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Abstract

The vulnerability of military aircraft is an important aspect of air survivability and the effect of fire has been
seen to be a critical factor in controlling platform vulnerability. Current and future trends in design and
manufacture of modern aircraft has seen an increase in the use of composite materials, such as carbon fibre
reinforced polymer (CFRP) materials, due to the performance benefits this offers to aero-structures. How-
ever, this presents substantial challenges in assessing their vulnerability due to the significantly different
material properties between composite and metallic structures and requires an increased understanding of
the thermomechanical properties and behaviour of these CFRP materials. The thermomechanical response
leading to the loss of mechanical properties is governed by the effects of glass transition, thermal decom-
position (pyrolysis) of the resin matrix and oxidation of the carbon fibre reinforcement. These phenomena
are strongly coupled and their effect on the mechanical response of CFRP are poorly documented in the
literature. This work presents the development of a method for investigating the thermomechanical prop-
erties of such materials under three-point bending subjected to different thermal exposures. Of particular
interest was exploring the failure modes and the effect that the propagation of the glass transition isotherm
through the sample and char oxidation on the exposed surface has on this.

Keywords: fire testing, mechanical testing, heat flux, fire safety, coupled interaction, carbon fibre rein-
forced polymer.

1 Introduction

Carbon Fibre Reinforced Polymers (CFRP) are used extensively in military aircraft due to their high
specific strength and stiffness and excellent performance in the design and manufacture of aero-structures.
Because of this, they offer an attractive alternative to using conventional materials (i.e. steel and aluminium
alloys) in a wide range of applications [1]. However, this is offset by their potential low resistance and
robustness to weapons effects which poses significant questions for assessing their vulnerability. One key
element is their survivability to fire which can result from fuel system events following engagement by
hostile effects.

In particular, the organic nature of the CFRP, and particularly the resins used, means that it will burn
when exposed to certain fire conditions [2]. In addition, elevated temperatures within the material may
limit the use due to a relatively low glass transition temperature (T). Both of these problems significantly
influence the mechanical performance of CFRP at elevated temperatures.

Previous studies, which assess the fire safety of CFRP materials have been carried out using a decoupled
approach whereby a material is exposed to simulated fire conditions (radiant heat flux [3]-[7], temperature
[8]-[10]) and then, mechanically tested to determine residual mechanical properties. Acquiring residual
mechanical properties using this approach is a well-established way of obtaining data accurately for
scenarios where post-fire properties are important (e.g. after extinction), however, limitations exist if the
mechanical response of a material during a fire is required. For example, important processes that CFRP
materials experience during a fire, such as glass transition, resin pyrolysis, char formation and heteroge-
neous oxidation of the char layer and fibre reinforcement whilst under load are not captured in post-fire
analysis and the true interaction due to the coupling of the thermal and mechanical processes during a fire
are not well quantified. This suggests the data obtained from these tests may not be appropriate to assess
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the degradation of material properties during the fire.

Therefore, a new testing approach, using apparatus that can simultaneously capture and quantify
the mechanical performance of a material exposed to simulated fire conditions and characterise the
mechanical performance is required. The apparatus developed to generate this data has been named the
Thermal and Stress Inducing Device (TSID). In this research it has been used specifically for testing CFRP,
however, practically it can be used to test any material. Emphasis will be placed on exploring the role of the
failure modes due to propagation of the glass transition isotherm through the sample and oxidation of the
char layer and fibre reinforcement at the exposed surface. Research into the thermomechanical behaviour
of CFRP during bending is at present modest and little is known [11]. Hence, the objectives of this paper
are to first describe the critical aspects of the TSID and then present a study into the thermomechanical
behaviour of CFRP in three-point bending using the TSID to signify its innovation.

