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Fire resistance testing of components made of carbon fibre reinforced polymers (CFRP) usually demands
intermediate-scale or full-scale testing. A bench-scale test is presented as a practicable and efficient method to
assess how different fire protective systems improve the structural integrity of CFRPs during fire. The direct
flame of a fully developed fire was applied to one side of the CFRP specimen, which was simultaneously loaded
with compressive force. Three different approaches (film, non-woven, and coatings) were applied: paper with a
thickness in the range of pm consisting of cellulose nanofibre (CNF)/clay nanocomposite, nonwoven mats with
thickness in the range of cm and intumescent coatings with a thickness in the range of mm. The uncoated
specimen failed after just 17 s. Protection by these systems provides fire stability, as they multiply the time to
failure by as much as up to 43 times. The reduced heating rates of the protected specimens demonstrate the
reduced heat penetration, indicating the coatings’ excellent heat shielding properties. Bench-scale fire stability

testing is shown to be suitable tool to identify, compare and assess different approaches to fire protection.

1. Introduction

The increasing interest in carbon fibre reinforced polymers (CFRP)
by various industries such as aviation, shipbuilding, the automotive
sector, and construction arises from their combination of light weight
and outstanding mechanical properties. However, one of the critical
issues for using these materials in load-bearing applications is their fire
stability. Polymer composites release heat, smoke and toxic fumes when
they are exposed to fire, and therefore represent a fire hazard that is
typical for polymeric materials. Further, they show a dramatic loss in
structural integrity as soon as the glass transition temperature of the
polymer matrix, typically located in the range 100-200 °C) is reached,
with decomposition occurring between 300 and 400 °C. The polymer
matrix softens and decomposes, weakening the composite structure.
Furthermore, the simultaneous application of flame and mechanical
load leads to immediate distortion and failure of the composite [1-8].
Intact fibres are still able to transfer tensile loads, but not compressive
loads, resulting in buckling and the delamination of layers [9-12].
Testing the fire stability of components under realistic conditions

typically demands intermediate-scale or full-scale testing. In recent
years, few approaches to fire stability testing on the intermediate scale
have been reported in the literature [2,3,13,14]. There are also only few
studies on fire stability (= mechanical failure under simultaneous fire
and mechanical load) in the bench scale [5,15-18]. Over the years,
various approaches have been reported to improve the structural
integrity of polymer composites in fire [5]. Therefore, we propose to use
a bench-scale set-up simulating the key parameters for proper assess-
ment of fire stability, particularly for the practicable assessment of
protective concepts during their development. As has been already re-
ported, this method saves time, effort, personnel and costs [18]. The aim
of our research was to perform the bench-scale fire stability testing of
CFRP composites with three different kinds of protective approaches
(film, non-woven, and coatings). The tests were conducted under
compression in a fully developed fire (heat flux ~ 180 kW/mZ).
Fire-retardant coatings are widely used as a fire protection in various
areas [19] including building construction [20-23] and transportation
[24]. They provide a protective barrier against heat. The superiority of
coatings over additives lies in their preservation of the intrinsic
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Fig. 1. Schematic set-up of sandwich NW coatings.

properties of the substrate and in the fact that they can be used on
multiple substrates [1,25,26]. Three sets of systems selected from
different protective approaches were applied to CFRP composites. A
recently proposed class of materials chosen as a protective coating are
papers consisting of cellulose nanofibre (CNF)/clay nanocomposite
which, exhibit a unique brick-and-mortar structure. This set is charac-
terized by remarkable flame-retardant and gas barrier properties
[27-33]. The second selected set of protective systems are composed as
double sandwiches, with nonwoven fabric (60% basalt, 40% Kermel) as
an outer layer and varying inner layers (vermiculite and vermiculite
with flame retardants), produced as fire protection for CFRP composite.
Kermel is a polyamide-imide fibre shows non-burning and non-melting
properties during fire. The FR nonwoven products are mainly used in
protective textiles for firefighters and the military. Therefore, they must
comply with the most critical requirements [34,35]. The composition of
all nonwoven systems is based on vermiculite well known for its ‘self--
intumescent’ properties [36-39]. To improve the fire stability of non
wovens, some of the nonwoven systems contain additives. Two systems
were prepared by adding two of the most common inorganic hydroxide
flame retardants: aluminium trihydroxide (ATH) and magnesium hy-
droxide (MH). These mineral filler fire retardants decompose endo-
thermically with the release of water in the vapour phase and the
formation of protective residue. Furthermore, they are also remarkable
smoke suppressors [40-42]. The other additives are Expancel® micro-
spheres that dramatically expand when heated [43,44]. The intumes-
cent coatings typically are composed of four basic ingredients: an acid
source, a carbon source acting as a charring agent, a blowing agent and a
binder resin. When intumescent coating is exposed to fire, it swells and
forms a multicellular char which acts as a protective barrier [45-48].
Intumescent coatings with expandable graphite (EG) were chosen as a
third protection approach for CFRP composites. EG produces gas and
expands when it is exposed to heat. EG is formed when graphite is
intercalated with nitric or sulphuric acid. These coatings are

