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Chapter I Introduction

Chapter 1 Introduction

Composite materials offer ideal properties for many structural applications; they exhibit
excellent strength and stiffness to weight ratio, good corrosion resistance and are easily
repaired. Hence, composites are often the preferred choice for many applications in the
marine and offshore industries. However in such extreme environments, the risk posed

by fire is greatly increased.

Current fire resistance tests, used to qualify such materials, are normally conducted on
large scale samples or finished products. Innovation is often inhibited at initial design
and material selection stages because of the high cost of these test procedures. A small
scale resistance test, supported by thermal and mechanical modelling techniques, could
be used to characterise the structural response of composite laminates in fire. The

development of such a technique formed the basis of the research presented here.

1.1 Glass Fibre Reinforced Plastic (GFRP) Composites

Composites consist of two or more physically different materials which, when mixed,
provide superior properties than each individual component [1]. In recent years there
has been a steady increase in the use of polymer composites in the transport,

construction, marine and piping industries [2].

1.1.1 Reinforcement

Glass fibres have relatively high strength and modulus but are usually very brittle and
prone to chemical attack and aging. A list of E-glass properties 1s displayed in Table
1.1. When glass fibres are combined with resin, a bulk material is produced with
excellent stiffness and strength properties. The ‘composite action’ between the resin and
glass ensures that any loads are distributed evenly through the whole material. All of the
fibres, which bear most of the load, are subjected to the same strain levels, despite
waviness or misalignment. The addition of plastic resin also improves energy

absorption, resistance to crack propagation and chemical resistance [1].
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Table 1.1 Properties of E-glass at 20°C [1].

——————————————————————————————————————————————————————————————————————————
Value

Property

Diameter 8-14 um

Density 2560 kgm™

Young’s Modulus 76 GPa

Tensile Strength 1.4 -2.5 GPa
.04 W/m°C

Thermal conductivity — parallel to fibres

ﬁ

Continuous fibres are available in roving form either in spools for use in pultrusion,

shown in Figure 1.1(i), or woven mat, Figure [.1(11). Other forms of continuous fibre

mat include multi-axial fabrics, Figure 1.1(111).
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Figure 1.1 Common forms of glass fibre. (i) Roving [3], (ii) Woven Roving [4] and (iii) 0°/90°
stitched multi-axis cross-ply [5].

1.1.2 Woven Fabrics

Woven fabrics are produced by weaving fibres in the 0° and 90° directions. Fibres in

the 0° direction are referred to as warp fibres and pass alternately over and under the 90°

(weft) fibres. There are a number of different styles of woven roving fabrics which

provide certain advantages and disadvantages.
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The most common style is plain woven roving, shown in Figure 1.2(i). This fabric is the
simplest form of weave, producing a symmetrical pattern with good stability. The dense

nature of the weave. and therefore high level of fibre crimp, means that the fabric is

harder to drape and exhibits poorer mechanical properties than other weave styles [6, 7].

Twill weave, Figure 1.2(ii), is a modification of plain woven roving that provides better

wet out and drape characteristics. The pattern is produced by weaving one or more warp
fibres alternately over and under two or more weft fibres in a regular manner. A

characteristic pattern of diagonal lines is produced on the surface of the fabric [6, 7].

This style of fabric has reduced crimp which, when compared to plain woven roving,

gives the finished laminate a smoother surface finish and improved mechanical

properties.
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Figure 1.2 Two styles of woven fabrics. (i) Plain and (ii) Twill weave woven roving [8].

1.1.3 Multi-axial Fabrics

Multi-axis mat consists of one or more layers of continuous fibres stitched together
using polyester thread [7]. An example of the stitching process is shown in Figure 1.3.
Polyester is usually used as the stitching thread as it has the necessary properties which
allow it to be formed into fibres and is also very cheap. Multi-axis fabric can be made

using a variety of fibre orientations, unlike woven fabrics which are only produced in the

0°/90° directions.



Chapter 1  Introduction

Multi-axis fabrics have superior mechanical properties to woven materials because the
fibres are straight rather than crimped. The possibility of multiple fibre orientations
means that multi-axis mat can also provide strength and stiffness in more directions than
woven mat. However, multi-axis mat requires more expensive, low tex (finer) fibres
and more sophisticated manufacturing techniques than woven mat, leading to higher

production costs.

\\\\\

\

ll I
|

Polyester stitching

)
1
V
1

+45° direction

-45° direction

Chopped strand mat

-45° direction

Figure 1.3 Manufacture of a typical quadraxial ply stack with 0°, 90°, +45°, and —45° plies. They
are often made balanced (equal weight on all axes) but can also be tailored to suit a particular load
case. Plies are stitched together using polyester thread [9].

1.1.4 Matrix Characteristics

Polymers can be classified under two types, 'thermoplastic' and 'thermosetting',
according to the effect of heat on their properties. Thermosetting plastics, or
thermosets’, undergo a non-reversible molecular cross-linking process to form a rigid
product when resin is mixed with a catalyst [7]. They generally exhibit good thermal

stability, rigidity and hardness properties.

Once cured, thermosets do not melt if heated, although in some cases liquid droplets can

be formed when certain thermosets are burned. Above a certain temperature their

mechanical properties will change significantly. This temperature is known as the glass
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transition temperature (7%,), and varies according to the particular resin system used.
Above T,, the molecular structure of the thermoset changes from that of a ngid
crystalline polymer to a more flexible, amorphous polymer. At these temperatures,
properties such as flexural modulus, compressive strength, tensile strength and shear
strength drop significantly. This change is reversed when the material is cooled back

below T,.

In contrast, thermoplastics soften with heating and eventually melt, hardening again with
cooling. Thermoplastics can be softened and re-solidified as often as desired without

any appreciable effect on the material properties.

Reinforced thermoplastic composites are not as common as thermoset composites. The
compounding operation tends to be more expensive for thermoplastics than for
thermosets, and thermoset laminates normally offer better mechanical properties [7]. In
recent years however, interest in more environmentally friendly materials has led to a

rise in the use of thermoplastic composites. Not only are thermoplastics recyclable, but

they do not give off harmful styrene emissions when manufactured.

1.1.5 Polyester Resin

Unsaturated polyester resins cover a wide range of materials with varying degrees of
mechanical properties [6, 7]. Polyesters are the most commonly used resin system due
to their good mechanical, electrical and chemical resistance properties and low cost.
Polyesters are generally classified by which materials are used in their manufacture; the
most common being orthophthalic or isophthalic. Orthophthalic polyester is the
standard low cost resin used by many industries but can be prone to certain forms of
chemical attack. Isophthalic polyester resin has superior water resistance properties and

is therefore used more frequently in the marine industry [7].

10
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1.1.6 Vinyl ester Resin

Vinyl ester resins are similar in their molecular structure to polyesters, but tend to be
tougher and more resilient. The vinyl ester molecule features fewer ester groups than
polyester. These ester groups are susceptible to water degradation by hydrolysis,
meaning vinyl esters exhibit better resistance to water and other chemicals than
polyesters [7]. These properties mean vinyl esters are frequently used in applications
such as pipelines and chemical storage tanks. Although vinyl ester resins demonstrate

superior mechanical and chemical resistance properties, they are much more expensive

than polyester resins.