2 Design and Development

The apparatus developed for this study (Fig. 1 and Fig. 2), allows for a specimen to be exposed to well-
defined heating through the heat flux generated by a radiant heater and also three-point bending. The
fire exposure is simulated by imposing a radiant heat flux from a cone heater. The desired temperature
measurements can be made by instrumenting the sample with thermocouples. The mechanical aspect
is quantified using pressure from a hydraulic jack that applies a load, finally bending displacement is
quantified using digital image correlation (DIC). The experiments carried out using the TSID do so with
the incident heat flux applied to the sample from above and the load-displacement applied from below.
The development of the TSID was carried out based on the following requirements:

1. The ability to impose a quantifiable thermal exposure on a target surface — This needs defining in terms
of an incident heat flux rather than existing methods that mostly (but not always) quantify thermal
exposure using a temperature (i.e. UTM furnace test), therefore, the size or severity of the fire and
the rate of heat transfer can be directly controlled and measured.

2. The ability to impose a range of thermal exposures — This needs defining to replicate a wide range of
prescribed and unprescribed time-temperature curves ranging from an incident heat flux necessary
to ignite thin items (10 kW/m?2), up to a fire within a fully developed room fire or a large pool fire (75
- 150 kW/m?) [12].

3. The ability to replicate different loads a material or structure may be exposed to during a fire — The TSID
must be capable of replicating the various loads a material may undergo, either as a single component
or as part of a larger structure as well as those achieved in standard mechanical testing apparatus.
Currently, these are bending loads, but modification could lead to testing in pure tension or compres-
sion.

4. Repeatability — Repeatable calibration of the testing method (before each new test) to account for any
changes in ambient conditions allowing for a high level of repeatability and good statistical confi-
dence between tests.
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3 Studies on Carbon Fibre Reinforced Polymers

This section illustrates the application of the TSID to evaluate the coupled thermomechanical bending
behaviour of CFRP. A comprehensive review of previous studies carried out on CFRP is not the intended
focus of this paper and therefore is not presented here. However, a few previous studies are discussed
below to demonstrate the need for the new coupled testing approach proposed in this study.

3.1 Background

Previous experiments have investigated the thermomechanical response of a CFRP material whilst in ten-
sion [13]-[15] and in compression [14], [16], [17]. In these experiments, it was shown that the time-to-
failure and failure load of a woven CFRP material is lower during a fire than it is during post-fire exper-
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iments. Similarly, during compression tests, it was shown that the strength and stiffness of CFRP signif-
icantly decrease when tested at temperatures above 200 °C and buckled in a shorter time and under a
smaller load during a fire than in post-fire experiments.

The post-fire bending behaviour of several FRP materials including CFRP has also been investigated [18],
[19]. These tests demonstrated that the post-fire bending properties significantly reduce when tested at
and above heat fluxes of 25 kW/m? and reveal that even relatively small amounts of fire damage can cause
a large reduction to the materials strength and stiffness.

Still, these experiments, although contributing to the post-fire mechanical properties, do not explore the
effects of the glass transition nor the depth of thermal penetration in any great level of detail because they
were effectively at ambient temperature whilst under load. They, therefore, demonstrate the importance of
the proposed study, and with existing literature related to the coupled thermomechanical response of CFRP
during bending next to non-existent, an investigation must be carried out, hence exploring the three-point
bending behaviour in a fire is the focus of this paper.

3.2 Aims of this Study on CFRP

The previous section has shown that knowledge on the bending behaviour of CFRP exposed to fire con-
ditions is limited and that the experiments carried out to-date have largely focused on post-fire analysis.
These experiments cannot capture thermomechanical processes occurring in the material whilst exposed
to fire conditions and consequently are not representative of a structure (or structural component) exposed
to a real fire and therefore can have huge implications on air-survivability. Therefore, this paper aims to
explore the thermomechanical behaviour of a CFRP material during a fire. This will be achieved by cap-
turing the coupled interaction between the propagation of the glass transition and thermal decomposition
isotherms through the sample and investigate the effects this has on the mechanical properties (namely
time-to-failure and displacement). By using the TSID, this can be carried out directly due to its ability to
couple the fire and load whilst measuring displacement and will help to generate thermomechanical data
that can feed into structural/vulnerability models.