characterized by enormous expansion and are often much more effective
than conventional intumescent systems [49-54]. The variety of pro-
tective systems featuring different approaches - pm-thick nano-
structured clay/CNF papers, bulky nonwoven mats (with thicknesses in
the cm range) and thin intumescent coatings (with thicknesses in the
mm range) — was chosen to prove the potential of the bench-scale fire
testing presented. The protective coatings were not applied as
load-bearing layers. They were proposed to slow down the heating up of
the CFRP. Extending the time to reach glass transition temperature and
decomposition temperature of the resin, respectively, increase the time
to mechanical failure in fire.

The fire stability test at the bench scale investigated the performance
of CFRP with protective systems, time to failure, and failure mechanism.
The goal of this study is to present the bench-scale fire stability test as a
practical and feasible method to assess the different protective systems
on CFRP composites.

2. Experimental
2.1. Materials

The quasi-isotropic laminate was composed of 24 carbon fibre layers
(Tenax — E IMS65 E23 24K Aircraft Quality): [+/—/90/-/0/+/90/0/-/
90/+/0]s. Epoxy resin (EPIKOTE™ Resin MGS™ RIMR 935) and curing
agent (EPIKURE™, MGS™ RIMH 937) were obtained from Hexion Inc.
(Columbus, Ohio, USA). Nanofibrillated cellulose/layered silicates clay
(CNF/clay) papers were provided by Politecnico di Turino. The CNF:clay
ratio is 50:50. The tests were conducted on three coating specimens with
different thicknesses: 90 pm, 95 pm, and 120 pm, respectively. Five (A,
B, C, D, and E) multilayer nonwoven systems (NW coatings) composed
as double sandwich composites (consisting of two single sandwich
composites punched together) were provided by Laboratoire de Génie
des Procédés d’Interactions Fluides Réactifs-Matériaux UPRES EA 2698,
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Table 1
Intumescent coatings.
Intumescent Expansion Thickness/  Fibres Density/ Additives
Coating ratio pm kg/m®
A 10:1 1000 mineral 320 EG
B 20:1 500 mineral 327 EG
+ glass
C 11:1 665 mineral 350 EG + ATH
+ glass
D 22:1 665 mineral 966 EG +
+ glass epoxy

resin 30%

Ecole Nationale Supérieure de Chimie de Lille, France. All systems are
presented in Fig. 1. The outer layer of the single sandwich was manu-
factured from nonwoven fabric (60% basalt, 40% Kermel). Basalt fibre,
as they are concerned, are mineral fibre presenting better properties
compare to glass fibre and being cheaper than carbon fibre. They are
widely used in the field of textile fire protection for various applications
including aerospace. The inner layers differed for each system. System A
has a ‘basic’ structure and its single sandwich consists of three layers:

(a) (b)
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two outer NW layers and one inner — Vermiculite 1250 g/m?. Vermic-
ulite ((MgFe,Al)3(AlLSi)4010(0OH),-4H,0)) is a hydrous layered silicate
material. During heating, bulk vermiculite releases water and immedi-
ately expands. System C consists of four 750 g/m? Vermiculite layers
alternating with six NW layers. Systems B, D and E consist of six layers:
four NW layers and one inner — Vermiculite 750 g/m? with additives: in
system B — aluminium trihydrate 250 g/m? (ATH), in system D —
Expancel 250 g/mz, in system E — Apymag 250 g/m2 (magnesium hy-
droxide). Expancel® microspheres are small plastic particles with an
average diameter of 10-40 pm. When heated, the microspheres expand
and increase dramatically in volume — to 40-150 pm. This is caused by
gas encapsulated inside the particles, which increases in pressure at
higher temperatures (70-200 °C). Furthermore, because microspheres
are also highly resilient, they are characterized by enormous resistance
to several cycles of loading/unloading without breaking [43,44]. Four
commercial intumescent coatings (coating A, coating B, coating C, and
coating D) were supplied by Tecnofire®, UK (60852A, 60843A, 60172A,
and 67152F) and are characterized in Table 1. They are composed of
expandable graphite, high-temperature-resistant mineral fibre and
organic binder. Additionally, three of them also contain of some addi-
tives (glass fibres, ATH or epoxy resin). Fig. 2 shows digital photos of

()

Fig. 2. Representative digital photos of each of the coating systems glued to the CFRP composite: (a) CNF/clay coating, (b) nonwoven system, (c) intumes-

cent coating.
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Fig. 3. Optical micrographs of single carbon layers with different orientations: a) 0°, b) 45°, ¢) 90°, d) 135° taken from the cross-section of laminate.
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Fig. 4. (a) Isometric view of the bench-scale compression device, (b) bench-
scale set-up, (c) scheme of the fire stability test, (d) bench-scale set-up
with burner.

each of the protective systems glued to the CFRP composite using the
same epoxy resin (EPIKOTE™ Resin MGS™ RIMR 935) during prepa-
ration of the composite.

Large (ca. 1200 mm x 600 mm) carbon fibre/epoxy resin composite
shells were prepared by Vacuum Assisted Resin Transfer Moulding
(VARTM). The moulds were 1470 mm in width and 2900 mm in length
and had a curvature diameter of 4150 mm. The curvature corresponds to
the typical shell structure used for the fuselage in aviation. The quasi-
isotropic laminate consists of 24 carbon-fibre layers which are ori-
ented in four different angles (0°, 45°, 90°, 135°) and has thickness of 3
mm. The composite was cut by drilling machine (LaserComb GmbH,
Germany) into 120 mm x 120 mm (laminates with intumescent and
CNF/clay coatings) and 145 mm x 150 mm (laminates with nonwoven
systems) specimens. The thin film of epoxy resin was applied to the
specimens and the coatings were placed upon them. To cure the resin,
which provided the permanent joining, the composites were kept at
160 °C for 5 h (laminates with intumescent and CNF/clay coatings) and
at 120 °C for 8 h (laminates with nonwoven systems). Fig. 3 presents the
optical micrographs of single carbon layers with different orientations,
which were taken from the cross-section of the laminate.

2.2. Scanning Electron Microscopy

The gold-coated cross-sections of the CF/epoxy resin laminates as
well as the fire residues were investigated by Scanning Electron Micro-
scopy.[55] The micrographs were taken using a Zeiss EVO MA 10 (Zeiss,
Germany). The Electron High Tension (EHT) voltage used in measure-
ment was 15 V.

2.3. Bench-scale fire stability test: conception, construction, principle

The most critical issue for carbon fibre reinforced polymer compos-
ites in load-bearing applications is their fire stability. As soon as the glass
transition temperature of the polymer matrix is reached, the mechanical
properties of composites deteriorate. Polymeric composites lose their
structural integrity and can easily fail under external compression load.
The principal fire stability test was based on the simultaneous
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application of mechanical load and fully developed fire directly to the
one side of CFRP composite. Carbon fibres still transfer tensile loads
quite well also after the glass transition temperature of the matrix has
been reached. Therefore, compressive loading was chosen as the me-
chanical loading for the test, because components under compression
and fire are less tolerant of failure. Compression failure appears as
micro-buckling or delamination and cracking of the specimen [2].