1.1.7 Polypropylene

Polypropylene is the second most common reinforced thermoplastic after nylon. It is a
tough, semi-rigid plastic with good fatigue, heat and chemical resistance. Polypropylene
is commonly used in injection moulded products with short fibre reinforcement, suitable
for automotive and appliance products [7]. Recently, long-fibre and continuous fibre
developments have facilitated the use of glass reinforced polypropylene in structural
components, most notably in the marine industry where pre-preg mat has been used for
the production of small boat hulls [10]. One of the main reasons behind the increased
use of polypropylene in marine applications is the fact that it is a recyclable material.
Glass reinforced polypropylene was included in this research to compare the material’s
structural performance in fire with the more traditional marine materials; glass

reinforced polyester and vinyl ester.

Table 1.2 Relevant properties of polyester, vinyl ester and polypropylene plastics [1, 7, 11].

Property Polyester Vinyl ester Polypropylene
Density 1.1-1.5 Mgm’ 1.2-1.5 Mgm 0.9 Mgm’
Young’s Modulus 2-4.5 GPa 7.8-8.7 GPa 0.3 GPa
Poisson’s ratio 0.37-0.39 0.38-0.4 0.3
Tensile yield strength 40-90 MPa 115-124 MPa 25-38 MPa
Thermal conductivity 0.2 Wm'!°C 0.2 Wm''°C 0.2 Wm™'°C
Melting point - - 165 °C

11
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1.2 Fire Standards

Polymer composites’ excellent structural and corrosion resistant properties have led to
their use in areas where the risk of fire 1s a major hazard, such as offshore environments
and the transport and construction industries. Fire regulations are constantly evolving,
but many existing regulations are now constdered conservative. It is thought that a more

performance based design strategy is required to assess and qualify fire engineering

approaches [12-14].

Existing legislation in fire standards covers a broad range of areas and materials, and 1s
produced by a number of international organisations. This large scope of standards and
tests often disqualifies the use of composites in many applications, hence there is a need

for global regulations [13]. Certain standards organisations are making progress in this

area, the European Union enforces railway and construction fire safety standards [15-

17], and the International Maritime Organisation have created fire safety guidelines for

the United Nations member states [18-20].

These standards describe test procedure and fire protection measures. They also define
which test methods are required to qualify a material for a particular application.
Current tests involve the use of small scale fire reaction tests along with large scale fire

resistance tests in order to fully characterise a material’s response.

1.3 Fire Reaction

Fire reaction involves the response of a material to fire, especially in the early stages,
and its interaction with the environment [21]. There are many reaction tests which can
analyse a wide range of material characteristics including heat release rate, surface
spread of flame, time-to-ignition, oxygen index, combustibility and smoke and gas

toxicity. The most significant and popular tests are detailed below.

12
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1.3.1 Cone Calorimeter Test (ISO 5660-1)

The cone calorimeter test provides a large amount of useful information from a
relatively small sample (100mm x 100mm x sample thickness) [22]. The specimen 1s
subjected to a constant heat flux provided by a conical electrical heating element. An
electric spark igniter is used to ignite gases produced at the surface of the sample. The
sample is then allowed to burn until the surface flame extinguishes naturally. A small
hood above the sample collects combustion products and the concentrations of oxygen,
carbon monoxide and carbon dioxide are measured. The cone is capable of providing
heat fluxes from 10-100kW/m” and can be used in either a vertical or, more commonly,

a horizontal configuration. The cone calorimeter 1s 1llustrated in Figure 1.4.

Laser beam measures smoke
‘density

Temperature and differential pressure
measurements taken here

Exhaust
fan

''''
" ]
....
Flagrlr 1 _,-.._._1::

Soot collection

Gas samples & '\ Coneheater
fiter — .

taken here

Controlled flow rate
Sample

" Load cell

Vertical Orientation

Figure 1.4 Diagram of the cone calorimeter used in the horizontal orientation (Inset: vertical
orientation) [23].

13



Chapter 1 Introduction

The cone calorimeter accurately measures the heat release rate of a burning sample using

the oxygen consumption principle [22]. In addition to the peak and average heat release

rates (HRR), the apparatus can measure:

o Time to ignition, TTI (s): determined visually as the period required for the
entire surface of the sample to burn with a sustained luminous flame.

o Fire performance index (mz.s/kW): the ratio of TTI to peak HRR

o Mass loss (g): measured using a load cell underneath the sample.

o Specific extinction area, SEA (m”/kg): a measure of smoke obscuration
averaged over the entire test period.

o Smoke parameter (MW/kg): SEA x Peak HRR. Indicative of the amount of
smoke generated in a full-scale fire scenario.

o Total smoke release

o Carbon monoxide yield (%)

o Carbon dioxide yield (%)

1.3.2 Limiting Oxygen Index (ISO 4589)
The Limiting Oxygen Index Test (LOI) is specifically designed for testing the

flammability of polymer matenials [24]. Specimens (10mm wide and 100mm long) are
clamped vertically in a tube, as shown in Figure 1.5. A small pilot flame is used to test
the flammability of the sample under different concentrations of oxygen and nitrogen.
The minimum oxygen concentration required to sustain combustion in the sample is

used to calculate the limiting oxygen index. A high index indicates a less easily ignited

and less flammable material.
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Figure 1.5 (i) Photograph [25], and (ii) schematic diagram [26] of the Limiting Oxygen Index test
equipment.

1.3.3 NBS Smoke Density Chamber Test (ISO 5659-2)

The National Bureau of Standards (NBS) Smoke Density Chamber, also known as the
Smoke Box Test, is one of the most widely used techniques for quantifying smoke
generation [27]. Figure 1.6 shows a photograph and schematic diagram of the test.

Small scale specimens, 76mm x 76mm and up to 25mm thick, are tested either alight or
smouldering, allowing the resulting smoke to accumulate within the test box. The
sample is normally held in the vertical orientation and a 25 kW/m” heat flux provided by
an electrical heater. However the test does allow the option of testing in the horizontal
orientation and heat fluxes of 10-50 kW/m" are possible. The optical density of the
smoke is measured over time using lasers, and the sample mass loss is also monitored

throughout the test.
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(1) (ii)

Figure 1.6 (i) Photograph [26] and (ii) schematic diagram [28] of the NBS smoke density chamber.

1.3.4 Radiant Panel Test (ASTM E 162)
The radiant panel test is used to qualify the flammability of a material by measuring the
surface flame spread and heat evolution [29]. A 6" x 18" specimen, inclined at 45° is

subjected to a heat flux generated by a 12" x 8" gas-fuelled panel heater. A small pilot

burner is used to ignite the surface of the sample nearest the heater. The time taken for a
flame front to travel down the sample’s surface, and the temperature rise in the exhaust
stack are monitored during the test. A Flame Spread Index is calculated from this

information in order to qualify the test material. Figure 1.7 shows a photograph and

schematic diagram of the test equipment.
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Figure 1.7 (i) Photograph and (ii) schematic diagram of the radiant panel test equipment [30].

