided heating. The samples were clamped at both

2 section at the centre of the

ends, leaving a free gauge length of 430 mm. Only a 100 x 50 mm
sample was exposed to a constant radiant heat of 50kW m~2 from a calibrated coil heater. The
rest of the sample was thermally insulated in order to induce the localised heating at the centre of
the sample as well as avoiding overheating the machine grips. The machine setup with the heater
stage is shown in figure 7.1. Type-K thermocouples attached to the front and the back face of the

sample monitored the temperature development throughout the test period.

During the fire-structural testing a constant load was applied to the specimen while it was
exposed to the radiant heat source which was placed at 25 mm from the specimen’s surface. Tests
were carried out at different incident heat flux levels as well as different loading conditions. For
the tensile tests the applied load was based on the substrate’s yield strength in case of aluminium
(348 MPa) and the material’s fracture strength for CFRP (588 MPa), which had been determined
beforehand in static tensile tests at room temperature. Applied load percentage levels during the
fire-structural testing ranged from 80 % to 5% of the room temperature value for tensile strength.

The axial extension of the sample was measured using the machine’s cross-head displacement. Load
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percentage levels for the compression tests were based on the Euler buckling stress of the aluminium
alloy (39 MPa) and CFRP composite laminate material (24 MPa) at room temperature, respectively,
and were varied between 90 % to 10 %. Again, in-plane deformation of the sample was measured
using the machine’s cross-head displacement. The horizontal or out-of-plane deformation of the

centre point at the back face was additionally monitored by a LVDT device.

7.2 Aluminium Substrate

7.2.1 Temperature Profiles

During the initial transient heating phase of the specimens under irradiance of a 50 kW m~2 heat
flux, the very high thermal conductivity of the material rapidly transfers the incident heat away
from the specimen’s surface into the bulk material of the unprotected AA2024 sample causing
the back face temperature to increase at a similar rate to the hot face temperature. A small
temperature gradient between the sample’s front and back of around 45 K is established over time
because thermal losses occur as the thermal energy is distributed not only in the through-thickness
direction of the sample but also in the vertical direction towards the sample edges and machine
grips which gives a considerable heat sink potential.

In contrast, specimens that feature PML surface insulation show very different behaviour in the
development of the temperature profiles when compared to the unprotected aluminium substrates.
The laminate’s inherently very low thermal conductivity prevents a fast heat transfer into the
underlying bulk structure which in turn causes the front face to reach high temperatures within a
short time period. Due to the thermal barrier that is formed by the PML, the substrate material
and consequently the back face is heated up at a much slower rate than the unprotected aluminium
specimen. A much greater temperature gradient between hot and cold face of the PML-covered
specimen develops for long exposure times under steady-state conditions. A comparison of the
observed temperature profiles is shown in figure 7.2. It clearly shows the superior performance of
the PML-insulated specimens where temperature reductions of over 100 K can be easily achieved
compared with pristine AA2024 samples.

Furthermore, no dependence of the temperature development on the applied stress was observed
and no significant difference in temperatures recorded for tension and compression samples tested
at a heat flux of 50 kW m~2 could be found.
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Figure 7.2: Rear face temperature profiles of AA2024 specimens with and without
PML insulation when exposed to a radiant 50 kW m~2 heat flux.
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7.2.2 Fire-structural Performance

For fire-structural testing at constant tensile loading, all samples initially experience the same
in-plane displacement because the aluminium strips thermally expand when exposed to heat as
indicated by the matching slope of all the displacement curves shown in figure 7.3a. At high loads a
sharp increase in the rate of deformation leads to an abrupt plastic failure of the specimen indicating
the presence of much higher forces within the sample than the instantaneous yield strength of the
material. For tests performed under lower applied stresses, the displacement rate decreases after
the initial expansion period leading to extended exposure times until final rupture occurs. Here,
the failure mode is dominated by creep-like behaviour as the applied stresses are lower than the
material’s yield strength. The change in failure mode with decreasing applied stress level can also
be noticed during visual inspection of the failed specimens. In figure 7.4 failure caused by creep

becomes apparent in the pronounced necking of the samples tested at 30 % stress and below.
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Figure 7.3: Time-dependent deformation during fire-structural tensile testing: a)
Individual displacement curves for unprotected AA2024 specimens under constant
applied load in the range of 80% to 5% of yield strength from left to right, b)
Comparison of the recorded deformation in specimens with and without PML protective
barrier at an applied load of 40 % yield stress.
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Figure 7.4: AA2024 unprotected specimens tested under tensile loading whilst
exposed to one sided heating of 50 kW m~2. Transition from abrupt plastic failure to
creep-dominated failure with decreasing applied stress percentage (from left to right).

Under constant compressive loading conditions, three distinctive regions can be identified in the
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Figure 7.5: Time-dependent deformation during fire-structural compression testing:
a) Individual displacement curves for unprotected AA2024 specimens under constant
applied force in the range of 90 % to 30 % of buckling strength from left to right,
b) Comparison of the recorded deformation in specimens with and without PML
protective barrier at an applied load level of 70 % buckling stress.

behaviour of the unprotected AA2024 substrate samples. These are sections of initial extension,
maximum displacement and finally reverse deformation until failure as presented in figure 7.5a.
The axial in-plane displacement initially shows a linear increase with time which is associated
with the thermal expansion of the aluminium alloy. It can be observed that the rate of increase
slows down before maximal expansion is reached. There is no significant out-of-plane deflection
for this initial phase. The maximum point is characterised at the onset of plastic failure. The
axial displacement decreases beyond this point as the plastic deformation region spreads over the
heated zone, whereas at the same time the out-of-plane deformation increases sharply leading to
a buckling of the aluminium strip. Under high compression loads the final failure occurs rapidly
with a sudden reduction in axial displacement noticeable. In contrast, failure under lower load
conditions is prolonged which can be observed in the much slower rate at which the in-plane
deformation diminishes together with a gradual increase of the out-of-plane deflection which occurs

simultaneously.

Figure 7.6 shows the experimental time-to-failure curves for the aluminium alloy, with and
without PML insulation, under tension and compression loading, respectively. It is apparent that
a reduction in stress leads to a prolonged time to failure (TTF), i.e. a longer structural lifetime.
Specimens with PML insulation show considerably improved failure times compared to unprotected
aluminium alloy samples. As expected, samples with a thicker thermal barrier have a longer life
time compared to samples featuring a smaller ply number. The specimens were tested to ascertain
the load level at which they would not fail. This critical point is established when the test specimens
have not failed during 2 hours of the fire-structural test, after which time they are deemed to be
structurally safe. These data points are included in the TTF curves although they do not represent
the true failure time. However, as set points positioned at 120 minutes on the time axis they give a

clear indication of the overall curve trend.

The reason for the improved performance of specimens protected by PML is the lower tem-
peratures reached in samples with thermal protection as shown in figure 7.2. Lower specimen
temperatures mean that the reduction in the material’s Young’s modulus and yield strength is
not as advanced as would be expected from exposure to higher temperatures. In tests carried out
at low stress levels, the stresses imposed on the specimen are lower than the instantaneous yield
strength, resulting in creep-dominated failure behaviour. Testing at high loads where the external

stresses are higher, causes elastic/plastic softening. As a consequence, samples with insulation show
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Figure 7.6: Time-to-failure curves for unprotected and PML-insulated AA2024
specimens under structural loading and simultaneous exposure to a 50 kW m~2 heat
flux: a) tensile loading, b) compressive loading. The normalised stresses are in reference
to the room temperature failure stresses of a pristine AA2024 specimen.
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longer failure times at all stress levels as their yield stress has not been reduced as much due to the
samples’ lower temperatures.

