
Abstract
To meet corporate CO2 emission targets polymer composites are 
being explored for light-weighting vehicle applications. Operational 
requirements may demand that such materials function above glass 
transition temperatures or heat deflection points. Intumescent 
coatings are traditionally used in construction to protect steelwork 
during fire. This paper presents a novel experimental investigation of 
two intumescent technologies to thermally protect a reinforced 
polyamide, for use as a semi-structural vehicle component.

Coatings were assessed against the thermal requirement to withstand 
500°C for 10 minutes. The differences in performance observed 
between water and epoxy based coatings as well as when an 
insulation layer was introduced are reported.

Ultimate Tensile Stress (UTS) and modulus values were obtained at 
−40°C, ambient, and 85°C for uncoated specimens before and after 
thermal cycling. Results indicated although samples did not surpass 
the heat deflection point of the material (220°C), exceeding the glass 
transition temperature led to a reduction in mechanical properties.

Considering electrified vehicles it may be beneficial if materials are 
electrically resistant Therefore, the surface and through-thickness 
resistivity of uncoated and coated plaques was measured. The 
resistance of coated samples before and after thermal cycling 
exceeded the threshold of 1×106Ω, however, when coated samples 
were environmentally pre-conditioned, these materials failed to meet 
the required surface resistance.

There are a number of parameters that need to be understood: 
light-weighting, electrical resistance, thermal protection, and 
manufacturing demands for automotive structures; this work 
demonstrates the potential of selected intumescent coating 

technologies to provide a balance between the protection of 
composite performance while achieving light-weighting targets for 
high temperature automotive applications.

Introduction
To achieve EU corporate average fleet CO2 emission targets of 
95gkm−1 by 2020 many automotive vehicles must become lighter in 
weight and some will be electrified. The mass of an electric vehicle is 
inversely proportional to driving range; as such light-weighting is a 
significant performance determinant. To address this challenge 
polymer composite materials are being explored for a number of 
vehicle applications.

In order for polymer composites to function above their glass 
transition temperature or heat deflection point, which may be required 
for some vehicle parts, these materials must either be modified or 
thermally protected. The latter approach was adopted in this study 
and selected intumescent coatings, traditionally used in the 
construction industry to protect steelwork in a fire, were 
experimentally assessed. Performance criteria were defined to 
establish the feasibility of using the coatings in an automotive 
application. These were:

1. A vehicle may be used in many different environments; the 
operating temperature range was defined as −40 to 85°C. 

2. The material must withstand increases in temperature up to 
500°C for 10 minutes. 

3. To allow use within electric vehicle batteries, the material must 
have an electrical resistance of at least 500Ω/V. 

4. Vehicles are used in many environments; moisture absorption 
and effects on material properties must be considered.
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To assess against these criteria, samples coated with intumescent and 
insulator combinations were subjected to heat gun, electrical 
resistance and tensile testing. Experiments were completed over a 
range of temperatures and environmental pre-treatment conditions 
according to industrial standards.

Materials
Two different approaches to enable a traditional reinforced composite 
to withstand a temperature of 500°C for 10 minutes can be 
considered. Firstly, the surface of the composite could be protected 
using intumescent coatings, essentially acting as a sacrificial insulator 
and dramatically reducing the rate of heat transfer to the base 
material. Secondly, the resin system could be modified to ensure poor 
combustibility of the matrix, enabling the material to maintain its 
integrity at elevated temperatures.

The present work investigated water and epoxy-based intumescent 
coatings, in combination with insulating layers for their suitability to 
protect a composite for a semi-structural application within an 
electric vehicle. Intumescent coatings are inert at ambient 
temperatures. Upon heating, these materials expand to form a 
multicellular layer, which acts as a thermal barrier, protecting the 
substrate from the rapid rise in temperature [1]. Intumescents 
comprise three active ingredients held together by a binder; an acid 
source, a carbonific element, and a blowing agent [2]. At increased 
temperatures, specific to each intumescent, the acid source breaks 
down to form a mineral acid, this then dehydrates the carbonific to 
yield a carbon-based char. While this process occurs a gas is evolved 
from the blowing agent causing the char to foam providing an 
insulating multi-cellular layer [3].