The compression device was designed to resist up to more than 230
kN (Fig. 4). The specimen is clamped at the top and the bottom and
guided along the side edges. The functional principle is deduced from
the ‘compression after impact’ (CAI) fixture (ASTM D 7137). The orig-
inal CAI construction was crucially improved through mirroring above
the specimen. To allow deformation during the tests, a section along the
sides was left unsupported. To hinder buckling, these gaps were left in
the lower third of the guides. Further, using different guides to support
the front and the back of the specimen ensured that the unsupported
range on the back was supported on the front and vice versa. The
compression device was originally constructed of welded components
and connected by screws to accommodate up to 150 mm x 150 mm
specimens. The additional set-up allows 120 mm x 120 mm specimens
to be examined as well. The compression loads are adjusted by Enerpac
RC-106 pressure cylinders, which exert a maximal compressive force of
101.5 kN. The pressure cylinders are easily exchangeable. The larger
Enerpac RC-256 cylinder is able to exert the maximal compressive force
up to 230 kN. The clamps and guides exposed to fire were equipped with
an integrated water-cooling system to prevent unintended thermal
expansion. Fig. 4a and b presents the bench-scale set up.

Load is applied by a hydraulic machine in the form of compression
and fire by a propane gas burner (nozzle diameter 60 mm) directly to
one side of the specimen (Fig. 4c and d). The burner was connected to an
EL-FLOW® Metal Sealed Gas Mass Flow Meter (Bronkhorst High-Tech B.
V., Netherland), which provided a constant flow of gas. During the
experiment, the integrated water-cooling system was switched on in the
vicinity of direct fire exposure. First, a static load test was conducted at
room temperature without any fire and the ultimate failure load of the
CF/epoxy resin laminate was determined. The compression load
selected for the bench-scale fire stability testing was 10% of the ultimate
failure load. Such a relative low percentage of the ultimate failure load
increases time to mechanical failure during fire as well as amplifying the
differences between different materials [2,3,18]. Thus, the chosen
testing parameter aims at investigating the thermo-structural response
of the composites and to achieve reliable results. Nevertheless, it still
corresponds to realistic demands for the fire stability that are different
for the different applications and may usually between 10% and 70%.
The flame application chosen in the bench scale corresponds well to the
flame application of fire tests used in aviation, e. g. 14 CFR 25.856
Appendix F Part VII; 2003 using a NextGen burner. The flame applica-
tion was adjusted before the test and the proper heat flux (180 kW/m?)
and the temperature (about 1020 °C) were adjusted by varying the gas
flow. The distance between the burner and the sample was kept constant
at 27.5 cm. The heat flux meter, a water-cooled Vatell Thermogage®
TG1000-1 (Gardon gauge type, Serial #9829, calibration accuracy 3%),
was placed in a hole drilled in the middle of a ceramic reference plate
(Fiberfrax® Duraboard®, thickness 10 mm). The thermocouple gauge
was located next to the heat flux meter.

During a fire test, the temperature was measured by thermocouples
type K located on the back surface of the specimen. One thermocouple
was glued in the centre of laminate sample with high-temperature
resistance ceramic adhesive. Before the fire experiment, the burner
was warmed up for 30 s and then swivelled to the specimen. A special
trigger was installed at the burner, which indicated when the flame was
applied to the specimen. When the specimen buckled, the burner was
returned to the initial position and the test was finished.
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Fig. 5. Compressive force of CF/epoxy resin as a function of time for two laminates (a) with the size later used for CNF/clay and intumescent coatings, (b) with the
size later used for nonwoven protective mat sandwiches; (c) CF/epoxy resin laminate after failure load test in bench-scale set-up at room temperature mounted to the

compression device, (d) lateral view.

3. Results and discussion

3.1. Static load test

The mechanical properties of carbon fibre reinforced epoxy resin
laminate shells (CFRP) were investigated in a bench-scale test at room
temperature. The compressive force was increased until the ultimate
failure load was reached. Initially the composite showed linear elastic
behaviour. The fracture process was initiated when the maximum

resistance of laminate was exceeded. The main failure mechanism of
laminate shells under compressive loading was observed to be buckling.
Fig. 5a and b presents the results for the specimens without protection.
The failure of the specimens occurred at 81.0 + 4.5 kN (CFRP laminates
used for composites with CNF/clay and intumescent coatings) and 68.8
kN (laminates used for composite with nonwovens). The deviation in the
ultimate failure load is a result of the different specimen sizes and
thickness. The main parameter that influences the buckling load, ac-
cording to the buckling analysis by Hertel, is width, here 120 mm and