Different failure modes can be observed for the different sample types at specific stress levels for
the same reason. As an example, the in-plane deformation of the three different specimen types
at constant compressive stress level of 70 % Euler load is shown in figure 7.5b. Rapid failure is
noticeable for the unprotected aluminium strip as well as the sample with a 10-ply laminate which
shows a greater level of in-plane and out-of-plane displacement than the pristine substrate does.
In contrast, the aluminium specimen featuring the thicker PML displays typical creep behaviour
indicating that the applied load is lower than the instantaneous yield strength which in turn remains
high compared to the strength of the unprotected aluminium specimens at the same load level
due to lower temperatures present within the specimen. Overall, with an increase in the applied
external load the transition from creep-dominated to elastic/plastic failure can be observed.

Similar behaviour can be observed for the specimens tested under tensile loading conditions.
At lower applied stress levels, thermal expansion followed by irreversible creep softening accounts
for the in-plane deformation, see figure 7.3b. At higher stress levels a change in the displacement
rate occurs after an initial phase of thermal expansion indicating a plastic softening as the material
begins to yield. For unprotected aluminium 2024 specimens, the transition from creep softening to
plastic softening has been observed to occur between 60 % and 70 % of the applied yield stress when
exposed to a heat flux of 50kW m~2. Interestingly, for samples protected by a thermal barrier this
transition shifts to a higher stress level occurring between 70 % and 80 % applied load percentage.
This again is due to the lower temperatures reached during the test which delays the effect of
reduction in the yield strength and Young’s modulus at elevated temperatures. Creep-dominated
failure can be observed up to high stress levels when the specimen’s yield strength at a specific

temperature is finally exceeded.

7.3 Classification of PML Fire Protection Effect

In order to compare the PML thermal barrier system with conventional insulation methods
additional test samples were prepared featuring either a thin layer of Superwool ceramic fibre
blanket bonded with high-temperature adhesive to AA2024 substrates and commercially available
Firefree intumescent paint directly applied onto the AA2024 samples. The thickness of these
additional insulation layers ranged from 0.4mm to 0.6 mm to match the thickness of the PML

materials in order to be able to assess the fire protection efficacy of each insulation type.
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Figure 7.7: Rear face temperature profiles of AA2024 specimens featuring PML in
comparison to AA2024 specimens insulated via conventional methods.
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Figure 7.8: Time-to-failure curves of AA2024 specimens featuring PML in comparison
to conventional insulation methods: a) tensile loading, b) compressive loading.
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Rear face temperatures which had been recorded during the fire-structural testing of AA2024
specimens featuring all different types of insulation are shown in figure 7.7. From the close affinity of
the recorded temperature profiles it can be clearly seen that the two PML systems provide a similar
temperature reduction across the sample and thus same insulation efficiency as the conventional
insulation methods of inert ceramic blanket or reactive intumescent paint. During the initial
transient heating up phase, slightly different rates of temperature increase are noticed which is
linked to the different mechanisms involved in the formation of the fire protection effect of each
type of insulation. However, steady-state rear face temperatures of 270 °C to 280 °C are reached for
long exposure times for all insulated specimens.

As already indicated by the affinity of the temperature profiles, the failure times observed during
the testing of all the specimens featuring a thermal barrier show similar characteristics and as

anticipated fall onto similar curves (figure 7.8).

7.4 Carbon-Epoxy Composite Substrate

7.4.1 Temperature Development

When exposed to one-sided heating of 50 kW m~2 heat flux, the temperature at the front face of
an unprotected carbon-epoxy composite sample rapidly increases whereas the back face shows a
delayed temperature response. This is because of the material’s inherent low thermal conductivity
in the through-thickness direction of the CFRP resulting in a pronounced temperature gradient
between the front and back faces. With continued irradiation of the specimen the temperature
progressively increases through the thickness so that on average at around 600s exposure time the

temperature gradient has diminished and front and rear face have the same temperature.
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Figure 7.9: Rear face temperature profiles of CFRP specimens with and without
PML insulation when exposed to 50kW m~2 heat flux. Dashed lines indicate the
temperature curve of the specimen’s hot face.

The onset of material decomposition is reached at temperatures in excess of 360 °C. Because
of the continued irradiance, the critical point for flaming combustion of the volatiles released
during decomposition is passed which leads to continued rise of the CFRP substrate temperature
up to 800 °C despite the decomposition reaction being endothermic in character. The sustained
smouldering of the combustible material prevents the formation of steady-state conditions, see
figure 7.9.

Temperature profiles of PML-covered CFRP specimens exhibit contrasting behaviour. Due

to the thermal insulation barrier formed by the PML the temperature increase of the specimen
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is greatly reduced. A much greater temperature gradient between front and back faces develops,
with the back face heating up much slower than in the unprotected CFRP specimens. The great
advantage of the application of PML on such a combustible material is the inhibition of the ignition
process as the temperatures are not high enough for sustained smouldering which prevents further
temperature increase and results in a constant temperature distribution throughout the sample.
The PML also provides a shield for oxygen diffusion in addition to the rest of the sample being
insulated. In unprotected CFRP substrates the porous char allows oxygen to diffuse into the
material towards the decomposition front where ignition is caused. This is prevented with PML
thermal barriers. Similar to the AA2024 experiments, the thicker 20-ply PML specimens show a
slightly greater front-to-back face temperature gradient during the initial heating up period before
similar steady-state conditions as in the 10-ply PML samples with temperatures of around 430 °C

at the back face are reached.

7.4.2 Fire-structural Performance

Due to the brittle nature of carbon-epoxy composites the displacement behaviour of these specimens
under mechanical loading is characterised by only a small axial deformation, see for example
figure 7.10b for a CFRP specimen under tension. The in-plane extension recorded during such
fire-structural tension testing is less than 0.5 % strain. Different displacement rates can be detected
depending on the applied tensile load percentage with a transition of the failure behaviour occurring
between 45 % and 40 % of applied load, which is shown in figure 7.10a. At high tensile loads down
to 45 % of the room temperature failure strength, after little initial extension, collective catastrophic
fibre failure occurs. For applied stress levels below 40 % the observed displacement rate decreases
markedly with a reduction in applied stress. Additionally, the overall sample displacement has
increased. Failure of individual composite plies can be recognized which is most distinctive in the

10 % specimen.
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Figure 7.10: Time-dependent deformation during fire-structural tensile testing: a)
Individual displacement curves for pristine CFRP specimens under constant applied
load in the range of 70% to 10% of tensile fracture strength from left to right,
b) Comparison of the recorded deformation in specimens with and without PML
protective barrier at an applied load of 40 % tensile fracture stress.

The compressive failure of pristine CFRP specimens is characterised by sudden failure without any
axial displacement observed prior to failure, as shown in figure 7.12. PML insulated CFRP specimens
show failure behaviour similar to the unprotected samples, both in tension and compression testing.
Final compressive failure occurs as a sudden event although with longer failure times. In case of
tensile loading, the observed displacement rates are significantly reduced so that failure occurs

only after prolonged exposure times. Failure times increase with a reduction in the applied load in
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Figure 7.11: Effect of reduction in applied load levels on failure characteristics of
unprotected CFRP specimens tested under tensile loading while under exposure to
one sided heating of 50 kW m~2.

all cases. Noteworthy in the observation of the failure times for the quasi-isotropic carbon-epoxy
samples tested under tensile conditions, is a distinctive plateau that is formed between 45 % and
40 % applied load, see figure 7.14a. It is an indication of a change in failure behaviour and failure
mode characteristics.