3.3 Testing Programme

The TSID was used to explore the bending behaviour of several samples during different fire conditions.
Prior to thermal exposure, a preload was applied to the testing sample at 20% of the total failure load at
ambient temperature. This was done to every sample before every test. This load would stay constant
throughout the test; however, it would move to adapt to any deflection of the sample to keep the load
conditions consistent. The value of the 20% preload was obtained by performing tests at ambient tem-
perature to quantify the failure load of the material under normal service conditions. The incident heat
fluxes were chosen to be far enough apart from one another to demonstrate completely different thermo-
mechanical behaviour, time-to-failure, failure mode, and displacement for relative ease of DIC analysis.
Load-displacements were chosen to replicate the influence of a real “fire” on time-to-failure and bending
displacement of a load-bearing CFRP component within a larger aircraft structure. Temperature distri-
bution measurements were also taken using embedded thermocouples to allow insight into the different
processes that occur within the material, this data would provide a further understanding of the heat
transfer mechanisms. Rather than seeking to understand the precise failure mode contributing to the loss
of bending properties or defining the fire resistance of the testing sample, this study was carried out simply
to demonstrate the TSID’s potential as an effective piece of apparatus by using it to evaluate the influence
of four different incident heat fluxes on time-to-failure and displacement. If it could quantify the bending
behaviour effectively, it could be utilised to carry out further tests to better understand the bending be-
haviour of other materials exposed to fire conditions. Therefore, no specific failure mode of the samples
was sought, and the test was stopped when either total failure (time-to-failure) occurred, or the maximum
test time was reached.

3.3.1 Details of the Testing Programme

The time-to-failure and displacement data were obtained at four different heat fluxes (10, 20, 30 and 40
kW/m?) using a 2 (£0.5) kN pre-load for a period of 300 seconds. A total of 14 tests were carried out,
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3 samples at each of the heat fluxes indicated, and 2 at ambient temperature (22°C) to obtain the total
ambient bending capacity of the material. Heating was from above and load-displacement from below
applied at the midspan of the sample until either bending failure occurred or the sample resisted failure
beyond the 300 second period of thermal exposure. The samples dimensions were 250 mm x 30 mm
and comprised an exposed area of 210 mm x 30 mm located directly below the cone heater (see Fig. 3).
The dimensions of all samples were identical and comprised a high-performance carbon fibre reinforced
polymer for use in primary aerospace structures with a 57.42% fibre volume fraction and measuring 5
mm in thickness. Time-to-failure and displacement were recorded during each test. Failure under these
conditions was defined as a deflection of 14 mm or above from the pre-load position, 14 mm was used as
a reference because it was the maximum bending deflection measured at failure in ambient conditions.
Temperature distribution measurements were also taken at the highest (40 kW/m?) and lowest (10 kW/m?)
heat fluxes to evaluate the position of the glass transition and pyrolysis isotherm. The testing samples were
held in unrestrained conditions with fixing plates at either end with the load held constant. Displacement
was measured using digital image correlation (DIC). Details of the testing matrix are given in Table 1.
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Figure 3 — Test set up in the loading frame showing (a) the sample dimensions (top view) and (b) sample
relative to the cone heater (front view).

Table 1 — Experimental test matrix for bending samples tested using the TSID.

Sample Heat Flux Loading (Preload)

No

[-] [kW/m?] [-]

1,2 0 (22°C = Room Temperature) Total ambient capacity

(10.85 kN)

3,4,5 10 20% of ambient capacity

6,7,8 20 20% of ambient capacity

9,10,11 30 (Surface heating by a turbu- | 20% of ambient capacity
lent wall flame)[21]

12,13,14 | 40 (Surface heating by a small | 20% of ambient capacity
laminar flame)[22]

*All tests were carried out with a constant pre-load of 2 (£0.5) kN, this signifies 20% of the total bending load
(10.85 kN) obtained from pre-fire testing carried out using the TSID.