1.3.5 Room Calorimeter Test (ISO 9705) / SBI Test (BS EN 13823)

Many fire reaction tests suffer from certain limitations. Due to the small scale nature of
some tests. the effect of fire growth cannot be accurately measured. These tests do not

represent a realistic fire scenario with respect to ignition, heating and atmospheric

conditions. The room calorimeter test, pictured in Figure 1.8, was designed to

investigate these effects on a larger scale [31]. The test sample is mounted on three
walls and the ceiling of a small room, with a gas burner placed in one of the corners. A
doorway, 2.0m high x 0.8m wide is situated at the other end of the room from the
burner. and an extraction hood placed above the doorway. The burner provides a heat
flux of 100kW/m~ for the first ten minutes of the test, and is then increased to 300k W/m?
for another ten minutes. The test is designed to represent one of the major fire hazards
in room or office environments; a waste paper bin fire. The HRR is calculated by

measuring the volume flow rate and oxygen concentration in the exhaust duct. Smoke

production rate is measured by testing the opacity of the smoke using lasers.
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A European test, known as the Single Burning Item (SBI) test, 1s conducted 1n a very
similar manner [32]. A specimen is mounted on a trolley with a propane burner
positioned in the corner. The trolley is placed beneath an exhaust system and a heat flux
of 50kW/m" provided by the burner. The reaction of the specimen to the burner is
monitored instrumentally and by visual inspection. Physical characteristics, such as time

to ignition and surface spread of flame, are assessed by observation.

Figure 1.8 (i) The Room Calorimeter Test showing dimensions of the test area [33]. (i)
Photograph of a fully developed fire test [33].

1.4 Fire Resistance

Fire resistance 1s defined by a material’s ability to retain structural integrity and limit
heat transmission to other remote objects when exposed to fire [21]. Fire resistance tests
are often on a larger scale than fire reaction tests because the test samples are
representative of structural items, such as floors, ceilings, beams, columns, doors and
walls, rather than individual materials. Tests normally involve the use of a furnace, jet

fire or pool fire.

1.4.1 Furnace test

The most commonly used resistance test is the furnace test [34]. A test sample is
normally mounted on the open face of the furnace, and thermocouples attached to

various points on the rear face of the sample. A sample is deemed to have failed when
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the cold face reaches 140°C above ambient temperature, or if a ‘hot spot’ on the cold
face of the sample reaches 180°C above ambient [21]. Samples are normally tested in
their end-use condition and, depending on the furnace size, can range from 1m* to 10m?

in size.

Standard fire curves, shown in Figure 1.9, are used to represent a fire scenario by
increasing temperature within the furnace at a pre-defined rate. The hydrocarbon curve,
described in BS 476-20/21, is used to represent the severity of a fuel fire [21, 35], whilst

the cellulosic curve, ISO 834 [21, 36, 37], i1s used to replicate a wood or fabric fire.

The structural integrity of materials can also be measured by placing samples under load
whilst exposed to fire. Special large scale furnaces have been designed to subject 3m’
composite panels to compressive and bending loads in fire. Displacement transducers
and strain gauges are used to monitor the structural response of the panel for the duration

of the test.
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Figure 1.9 The cellulosic and hydrocarbon fire curves used for furnace fire resistance testing.
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Furnace tests have been known to suffer problems in reproducibility [38]. Although the
test is based on standard fire curves, substantial discrepancies can occur due to
variability in the emissivity of furnace liner materials [39]. The control of the furnace

temperature profile can also be difficult, especially in the case of samples which burn

generating heat release.

(11)

Figure 1.10 (i) Photograph of a vertical furnace test facility, and (ii) diagram of the specimen
orientation [40].

1.4.2 Pool fire test

A pool fire is defined as the natural combustion of a horizontal fuel surface. Such a fire
may occur as a result of the accidental 1gnition of spilled liquids or open tanks. Pool
fires have both fundamental and practical interest because they are one of the most basic
forms of fuel combustion often present in accidental fires. The unpredictable nature of a
pool fire means that when testing, 1t 1s difficult to maintain a steady heat flow from the

fire. For this reason, pool fires tend to be used as indicative tests [41].
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Figure 1.11 The pool fire test. The test can be conducted on various scales; (i) a 1m” small scale test
(41], and (ii) a 12.5m” large scale test [42].

1.4.3 Jet Fire Test

Jet fire tests are mainly used to simulate accidents which may occur in environments
where fuel is kept under pressure, for example a gas line rupture on an offshore rig. The
combined effects of very high temperatures and the erosion caused by a high velocity jet
are more damaging than a simple pool fire, and may have critical consequences to the

ability of a structure to retain load. A large scale jet fire test 1s shown in Figure 1.12.

Figure 1.12 Large scale jet fire test at RAF Spadeadam test site, Northumberland. Liquid
hvdrocarbons and oils can be released under pressure to form jet fires either alone or mixed with
other gases [43].
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The jet fire test offers a more realistic fire scenario than the hydrocarbon furnace for
structures at risk of jet fire impingement. Most tests measure the resistance of a material
by either burn-through time or the loss of structural integrity. The procedure is designed

as a complimentary test to furnace testing, and not as a replacement [44-47].

1.5 Objectives

The principal objectives of this research were:

o The development of a low cost, reproducible small scale test procedure for fire
resistance testing of composite laminates.

o Characterisation of the variation in material properties with temperature for three
laminate materials; glass reinforced polyester, glass reinforced vinyl ester and
glass reinforced polypropylene.

o The design of a laminate model to predict the structural integrity of composite
laminates in fire.

o Validation of the laminate model by testing small scale test samples under load

in fire.
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2.1 Composite Fire Characteristics

A major disadvantage of many composite materials is fire performance. When
thermosets are exposed to fire, the organic matrix decomposes at temperatures around
300°C releasing heat, smoke and toxic volatiles. Moderate temperatures, over 100°C,
will cause composites to soften, creep and distort, resulting in the buckling and failure of
load-bearing structures [48]. These effects are often the main reasons for industries,

such as infrastructure and public transportation, to refrain from using composites.

Although polymer composite materials are inherently combustible, it has been shown
that under certain circumstances such materials possess relatively good resistance to fire

[12]. This is due to the slow burn-through properties of these materials.

Four main factors which contribute to the slow burn-through effect include [49]:
o The low thermal conductivity and diffusivity of composites.
o The low thermal conductivity of the residual glass, depleted of resin, which
remains on the surface of the material in fire.
o The endothermic process of resin decomposition and vaporisation.

o The cooling effect created by the convection of volatile gases diffusing through

the material towards the hot face.