It is widely recognised that the tensile strength of fibre-reinforced composite materials decreases
with increasing temperatures. Therefore, in fire-structural testing the tensile strength of the CFRP
material will vary according to the position of the carbon fibre in the through-thickness direction of
the sample due to the temperature gradient present leading to an uneven load distribution. The
overall strength of the material is assumed to be an average of the load carrying capability of
the individual plies depending on their instant thermal status. This is valid for most specimens
tested at 45 % load and higher. At these loads, the failure mode is initiated with a softening of the
polymer matrix when the glass transition temperature (~ 200 °C) is exceeded within a short period
of exposure time leading to a shift of the load distribution entirely onto the fibre constituents. The
inherently high tensile strength of the carbon fibres provides the material’s capability to initially
support the high loads. Failure occurs when the applied stress is greater than the residual composite
tensile strength.

For samples tested at lower tensile load levels failure is dominated by fibre degradation. The
applied load is low enough to be sustained for an extended time period despite complete decompos-
ition of the matrix which is caused by continued irradiation and a heating up of the composite.
The charred resin has negligible strength but through its rigid structure provides a frame for the
carbon fibres which allows them to support the applied load. Eventually the temperature gradient
within the sample disappears so that front and back are at the same temperature. This equilibrium
temperature is found to be at around 650 °C. At this high temperature thermal degradation in
form of oxidation of the carbon fibres occurs which gradually reduces the individual fibre strength
leading to an overall reduction of the specimen’s strength. The time-to-failure event is determined
by the progression of the fibre oxidation under prolonged heat exposure until the stage is reached

when the residual strength has declined so much that the applied load cannot be supported and
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final failure occurs.
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Figure 7.12: Time-dependent deformation during fire-structural compressive testing:
a) Individual displacement curves for unprotected CFRP specimens under a constant
applied load in the range of 80 % to 5% of the Euler buckling strength from left to
right, b) Comparison of the recorded deformation in specimens with and without a
PML protective barrier at an applied load of 80 % buckling stress.

Figure 7.13: Effect of reduction in applied load levels (from left to right) on failure
characteristics of unprotected CFRP specimens tested under compressive loading while
under exposure to one sided heating of 50 kW m~2.

Failure times for PML-protected CFRP substrates tested at high load percentages show similar
behaviour to that of the pristine composite substrates but at longer times due to the observed
delay in heat transfer. At load levels below 50 % the behaviour deviates from that observed in
the unprotected CFRP specimens. Instead of showing a curve featuring a plateau, PML samples
exhibit longer and longer failure times which eventually lead to a run-out after 2 hours exposure
time below 45 % of applied load. At these load levels the residual strength of the material is high
enough to withstand failure for extended times to which the insulation effect of the PML barrier
contributes. With a maximum temperature of below 450 °C, fibre oxidation is averted and thus
further strength reduction through fibre degradation is prevented. The overall strength of the
softened carbon fibres is still high enough to support these applied loads. A distinctive change in
failure behaviour between unprotected and protected CFRP specimens can be noticed from visual
inspection and comparison of such failed specimens, see figures 7.11 and 7.15. For the unprotected

composite fibre pull out caused by delamination for the 45° and —45° plies together with some
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Figure 7.14: Time-to-failure curves for unprotected and PML-insulated CFRP
specimens under structural loading and simultaneous exposure to 50 kW m ™2 heat flux:
a) tensile loading, b) compressive loading. The normalised stresses are in reference to
the room temperature failure stresses of the pristine CFRP laminate.
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fibre breakage through degradation of the 0° plies can be observed during failure of 70 % and 60 %
applied stress. In contrast, for a 10-ply PML insulated CFRP specimen this behaviour is observed
for applied stress levels down to 48 %. The specimen tested at 45 % stress shows predominantly
fibre breakage through degradation.

In contrast to fire-structural testing under tensile conditions, polymeric composite materials
are highly sensitive to compression loading which is reflected, comparatively, in the much shorter
failure times, see figure 7.14b. Compressive failure behaviour is dominated by the loss of strength
in the polymeric matrix which occurs when its glass transition temperature is exceeded. Due to the
matrix softening, delamination of individual laminate plies is initiated which allows the formation of
plastic kinking, as shown in figure 7.13. The progression of the heat front in the through-thickness
direction of the material consequently reduces the specimen’s residual strength until failure occurs.
Overall, unprotected CFRP substrates fail within a short time period and the failure curves exhibit
only slight improvements in failure time with reduced applied load percentages. CFRP substrates
featuring PML show similar trends accompanied by a kinking at longer failure times because of the

slower heating up rate of the material.

it B

Figure 7.15: Effect of reduction in applied load levels on failure characteristics of
CFRP specimen featuring a 10-ply PML tested under tensile loading while under
exposure to one sided heating of 50 kW m~2.

7.5 Modelling of Material Peformances

7.5.1 CFRP Laminate Substrate

Modelling the specimen’s thermal response is essential to understand and to be able to predict the
structural performance of these materials when exposed to one-sided heating. The temperature
distribution throughout the carbon-fibre composite material has been determined according to
the routines established within the COM_FIRE program. COM_FIRE accounts for the effects of
heat conduction under the influence of resin decomposition and volatile mass flow. As most of the
thermal properties of the AS4/3501-6 CFRP material were not readily available at the start of this
investigation, the necessary property input data has been compiled from the COM_FIRE materials’

library; examples of some parameters are listed in table 7.1. Overall, carbon-fibre composite
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properties have been calculated according to the rule-of-mixtures, based on a fibre volume fraction
of 62 %.

Parameter Resin Fibre
P 1300 kg m—3 1750kgm—3
Cp 1850J kg ' K~!  660Jkg ' K~!
k 0.35WmK! 032Wm'K!
Composite
PFibre 0.62
A 50051
E, 60500 J mol ' K1

Table 7.1: Material input data used for thermal simulation of CFRP substrates via
COM_FIRE.

The simulated temperature profile across the entire sample thickness of a 6.7 mm CFRP substrate
is pictured in figure 7.16. The initial heating-up phase is characterised by a steep temperature
increase in the sample followed by a more gradual thermal gradient throughout the sample which is
established due to resin decomposition. After about 10 minutes steady-state conditions are reached
with the formation of a stable thermal gradient of about 70 °C across the substrate thickness. At
this point there are no further reactions to be initiated within the model once the decomposition
reaction of the polymeric resin has come to an end. The temperature profile continues on the same
level even if the test duration, i.e. heat exposure time, was to be extended beyond the simulation

run time of 30 minutes.
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Figure 7.16: Temperature development through the thickness of a 6.7mm CFRP
substrate exposed to one-sided heat flux of 50kW m~2. Each data curve represents
the temperature increase for an individual composite laminate ply. The top curve
represents the heat source facing front face whereas the lowest curve depicts the
temperature rise of the cold face.

Despite using only single-value material properties as input data instead of the more sophisticated
and more accurate temperature dependencies, the simulated temperature curve closely fits the
experimental thermocouple readings. The model is able to accurately capture the temperature
increase during the initial transient stage of the heat conduction process as shown for the front and
rear face of an unprotected CFRP specimen in figure 7.17.