(a) (b)
120
ref_1 4|
1 100 4
2] |
| & &
ref 3 >
2
- C 60
@
£
clay/CNF90 2 40
clay/CNF95 o0 clay/CNF90
| B —— clay/CNF95
clay/CNF120 —— clay/CNF120
T T T T T T 0 T T T T T
0 10 20 30 40 50 60 0 15 30 45 60 75 90
Time to failure / s Time/s

Fig. 6. (a) Comparison of time to failure and (b) temperature profiles of CFRP laminates without and with CNF/clay coatings.
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Table 2
Results for laminates with CNF/clay coatings at the moment of failure.

Time to Temperature on back at Slope — heating
failure/s failure/°C rate
/°C/s
CFRP 17 +1 98 +16 4.2 +0.1; 5.7
+ 0.1
+ CNF/clay90 31 95 29+0.1
+ CNF/clay95 57 113 23+0.1
+ CNF/clay120 44 108 23+0.1
+ CNF/clay 44 +13 105 + 10 25+04
(averaged)

150 mm, respectively. The critical buckling load decreases as width
increases [3]. Fig. 5¢c and d presents the photos of the buckled specimen
after a failure load test. Fig. 5¢c shows the laminate shell mounted to the
compression device. Fig. 5d displays a lateral view of the sample. The
arrangement of the carbon fibres after failure is visible, indicating that
delamination buckling was a failure process for this composite. This
interlaminar failure is characterized by propagation of cracks parallel to
the loading direction. The amount of delamination and buckling of

(a)

(b)
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layers increased until each layer was crushed - subjected to transverse
fracture [56].

3.2. Bench-scale test: fire performance — CFRP laminate with CNF/clay
coatings

Fire tests were performed with the bench-scale test set-up in the
compression device, applying 10% of failure load at room temperature
(~8.1 kN). The load was kept constant and applied prior to and during
application of flame until the specimen failed. Failure was observed
when the applied load was no longer supported by the specimen, which
occurred when sample buckled. The time between application of flame
and the total loss of mechanical stability was defined as the time to
failure. The testing conditions for each specimen were identical (settings
to control the burner and servo-hydraulic testing machine). Therefore,
the main influence on the different performances of the samples is the
thickness of the coatings applied. A comparison of time to failure for
reference CFRP specimens and those protected by CNF/clay coating is
presented at Fig. 6a.

The recorded data on failure are given in Table 2. Three specimens of
CFRP laminate without coating failed at between 16 s and 18 s. This low

Fig. 7. Digital photos, top view and side view of CFRP with CNF/clay paper (a) before and (b) after burning in the bench-scale test. SEM images of cross-sections of

CNF/clay paper before (c) and after (d) bench-scale test.
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Fig. 8. (a) Comparison of time to failure of each of the systems for laminates with nonwoven protective systems; (b) temperature profiles on the back of each system

without and with nonwoven protective system.

uncertainty indicates the high-quality fabrication of the specimens, as
well as the high repeatability of testing at the bench scale. Since the
coatings insulated the CFRP laminates, the thermal softening and
decomposition rates of the substrate were slowed. Consequently, the
specimens with coatings maintained their structural integrity longer and
the time to failure was prolonged. The protection effect is attributed
mainly to the oriented clay nanoplatelets. The specific alignment of clay
(or MMT, montmorillonite) in nanocellulose paper allows the heat
transfer rate to be reduced through the formation of a heat shield. It also
promotes the char production of CNF. The ‘brick and mortar’ CNF/clay
structure functions as a barrier and reduces pyrolysis products/fuel [32,
33]. This system, around 100 pm-thick, achieved an average improve-
ment in time to failure of 258% over uncoated CFRP specimens (~44 s).
The longest time to failure 57 s was achieved by the sample with a
coating 95 pm -thick. The temperature on the back at the moment of
failure was higher for specimens with coatings than for pure CFRP
composite. This result is consistent with the effect of reduced heat
penetration combined with the prolonged time to failure. The drop in
temperature inside the specimen with increasing distance from the
surface becomes more moderate, as the specimen is heated more
homogenously with a lower heating rate over a longer time. The tem-
perature was measured by a thermocouple attached to the back of
specimens. The pure CFRP plates reached ~97.5 °C at the moment of
failure. Fig. 6b shows the temperature rise on the back of the specimens
measured by thermocouples during fire exposure of pure CFRP laminate
and with CNF/clay coatings. The curves show the temperature profiles
up to failure. The coatings provided effective insulation for CFRP lam-
inates, which is visible in their significant influence on the heating rates.
The most important parameter that influences the performance of the
coating as an insulative barrier is heat conductivity. The thermal
expansion of the material in the through-thickness direction is
non-uniform due to a thermal gradient. It is highest at the hot surface
and decreases with the distance from the flame source. The rate of steady
conduction heat transfer for a flat plate is described by Fourier’s law of
conduction:

Thor — Thack

(Qcand )p[ane = k’A( Ax

)

where (Qgonq) is the conduction heat transfer rate, k, is the thermal
conductivity of the material, A is the cross-sectional area perpendicular
to the heat transfer direction, and Ax is the thickness of the specimen.
Therefore, the conduction heat transfer rate depends on the thickness
and type of the coating as well. The specimens with coatings are char-
acterized by temperature-time curves with lower slopes, which is
attributed to the reduction in heat absorption by the protected CFRP
[57,58]. The values of the slopes are shown in Table 2. The slope for

CF/epoxy/clay CNF95 is presented in two stages. The heating rate over
100 °C is clearly reduced, most probably due to the volatile pyrolysis
gases released within the CFRP shell and to delamination, which cools
down the specimen and decreases thermal conductivity [1,10]. Fig. 7a
and b presents the digital photos of CFRP laminate with CNF/clay paper
95 pm thick before and after fire stability tests at the bench scale. The
observed increase in thickness indicates the expansion of the coating,
which protected CFRP laminate from fire and therefore prolonged time
to failure. The lateral view of a burnt specimen reveals the dense,
layered structure of the coating. As mentioned before, this is also
confirmed by the appearance of a ‘brick and mortar’ structure which
provides the thermal barrier protection. The structure of the residue was
also stiff and brittle. The highly ordered structure of cellulose influenced
the formation of the char, which was thermally stable. Fig. 7c and
d displays SEM images of a cross-section of CNF/clay coating before and
after burning. The SEM micrograph of the residue shows microscale
voids in the structure. During degradation CNF released volatile prod-
ucts, which were hindered by the clay barrier, resulting in the formation
of voids at microscale. This caused the structure to expand in the di-
rection of thickness, the delamination of nanopaper, and a further
reduction in thermal conductivity. Therefore, CNF/clay coating pro-
vides insulation to volatiles and greatly reduces heat transfer [29-33].

3.3. Bench-scale test: fire performance — CFRP laminate with nonwoven
systems

Fig. 8a presents the time to failure of CFRP reference specimens and
specimens with nonwoven protective systems at load levels of 10% and
20%. The higher compressive load (20%) resulted in time to failure only
half as long as those than at 10%. Furthermore, there is no major dif-
ference in time to failure between specimens testing at the 20% load
level. The increasing time to failure with application of decreasing load
levels was already reported by Horold [2]. All systems show outstanding
improvement in the fire stability of composites. Protection by coatings
played an especially important role in isolating the specimen from the
high heat flux. Therefore, they yielded times to failure enhanced by as
much as 43 times. The longest time to failure at 10% was achieved by
system C with four vermiculite layers (in which each layer has an area
density of 750 g/m?) = ca. 740 s. The area density, which also indicates
the thickness of the nonwoven systems, had an influence on the fire
stability. Increasing thickness provides a better barrier to hinder heat
penetration.

NW coating A contains two vermiculite layers, but the area density of
each layer was greater (1250 g/m?), making the total area density of
nonwoven just slightly lower at 0.8. This resulted in a time to failure 0.7
times shorter for than system C. The time to failure of systems with the
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Table 3

Results for laminates with nonwoven protective systems at the moment of fail-
ure. Compression loads of 10% and 20% of the ultimate failure load were used.