The most significant factor in relation to the fire integrity of polymer composites is the
endothermic process of resin decomposition [49]. Most polymer decomposition
processes are endothermic, irrespective of whether the polymer is a thermoset or
thermoplastic. Although the thermal conductivity of crystalline thermoplastics may

significantly decrease as the material melts, this has little influence on the slow burn

through effect when compared to the endothermic decomposition process.
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2.2 Thermal Modelling

The use of GRP laminates in hazardous environments and applications has highlighted a
need for models to predict their resistance to high temperatures and fire. Accurate
thermal models are an essential tool in the design process of composite structures,
reducing the need for expensive fire testing and assisting in the development of new
materials. The development of mathematical thermal models for composite materials
has been largely based on work on the fire behaviour of wood [50-54]. These thermal
models consider the processes of heat conduction, endothermic decomposition reactions
of wood, convection flow of volatile gases, and the combustion of volatiles at the
surface., More recently, mathematical models for composites [49, 55-70] have
successfully described one, two and three dimensional heat transfer processes and

reactions with respect to all four of these factors.

2.2.1 Heat Conduction Modelling

The most basic thermal model considers the effect of heat conduction, ignoring external
convection and material radiation, under the condition of one-sided heating, as shown in

Figure 2.1 [71]. The one dimensional model is expressed as:

(2.1)

where: T is temperature (K),
tis time (s),
x is the distance below the hot surface in the through-thickness direction (m),
p is the density of the composite (kg/m),
C, is the specific heat of the composite (J/kg.K),

kx 1s the thermal conductivity of the composite in the through-thickness direction
(W/m.K).
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The left hand side of the equation corresponds to the change in thermal energy per unit

volume, and the right hand side is the energy flux due to conduction. The model

assumes that the thermal conductivity, specific heat and density of the composite are not

affected by temperature.

Heat Flux

Decreasing
Temperature

Figure 2.1 One dimensional heat conduction through a composite plate exposed to a one sided,
uniformly distributed heat flux [72].

One-dimensional heat conduction analysis has formed the basis for many other more
complicated models. Two and three dimensional models have been designed to analyse
the effects of a uniformly distributed heat flux [73-75] and localised heating on
composite materials [76]. The 1-D heat conduction model was expanded for orthotropic

laminates by Asaro et al. [73], Charles and Wilson [74], and Milke and Vizzini [75] to

give a three dimensional model:

of d oT | ¢ of | o oT
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where: x is the through thickness direction and y and z are the planar directions,

k(T), ky(T) and k,(T) are the thermal conductivities in the x, y and z directions.

Again, the model assumes that the thermal conductivity, specific heat and density of the
material do not vary with temperature. The 3-D model has made very accurate
predictions of the thermal response of laminates exposed to low levels of heat flux (10-

20 kW/m?®). Figure 2.2 shows theoretical and measured temperature profiles for the case
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of a glass/vinyl ester laminate which was exposed to a low heat flux for over an hour

[73]. In this case, the heat flux level was too low for resin decomposition to initiate and

hence heat conduction was the main thermal process.

Although the theoretical curves appear to have three or four stages, this was unlikely to
be the case in practice. If the process was purely conductive, there should not be
separable stages. The incident heat flux used here was so low that, after one hour,
temperatures at the front face were only around 100°C. At these temperatures, resin
decomposition would not have initiated and it is unlikely that flashover would have
occurred until the front face reached temperatures of around 250 - 300°C. The

variations in the theoretical curve may therefore have arisen due to inaccuracies in the

computational procedure adopted for modelling.
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Figure 2.2 Temperature profiles for a glass/vinyl ester laminate exposed to a low level heat flux
[73]. Theoretical curves were constructed using a 3-D heat conduction model (Equation 2.2).

26



Chapter 2 Literature Review

2.2.2 Thermal Decomposition Modelling

An accurate thermal model will not only consider heat conduction through the laminate,
but also the resin decomposition process and the convective flow of reaction volatiles.
The first thermal model to include the effects of resin decomposition was developed by
Pering, Farrell and Springer [65]. The model is based on the 1-D heat transfer equation

but also includes a term for the heat of pyrolysis, which is determined experimentally

from the material’s mass loss rate:

oT O oT | om
— ==k (T)— [+— 2.3
¥ ot 8x[ ! )Bx] ot &)
where: -aa—’? is the mass rate of vapour generated per unit volume (kg/s),

Q is the heat of pyrolysis (J).

Pering et al. had some success with the estimation of the mass loss of composites in fire.
Figure 2.3 shows the results for a carbon/epoxy laminate exposed to a gas flame with a

temperature of around 540°C.
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Figure 2.3 Normalised matrix mass loss results for a carbon/epoxy laminate exposed to a 540°C
flame [65]. The theoretical curve was calculated using Equation 2.3.
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The data points are normalised mass loss values. They were calculated by dividing the
measured mass loss of the polymer matrix by the original mass of the matrix. The
theoretical mass loss curve, calculated using Equation 2.3, shows excellent agreement

with the experimental results. However, the presented data must be analysed with care.

The normalised data points displayed occasionally exceed the maximum value of 1.
This would indicate that a number of tests were conducted on samples of various mass.
It is possible that many of the samples did not fully decompose because of the presence
of carbon fibres. The samples should have been exposed for several hours before full

decomposition of the matrix could be assumed.

Equally, the normalised mass loss results would have been calculated using a theoretical
fibre volume fraction value. The actual fibre volume fraction of each sample may have
varied significantly from this theoretical value. This would introduce an error sufficient

enough to distort the calculated mass loss value.

By defining full decomposition from a scatter of experimental points, the researchers
then effectively made a “best fit” for the model curve. If the normalised full
decomposition points were calculated exactly, the theoretical curve may not have

provided such an accurate fit in the early stages of the test.

2.2.3 The Henderson Model

The Henderson model [55, 59] is an extension to the one dimensional model which not
only considers heat conduction but also the effects of pyrolysis and decomposition
gases. The model was based on work which was conducted by Kung [52] and Kansa et
al. [51] into the decomposition and fire response of wood. The one dimensional

governing equation 1s applicable to GRP laminates and is expressed as:

oT ,9°T 0koT oT dp
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where: p, C, and k are the density (kg/m3), the specific heat (J/kgK) and the thermal
conductivity (W/mK) of the material in the through thickness direction (x),
T is temperature (K),

t1s time (s),

M and Cyg are the mass flux (kg/m?s) and the specific heat (J/kgK) of the
volatile gas respectively,

0, hc and hg are the heat of decomposition (J/kg), enthalpy of the solid phase
(J/kg), and enthalpy of the volatile gas (J/kg), respectively.

1-D heat transfer theory is used to model the process of heat conduction, represented by
the first two terms on the equation’s right hand side. In contrast to Equations 2.2 and
2.3, the Henderson equation considers the change in thermal conductivity of the
laminate with increasing temperature. The third term considers the effect of
decomposition reaction gases diffusing through the laminate thickness. This process
provides a cooling effect, hence the term being negative, and is modelled using
convective mass transfer theory. Finally, the rate of heat generation or consumption is

modelled by the fourth term on the right hand side.

