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Abstract

In this paper, we report on our investigation regarding the influence of the thickness on the
38 thermal and fire response characteristics of two types of composite materials. For this purpose,
40 carbon fibre-reinforced epoxy and glass fibre-reinforced phenolic resin samples, differing in
42 thicknesses, were chosen. The primary aim was to investigate the effect of using multiple layers
on the thermal degradation and fire reaction properties of the composite material using a cone
45 calorimeter. The results showed that the primary fire reaction parameters such as the time-to-
47 ignition and peak heat release rates PHRR depended on the number of the layers. Furthermore,
49 the amount smoke released during the thermal degradation was found to decrease as the number
51 of layers was increased. In addition, the carbon dioxide emission levels were also observed to be

dependent on the number of layers.
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1. Introduction

Composite materials are widely used as an alternative to metallic elements in the aerospace
industry. Their desirable properties, such as light weight, improved mechanical performance,
lower cost and better environmental compatibility are found to be the main advantageous factors
for aircraft manufacturers. However, the relatively higher combustibility of these materials is
often a limiting factor impeding their wider acceptability in the industry. Furthermore, an
enhanced amount of smoke and toxic gases that generally result from the burning of such
composites is a real concern as this is likely to impact the evacuation procedure in real fire

scenarios.

Therefore, in this context, the real challenge is to formulate composite materials that are

mechanically high-performing coupled with a lower overall fire hazard [1-5]

Whilst there are several methods that can be employed to gauge the thermal degradation and fire
performance of solids [5], cone calorimetric measurement is the most reliable and frequent used
technique [6-7]. Therefore, many investigations describe such a technique to measure the thermal
degradation and fire behaviour of several structural composite materials, and a large database is
available pertaining to their time-to-ignition, heat release rates, combustion toxicity, etc. [2, 8-
21]. In many of these studies, the heat release rate is identified as the best indicator of the fire
hazard [22], as it can be taken to be directly related to the extent of the fire spread and to other
secondary fire hazards. The quantity of heat released from a composite is generally controlled by
the combustion of flammable volatiles released from the decomposition of the resin matrix and

thus influencing the CO/CO; ratio.

There are few reports in the literature that compare the fire resistance properties of the virgin
base resinous materials with treated or reinforced counterparts. This also includes some studies
on the influence of the number of layers of the constituent material on the thermal degradation
and flame retardation [8]. These reports revealed that an increase in the number of layers
generally leads to a reduction in the peak value of heat release rate (PHRR) considerably.
Furthermore, it was also observed that it resulted in lower time-to-ignition coupled to higher

values of the CO/CO, ratio.
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Several studies are reported in the literature that deal with downward flame spread rates and
extends of thermal transfer for both thin and thick materials [23-29]. Fernandez-Pello et al. [23-
28] have performed an energy balance, involving gas and solid phases, for the downward flame
spread over thick and thin PMMA samples. Generally, the authors have assumed that the heat
conduction through the gaseous phase was the dominant mode of heat transfer as the thickness of
PMMA test materials was decreased. In another study [24] the researchers extended the
applicability of some their previous findings on the downward flame spread over the surface of
PMMA sheets of various thicknesses. Furthermore, Hirano et al. [29] calculated the heat of flux
at the fuel surface, based on the measured temperature profile for flame spread over sheets of
paper. Their main conclusion was also that the heat conduction through the gas phase is the
dominant mode of heat transfer through flame spread as gauged through temperature

measurements.

In this investigation, two laboratory apparatus have been used. For micro-scale testing,
experiments were performed using TGA in nitrogen at 5, 10 and 20C/min in order to explore the

thermal stability of carbon fibre-reinforced epoxy resin and glass fibre-reinforced phenolic resin.

For meso-scale, the effect of thickness on the thermal degradation and flammability
characteristics of two composite materials (i.e. carbon fibre-reinforced epoxy and glass fibre-
reinforced phenolic resins) was evaluated through cone calorimetric runs at a pre-set heat flux

50kW.m™.