4 Results and Discussion

The experiments carried out using the TSID demonstrated that coupling incident heat flux, similar to that
used in flammability assessments (i.e. cone calorimeter or FPA) and load-displacement, similar to the one
experienced in a bending test (i.e. Instron) can be achieved. The data generated from this study is related
to the displacement and time-to-failure, with failure mode also being observed and discussed. This data
is presented in Table 2. Although ignition time data was not essential for quantifying the bending be-
haviour of the material per se, it allows comparison to flammability assessments as was also noted in Table 2.
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Table 2 — Experimental test matrix and results for bending samples tested using the TSID.

Sample | Heat Time Time to | Maximum | Comment
No Flux to Igni- | Failure? | Displace-
tion? ment?

[-] [kW/m?]| [s] [s] [mm] [-]

1,2 0 N/A! N/A 1.5 Tested to obtain failure load at ambient
(22°C) temperature = 10.85 kN.

3,4,5 10 N/A? 192 14 Loss of stiffness leading to fibre kinking
kW/m? on the unexposed surface due to the ef-

fects of T, (see Fig. 6a, 8a).

6,7,8 20 N/A? 128 15.5 Loss of stiffness.
kW/m?

910,11 | 30 94 103 13.8 Testing samples ignited. Partial loss of
kW/m? bond between the laminates (exposed

surface) and localised shear due to the
force from the loading nose (unexposed

surface).
12,13,14 | 40 77 84 14.2 Testing sample ignited. Complete loss
kW/m? of bond between laminates (see Fig.
8b).

Char formation (2 mm thick) on the
exposed surface based on temperature
measurements in Fig. 6b. The un-
exposed surface surpassed Tg isotherm
(see Fig. 6b).

*All tests were carried out with a constant pre-load of 2 kN.
I No ignition.
2 Average taken from 3 tests.

4.1 General Observations

During the experiments, all the samples failed before the end of the 300 second period and exhibited
different failure modes depending on the severity of the heat flux. At 30 and 40 kW/m?, the samples
ignited, burning with a turbulent flame for a few seconds before failure. Both the exposed and unexposed
surfaces were quantified using DIC to obtain data on displacement and changes in sample thickness. Data
relating to the displacement at the midspan of the samples can be seen in Fig. 4 as a function of time and
shows that displacement occurs more slowly, over a longer period for samples tested at lower heat fluxes.
It also shows that at higher heat fluxes displacement appears to coincide with sudden failure, whereas at
lower heat fluxes this does not appear to be the case. At the end of the test, samples tested at higher heat
fluxes (and that had ignited) had a tendency to exhibit brittle behaviour at failure, whilst at lower heat
fluxes samples exhibited less brittle behaviour at failure (see Fig. 5).

After the experiments, a visual inspection of all the samples was carried out and revealed that the
samples tested at higher heat fluxes, and had experienced a sudden failure during the tests, had expe-
rienced significant delamination (see Fig. 5, 30 and 40 kW/m?). These samples also displayed signs of
charring of the residual resin and very small white pockets of ash, indicative of char oxidation, on the
exposed surface, however, this ash cannot be seen in Fig. 5. On the unexposed surface, fibre kinking was
evident, typical of glass transition, with localised shear deformation of the resin and breaks in the fibre.
These observations coincide with the temperature measurements taken during the tests (see Fig. 6b) which
indicate that the exposed surface (x=1 mm) had reached the pyrolysis temperature early on, however,
the middle (x=2.5 mm) and unexposed (x=5 mm) surfaces had not. Generally, this behaviour provides a
motive for the sudden, and at times violent failure modes experienced by samples tested at higher heat
fluxes, which occur because significant anisotropic and spatial temperature variation exists across the
thickness.
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At lower heat fluxes (see Fig. 5, 10 and 20 kW/m?), no charring was visible and delaminations ap-
pear less evident, although, fibre kinking on the unexposed surface was still visible. The failure mode was
also less sudden compared to the samples tested at higher heat fluxes and using the temperature distribu-
tion data in Fig. 6a and time-to-failure data in Fig. 9, the effects of the glass transition isotherm penetrating
the entire thickness of the sample appeared to be the only process to transpire which contributed to its