The subscript i refers to either resin decomposition or carbon-silica reactions, both of

which are considered by the model [55]. Decomposition reaction rates are calculated
from the mass loss rate of the material. Thermo-gravimetric analysis is used to
determine the mass loss rate under controlled heating conditions, and the relevant

material parameters may be evaluated using the Arrhenius rate equation:

om
E _ _Al'mo[

]m -exp(E, /RT) (2.5)

o

where: m, m, and myare the mass, the initial mass and the final mass (kg),
A; is the pre-exponential rate factor (s™),

n; is the order of the reaction,
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E; is the activation energy (J/mol),

R is the universal gas constant (8.314 J/mol.K)

T is the temperature (K).
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The Henderson model was validated by comparing theoretical temperatures values

against measured temperature profiles for a 3mm thick glass/phenolic laminate exposed

to a 279.9 kW/m? heat flux, as shown in Figure 2.4. A high level of heat flux was

selected to create sufficiently high temperatures for resin decomposition and glass/char

reactions. Temperature values were monitored at various depths through the laminate

thickness throughout the test, and good agreement was observed between these and the

theoretical profiles.
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Figure 2.4 Comparison of experimental and theoretical temperature profiles for a 3mm thick
elass/phenolic laminate exposed to a 279.9kW/m? heat flux [55]. Theoretical values were calculated

using Equation 2.4.
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More recently, the Henderson equation has been adapted by Gibson et al. [49] and

Dodds [70] to predict the fire performance of glass reinforced plastic laminates at lower

levels of heat flux (25-100kW/m?).

: —_ " -E
.Q:i(k?l)_MGihG-pA{m mf] KT (Q+h. k) @6

ot ox\ dx ox m,
Heat Mass flow of Endothermic reaction of resin
conduction volatile decomposition
products

Equation 2.6 shows the adapted model, which has been simplified in a number of ways.
The thermal conductivity and specific heat properties are assumed to remain constant
with the increase in temperature, and thermal and gas transport properties are assumed to
be constant during the decomposition process. The carbon-silica reactions are not
described by the updated model. The model predicts lower levels of heat flux and these
reactions would therefore not occur. The Arrhenius rate equation, shown in Equation

2.5, is still used to model the decomposition reaction.

The three main processes involved in energy transfer are highlighted in Equation 2.6;
heat conduction through the material, the convective mass flow of volatile products and
the endothermic reaction of resin decomposition. The model can be used to predict
temperature and residual resin content evolution with time using finite difference
techniques, but can also be solved using finite element analysis [48, 77]. Accurate
predictions, such as those shown in Figure 2.5, have been made for many types of glass
reinforced thermoset laminates [48, 49, 70, 77], but successful modelling of

thermoplastic composites, although possible, has not yet been fully demonstrated.

31



Chapter 2 Litcrature Review

1000
Hot face _
e
800 . ~ona- O
geaGnt - .
_ ,DETG xL=1/10 0o .
€ 60 A i
o d . H
E ,’ O X/L=5/10 ----- 0 ;
o 'y O /
3 400 '/ o 0 00 /
5 Lh 0° 7
/
O :
l_ 2m l’n __(560‘0 dﬂ'o
: OGOOO_O_ ¢0¢4~*¢¢¢**°°"’
1 O .00 e 2R NV Cold face
D-' Q.
0 }Lﬁ’.”
0 200 400 600 800 1000
Time (secs)

Figure 2.5 Measured and predicted temperature profiles for a 10.9mm thick glass/polyester
laminate exposed to a one-sided hydrocarbon fire [72]. The term x/L represents the distance below
the hot surface (x) divided by the specimen thickness (L). The temperatures were determined at the

hot face, a distance 1/10" through the composite, half-way (x/L. = 5/10), and at the cold face.

2.3 Fire Response of Composites under Load

In recent years a number of mechanical models have been developed to characterise the
response of composites in fire under load [78-88]. The models are based on a variety of
analysis methods including, the rule of mixtures [80-82, 86], finite element techniques

[79, 88], laminate analysis [83] and creep based analysis [84].

2.3.1 The Two Layer Model

A two layer model has been developed to calculate the mechanical properties of a
composite material after it has been exposed to a one sided heat flux [80-82, 85, 86].
The model assumes that the damaged laminate consists of two distinct layers; a damaged
(char) region and an undamaged (virgin) region. The char region is assumed to have
negligible mechanical properties in comparison to the virgin material, whilst the
undamaged material has properties equal to those of the original material at room

temperature.
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The model can be used to estimate the tensile properties of the laminate after fire
exposure. The tensile strength of the virgin layer 1s assumed to be constant and has the
value of the material at room temperature. In reality this is not the case; the strength of
the undamaged region will be lowest at the char/virgin boundary and will increase
towards the rear face of the sample. The strength of the char region is also assumed to
be constant. Figure 2.6 shows a schematic diagram of the assumed state of a laminate

exposed to fire.

Tensile Force

Constant
Uniform Heat

Figure 2.6 Schematic diagram of a laminate under one-sided heating and tensile loading. The

laminate is represented in the two layer case. x is the thickness of the original material and x. is the
depth of char [72].

Simple mechanics expressions have been used with this approach to provide successful
estimations of the residual properties of composites after fire. Residual tensile strength

(or) 1s calculated using Equation 2.7:

Q
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I
Q
S
..I_

'O 1 (2.7)
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where: o7y, is the original tensile strength of the material at room temperature (MPa),

o) is the tensile strength of the char layer which, based on experimental data , is
assumed to be negligible in this case,

x, is the total thickness of the laminate (m),

x. 1s the thickness of char (m).

The char thickness (x.) is a depth in the through thickness direction at which point the
temperature is still high enough for the polymer matrix to decompose to char. x. 1s
calculated using Equation 2.6 and the temperature at which the matrix begins to char.

The char temperature is determined using thermo-gravimetric analysis.

When the residual strength of the laminate reduces to an applied tensile stress value, the
sample is deemed to have failed. The time to failure 1s therefore the time it takes for the

residual strength of the laminate to decrease to the applied tensile stress value.
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Figure 2.7 Calculated and measured times to failure for a woven glass/vinyl ester laminate under
tensile loading at heat fluxes of 25, 50 and 75 kW/m?[72]. The theoretical curves were calculated
using the two layer model.
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Figure 2.7 shows calculated and measured failure times for a glass/vinyl ester laminate
exposed to various heat fluxes. The theoretical curves, constructed using the two layer
model, show very good correlation to the failure times for heat fluxes of 50 and
75kW/m?. However, the 25kW/m* prediction shows the laminate retaining its original
strength for almost 3 hours whilst there is a clear reduction in the measured strength
values. This is because the temperature at which the polymer matrix decomposes to char
is at around 440°C. At 25kW/m’ the laminate does not reach this temperature and
hence, according to the two layer model, no char is formed and therefore there is no
reduction in strength. The measured times to failure for the 25kW/m® case were
attributed to creep induced rupture of the hot fibres [72]. The two layer model does not

consider fibre creep and therefore cannot be used in cases where long term creep effects

are important.