Descended from the construction industry, a number of coatings for 
heat and/or fire protection to transport container units, fuel system 
actuators, heavy duty oil & gas valves, and electronic components 
housings were identified. Four off-the-shelf options combining a 
thermal insulating layer with either water or epoxy based intumescent 
coating were selected for the present work (Table 1). Intumescent 
coating options were applied to a thermoplastic 70% GF reinforced 
polyamide 66 (PA66). The selection of PA66 was justified since it has 
a relatively high melting temperature, 260°C [5], and is supplied in 
pellet form for injection moulding; a relatively low cost, high volume 
composite manufacturing technique.

Table 1. Summary of candidate material combinations investigated.

Methods

Thermal Testing
To determine the resilience to high temperature, samples were 
subjected to 500°C for 10 minutes with a heat gun placed directly 
under the sample and thermocouples connected to a logger (Pico, 
UK) positioned to monitor the underside, reverse surface and air 
temperature (Figures 1 and 2). Three samples were tested for each 
intumescent/insulator combination.

Figure 1. Image of heat gun test set-up highlighting the main test components

Figure 2. Schematic illustrating the position of thermocouples and heat source 
for heat gun testing

Electrical Resistance Testing
Electrical resistance was measured across the surface of samples and 
through the thickness using a 5000A Analog 5kV Insulation 
Resistance Tester (Gossen Metrawatt, Germany). Measurements were 
taken at five locations on each sample using a 2kV voltage (Table 2). 
The conditioning of the samples tested was:

1. As received: room temperature, room humidity. 
2. Environmentally conditioned: 48±2°C, 98-100% humidity for 7 

days. 
3. Post heat gun exposure: subjected to heat gun at 500°C for 10 

minutes.
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An electrical resistance criterion was defined as 500Ω/V setting the 
minimum threshold resistance as 1×106Ω for a 2kV test voltage. 
Below this value samples were deemed to be insufficiently resistant 
for the intended application.

Table 2. Samples and conditioning for electrical resistance testing. All 
coatings were applied to 70% GF PA66

Due to the brittle nature of the epoxy-based coatings and 
compressibility of the insulating layer, copper contact points were 
used for the probes where readings were taken (Figure 3). The contact 
points were 10mm apart at each location for surface resistivity 
measurements and placed in line on the top and bottom surfaces for 
through-thickness measurements.

Figure 3. Image illustrating the location of probe contact points for surface 
and through-thickness electrical resistance measurements.

Tensile Testing
To understand the behavior of the substrate material for use in 
semi-structural applications tensile testing was performed. 
Samples were prepared for tensile testing as per ISO 572-4 [4]. 
Tensile samples (Figure 4) were machined from injection moulded 
plaques and tested at −40, ambient, and 85°C using a 5800R 
100kN static tester (Instron, UK) with a 100kN load cell and a 
crosshead speed of 2mm/min. These temperatures are 
representative of the operating conditions of a passenger vehicle 
and are typical for automotive applications.

Figure 4. Dimensions of machined tensile test specimens. Taken from ISO 
standard 572-4 “Plastics - determination of tensile properties” [4].

Table 3. Specimens, pre-conditioning and test temperature for tensile testing.

To determine any change in mechanical properties either during or 
after exposure to elevated temperatures, an oven pre-treatment was 
used. Samples were placed in an oven for 10 minutes at 145°C. This 
temperature is representative of the maximum interface temperature 
between the PA66 substrate and the insulating layer experienced 
during thermal testing and was calculated using thermal conductance 
equations and typical data collected from the thermocouple 
positioned on the reverse surface of the sample plaque (thermocouple 
2, Figure 2). This temperature is suggested to be the worst-case 
thermal scenario that the composite base material would experience 
during exposure to 500°C for 10 minutes when coated with selected 
intumescent technologies.
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Table 3 documents test specimen orientation, pre-treatment and 
temperature. Specimens were tested in each of the pre-conditioned 
states as shown below:

1. As received: room temperature, room humidity. 
2. Environmentally conditioned: 48±2°C, 98-100% humidity for 7 

days. 
3. Post heat gun exposure: 10 minutes in oven at 145°C.