2. Experimental

2.1.Materials

The characteristics of the materials tested in the present study are given in Table 1. These

materials are expected to be used in the manufacture of the future series of Airbus A350 aircraft.

As can be seen from the table, two kinds of the materials were tested: the carbon epoxy (AcF20
and AcF40) and the glass phenolic composites (AcF 3, AcF 5, AcF7, AcF8 and AcF9). The
carbon epoxy had two different thicknesses, i.e. 2.1 mm and 4.2 mm as provided by the supplier.
The glass phenolic composites on the other hand had five different thicknesses, i.e. 0.8, 1.9, 2.1,

2.2 and 2.3 mm. It can also be noted here that in the case of glass phenolic composites, the
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different thicknesses arose owing to the differences in the number of plies used for
manufacturing the materials. In the context of a fire barrier attribute, both carbon epoxy samples
were single laminate while all the five glass phenolic specimens were multi laminate. The glass
phenolic samples tested had five different plies (3, 5, 7, 8 and 9). According to the
manufacturer’s data sheet, the supplied carbon epoxy composites contained Bisphenol F Epoxy
and Triglycidyl-p-aminophenol as the resin, contributing about 30% in total composite weight.
The phenolic composites, on the other hand, contained glass fibres and were made from Hexply

(260) 38% with a curing temperature of 135°C.
2.2.Thermogravimetric analyses

Thermogravimetric analyses (TGA) were carried out in a Mettler Toledo TGA apparatus, under
nitrogen at three heating rates of 5, 10 and over 20°C/min, and over a temperature range from
ambient temperature (30°C) to 800°C. The test sample was ground to fine powder using a
mechanical grinder before the runs. The TGA furnace and the balance were flushed with
nitrogen at a flow rate of 50ml/min and 100ml/min respectively prior to the tests. The lowest
heating rates (<20 °C/min) are chosen based on a review conducted by Torero [30-31], where it
was shown that the output from TGA runs was independent of the heating rates at the lower

values.
2.3.Fire testing

The fire reaction properties of the specimens were measured using a cone calorimeter according
to the standard method prescribed in ISO 5660 [32]. The cone calorimeter is generally
considered the most significant bench-scale instrument in fire testing of solid materials. This
apparatus is also adopted by the International Organization for Standardization (ISO 5660) for
measuring heat release rates (HRR) of test samples. It has been shown that most fuels generate
approximately 13.1 MJ of energy per kg of oxygen consumed [33]. Therefore, the HRR is
computed based on the actual amount of oxygen consumed during combustion considering the

above principle.

All the samples were tested under a pre-set heat flux of 50 kW.m™ (a typical value that is often

required for testing aircraft materials). The same value of heat flux was also reported previously
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[8] and is generally higher than that employed in some other studies [34-35]. The operating
principles of the oxygen consumption in cone calorimeter method are given in detail elsewhere
[6-7]. The size of the sample was 100 mm X% 100 mm, with varying thicknesses, and the
following parameters were monitored during the tests: time-to-ignition, heat release rates, mass

loss, and amounts of carbon monoxide, carbon dioxide and smoke produced.

2.4.Sample holder

The sample holder used in the present work is previously described elsewhere [36-37]. In order
to minimise the heat loss from the sample, through conduction, a Cotronic paper was used as the
insulating material. Furthermore, a layer of aluminium sheet was placed between the sample and
the insulating material in order to prevent any melted polymer to permeate into the insulation
(this aluminium sheet was very thin, and it is to be assumed here that it only absorbs a very small
amount of heat). Figure 1 represents a schematic diagram of the sample holder where the

position of the thermocouple (k-type) is also shown.

3. Results and discussion

3.1.TGA results

Figure 2 shows the thermograms for the composite materials at three different heating rates
of 5, 10 and 20°C/min- here the results indicated that an increase in the heating rate led to an
increase in the induction temperature for the carbon fibre-reinforced epoxy resin. This can be
attributed to a slight shift in the degradation pathway(s) with an increase in the heating rate.
However, such shifts were not very conspicuous in the thermograms of the glass fibre-

reinforced phenolic resin.