With the transition to steady-state conditions after 10 minutes of exposure time, the course
of the modelled curves noticeably diverges from the experimental readings. Whilst the exposed

specimen experiences a continued temperature increase due to the accumulation of heat arising
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from the ongoing thermal degradation and continued smouldering, the simulation predicts constant
temperature levels between 640 °C and 570 °C throughout the material. This discrepancy is due to
the fact that the COM_FIRE program currently does not facilitate incorporating the additional
reactions or have the equations programmed in order to capture the behaviour at the later stages
of a heat exposure experiment.

Additional information about the degradation process is provided by the COM_FIRE model
through the variable RRC' which describes the progression of the decomposition reaction in the
matrix’s remaining resin content (RRC). The difference from the RRC value to 100 % at any
given location within the specimen and testing time represents the amount of organic matter that
has been transformed into gaseous by-products during the decomposition reaction. Figure 7.18
visualises the resin degradation profile over the thickness of the composite substrate with every
laminate ply being represented by an individual curve in the diagram. The maximum level of 100 %
characterises the undamaged material whereas the minimum denotes the end of the decomposition
reaction for the individual plies as the condition of residual char is reached. It can be seen that due
to the direct exposure to the heat source the front layer of the CFRP material experiences a much
faster degradation (curve furthest left) than the back face which in contrast shows a much slower

material loss due to the thermal lag (curve furthest right).
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Figure 7.17: Comparison of CFRP temperature profiles obtained during fire-
structural testing with results from the simulation run. The vertical line indicates the
time boundary beyond which the modelled temperature curves significantly diverge
from the experimental one.

Failure Correlation - Compression

The thermal status of the material determines the mechanical performance during a fire-structural
heat exposure tests. A simplified way to analyse the experimental behaviour is to compare the
thermal characteristics with the structural parameters. This is an alternative to the comprehensive
methodology of Lamina Theory which uses the thermal and mechanical condition of the individual
composite plies in order to successfully describe composite failure under heat influence. However, it
requires extensive additional testing to determine the detailed structural material characteristics
and their temperature dependencies.

As mentioned in the description of the experimental results in section 7.4.2, the performance of
fibre-reinforced polymeric composites during fire-structural testing under compression loading is
dominated by the degradation behaviour of the organic matrix. Therefore it is considered legitimate
to analyse the temperature and RRC profiles across the material’s thickness which are obtained
from the COM_FIRE model at the point in time when structural failure had been observed during
the experiments. The recorded failure times in case of 50 kW m~2 heat exposure experiments are all

found to be below the threshold of the transition from transient to steady-state conditions. Above
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Figure 7.18: Illustration of the degradation progression through the thickness of the
CFRP composite material during one-sided heat exposure of 50 kW m~—2 by means of
the RRC parameter calculated during the simulation.

that threshold major discrepancies between experimental and modelled temperature profiles occur.
Thus, an accurate inference of the thermo-structural relationship is assumed when the failure has

occurred during the transient stage of the heat transfer process.
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Figure 7.19: Comparison of failure times (TTF) and density reduction(1-RRC) in
dependence of the applied compressive load percentage levels during fire-structural
testing of unprotected CFRP specimens.

Figure 7.19 shows the time-to-failure curve for the CFRP substrate under compression alongside
an overall density reduction defined as the inverse overall RCC parameter which in turn is taken as
the average RRC value over every laminate ply at the time of failure. It can be seen that both
parameters show identical behaviour in their dependency on the externally applied stresses during
the experiments. Consequently, plotting the failure times as a function of the overall RRC of the
CFRP material yields a linear relationship between the two parameters, see figure 7.20. As the
parameter RRC is only introduced during the simulation procedure it is regarded more sensible and
practical to translate this into an overall material density variable according to the rule-of-mixtures

criterion. The determination of the overall density parameter as well as the linear relationship
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Figure 7.20: Linear relationship between overall CFRP laminate density and struc-
tural life time under compression loading.

between the parameters can be expressed via the following equations.

PCFRP = PFibre " PFibre + (1 — OFibre) - PResin - RRC (7.1)
TTF = —0.64- pcrrp + 1065  with R*=99.92% (7.2)

Equation (7.2) gives the predicted failure times for specific load levels not tested so far under
50 kW m~2 heat flux irradiance. Additionally, it should also be possible to yield reasonable estimates
on the range of failure times to be expected for different fire scenarios based on the above conclusions.

It is necessary in all cases to run a simulation with COM_FIRE at the required heat flux level in
order to determine the thermal state of the composite material. With the assumption that structural
failure resulting from specific applied stress levels is induced at the same level of strength and thus
the same state of deterioration in the material as between the different heat fluxes, failure times
can be obtained from the corresponding RRC or density profiles. In figure 7.21 such an example is
given for the case of a 35 kW m~2 heat flux fire scenario which represents a fire originating from
small rubbish bin, widely used for aircraft interior material’s classifications. The expected shift
towards longer structural life times with a reduction of the heat flux from 50kW m~?2 to 35 kW m—2

becomes apparent.

Failure Correlation - Tension

The behaviour of composite laminates during simultaneous thermal and tensile loading is dominated
by the performance of the reinforcing fibres under the temperature influence. The structural survival
time of a specimen under heat exposure is dependent upon the lifetime of the fibres and the manner
of the reduction in their strength due to increasing temperatures.

The same modelled temperature profile as shown in figure 7.16 is valid for tensile loading
conditions as there has been no significant difference observed in the experimental temperature
readings during tests carried out on samples under compressive or tensile loading. Because of
the high tensile strength of the carbon fibre, the failure times for tension tests occur after much
longer heat exposure times, compared with tests carried out under compressive loading. As a
consequence, it becomes apparent during the analysis of the failure temperatures (figure 7.22),
i.e. the temperatures that are present within the CFRP specimens at the point of failure, that

specimen failure only occurs under applied stresses of 70 % down to 45 % during the transient stage
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Figure 7.21: Simulated compressive behaviour of a pristine CFRP composite laminate
during a 35kWm™?2 fire scenario in comparison to experimental data obtained at
50kW m~? irradiance: a) Time-to-failure as linear function of overall laminate density,
b) Extended life time for CFRP specimens tested at the lower heat flux.

of the modelled temperature profile. Failure times for tests carried out at lower applied stresses
fall into the region of steady-state conditions which is contrary to experimental observations and
does not reflect understood specimen characteristics. At high loading levels the failure is caused
by an outright strength reduction of the composite laminate because of the elevated temperatures
present within the specimen. However, at 400 °C the inherent material strength of the AS4/3501-6
composite has only been reduced to about 50 % of its room temperature tensile strength which
enables the material to withstand lower stress levels during fire-structural testing for extended

periods of times.

For cases of specimens experiencing failure during the transient heating up stage of heat exposure,
a similar analysis of residual strength and failure times, taking into consideration the temperatures
present within the material, is undertaken analogous to the investigation presented for compressive
behaviour. Figure 7.23 depicts the dependence of the failure times on the applied stresses for
50 kW m~2 heat flux. The reference curve gives the determination of failure times of specific loading
cases under these test conditions along this curve. On the assumption that failure for individual
loading cases relates to a specific temperature distribution within the specimen at the point of
failure, failure times of CFRP specimens exposed to 35 kW m~2 irradiance and tensile loading are
predicted. The temperature profile of the CFRP material under 35kW m~2 heat flux exposure
sees an overall tendency for temperatures to be reached after longer times and with slightly lower
temperatures. The transition from transient to steady-state occurs at around 14 minutes with a
stable thermal gradient between 591 °C and 525 °C being established. A clear shift to a longer
structural lifetime is forecast with the transition to the lower heat flux, which is represented by
the second curve in figure 7.23. Improvements of about 15 % may be achieved in the case of 70 %
applied tensile stress whereas the failure time for a specimen tested under 45 % applied stress is

predicted to increase by about 36 %.