From the load and extension data, Ultimate Tensile Stress (UTS), modulus 
and strain at maximum stress were calculated for each specimen.

Results and Discussion

Thermal Testing
Notably the maximum reverse surface temperature (thermocouple 2, 
Figure 2) reached during exposure to 500°C for 10 minutes for all 
samples was significantly below the heat deflection temperature 
(220°C) of the GF PA66 material (Table 4). A typical plot of the 
temperature data collected from the thermocouples positioned on 
sample 6W2 is illustrated in Figure 5, and for sample W1 comprising 
only water intumescent coating in Figure 6. As expected, there was a 
difference in the maximum reverse surface temperature recorded for 
samples without an insulating layer compared to those with only an 
intumescent coating. This difference was more prevalent for 
epoxy-based samples which had an average reverse surface 
temperature of 109.7°C with insulator compared with 181.6°C 
without. Promisingly, no samples showed any visual sign of 
degradation after exposure.

Table 4. Maximum reverse surface temperatures of samples subjected to heat 
gun testing.

Figure 5. Graph showing thermocouple readings for sample 6W2.

Figure 6. Graph showing thermocouple readings for sample W1.

Table 5 summarises the dimensional changes of samples as a result of 
heat gun testing. The thicknesses of the coated GF PA66 samples, as 
a result of the expansion of the intumescent layer into a honeycomb 
structure, increased after exposure to 500°C. Samples with an 
insulating layer and an intumescent coating swelled to 150.7% of 
original thickness for water-based coatings and 160.7% for epoxy-
based coatings.

Table 5. Sample dimensions before and after heat gun testing.

Figure 7. Typical concentrated swelling behaviour of water-based intumescent 
applied to GF PA66 plaque after exposure to 500°C for 10 minutes

When the insulating layer was not present, there was a larger 
deviation in swelling behaviour; the water samples increased to 
376.7% of original size on average, compared to 229.5% for 
epoxy-based samples. There was also a visible difference in the 
behaviour of the swelling between water and epoxy-based samples. 
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Water-based samples, were demonstrated to swell to a greater extent, 
however, the increase in thickness was concentrated to the area 
directly exposed to heat (Figure 7). In comparison, the epoxy-based 
intumescent exhibited a smaller change in thickness but this occurred 
more uniformly across the surface area (Figure 8); this is reflected in 
the smaller standard deviations of epoxy-based sample 
measurements.

Figure 8. Characteristic swelling behaviour of epoxy-based intumescent 
applied to GF PA66 plaque after exposure to 500°C for 10 minutes

Electrical Resistance Testing
Average electrical resistance measurements are shown for surface and 
through-thickness in Figures 9 and 10 respectively. An electrical 
resistance in excess of 1×1012 Ω was recorded for the naked GF 
PA66, which is to be expected due to the insulating nature of GF 
composites. Despite, PA66 being known for its uptake of water [5], 
over the 7 days of environmental conditioning the uncoated material 
absorbed only 1.2g or 0.7% of its mass. This behaviour led to a small 
increase in conductivity resulting in a decrease in electrical resistance 
to 1×109 Ω.

Average surface and through-thickness resistance values were found 
to be higher for samples coated with epoxy-based intumescent 
compared to water-based equivalents. This was true for samples both 
with and without an insulating layer and is to be expected due to the 
electrically conductive nature of water. Both water-based samples, 
however, gave resistivity values over the 1×106Ω threshold.

Figure 9. Average surface electrical resistance of samples with threshold value 
indicatedNB: error bars on chart respond to standard deviation of the results 
(n=5)

Figure 10. Average through-thickness electrical resistance of samples with 
threshold value indicated.NB: error bars on chart respond to standard 
deviation of the results (n=5)

The effect of environmental conditioning, which caused the samples 
to absorb water (Table 6), resulted in a decrease in surface resistivity 
for both intumescent only and those including an insulating layer. In 
comparison, through thickness results demonstrated that only the 
resistance of the epoxy-based intumescent decreased significantly  
and the water-based sample maintained the required electrical 
insulation properties.