For the epoxy resin carbon fibre composite, the thermal decomposition mainly occurs
between 300 and 500°C- at 600°C, the mass loss is about 25% of the initial mass. In the case
of glass fibre-reinforced phenolic resins, the thermal decomposition mainly occurs between

250 and 600°C- here at 600°C, the mass loss is about 10% of the initial mass.

3.2.Cone calorimeter results

3.2.1. Time-to-ignition
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Time-to-ignition is an important early indicator of the fire hazard of a material and can be
reliably measured in cone calorimetric tests if the specimen undergoes flaming combustion. The
time-to-ignition of carbon epoxy and glass phenolic composites are given in Table 2. It can be
noticed that for both composites, as expected, the time-to-ignition increased with thickness- this
can be primarily attributed to the decrease in the rate of heating with an increase in the thickness

of the test specimen.

Figure 3 presents the time-to-ignition as a function of the number of plies (layers) for glass-
phenolic composite. The relation is found to be quite linear with a correlation coefficient, R, of
almost unity. It can be also noted that the epoxy carbon fibre composite, the time-to-ignition
for the (2.1 mm) is higher than of the glass phenolic composite of similar thickness (1.9 and

2.1mm).

The ignition of solid fuels has been widely investigated, which eventually resulted in the
classical theory of ignition, as detailed previously [38]. Here, basically two cases were identified.
The first one considered thin objects having no spatial and internal temperature gradients. This
case is referred to as ‘thermally thin’. The second one, which is called as ‘thermally thick’,
presents a noticeable temperature gradient across the solid fuel. The theory derived from the
latter case approximates to the ignition of a solid by considering it as a semi-infinite medium.
Here another assumption is made, where the boundary condition of the back surface of the
sample has a negligible effect on the final results. From a practical view, the ratio of a material’s
ability to transfer heat convectively to its ability to transfer heat conductively is defined as the

Biot number. This is denoted by Bi, and is shown in the equation 1:

. hL R
Bi = — = Cond
k Rconv

Equation 1
Where k is the thermal conductivity, h the heat transfer coefficient and L the length.

The Biot number accounts for the convective heat losses in ignitions through a radiant source.
However, it the cases of ignitions through convective heat currents, it is assumed to represent the

heating phenomena itself. In the present study, the Biot numbers pertaining to the materials are
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presented in table 2. The corresponding values used for the thermal conductivity were 0.42 and

0.22W/m.K for epoxy resin carbon and phenolic resin respectively.

Any material with a Biot number that is smaller than 0.1 can be considered as ‘thermally thin’.
As can be seen, the both samples of the composites varied from ‘thermally thin’ to ‘thermally

thick’.

3.2.2. Heat release rate

Heat release rates, during the course of a fire, are considered to be the main hazard, especially, in
enclosures [39-43]. A higher heat release rate also generally feeds other secondary hazards, such
as an enhanced fire spread, secondary ignition, etc. In fact, the peak of the heat release rate is

often found to be related to the onset of flashover in the real fire scenarios.

Figure 4 shows the evolution of the heat release rates for the epoxy materials; the presence of
two peaks, regardless of the thickness of the material, can be observed here. Furthermore, HRR
curve appeared to be moved towards the higher time value as the thickness of the test materials
were increased. As can be also seen, the intensity of the first peak decreased as the thickness was
increased. This peak can be attributed to the thermal decomposition of the epoxy resin present at
the surface of the specimen. The intensity of the second peak, however, was found to be
increased as the thickness of the tested material was higher. This peak can be related to the

production of flammable gases from the depths of the samples.