Predictions of failure times of specimens tested under low stress levels are not feasible with this
simplified analysis because in these cases degradation of the reinforcing carbon fibres is initiated as
the result of the prolonged exposure times and hence high temperature levels within the material.
Thus, it is neccessary to perform tensile testing on the CFRP material under isothermal testing
conditions to determine the material’s strength reduction at elevated temperatures as well as
investigating the degradation behaviour and thus high-temperature strength characteristics of the

carbon fibres.
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Figure 7.22: Illustration of sample temperatures present at the point of failure
for the a) hot and b) cold face of the CFRP specimen during tensile loading and
simultaneous 50 kW m~2 heat flux irradiance. Comparison of experimental (diamond)
versus simulated (triangle) data points.
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Figure 7.23: Estimation of the fire-structural performance of a CFRP composite
laminate during a 35 kW m~2 fire scenario when simultaneously loaded under tension.
Prolonged failure times for those CFRP specimens exposed to the lower heat flux in
comparison to reference samples under 50 kW m~2 heat flux irradiance are observed.

7.5.2 CFRP Laminate Substrates featuring PML Protection

The successful replication of the thermal behaviour of unprotected CFRP laminates justifies the
incorporation of the routines used in COM_FIRE for pristine composite materials into the newly-
developed PML_FIRE model. In order to be able to describe the thermal behaviour of CFRP
substrates featuring PML, a combination of the heat principles developed for PML protective layers
bonded to aluminium plates and the COM_FIRE routines have been implemented into PML_FIRE.

Figures 7.24 and 7.25 present the experimental and modelled temperature development that the
hot and cold faces of PML-protected CFRP laminates of 10-ply and 20-ply experience, respectively,
during fire-structural testing at 50 kW m~2 irradiance. In contrast to the modelling of the unpro-
tected CFRP specimens where considerable affinity was seen, the predicted temperature curves
for 10- and 20-ply PML specimens noticeably deviate from the experimental results. Despite the
hot face temperatures agreeing with the modelled temperatures, confirming therefore the correct
heat input into the specimen, the modelled rear face temperatures only follow the experimental
curve accurately for an initial phase of about 6 minutes for the 10-ply PML and 9 minutes for the
20-ply PML before the curves develop into a plateau at lower temperatures than observed in the

experimental profile.

Numerous modelling attempts have been carried out in order to reconcile this discrepancy but a
solution explaining this anomaly has been elusive at this stage. The difference in the temperature
profiles might be as the result of not capturing a complete picture of the characteristics of each of
the individual material sections. This potential explanation is indicated because it seems that the
predicted thermal gradient across the PML is too high when compared with the experimental curves.
This could also be caused as a result of the differing PML thermal behaviour, where one is bonded
to a CFRP composite substrate and the other is bonded to a highly conductive AA2024 substrate
which draws thermal energy away from the heated zone of the specimen due to its considerable
capacity to act as a heat sink. In contrast, the CFRP material has much lower thermal conductivity
and consequently retains the heat nearer the source. It is also possible that due to the simplification
of the modelling approach some effects, such as heat accumulation or other side effects caused by

the decomposition reaction, might cause higher temperatures than those predicted.
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Figure 7.24: Comparison of the experimental (black curve) and simulated (grey
curve) temperature profiles for a CFRP specimen covered by 10-ply PML exposed to

50 kW m~—2.
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Figure 7.25: Comparison of the experimental (black curve) and simulated (grey
curve) temperature profiles for a CFRP specimen covered by 20-ply PML exposed to
50 kW m~2.

Failure Correlation

Investigating the failure characteristics of PML-covered CFRP specimens by means of analysing
the thermal status of the material at the point of failure is impeded by the aforementioned issues.
Predictions for the material’s performance when exposed to different fire scenarios are not possible
because of the lack of accurate temperature profiles.

However, concordant thermal behaviour is observed for the initial heating up phase of the
material until the simulated curve diverges from the experimental results. The failure times observed
during fire-structural experiments carried out under compression and 50 kW m~2 heat flux all fall
within this section of the curve. Figure 7.26 shows the cold face temperatures at the point of failure
over the applied range of percentage stress. The close correlation of the experimental and simulated
temperature values is noteworthy. There is only a slight deviation occurring at the lowest stress
levels for the 20-ply specimen where it is observed that the failure times are located close to the
divergent point of the two temperature curves. In contrast, similar conclusions in the case of tensile
loading can only be drawn for stress levels down to 40 % and 45 %, see figure 7.26a, due to the long
structural survival time that carbon fibres possess which results in failure only after much longer
heating times, in comparison with specimens tested at the same stress level under compressive
loading.

With regards to the failure performance reverse conclusions can be drawn from the relationship

between the failure temperature and the applied stress level. The trend lines of the curves for
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the individual CFRP specimens featuring either a 10-ply or a 20-ply PML can be used to identify
the cold face temperature at the point of failure for specific loads in cases not previously tested.
With the temperature determined, the simulated temperature profile can be used to find the
corresponding testing time for this temperature which will indicate the estimated failure time under
the applied testing conditions. A few examples are shown in figure 7.27 which includes additional
data points from the reverse analysis for both types of PML protection bonded to CFRP composite
substrates.
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Figure 7.26: Comparison of experimental (open symbols) and simulated (closed
symbols) temperatures at the point of failure for the two different types of PML
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Figure 7.27: Predicted time-to-failure data obtained via reverse analysis based on
the temperature at failure. Simulated results are represented by open symbols besides
the experimental data points depicted as solid symbols.

7.5.3 AA2024 Substrate

As an example for a nonreactive, passive substrate material, simple one-dimensional heat conduction
principles can be applied to model the heat transfer in the through-thickness of an AA2024-T351
specimen when exposed to one-sided heating. The boundary conditions are defined as a radiative
heat flux of 50 kW m~2 at the hot face and an insulated back face. Yet, once again the simulation
results do not agree with the experimental findings with the calculated temperature profile exceeding
the maximum experimental temperatures by about 300°C. This is indicated by the top curve

labelled h = 0 in comparison to the experimental curve as shown in figure 7.28. This apparent
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Figure 7.28: Effect of variation in heat loss parameter on the back face temperature
of a AA2024 specimen.

mismatch arises from the high thermal conductivity in all directions of the aluminium specimen.
The result is that during the heat exposure of the fire-structural tests a significant proportion of
thermal energy is transferred away from the specimen’s centre towards the vertical ends of the
long slender specimens where it is held by the metal grips of the testing machine which present a
great heat sink potential. Consequently, a considerable temperature gradient develops along the
longitudinal dimension of the aluminium specimen with the thermal energy being drained from the
through-thickness direction which, consequently, is unaccounted for in the one-dimensional heat

transfer analysis.