2.4 Test Methods

Currently, most fire resistance tests are conducted on a large scale with the sample in its
end use condition. These large scale tests are normally very expensive and it is often

difficult to control the heating conditions. A number of small scale resistance tests have
been proposed recently that are equivalent to stress rupture tests [65, 78, 80-82, 84-86,

89, 90]. Stress rupture tests involve the testing of a sample under certain loading

conditions until failure. In the case of a fire stress rupture test, a sample would be
loaded whilst exposed to fire and the time-to-failure recorded. Small scale resistance
tests, used in conjunction with failure models, would be a useful tool in product design
stages, giving early indications of failure modes and time-to-failure. In recent years, gas
burners [85, 86, 89] and electrical radiant heaters [80-82, 84-86, 90], similar to those

used on a cone calorimeter, have been used for this purpose.
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Chapter 3 The Small Scale Propane Burner Test

There is a need for low cost, small scale test procedures for fire resistance testing of
composite materials. Fire reaction tests, such as the cone calorimeter, normally involve
the use of small samples, approximately 100mm x 100mm. In contrast, fire resistance
tests are much larger and hence more expensive. Ideally, a small scale resistance test
supported by modelling techniques could be used to characterise the fire behaviour of
composite systems at initial design and material development stages. This chapter will
describe the work which has been conducted on the calibration and validation of a

technique based on a simple burner.

3.1 The Propane Burner Test

A propane burner was used to produce a constant heat flux for resistance testing of
composite laminates. Small scale samples, of similar size to those used in a cone
calorimeter test, were held vertically in a steel picture frame as shown in Figure 3.1.
The frame allowed a 100mm x 100mm square region to be exposed to the propane
flame. The edges of the sample were insulated from the frame by a Smm layer of
kaowool, shown in Figure 3.2. This minimised the effect of heat conduction through the

frame and prevented gases escaping and burning at the edge of the sample.
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Picture frame

Sample

Propane burner

(i)

Figure 3.1 (i) Photograph and (ii) schematic diagram of the small scale propane burner test. The
sample is held in a 150mm x 150mm steel picture frame with a 100mm x 100mm exposed surface.

Three k-type thermocouples were attached to the rear face of the sample to monitor the
cold face temperature. An epoxy based resin was used to affix the thermocouples to the
sample. Once a test was completed, the cold face data were compared to the profile
produced by thermal modelling techniques. The thermal model [49, 70], was used to
predict temperature profiles and residual resin content profiles for a composite laminate
in fire. If the temperature profiles matched, it could be assumed that the material
constants used in the thermal modelling process were of sufficient accuracy. The
modelled thermal and residual resin content (RRC) profiles could then be used for
structural modelling. A thermocouple was used to monitor an indicative field
temperature (7,) 10mm in front of the sample. This field temperature was used to
estimate the emissivity of the heat source and was a useful indication of the severity of

the fire.
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Test conditions could be controlled by one of three methods. A constant heat flux could
be provided by placing the test sample at a given distance and supplying a constant
pressure of gas to the burner for the duration of the test. In this case, a gas regulator was

used to keep the pressure, and hence the incident heat flux, constant.

Alternatively, a constant “field temperature” could be maintained by adjusting the
pressure of gas accordingly throughout the test. During burner tests composite samples
tend to i1gnite within a period of sixty seconds, depending on the heat flux. This
flashover increased the test field temperature by 50-100°C in most cases, which meant
maintaining a constant field temperature was difficult. For this reason, it was decided

that fire tests would be conducted at a constant incoming heat flux.

Figure 3.2 The propane burner test. Three thermocouples are used to monitor the thermal
response of the rear face. Kaowool insulation holds the sample in place and reduces heat
conduction through the steel frame.

[t would also be possible to follow standard fire curves by adjusting gas pressure to vary

the front face temperature. Again, flashover problems meant that this method of testing

was disregarded in favour of constant heat flux tests.
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3.2 Heat Flux Calibration

The heat flux provided by the burner at different gas pressures had to be calibrated
before fire testing. A Schmidt-Boelter type [91] heat flux meter, fitted as standard to the
cone calorimeter, would have been an ideal way of doing this. However this type of
meter contains sensitive measurement equipment which relies on a delicate sensing
surface. If used to directly calibrate the burner, it would have been damaged by the jet

flame. Hence, a more robust meter was designed and built to calibrate the test.

3.2.1 The Copper Block Heat Flux Meter

The heat flux meter consisted of a copper block with thermocouples positioned at
various points within the block, as shown in Figure 3.3. The exterior of the block was
completely insulated using calcium silicate board and kaowool except for a small

exposed circular surface at the front of the meter.
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Figure 3.3 Schematic diagram of the heat flux meter (all dimensions in millimetres).

For calibration, the heat flux meter replaced the test sample at a set distance from the
propane burner and a constant pressure test conducted as normal, as shown in Figure 3.4.
The heat flux provided by the burner could be determined by measuring the rate of
change of temperature within the copper block. A number of calibration tests were

conducted for different gas pressures and a calibration chart plotted from the results
(Figure 3.9).
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Figure 3.4 Propane burner calibration test. The heat flux meter is positioned 350mm away from
the burner and a constant pressure of gas supplied. The heat flux is calculated using the linear
temperature response (measured by in-built thermocouples) and the absorptivity of the meter.

3.2.2 The Stefan Botlzmann Law for Radiation

A material which absorbs all radiant energy incident upon it is known as a black body
[92-94]. The absorptivity (a) of a body is the ratio of absorbed to total incident energy.
The Stefan-Boltzmann law states that the total energy emitted per unit time by a unit

area of a black body 1s:

Qh :O-T4 (3.1)

where: ¢, is the energy emitted per unit time by a unit area of a black surface (W/m?),

o 1s the Stefan-Boltzmann constant (5.67 x 10° W/1112K4),

I is the temperature of the black surface (K).

[t was assumed the copper block acts as a grey body; an ‘ideal’ body to which many
materials can approximate in practice. Grey bodies do not absorb all the radiant energy

incident upon them, but the laws of radiation for grey bodies involve simple
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modifications to black-body laws [92-94]. The Stefan-Boltzmann law can be amended

for grey body radiation by the inclusion of an emissivity value (&):

g, =€-0-T" (3.2)

The emissivity of a body is the ratio of the energy emitted by the body to the energy

emitted by a black body at the same temperature [92-94]:

o
e=| L (33)

iy

Kirchoff’s law relates the absorptivity and emissivity of a body. For a grey body, the
values of emissivity and absorptivity are always equal [92-94]. The copper block’s

absorptivity was required before the meter could be used to measure heat flux.

The measured thermal response within the copper block was affected by several factors.

Figure 3.5 shows the energy input and losses during a typical calibration test.

Energy loss
through
insulation

77
/

Radiation from
) burner (q;)

Energy
absorbed

by copper
block (aq;)

Energy loss
by radiation

NN

T

Figure 3.5 Heat transfer processes in a typical calibration test. Heat transfer into the block is by
radiation from the burner flame. Energy losses are shown as darker arrows and include heat lost
by convection through the insulation layers and by radiation from the exposed surface.
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3.2.3 Energy Losses by Convection

A cooling test was conducted to determine the energy losses by convection through the
insulation. The meter was heated to an internal temperature of over 70°C, covered as
shown in Figure 3.6 (i), and allowed to cool for approximately four hours. The rate of
change of temperature within the block (d7/dtf) was then monitored using the in-built

thermocouples.