Time to failure at 10%; at 20%/s

Slope - heating rate/°C/s

CFRP

+ NW System A
+ NW System B
+ NW System C
+ NW System D
+ NW System E

17+1;10+ 1

490 £ 122; 163 £ 21
454 + 39; 207 + 52
737 £128; 278 + 34
403 £ 39; 176 + 31
405 + 46; 186 + 27

5.0 £ 0.7
0.5+ 0.1
0.6 +0.1
0.4+0.1
0.7 £ 0.1
0.7 £ 0.1

additives ATH (System B), MH (System E) and Expancel Microspheres
(System D) was more or less equivalent, with an average improvement of
~2500% over uncoated CFRP specimens. Although these nonwoven
systems contain only two vermiculite layers with a lower area density
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approximately 20 s, indicating that the protective system significantly
delayed the transition of heat flow through the CFRP plate. The specific
‘bending point’ around 100 °C is noticeable for CFRP specimens with
nonwoven protective systems. At this temperature the volatile gases
within the CFRP shell are released, coupled with the softening of the
epoxy resin matrix, causing the delamination of the individual CFRP
layers. Therefore, the trapped volatile gases considerably reduced
thermal conductivity in the direction of thickness [1,10,59]. The tem-
perature profiles also show the temperature at which failure occurred. It
was about 2.5 times higher for the specimens protected with nonwoven
protective systems. NW coating behaved as a thermal insulation and the
specimen had more time to warm up more moderately and more
homogenously over its thickness, reaching a much higher temperature at
the rear side when it failed. Fig. 9 displays digital photos of CFRP lam-
inates with nonwoven mat systems before and after the fire test. After
cooling down, the system still exhibited a flexible, dense, closed struc-

(750 g/m?), the time to failure of load-bearing composites was only 1.2
times shorter than for system A. Flame retardants (in system B, D and E)
affect the heat conductivity of the NW coating, which allows similar
times to failure to be achieved with lower area density. The average
values of time to failure at load levels of 10% and 20% are presented in
Table 3.

Fig. 8b presents the temperature profiles of uncoated and coated
CFRP specimens with nonwoven protective systems. The systems pro-
tected specimens from fire, explaining the slower heating rates. The
slopes of the curves which are attributed to the heating rates are shown
in Table 3. The NW coatings reduce the heating rates by as much as ~8.5
times. The time before the temperature starts to increase is shifted by

(a)

ture without holes, which provides a better protection effect.

Table 4

The results for laminates with intumescent coatings at the moment of failure.

Time to failure at 10%/s

Temperature at failure/°C

CFRP 17 £1 89 £ 16
+ coating A 176 + 23 155+ 5
+ coating B 125 + 24 142 +£9
+ coating C 80 +19 114 +£19
+ coating D 116 + 6 107 +3

(b)

(a) (b)
ref 1]
ref 23 160
ref 3
140 -
coat A_1 ]
coat A_2 1 O 120
coat A_3 ] s )
= ) 7
coat B_1 ] k] 100 ' P
coat B2 ————— O ol " )
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coat C3[—— 40 o coating
] [ coating B
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Fig. 10. (a) Comparison of time to failure of CFRP laminates with intumescent coatings; (b) temperature profile of each of the systems.
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Table 5
The values of slope — heating rates from temperature profiles.
Stage 1 Stage 2 Stage 3

CFRP 1 42+0.1
CFRP 2 5.7+ 0.1
Coating A 14+0.1 0.55 +0.10 0.55 +0.10
Coating B 1.4+0.1 0.4+ 0.1 0.7 £ 0.1
Coating C 14+0.1 0.25 £+ 0.10 0.9+0.1
Coating D 1.1+0.1 0.2+0.1 0.2+0.1

3.4. Bench-scale test: fire performance — CFRP laminate with intumescent
coatings

Fig. 10a shows a comparison of the time to failure of pure CFRP
plates to specimens with intumescent coatings. The results on the

(a)

heat
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moment of failure (time and temperature at failure) are presented in
Table 4. The coatings showed pronounced intumescence and signifi-
cantly prolonged fire stability. The longest time to failure was observed
for the specimen with the greatest thickness (coating A) = ca. 175 s. This
coating provided a remarkable improvement of up to 1000% in time to
failure. The thickness of the other coatings was only half; hence their
time to failure was shorter. Coatings B and D have an expansion ratio
twice as high as coating A. However, as was observed, expansion ratio is
not as important a factor as the coating thickness. All three of the
specimens with glass fibres achieved similar times to failure. Moreover,
a slightly shorter time to failure was obtained by the specimen with
coating C, which contained ATH. The addition of 30% epoxy resin did
not show any significant effect on fire stability. However, coating D was
characterized by considerably higher rigidity than the other coatings.
The formation of an intumescent layer by coatings effects low thermal