An alternate way to overcome this problem would be the application of a two- or even three-
dimensional heat transfer analysis in order to account for the complex heat transfer. This would
inevitably lead to elaborate coding in combination with an enormous increase in computation
time which results in further complications when these principles are to be applied to specimens
consisting of a PML protective layer bonded to an AA2024 substrate. However, one-dimensional
heat transfer analysis could still be applied as long as the thermal energy that is drawn away by
the heat sink is accounted for in the heat transfer equations. One of the options is to introduce
a new parameter quantifying the apparent heat loss at every time step and every node of the
simulation. This is achieved in the form of a heat transfer coefficient h;,ss; that in relation to the
instantaneous temperature difference defines the amount of thermal energy withdrawn due to the

heat sink potential of the testing machine.

The quantification of the parameter h;,s5 is impossible to estimate from the experimental setup
without a full dimensional analysis, knowledge of the thermal properties of all of the elements
as well as extensive multidimensional thermal analysis. A parametric study presents an easier
solution in determining this parameter by varying it until a reasonable fit of the experimental
temperature curve and the simulated one is achieved. Figure 7.28 shows the development of the
temperature profiles dependent upon the heat loss parameter for various simulation runs. The
optimum parameter h;,ss has been found to equal 7.5 Wm ™2 K~!. The conformity of the simulated
temperature profile with the experimental result is shown in figure 7.29. From this graphic it will be
seen that for longer testing times the curves slightly diverge, with the simulated curve remaining at
a steady-state temperature level whereas the recorded temperature profile shows a slight diminution
in temperature. This is most likely to be due to unaccounted heat losses through the insulation

material or simply because the rear face has not been perfectly insulated.
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Figure 7.29: Simulated curve and experimental data for temperature increase in a
AA2024 specimen subjected to 50 kW m~2 heat flux.

Failure Correlation - Tension

Analogous to the simplistic failure analysis presented for the CFRP substrates, similar statements
can be made for the investigation of the failure behaviour of aluminium substrates. Two different
failure modes have been observed during the fire-structural testing of AA2024 specimen: at high
loading levels failure occurs due to the strength reduction in the material associated with a rising
temperature, and at low loading levels failure is induced by creep due to extended exposure time at
high temperatures. The former failure mode is solely dependent on the temperature distribution
within the material as this determines the instantaneous strength of the material. Because of the
high thermal conductivity of the aluminium there is virtually no thermal gradient present within
the metal specimen. Therefore, the recorded cold face temperature can be directly used as indicator

for the material’s instantaneous strength which in turn dictates the structural life.
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Figure 7.30: Comparison of failure times and temperatures at failure both presented
as function of applied tensile stress percentage.

In experiments carried out under tensile loading, the aforementioned assumptions relate to
percentage stress levels down to 30 % of the applied load. This can be seen from the temperature
profile curve as the recorded failure times for these stress levels occur within the initial transient
stage of the heat transfer as well as according to the displacement curves before steady-state

conditions are established, which is after about 13 minutes. In contrast, specimens tested at stress
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levels below 30 % clearly exhibit creep-characteristic behaviour because of the prolonged exposure
to stable temperatures of 385°C. Failure in these samples occurs during the secondary stage
of the creep deformation process. Plotting the failure times and the final temperatures at the
point of failure as against the applied stress levels reveals a near-linear relationship for specimens
experiencing failure during the transient heating up phase, see figure 7.30. Time-to-failure can be
expressed directly as a function of the temperature observed at the point of failure, as presented in

figure 7.31, which in turn is an indicator for the material’s residual strength level as outlined before.
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Figure 7.31: Failure times presented as function of the AA2024 specimen’s temper-
ature at the point of failure.
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Figure 7.32: Estimated time-to-failure from experiments carried out at different
applied tensile stress levels added as indicators to the simulated temperature profile of
AA2024 subjected to 35 kW m~2 heat flux.

This relationship allows on the one hand for the assessment of other load levels applied during a
50 kW m~? fire-structural experiment and on the other hand for predictions of failure behaviour
during the transient stage of temperature increase for fire scenarios with different heat fluxes. In
figure 7.32 the predicted failure analysis results have been added to the simulated temperature
profile of a AA024 specimen exposed to a 35 kW m~2 heat flux. Great improvement of failure times
and hence the structural life can be observed in comparison with the failure times presented for
specimens exposed to 50 kW m~2 (figure 7.30). At a stress level of 80 % the specimen’s lifetime is
extended by about 44 % for the lower heat flux experiment; at 60 % stress time-to-failure increases
by about 70 %.
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However, care does need to be taken to assess the limitations of these results. They present
the means to estimate the tendency of how much improvement can be achieved. Inaccuracies,
however, can occur when the failure times coincide with the transition from transient to steady-state
conditions in the temperature profile or fall completely into the region of stable temperature
distribution. For the 35 kW m~2 heat flux example, this applies to stress levels of 50 % and below,
although it cannot be ignored that specimens loaded with 60 % stress level are additionally affected
by creep. The predicted failure times might therefore be taken as a minimum safety level as the life

expectancy will be significantly affected by the specimen’s creep behaviour.

Failure Correlation - Compression

A A2024 presents a better material choice for elements under compressive loads whilst simultaneously
exposed to 50 kW m~2 heat flux irradiance, in comparison for example, to fibre-reinforced composite
laminates. Failure related purely to temperature-dependent strength reduction occurs at stress
levels down to 60 % as a result of the applied test load. An overall strong non-linear relationship
between failure time and temperature at failure is observed, as shown in figure 7.33. Extensive
displacement behaviour is observed for specimens tested below the 60 % stress level which cannot
be captured via simplistic temperature-lifetime relationships.

As far as predicting the failure behaviour at 35 kW m~?2 heat flux irradiance, an improvement of
almost 40 % in cases of 90 % loading level is forecast. However, any tests carried out at stress levels
below that will exhibit failure times falling into the region of steady-state temperatures together

with extended deformation, which cannot be assessed.
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Figure 7.33: Comparison of failure times and temperatures at the point of failure for
unprotected AA2024 specimens. Both presented as functions of the applied compressive
stress percentages.

7.5.4 AA2024 Substrates featuring PML Protection

The newly-developed PML_FIRE simulation provides the means to model the thermal performance
of PML protected AA2024 substrates during fire-structural testing. For this particular test setup,
the material’s characteristic decomposition behaviour and consequent PML expansion are considered
during the heat transfer evaluation. However,the melting of the aluminium foils which is another
major factor influencing the temperature behaviour of the speciemns is not accounted for in the
program because the heat fluxes applied to the samples during the fire-structural testing below

75kW m~2 heat flux do not provide enough energy to induce foil melting.
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Figure 7.34: Front and rear face temperatures of a AA2024 specimen featuring a
10-ply PML protective surface layer during heat exposure at 50 kW m~2.
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Figure 7.35: Front and rear face temperatures of a AA2024 specimen featuring a
20-ply PML protective surface layer during heat exposure at 50 kW m™2.