According to Newton’s law of cooling, the total energy transferred through the

insulation to the surroundings (Q¢) was equal to the energy loss of the copper block:

daT
0c=m-Cy ()=, [T, @

where: m is the mass of the copper block (kg),
C, is the specific heat capacity of copper (J/kg.K),
h is the heat transfer coefficient for convection (W/m*K),
A, is the total surface area of the covered meter (mz),
T, is the instantaneous temperature of the copper block (K),

T.mp is the ambient temperature (K).

Kaowool
layer
- TC1
"""" = TC2
V = TC3
¢
77777
Time (hrs)
(i) (ii)

Figure 3.6 (i) Schematic diagram of the covered heat flux meter used to determine the convection
heat transfer coefficient. (ii) The measured thermal response of the covered cooling condition.
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An average value of 2.1W/m*.K was calculated for the heat transfer coefficient over the

given temperature range shown by the cooling curve in Figure 3.6 (ii).

3.2.4 Energy Losses by Radiation

The Stefan-Botlzmann law was used to calculate the energy lost by radiation (Qg)

through the exposed surface of the heat flux meter:

Or =4, 0-E, '(T; _Ta::b) (3.5)

where: A, is the exposed area of the meter (m?),

gp 1S the emissivity of the meter.

The emissivity of the copper block was required before the radiation energy losses could
be calculated. Another cooling test was conducted to measure the emissivity of the
copper block. The meter was again heated to an internal temperature of over 70°C and
then allowed to cool naturally in air with the front surface exposed, as in Figure 3.3.
The thermal response was recorded by the in-built thermocouples. In this case, Equation
3.6 described the energy lost by the copper block through radiation from the front

surface and convection through the insulation layers:

dT
Q=m-Cp'(EJ=A“""Ecu'(Tb“-TaLb)+h-Am.-[Tb-Tm] (3.6)

where: A,, is the area of the unexposed surface of the meter (m?),

Using the value of h calculated previously, an average emissivity value of 0.65 was

determined from the cooling curve shown in Figure 3.7
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Figure 3.7 The measured thermal response of the uncovered cooling condition. An average
emissivity value of 0.65 was calculated from the curve.

3.2.5 Calculation of the absorptivity of copper using a Cone Calorimeter

When a thermal-capacitance type calorimeter, such as the copper heat flux meter, is

exposed to a steady-state heating source a linear temperature response is expected [95].
By considering thermal energy balance, the heat flux absorbed by the copper block (ag;)
can be determined by the linear portion of the measured time-temperature curve and the

physical properties of the meter. Equation 3.7 describes the energy transfer and losses

illustrated in Figure 3.5:
dT
Thermal response Energy lost Energy lost through
of meter through radiation insulation layers

If the temperature within the heat flux meter is low enough (under 100°C) the energy
losses due to convection and radiation are small enough to be neglected. Table 3.1
shows calculated values of the thermal response of the meter, the energy lost through

radiation and the energy lost through the insulation layers when the meter was exposed
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to a heat flux of 50kW/m®. The relatively small values of the energy losses meant these

losses could be neglected.

Table 3.1 Quantification of the energy transfer processes within the heat flux meter when subjected
to a 50kW/m? heat source. The energy rates displayed are the average rate for the test.

Average energy Fraction of total energy
transfer rate (J/s) transfer (%)
Thermal response of meter
[m.C.(d1/dt)] 123.6983 99.9974
Energy lost by radiation
[Aen (T = Toms')] 0.0014 0.0011
Energy lost through insulation
[Aun DTy = Topp)] 0.0018 0.0015

Equation 3.7 can therefore be simplified to give:

m-C, (dT)
o =————|— (3.8)
Aex'Qi df

A cone calorimeter was used to provide a pre-calibrated heat flux of 50kW/m? to the
copper heat flux meter (¢;). Using Equation 3.8, an average value of 0.6 was found for
the absorptivity of the flux meter. The test was repeated for other heat fluxes including

25kW/m?, 75kW/m? and 100kW/m®. The derived values of absorptivity for these heat
flux levels ranged from 0.6 to 0.68.

The emissivity value calculated using the uncovered cooling test is very similar to the
calculated absorptivity values for this range of heat fluxes. This further reinforces the

assumption that the copper heat tlux meter acts like a grey body.
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3.2.6 Calibration of the Propane Burner Test

Equation 3.7 was amended to calculate the heat flux provided by the burner (gi):

g, = [m .C, (-‘ig-] +A_-g,-0-(T} =T, )+ A, KT, -T,, )] /mﬂ (3.9)

With all material constants and heat transfer constants defined, the heat flux provided by
the burner was calculated using the linear thermal response of the copper meter. The

measured surrounding temperature field (7s) and response profiles at TC1, TC2 and TC3
(defined in Figure 3.3) are shown in Figure 3.8.

After an initial response period (t= 0 to ¢ = £,) the surrounding field temperature becomes
reasonably constant. The temperature responses at TC1, TC2 and TC3, are apparently
linear. However, when the average rate of change of temperature (d7/dt) was plotted

against time, d7/dt was only linear after the initial response period (from ¢ > 190s).
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Figure 3.8 The measured surrounding field temperature (7,) and internal thermal response at TC1,
TC2 and TC3. Derived values of (d7/d¢) for a typical calibration test are also shown (gas pressure =
0.2 bar). Note that the only linear section of the curve is when ¢ > 190s.
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Therefore, only the linear period, from ¢ = ¢, to t = 700s in this case, should be used to

calculate the incident heat flux. In order to make effective use of the calibration results,

a standard procedure was adopted for analysis.

o Based on temperature response curves, the initial response time period (¢ =0to ¢
= t,) was identified and discarded.

o A relevant linear sampling period was highlighted for the rate of change of meter
temperature (d7/dt).

o A value of n = (T/Ts) was calculated for the sampling period. If » > 0.1, the
sampling period was reduced accordingly until # < 0.1 for each time step. This
ensured that the meter temperature was not large enough to affect the calculated

value of heat flux.

A number of calibration tests were conducted at different gas pressures to ascertain the
full range of possible heat flux levels. Figure 3.9 shows a calibration curve for the
propane burner at a distance of 350mm from the meter. The fire tests conducted for this

research were for a heat flux of S0kW/m?; this corresponded to a gas pressure of 0.21

bar.
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Figure 3.9 The propane burner calibration curve for a burner-sample distance of 350mm. The
curve shows the pressure of gas required for any heat flux between 25 and 225kW/m? to be
determined.
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3.3 Thermal Model Temperature and RRC Profiles

The propane burner test was used to validate predictions made by the thermal model
detailed in Chapter 2, Equation 2.6. Figure 3.10 shows a comparison of the measured

rear face temperature profile and the modelled rear face temperature profile for each

laminate system.

If, during the first 300 seconds of the test, the predicted rear face response was
constantly within 10°C of the measured temperature profile, the prediction was assumed
to be of sufficient accuracy to be used for mechanical modelling. Under this proviso, all
three materials were modelled well. The rear face tests were conducted a number of
times in order to investigate the reproducibility of the test. With careful sample

preparation, the required experimental accuracy was achieved on every test.