(b

Fig. 11. Digital photos of CF/epoxy resin laminate shells with intumescent coating A (a) before and (b) after burning in the bench-scale test. SEM images of cross-

sections of intumescent coating before (c-d) and after (e-f) bench-scale test.
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conductivity and furthermore extends the time of maintaining the me-
chanical support in fire.

Fig. 10b shows the temperature profile of uncoated and coated CFRP
specimens with intumescent coatings. The coatings are characterized by
excellent protective properties, which is noticeable in the lower heating
rates. The specific ‘bending’ point around 100 °C, which appears in
curves for coated specimens, is related to the cooling effect from the
outflow of volatile gases, generated by decomposition of the polymer
matrix [1,10,59]. The values for the slope, which constitutes the heating
rates, are shown in Table 5. Temperature profiles of specimens with
coatings were analysed in 3 stages: before, during and after decompo-
sition of the polymer matrix (which occurred when 100 °C was
measured on the back of the specimen). Dramatic reductions in heating
rates were observed from stage 1, which were 3.7 times lower than
reference CFRP specimens. The cooling effect from volatile gases had an
additional influence on the reduction of the heating rates in the next
stages. Fig. 11a and b shows digital photos of CFRP laminate with
coating A before and after burning. A significant increase in the thick-
ness of the coating is observed. Also visible on top of the coating is char,
which provided additional insulation to the underlying material. This
indicates that EG worked not only as a blowing agent, but also as a
charring agent. In the picture of the cross-section of the burnt specimen,
swollen EG is clearly visible between mineral fibres. Fig. 11c and
d presents SEM micrographs of cross-sections of intumescent coating
before and after burning. Pictures before burning show mainly mineral
fibres. SEM images after burning exhibit enlarged EG particles adjacent
to fibres. The EG during heating formed the worm-like and exfoliated
structure, which inhibited heat penetration and may somehow have
suppressed mass transfer. This successfully delayed the degradation of
matrix and prolonged the time to failure [50,52,60].

4. Conclusions

The main goal of this study was to present a bench-scale test as a
suitable tool to investigate the improvement of the structural integrity of
CFRP composites with fire protective systems (film, nonwoven mats, and
coatings) in a fully developed fire. Therefore, three different approaches
were selected. Protective systems play a significant role in the thermal
insulation of materials. However, before any application their efficacy
must be confirmed by fire testing, which is usually time consuming and
expensive. Although bench-scale tests are limited with respect to
assessing the performance of components and structures, they are
valuable in the assessment of different materials’ concepts. Therefore,
three different fire protective systems were applied to CFRP composite
plates. Their structural integrity in fire was tested at the bench scale. The
diversity of investigated approaches emphasised the multiple capabil-
ities of small-scale testing. Results presented the incredible enhance-
ment and prolongation of time to failure of specimens with protective
systems, and furthermore, improvement in fire stability. As presented
above, even very thin CNF/clay nanostructured paper forms an excellent
heat shield and allows CFRP composite to maintain structural integrity
much longer in case of fire. It has been observed that the thickness of
coatings is a very important parameter that influenced the magnitude of
the prolongation of time to failure. However, the structure and this same
heat conductivity of the materials used also play an important role. The
protective coatings formed a barrier and prevented direct contact be-
tween the flame and the specimen surface. This slowed down pyrolysis
and the softening of the matrix. The reduced heating rates indicate that
protective systems hindered heat penetration through the CFRP plate
and provided tremendous insulation. The bench-scale test also allows
the investigation of different mechanisms of protection by coatings. The
reduced effort of conducting bench-scale tests (lower costs, time, and
personnel resources) makes it more practical and effective than inter-
mediate- or large-scale testing. The simple method proposed in this
paper can be also used to improve the design of fire protective systems or
composites in later research.
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