The results of the thermal modelling of AA2024 substrates featuring either a 10-ply or a 20-ply
PML are presented in figures 7.34 and 7.35. The simulated temperature curves fit the experimental
curves with considerable correlation. Steady-state conditions are reached in all cases after an initial
transient heating up phase with final temperatures reached after 30 minutes of 301 °C for AA2024
specimens with 10-ply PML and 289 °C for AA2024 specimens with 20-ply PML. Variations were
observed in the hot face temperature profiles for both specimen types, the recorded temperatures
were diminished slightly for the longer exposure times. This can most probably be attributed to
the positioning and securing of the thermocouples. During the experiments the thermocouples
were only lightly secured and might have experienced some movement due to the expansion of
the PML so that full contact with the hot face was not guaranteed at all times. Also, due to the
irregular expansion the thermocouple might have been shielded from the full incoming heat flux
and therefore recorded a lower hot face temperature than when in a fully exposed position at the
sample front. For the cold face testing, the model replicates almost identically the temperatures
for the 20-ply PML specimens whereas the 10-ply PML specimens show a typical tailing off of the
temperature curve which can be associated with inefficient heat insulation on the back face of the
samples which could cause unaccounted heat losses to occur during longer testing times.

The PML_FIRE model therefore allows the forecasting of temperature profiles for these types

of fire-structural test specimens under different heat flux irradiances. In figure 7.36 this is shown
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Heat Flux  AA2024 with 10-ply PML AA2024 with 20-ply PML

35kWm—2 289°C 284°C
50 kW m 2 301°C 289°C
70 kW m—2 313°C 298°C

Table 7.2: Simulated steady-state temperatures of PML-protected AA2024 specimens
reached during long-term exposure of up to 30 minutes in different fire scenarios.
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Figure 7.36: Modelled temperature profiles of a PML-covered AA2024 specimen
subjected to different heat fluxes.

for the heat fluxes of 35kW m~2 and 70kW m~2 in comparison to the reference model curve of
50 kW m~2 which is based on the experimental data. Specimens featuring thinner 10-ply PML
show a clear tendency, with increasing heat flux, for the initial transient phase to exhibit a higher
heating rate before the temperature curve is steady and at a constant level. These results are
listed in table 7.2 for steady-state temperatures. Temperature profiles for 20-ply PML specimens
show contrasting behaviour in that, although the curves for individual heat fluxes show very
similar behaviour, the heating rate increases marginally with a higher level of heat input while the
steady-state temperatures at long exposure times only vary by 14 °C whilst covering a heat flux
range of 35 kW m~2 and 70 kW m~2 which would equal a theoretical flame temperature of 637 °C
and 809 °C, respectively, according to the Stefan-Boltzman law.

The reason for this arises from the differing insulating effect due to the different thicknesses of
the two PML types. For the thinner 10-ply PML, degradation is initiated within all the polymeric
layers of the PML with greater fractions being fully decomposed, see table 7.3. For the 20-ply PML
a similar number of degraded resin layers are observed as expected when specimens are exposed to
the same testing conditions. However, instead of the heat being then directly transferred into the
underlying aluminium substrate additional layers are available in the case of the thicker PML which

provide an enhanced insulation effect thereby preventing further temperature increases. Looking at

Property Heat Flux  AA2024 with AA2024 with
10-ply PML  20-ply PML
35kWm—2 0.42 0.55
Average RRC 50 kW m 2 0.31 0.48
70 kW m~2 0.18 0.39
3BkWm2 8 (80%) 10 (50 %)
Number of decomposed plies 50 kW m~2 6 (60 %) 7 (35%)
0kWm=2 5 (50%) 6 (30%)

Table 7.3: Degradation characteristics of PML after 30 minutes exposure to different
fire scenarios: Overall PML residual resin content as average over individual ply RRC
and number of fully decomposed resin interlayers within PML.
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Figure 7.37: Failure times of a AA2024 specimen featuring 10-ply PML tested under
50 kW m™~? fire-structural experiments added to the associated temperature profile as
indicator of failure mode transition.

the overall average remaining resin content for 10-ply PML type specimens, with increasing heat
flux, the induced resin decomposition significantly increases from about 60 % mass loss to more
than 80 % in the case of the higher heat flux. This is in contrast to 20-ply PML type specimens
where the reduction appears more gradual with more than 50 % of the original resin content not
degraded at a low heat flux of 35 kW m~2 which figure only diminishes to about 40 % at 70 kW m—2.

Failure Correlation - 10-ply PML protection specimens

Figure 7.37 shows the failure times of AA2024 specimens featuring a 10-ply PML added to the
corresponding temperature curve for tensile and compressive loading respectively, under the influence
of external heat. In addition to the displacement plots shown in earlier sections, these figures clearly
indicate that at relatively high loading stress levels, the failure process is already occurring and is
partially affected by creep process. Only a few specimens tested at higher stress levels exhibited
failure during the transient heating up stage of experimentation which could be directly linked
to the temperature-dependent strength reduction of the aluminium substrate. This effect is most
pronounced in case of compressive loading where specimens tested at under 70 % showed extensive
lifetimes and in some cases would reach the time limit of 2 hours without failing at which point
samples were deemed to be safe.

This long-life behaviour restricts the capability to predict failure times for different heat flux
experiments according to the simplistic analysis method presented in the early sections for CFRP
substrates. This is especially true for cases of lower heat fluxes where there is a greater likelihood that
the temperatures which are associated with a reduction in the material’s strength will shift towards
more steady-state conditions indicating the probable influence by creep deformation occurring at
earlier times.

Figure 7.38 summarises the estimated failure times for 10-ply PML/AA2024 specimens under
the two different fire scenarios of 35kWm~2 and 70kW m~2 in comparison to the 50 kW m~2
experimental set of data. The data points are taken from the transient heating up phase of the
specimen. For lower stress levels the influence of creep deformation becomes more pronounced and
cannot be assessed with the simplistic strength-temperature failure relationship which eventually
causes these specimens to fail after the longer exposure times which are not included in the graphs.
Even the lowest data points included in the figures for the predicted heat flux experiments might
be an underestimation of the real failure times as these failures would occur in the transition zone
from transient heat transfer to steady-state condition which could lead to longer lifetimes due to
the onset of creep effects as opposed to outright failure. As concluded before in case of unprotected

AA2024 specimens, the extended failure times can only be investigated and then forecast after
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further analysis and a fuller understanding of the material’s creep behaviour.
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Figure 7.38: Estimated failure times for 10-ply PML/AA2024 specimens exposed
to heat fluxes of 35kWm~2 and 70kW m~2 in comparison to experimental data for
50 kW m~2 heat exposure experiments.

Failure Correlation - 20-ply PML protection specimens

The same observations as above can be made for AA2024 specimens featuring a 20-ply PML.
Analysis might be even more hindered due to the greater insulation potential in comparison to the
thinner 10-ply PML specimens. Failure under the same loading level occurs after longer exposure
times with the transition point, that is the point at which failure occurs at the boundary of the
transient and the steady-state period, moving to higher applied stress levels, see figure 7.39. In
consequence, the simplistic failure analysis methodology becomes less reliable due to the limited
amount of data points available because only specimens tested at 70 % or higher can be considered.
Estimated failure times for heat fluxes lower than 50 kW m~2 tend to rapidly tail off during prolonged

testing times and this is especially true for cases of compression loading, see figure 7.40.
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Figure 7.39: Failure times of a AA2024 specimen featuring 20-ply PML tested under
50 kW m~2 fire-structural experiments added to the associated temperature profile as
indicator of failure mode transition.