The evolution of the heat release rates for the phenolic composite materials as a function of time
is plotted in Figure 5. Here again two peaks can be identified for all samples that essentially
differed in their thicknesses. The initial peak in HRR can be attributed to surface pyrolysis. The
second peak can be thought to arise with an increase in the temperature profile of the material
where the unburnt underneath layers were progressively subjected to pyrolysis. Furthermore, the
number of plies did not seem to have any significant effect on the peak values of the heat release
rate. The char layers thus produced were also observed to have good structural integrity and
hence had a better protective action against sustained decomposition of the underlying unburnt

matrix.
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Figure 6 presents the evolution of the total heat released as a function of time. It can be noted

here that the profiles are somewhat different for samples with varying thicknesses.

The total heat release as a function of the time for the phenolic composites is given in Figure 7-
here again, the curves are different but have more or less the same profiles, especially at regions

below ca. 75 sec.

Table 2 presents the peak values of heat release rates and total heat release rate for the different
composite materials. For epoxy composites, the PHRR values appeared to be nearly the same
regardless of the thickness, while the total heat rate was found have doubled as the thickness was
doubled. This can be attributed to the doubling of the epoxy matrix material (i.e. the amount of
epoxy resin in the composite with 4.2 mm thickness is almost twice as the quantity of epoxy

resin in the composite having a thickness of 2.1 mm).

In the case of the phenolic composites, the PHRR values were found to be only slightly
influenced by the number of plies, except for the samples with 3 and 5 plies, where the
difference was noticeable. The amount of char formed by the phenolic resins upon thermal
degradation can also have an effect on these values. Figure 8 presents the peak heat release rate
(PHRR) values as a function of the number of plies for the phenolic composites. As can be seen
in Figure 8, some correlation can be observed, between the PHRR and number of plies, expect

for the material with 7 plies.

It can also be noted from Figure 8 that the PHRR values ranged between 160+16 kW/m?
therefore, the number of layers do not seem to have any significant effect on the values obtained.
However, the values of the total heat released was found to depend on the number of plies, with
the highest increment as the number of plies is increased from 3 to 5 plies (see Table 3).
Moreover, the peak heat release rate, as well as the total heat release for epoxy resin (with 2

mm), is higher than those for the corresponding phenolic composite.

3.2.3. Mass loss

Table 2 presents the mass loss and the effective heat of combustion at SOkW/m? for the

composites. For the carbon fibre-reinforced sample, the mass loss was found to decrease with an
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increase in the thickness - this can be attributed to the differences in the surface temperatures of
the two test samples (2.1 mm vs 4.2 mm). However, the effective heat of combustion increases
slightly with the increase the thickness. It may be due to the high heating rate for the smaller
thickness case. For the phenolic composites, the mass loss was observed to increases with a rise
in the number plies (from 3 to 7 plies); however, it decreased further on (i.e. from 7 to 9). These
changes are plotted in Figure 9. It can be assumed that the composite with 3 or 5 layers (plies)
behaved as thermally thin samples - therefore, no temperature gradient existed and all the resins
got degraded. However, in the case of specimens with more than 7 plies, a thermally thick
behaviour need to be considered where the temperature across the specimens was not uniform-

the temperature decreased as the distance from surface increased.

As can be observed from Table 2, the values of the effective heat of combustion for the phenolic
composite and carbon fibre epoxy resin were varied according to the thickness. However, the
deviation and difference between the behaviours may due to the difference in the behaviour of
the char. In the case of carbon fibre-reinforced epoxy resin, the char can be consumed by an
oxidative reaction. While for the phenolic composite, a ceramic layer was observed. This layer

may need a higher temperature to undergo oxidative reaction(s).

3.2.4. Carbon monoxide and carbon dioxide production

The evolutionary profiles of carbon dioxide for the epoxy and the phenolic composites are
presented in Figures 10 and 11 respectively. For the epoxy material, the profiles of the CO,
production rate curves were quite different probably owing to the marked difference in the

thicknesses.

For phenolic composites, the carbon dioxide production rates did not seem to follow any specific

pattern and were found to be influenced by the number of plies.