excessive displacement and failure.
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Figure 4 — The bending displacement at different heat fluxes as a function of time.
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Figure 5 — Post-fire photograph of the bending s

4.2 Details by Sample Number
The following observations can be made from the data presented in Table 2, the temperature and DIC
measurements taken during the test, and comments made regarding the failure mode after the tests:

1. The failures of samples 3, 4 and 5 were attributed to the loss of stiffness caused by the propagation of
the glass transition isotherm. This was characterised by fibre kinking on the exposed surface (see Fig.
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5,10 kW/m?), which is a characteristic failure mode for CFRP in compression above the Tg but below
the pyrolysis isotherm [17]. The time for this isotherm (thermal wave) to reach the back of the sample
was 52 secs (38 seconds for the exposed surface). This can be seen in Fig. 6a. Throughout the test no
char formed as the temperatures had not reached the pyrolysis temperature (approximately 350 °C
[22]), hence no ignition occurred. Therefore, it can be assumed that these samples did not undergo
significant pyrolysis or char formation and the effects of the glass transition temperature represent
the only significant process that contributed to failure. The displacement was slow during these tests
compared to the samples at the higher heat fluxes and reached a total displacement of 14 mm in just
under 200 seconds (see Fig 4). The temperature also varies with thickness, with the middle (x=1
mm) and unexposed (x= 2.5 mm) having a lower temperature than the exposed surface (x=5 mm)
throughout the test. This shows that the rate of heat transfer slows considerably between the exposed
and mid-thickness of the sample at low heat fluxes.

. Samples 6 through to 8, were characterised with slight loss of bond between the laminates and very
minor char formation. This char first appeared at the midspan of the sample closest to the exposed
surface on the location of the loading nose and slowly throughout the test splitting down to the
edges close to the fixing plates. Based on visual observation using UHD video, this did not form
at a constant rate. The onset of charring (if defined by the progression of a 350°C isotherm [22])
occurred approximately 92 seconds from the onset of heating according to the in-depth temperature
measurements. This also coincided with the maximum displacement before failure occurred (see Fig.
4).

. In samples 9 through to 14, the failure mode was complete (at 40 kW/m?) or partial loss (at 30
kW/m?) of bond between the laminates from the exposed surface to the mid-thickness. This was
accompanied by localised shearing of the laminate due to the force from the loading nose across the
mid-thickness (see Fig. 5), however, the maximum displacement before failure appears to be the
same regardless of heat flux. By using UHD video the char formation could be properly assessed
and appeared to do so at a constant rate. This is due to the rear boundary effectively-being partially
a heat sink (steel alloy), which when combined with a constant surface heat flux has been shown
elsewhere to experience similar steady-state behaviour using aluminium blocks [22]. The char is
also well known in the literature [23] to act as a good natural insulator and hence slow the rate of
heat transfer into the material. This appears to be the case during these tests as the temperature
distribution data indicate that the char formed, shown with the temperature difference between the
exposed and both mid-thickness and unexposed surfaces in Fig. 6b, is around 100 °C. Once ignition
occurs the contribution from the flame is notably late in the test as the temperature rises sharply just
before failure. Following the tests, these samples were inspected and displayed small quantities of
white ash on the exposed surface char layer, indicative of char oxidation. However, the fibres appear
largely unaffected, this can be attributed to the pyrolysis of the epoxy resin and subsequent insulator
effects of the char formed after this. This shows that the heat fluxes used here were either too low to
fully oxidise the char layer and penetrate through to the fibre reinforcement or the exposure time was
not long enough.
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Figure 6 — Time-temperature profiles for a 5 mm thick CFRP material tested at (a) 10 kW/m? and (b) 40
kW/m?2.