113



90 -

& 70 kW/mA2

x m 50 kW/mA2
%58 {4 e m A
2 A 35 kW/mA2
&
2 70 - o m A
(7]
c
(V]
[
- 60 - * | | A
2
2 . u A
E 5o -
(=]
2

40 T T T T T 1

300 400 500 600 700 800 900
Time-to-Failure [s]

(a) Tension

3 1 * 70 kW/m"2
T A
S - W 50 kW/mA2
] A 35 kW/mA2
&5 85 -
1]
£
S 80 - o ma
() A
375 - . .
.Té
5 70 -+
2

65 T T T 1

0 300 600 900 1200

Time-to-Failure [s]
(b) Compression
Figure 7.40: Estimated failure times for 20-ply PML/AA2024 specimens exposed

to heat fluxes of 35 kW m~2 and 70kW m~2 in comparison to experimental data for
50 kW m~2 heat exposure experiments.
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Chapter 8

Conclusions

8.1 Summary of Major Findings

The aim of the research presented in this work was to develop a novel fire protection material.
Multi-layer polymer metal laminates (PML) comprising of thin aluminium foils separated by even
thinner organic polymer layers on the micrometre-scale have been proved to be an effective thermal
barrier material which provides an insulating protective layer thereby prolonging the structural
integrity of the underlying substrate. Various experimental and numerical methods have been used
during this study to prove PML’s capability as an effective surface thermal barrier and have shown
the excellent fire protection efficacy that PML materials possess. The main conclusions drawn from
the investigation into the thermal and fire performance properties of PML are presented in the

following sections.

8.1.1 Material Characterisation

e The temperature range and the kinetic parameters of the decomposition reaction for the
epoxy resin used as polymer interlayers within PML were determined as these characteristics

dictate the overall swelling behaviour of the PML materials.

e From isothermal heating tests, a mathematical description of the PML expansion behaviour
was derived as a function of polymer mass loss. A maximum expansion factor of just below

10 was observed which is similar to or greater than commercial intumescent coatings.

e Thermal step-change experiments have proved to be a low-cost and simple method for
determining the thermal transport properties from ambient temperatures up to much elevated
temperatures. These tests were performed on neat epoxy resin as well as the PML material.
The PML’s room temperature thermal conductivity was found to be around 1 Wm™! K~}

despite consisting of more than 90 % of highly conductive aluminium.

e The observed decline in the polymer’s thermal conductivity with increasing temperature and
the major reduction observed around its glass transition temperature is replicated in the
temperature dependence of the PML transport property as the epoxy resin is the dominant
influence of the two PML constituents. At high temperatures the PML’s transport properties
are greatly reduced to less than 10 % of the room temperature value offering great potential

for slowing down heat transfer.
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8.1.2 Thermal Response Model

e An improved one-dimensional FD model has been established to simulate the thermal response
of PML-insulated substrates under heat exposure. The model is capable of predicting the
temperature evolution of non-reactive substrates (metals) as well as combustible materials

(fibre-reinforced composites) that are typically used in many lightweight applications.

e The proposed simplified approach during the discretisation step has proved to be adequate in
successfully modelling temperature profiles that achieve good correlation with experimental

results.

e The newly developed PML_FIRE model incorporates temperature dependent functions for
thermal and constitutive properties, the occurrence of polymer decomposition, the overall
effect of PML expansion as well as the effects of foil melting, verified as results of experimental

analysis.

e A parametric study has been used to assess the sensitivity of the model to perturbations
from selected input parameters. Most of the influence on the calculated temperature profiles
have been demonstrated by the PML’s thermal conductivity, expansion factors and surface

emissivity.

8.1.3 Fire Performance of PML

e Small-scale propane burner tests were carried out to assess the fire performance of PML-
covered substrates in comparison with unprotected specimens over a wide heat flux range
(T0kWm~2 to 180 kW m~2) and for several PML architectures. These test results have also
formed the basis for the thermal model validation as a consequence of the wide variety of test

scenarios and combinations of materials constituted in this research.

e Overall, PML materials provide great potential as thermal insulation barriers as they invoke
slower heating rates and much greater time delays in heat transfer as the result of its

decomposition properties compared with unprotected specimens.

e Certain aspects of PML design have been proved to be more advantageous for the fire

protection efficacy of PML:

Ply number > Foil thickness
Titanium front > Stainless Steel front > basic Alu-PML

Pristine metal surface > painted surface

e For combustible materials, PML provides a means of reducing the risk of fire spread and
fire growth because typical fire characteristics such as ignition time, heat release and smoke

production are improved through application of PMLs to such substrates.

8.1.4 Influence of PML on Fire-structural Performance

e The great improvements achieved by increasing the failure times of PML-insulated substrates
observed during heat exposure under tensile or compressive loading has been shown to be

due to the thermal lag and the temperature reduction effected by the PML surface barrier.

e PMLs have been demonstrated as being especially effective in combination with combustible
substrates because the iginition of released decomposition gases can be prevented by the
PML’s barrier effect which reduces the overall risk of fire spread into the environment as well

as achieving an overall improvement of the fire-structural performance of the substrate.
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e Fire-structural tests have shown that PML materials display similar or superior behaviour
over conventional insulation methods with regards to reducing temperature development
and extending structural failure times when compared, for example, with superwool and

intumescent specimens.

e A simplified approach has been developed for deriving failure times by evaluating the spe-
cimen’s thermal state at the point of structural failure which can now be simulated by the

PML_FIRE model for various fire scenarios.

8.2 Recommendations for Future Work

This study is the first into the feasibility and efficacy of multi-layered PML materials used as
thermal insulation barriers. However, despite the very significant achievements and promising
results so far there is still room for improvements through optimisation of the PML materials as well
as further development of the new the PML_FIRE thermal response model. Some of the aspects
are presented below.

From an experimental point of view, further advancements in the fire performance of PML can
be achieved through an optimisation analysis of various polymer types that can be used as PML
interlayers which will cover different temperature degradation ranges, exhibit differing decomposition
reaction characteristics and expansion potential. It is thought worthwhile to explore the potential
of using thermoplastic polymers such as high-strength polyimides or PEEK. One immediate benefit
would be that this would simplify the manfacturing process greatly as the post-curing step would
be made obsolete.

The results of this study have produced graphs for the prediction of underlying substrate failure
times, however, a comprehensive investigation into the temperature dependence of the mechanical
properties of the substrate materials, such as strength and stiffness, and creep parameters for
metals, needs to be carried out to improve the simplified approach presented in this study for the
prediction of failure times. The outcomes could consequently be used in combination with the
PML_FIRE model to deliver more detailed and accurate failure predictions.

Furthermore, focus should not just concentrate on the fire protection effect and the fire retardant
properties of PMLs. When PML materials are considered for fire protection modifications to existing
structures in field applications, the PML behaviour with regard to a variety of other properties, e.g.
impact, long-term environmental exposure or fatigue, will need to be taken into account. A simple
example of use with minimal insulation cost and potential cost savings would be as lightning strike
protection for aeroplanes. Here, PML layers could act as a multi-functional material combining
lightning strike and fire protection which would make the use of highly conductive meshes with
fibre-reinforced composite materials which is the current technique obsolete.

With regard to the PML_FIRE modelling aspect of this research, it is considered that with
an increase in computational capacity it should, even in the short term, be possible to advance
the simplified discretisation process presented here. If every physical layer within the PML could
be represented by individual nodes during the simulation process, a more exact simulation of
the thermal response behaviour should be possible. This would provide a means of capturing in
more detail the true behaviour and contribution of the individual PML constituents and interpret
the impact on the overall temperature development, which should eradicate some of the current
discrepancies between experimental and calculated temperature profiles.

Also, in order to use the PML_FIRE model as a true design tool, continued work should focus
on building an extensive data library with a focus on establishing details of a variety of substrate

materials and PML architectures.
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