Table 2 presents the carbon monoxide and carbon dioxide yields for the composites. For the
epoxy resin composites, the results showed that the CO yield increased with an increase in

thickness, while the CO, yield decreased slightly.

https://mc.manuscriptcentral.com/jfsciences



©CoO~NOUTA,WNPE

Journal of Fire Sciences Page 14 of 28

For the phenolic composites, the values for the CO yields can be observed to be altering with a
rise in the number of plies. The CO, yield was found to increase with an increase in the number

of layers from 3 to 5 and from 7 to 9.

As can be seen, during the thermal degradation of the epoxy resin (2.1 mm), the amount of CO
released was found to be less than those for the corresponding phenolic composite. The same

trend wasn’t observed in the case of the amount of carbon dioxide released.

3.2.5. Smoke production

Figures 12 and 13 present the smoke production rates for the epoxy and phenolic composites
respectively. As can be seen, the smoke production rate curves for the epoxy composite consist
of two peaks; however, with the two specimens that essentially deferred in thicknesses, the

relative intensities of the peaks were also found to be different.

Similarly, the smoke production rate curves for the phenolic composites were presented with two
peaks, and the intensity of the first peak was found to decrease with an increase in the number of

plies.

Figures 14 and 15 present the total smoke produced as a function of the time for the epoxy and
phenolic composites respectively. As can be noticed, the quantity of the smoke released in case
of the specimen 4.2 mm is much higher, especially, after 80 sec that the one which is 2.1 mm
thick- in the latter case the value of the total smoke produced was found to be levelled of past

120 sec.

Moreover, as expected, the quantity of smoke for phenolic composite was found to increase with
an increase in the number of layers, except for the one with 9 plies. Table 2 presents the smoke
yields for the different test samples. As can be seen, an increase in the thickness of the epoxy
composites led to an increase in the smoke yield. The value for the epoxy composite having 4.2
mm thickness is, in fact, twice as compared to the corresponding value for the one which is 2.1
mm thick. Similarly, the smoke yields increased with an increase in the number of plies in the

case of the phenolic resins.
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Figure 16 presents the correlation between the smoke yield and the number of layers (i.e. plies)

used in glass phenolic composite. Here, it can be observed that the relation presents a linear

trend.

4. Main conclusions

The present article presents the results pertaining to the variation in thicknesses of two types of

fibre-reinforced composite materials, on the fire reaction properties, obtained primarily through

cone calorimetric tests under a pre-set heat flux of 50 kW.m™.

The following conclusions can be drawn from the present study:

The time-to-ignition (t;;) was found to be higher as the thickness increased - this can be
attributed to the lower heating rates that eventually led composite materials to their
ignition temperature. Here a linear relation was found between the number of layers and
the corresponding time-to-ignition in the case of the phenolic resins.

The total heat released was observed to increase with an increase in the number layers, or
thickness - this could be due to the increase in the amount of combustible material as the
thickness of the test specimens increased. However, the value for the peak of heat release
rate for the epoxy composites was found to be independent of the thickness, while the
PHRRs were found to be enhanced as the number of layers of the composites increased.
Also, a linear relation between the values of the PHRR and number of layers was
observed.

The CO, yields decreased as the thickness of epoxy composite increased, while the CO
yields were observed to be higher. However, no such relation was found for the phenolic
composites (it is to be noted here that the CO, yields were found to be higher as the
number of layers increased from seven to nine plies.

Generally, the smoke yields were found to have increased as the number of layers (or
thickness) increased.

It is quite evident that the uncertainties for all the fire parameters measured in this study
are higher for the phenolic resin composites than the other composite materials. Some of

these uncertainties could stem from the difference in the homogeneity of the test samples
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occurred at their production stage, and also owing to possible drifts in the response
signals as measured by the oxygen analyser that went beyond an acceptable level of

tolerance.