Figure 7 — A snapshot of a sample tested at 40 kW/m?. Observations show (a) load being applied, (b)
beginning of T, (c) ignition and (d) failure.

4.3 Time-to-Failure and Failure Modes

Fig. 8 shows the failure modes experienced due to the effects of glass transition at 10 kW/m? (Fig. 8a), and
complete loss of bond between laminates at 40 kW/m? (Fig. 8b) to demonstrate the different behaviour
of this material depending on heat flux (Table 1 demonstrates the significance of each heat flux relative to
fire severity). The failure modes indicate that as heat flux increases the chance of significant delaminations
also increases. The tests also show that increasing the heat flux affects the time-to-failure (see Fig. 9)
with higher heat fluxes resulting in shorter time-to-failure. At 20 kW/m?, the failure time reduces by the
largest amount compared to the samples tested at 10 kW/m?, however, failure time decreases somewhat
proportionally above this value.

In general, the temperature distribution and time-to-failure data suggest that the largest contribution to
the failure of CFRP at this thickness is the depth of the glass transition isotherm at 10 kW/m?, which has
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been shown by the post-fire photographs to have a propensity to induce fibre kinking on the unexposed
surface and a loss of bond between the laminates for all the other heat fluxes.

Figure 8 — Images demonstrating the variation of the failure modes with heat flux showing a) T, induced
failure of a sample at 10 kW/m? and b) the sudden failure following ignition at 40 kW/m? showing
significant delaminations.
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Figure 9 - The time-to-failure of CFRP as a function of heat flux

5 Conclusions

In this paper, a novel testing approach named the Thermal and Stress Inducing Device (TSID) has been
developed and demonstrated to be beneficial in evaluating the three-point bending behaviour of a complex
aerospace-grade CFRP material exposed to fire conditions. From this, the following conclusions can be
drawn based on the test data briefly described herein:

1. The TSID testing method can quantify the thermomechanical behaviour of a material in a greater
level of detail compared to standard post-fire analysis (i.e. separate thermal exposure and bending
test).

2. The displacement data revealed that heat flux has little effect on the maximum displacement at the
midspan of the samples before failure occurred because at the heat fluxes tested here all the sam-
ples had deemed to have failed, however, the time until this failure occurred decreased as heat flux
increased.

3. The failure mode is influenced by heat flux. At higher heat fluxes, samples had a tendency to exhibit
more brittle behaviour at failure, whilst at lower heat fluxes samples exhibited less brittle behaviour
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at failure. The processes that influenced the failure mode include a loss of stiffness leading to fibre
kinking on the unexposed surface due to the propagation of the glass transition isotherm through
the testing samples. Whilst at higher heat fluxes either a partial or complete loss of bond between
the laminates appeared to be the case. In these samples, small quantities of fibre oxidation were also
evident in the form of small pockets of white ash..

4. Lastly, the results demonstrated that the TSID can be utilised to accurately assess the coupled inter-
action between fire conditions and mechanical properties, due to its ability to quantify three-point
bending behaviour using heat flux (fire exposure), load-displacement, and time-to-failure data. When
failure occurred at higher heat fluxes, the temperature at the exposed surface of the sample was above
the glass transition temperature. In most cases, this indicated that although Tg occurs relatively early
in the test, (less than 50 seconds), failure occurred much later.

This work, therefore, provides the first step to accurately quantifying the coupled thermomechanical
behaviour of CFRP exposed to fire conditions. Ultimately the data generated from this study will allow a
better understanding of the role of the material properties (e.g. glass transition temperature, thickness,
fibre fraction, resin type) on the performance of CFRP at high temperature to be evaluated and also
provide useful input for structural/vulnerability modelling.
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