During a fire test, it was not necessary to measure the change in residual resin content in
order to validate the accuracy of the thermal model. If the modelled temperature profiles
and the modelled TGA curves (Chapter 4.2.2) were of sufficient accuracy, it was
reasonable to assume the RRC predictions would also be accurate. In theory, the
accuracy of the model’s RRC predictions could be validated by visual inspection after a

given exposure time, as demonstrated by Mouritz and Mathys [80, 81].

The measured rear face responses for the polyester and vinyl ester laminates were very
similar. This observation was expected. Both materials have similar glass content and
physical structure. Differences in the two profiles are only apparent after approximately
eight minutes of testing. At this stage of the test, resin decomposition has developed
throughout the laminate cross section and the measured temperature response may
become distorted due to thermocouple detachment. The rise in temperature at the rear
face of the polypropylene laminate was much slower than that of the polyester and vinyl

ester samples. This can be explained by the comparatively higher resin content of the
material, which therefore lowers its overall thermal conductivity, and the fact that the

sample had a marginally thicker cross-section.
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The full temperature and residual resin content profiles were used to provide the

necessary input for modelling the structural response of laminates in fire. Figures 3.11,

3.12 and 3.13 show the modelled temperature and RRC profiles for glass/polyester,

glass/vinyl ester and glass/polypropylene laminates in a SOkW/m?® fire.
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Figure 3.10 Modelled and measured rear face temperature profiles for (i) an 11.3mm

glass/polyester laminate, (ii) an 11. 6mm glass/vinyl ester laminate, and (iii) a 12.1mm

glass/polypropylene laminate, in a 50kW/m® fire. The measured field temperature (T,) and the
modelled ‘ideal’ field temperature which correspond to a S0kW/m? heat flux are also shown.
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Figure 3.11 (i) Predicted temperature profiles and, (ii) residual resin content profiles for a 12mm
polyester laminate exposed to a 50kW/m” heat flux. The CF profile corresponds to the cold face of
the laminate. Each profile corresponds to a depth through the thickness of the laminate, measured

from the cold face through to the hot face (HF).
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Figure 3.12 (i) Predicted temperature profiles and, (ii) residual resin content profiles for a 12mm
vinyl ester laminate exposed to a S0kW/m* heat flux. The CF profile corresponds to the cold face of
the laminate. Each profile corresponds to a depth through the thickness of the laminate, measured

from the cold face through to the hot face (HF).
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Figure 3.13 (i) Predicted temperature profiles and, (ii) residual resin content profiles for a 12mm
polypropylene laminate exposed to a S0kW/m” heat flux. The CF profile corresponds to the cold
face of the laminate. Each profile corresponds to a depth through the thickness of the laminate,

measured from the cold face through to the hot face (HF).
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Chapter 4 Material Property Classification

Modelling the structural response of composite laminates in fire required knowledge of
the thermal and physical material properties over the temperature range of interest. This

chapter provides descriptions of the experimental work conducted in order to

characterise these properties.

4.1 Materials Specification

The three materials used in this study were 12mm thick glass reinforced polyester, vinyl
ester and polypropylene laminates. The polyester and vinyl ester laminates were
manufactured by hand lay-up. The polypropylene laminates were manufactured by

vacuum bag moulding. Full details of the types of resin and reinforcement used in each

laminate are listed in Table 4.1.

Table 4.1 A summary of the materials used. Materials were provided by the Composites
Technology Centre (CTC) Vosper Thornycroft, Portchester.

Composite Reinforcement Resin Manufacture
Glass reinforced Multi-axis E-Glass Fabric Crystic 489: Isophthalic Hand lay-up
polyester (0°/90°). Polyester resin (Scott Bader)

Glass reinforced Multi-axis E-Glass Fabric Dow 411-45 Vinyl ester Hand lay-up
vinyl ester (0°/90°). resin

Glass reinforced Woven E-Glass Fabric 2x2 Polypropylene Vacuum bag
polypropylene Balanced twill weave (0°/90°). (TR PP 60 B 1870) moulding

4.2 Properties required for Thermal Modelling

The thermal model required the glass volume fraction of the composite and the kinetic

thermal degradation constants for the resin system to predict the thermal response and

residual resin content (RRC) of a laminate 1n fire.
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4.2.1 Volume Fraction Calculation

The glass volume fraction was calculated for the three laminate systems. The
experimental method followed guidelines set by ASTM D 792-00 Method A [96].
Small samples of each laminate (100mg approx.) were weighed in air and water. The

sample resin was then burnt off in an oven and the weight of the remaining fibres

measured. Values of glass weight fraction and volume faction were deduced. The test

method also provided an estimation of the laminate void content. Table 4.2 summarises

these results.

Table 4.2 Glass volume fraction (Vy), weight fraction (Wp) and void content expressed as
percentages for the laminate systems.

Composite Vi (%) WA %) Void content (%)
Polyester / E-glass 43.7 62.3 2.6
Vinyl ester / E-glass 45.6 64.2 4.6
Polypropylene / E-glass 34.9 60.4 2.3

4.2.2 Thermo-gravimetric Analysis (TGA)

The thermal model required certain kinetic parameters in order to calculate the rate of
decomposition of the composite resin. Temperatures within a composite laminate in a

50kW/m® fire typically reach values of up to 750°C, resulting in the complete

decomposition of the resin.

The resin decomposition reaction can be assumed to follow the Arrhenius rate equation

(49, 55, 97]:

oM M-M,T (3]
e— —A » M _—-_—L RT .
or [ M, ] ’ D
oM .
where: 7y is the rate of change of mass (kg/s),]

A is the rate constant (1/s),
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M,, M and M; are the original, instantaneous and final mass of the polymer
during the decomposition process (kg),

E is the activation energy (J/mol),

R is the universal gas constant (8.314 J/mol.K)

T is the temperature (K),

n 1s the order of the reaction.

TGA tests were conducted on small samples of each laminate weighing approximately
50mg. The samples were placed in a small furnace, shown in Figure 4.1, and a constant
heating rate applied. The tests were conducted in an inert atmosphere to prevent sample

ignition and the rate of change of mass loss was recorded up to 900°C.

Figure 4.1 Photograph of the TGA equipment with (i) the furnace retracted, and (ii) the furnace in
place, ready for testing. The samples were placed in a nitrogen atmosphere, and a constant heating
rate applied. A load cell measured the rate of change of mass with increasing temperature.

The tests were conducted at two different heating rates for accurate prediction of the
degradation parameters; one at 25°C/min and one at 40°C/min. Analysis and comparison
of the TGA curves allowed the calculation of the reaction’s rate factor (A) and activation
energy (E) for each material. The weight of the fibres was subtracted from the raw data
to give a mass loss curve for resin alone. However, because of the presence of fibres a

small amount of residual resin, approximately 2% by weight, was not burnt off.
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4.2.3 Analysis

Figure 4.2 shows the normalised mass loss results for polyester. The decomposition
region starts at around 370°C for the 25°C/min heating rate and at a slightly higher
temperature for the 40°C/min heating rate. Both mass loss curves have the same shape,

but the different heating rates produced an effective shift in the temperature around

which most of the decomposition occurs.
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