During the experiments, generally, the thermal degradation of the phenolic composites generated
a structurally compact ceramic type protective layer. The stability of these layers was also found
to be influenced by the number of layers. The protective layers so formed can be assumed to
impede the escape of combustible vapours and other gases and decrease the permeability of the
air and the heat in solid depth. The conditions and the actual mode of formation of such layers

warrant further investigations.
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Table 1: Details of the composites tested.

Page 20 of 28

Sample AcF20 AcF40 AcF 3 AcF 5 AcF7 AcF8 AcF9
specification
Fibre Carbon Carbon Glass Glass Glass Glass Glass
Matrix Epoxy Epoxy Phenolic | Phenolic | Phenolic Phenolic | Phenolic
Fire barrier Single laminate | Single laminate | Woven Woven | Woven Woven | Woven
laminate | laminate | laminate laminate | laminate
Layup [-135/90/45/0] [-135/90/45/0] 3 plies 5 plies 7 plies 8 plies | 9 plies
Thickness 2.1 mm 4.2 mm 0.8 mm 1.9mm | 2.1 mm 22mm | 2.3 mm
Table 2: the main parameters measured for the composite materials at 50 kW.m?2,
Sample specification AcF20 AcF40 AcF 3 AcF 5 AcF7 AcF8 AcF9
2 mm 4 mm 3plies | Splies | 7plies | 8plies | 9 plies
Ignition time, s (s) 30+1 49+2 9+1 17+1 24+2 27+3 31+l
Biot Number 0.05 0.1 0.036 0.086 0.096 0.1 0.11
Peak heat release rate | 285.7+34 | 280.4+18 | 161.3+7 162+5 14446 | 169.4+5 | 175.3+12
(kW/m?)
Total heat release 19.6+1.5 39.9+3.7 4.5+1 13.2£1.5 15.5€2.1 11.1£1 15.9+1.6
(MJ/m?)
Mass loss % 35.5+2 28.2+2 26.1+6 35+7.6 39+3.4 28.9+4 17.2+2.4
AH, 16.2+0.4 19.94+0.7 17.6+6 19.14£5 19.1£5.5 18.0+2.7 19.7+2
CO yield 0.04+0.01 | 0.1+0.01 | 0.51+0.2 | 0.36+0.13 | 0.65+0.05 | 0.21+0.07 | 0.47+0.1
CO, yield 1.68£0.2 | 1.5£0.05 | 1.29£0.38 | 1.49+0.15 | 1.16+0.05 | 1.19+0.14 | 1.63=0.1
Smoke yield 0.05£0.002 | 0.120.01 | 0.08£0.03 | 0.08£0.02 | 0.15+0.01 | 0.22+0.01 | 0.22+0.01
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Figure 1: sample holder.
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Figure 3: Plot of the time-to ignition as a function of number of plies for phenolic resins.
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Figure 4: HRRs for the epoxy materials as a function of time at 50 kW/m?.
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Figure 5: HRRs for glass-phenolic composite materials as a function of time at 50 kW/m?.
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Figure 6: THR profiles for epoxy composite materials as a function of time at 50 kW/m?.
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Figure 7: THR for phenolic composite materials as a function of time at 50 kW/m?.
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Figure 8: Peak heat release rates as a function of N° plies.

200

200

150

100

(4]
o
1

0

O PHRR I

https://mc.manuscriptcentral.com/jfsciences

10

Page 24 of 28



Page 25 of 28

©CoO~NOUTA,WNPE

Figure 9: Mass loss as a function of number plies for the phenolic composites.
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Figure 11: CO, production rates for phenolic composite materials as a function of time at 50
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Figure 12: Smoke production rates for the epoxy composites as a function of time at 50 kW/m?.
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Figure 13: Smoke production rates for phenolic composites as a function of time at 50 kW/m?.
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Figure 15: Total smoke produced for phenolic composites as a function of time at 50 kW/m?.
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Figure 16: Smoke yields as a function of the number layers of the phenolic resins.
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