Humidity conditioning selected is a standard pre-treatment for 
structural or semi-structural parts of an automotive vehicle. More 
would need to be understood about the specific application of the 
material to a specific component to understand if that part would be 
exposed to humidity or moisture. There is also the potential to seal 
the coatings, which would affect their hydroscopic properties.

Table 6. Sample mass before and after environmental conditions for 7 days at 
48±2°C and 98-100% humidity.

Samples which included an insulator layer exhibited electrical 
resistance values, before and after exposure to elevated temperatures, 
of over 1×108 Ω and 1×109 Ω for surface and through-thickness 
resistance in the as received state, respectively. Average electrical 
resistance values, both surface and through-thickness were above 
1×106 Ω before and after exposure to elevated temperatures. In some 
cases, after exposure to 500°C for 10 minutes individual readings 
taken at the centre of the sample, which was completely charred 
(Figure 7), measured 1×105 Ω.

Tensile Testing
The results for UTS and tensile modulus in relation to orientation, 
environmental conditions and test temperature are graphically shown 
in Figures 11 and 12, respectively. Numerical values of these results 
are summarised in Table 7.
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From the tensile test results and statistical analysis the following 
trends can be identified:

1. 0° orientation specimens have higher UTS and modulus values 
than 90° orientation. 

2. Unconditioned samples exhibited higher UTS and modulus 
values than conditioned samples except for specimens tested at 
−40°C. 

3. Samples tested at ambient temperature gave higher UTS and 
modulus values than those tested at 85°C. UTS values at −40°C 
were within 10% of the ambient temperature values measured 
and were not determined statistically to be significantly 
different.

Figure 11. Graph showing pre disaster UTS by orientation, environmental 
conditioning and test temperatureNB: error bars on chart respond to standard 
deviation of the results (n=5)

Figure 12. Graph showing pre disaster tensile modulus by orientation, 
environmental conditioning and test temperatureNB: error bars on chart 
respond to standard deviation of the results (n=5)

Table 7. Comparison of tensile results obtained for polyamide in relation to 
orientation, environmental conditioning and test temperature (C = 
environmental pre-conditioned, UC = No pre-conditioning)

Higher UTS and modulus values for samples in a 0° orientation, 
compared to 90° is to be expected due to increased fibre alignment 
parallel to the direction of flow into the mould. During environmental 
conditioning the PA66 samples absorb water molecules, which form 
polar bonds with the amide groups and displace the PA molecules 
causing plasticisation of the materials. The swelling and internal 
stresses produced from this behaviour leads to degradation of the 
mechanical properties of the polymer [6]. At −40°C the UTS 
increased by approximately 25% when environmentally conditioned 
before testing compared with the results for unconditioned specimens 
at this temperature. This is explained by the freezing of absorbed 
water molecules resulting in decreased ductility of the material and in 
turn increased strength [7].

The effect of test temperature on UTS and tensile modulus for the 
PA66 material can be explained by its semi-crystalline nature [8]; 
PA66 is a structural mix of crystalline and amorphous regions. 
Meaning that as the material temperature is increased, the amorphous 
regions pass through its glass transition temperature (Tg) and become 
mobile, this occurs at approximately 50°C for PA66. Although the 
amorphous region of the material is mobile, the crystalline region, 
which has a melt temperature of 260°C, and fibres still provide 
strength and stability. This structure explains the lower UTS and 
tensile modulus values for sample tested at 85°C compared with other 
test temperatures.

The results for UTS and tensile modulus in relation to orientation, 
environmental conditions, and test temperature are graphically shown 
in Figures 13 and 14, respectively. Numerical values of these results, 
compared with corresponding unconditioned samples not subjected to 
elevated temperatures before testing, are summarised in Table 8.

Table 8. Comparison of tensile results obtained for polyamide before and after 
oven pre-treatment.

Figure 13. Graph showing UTS before and after exposure to elevated 
temperature by orientation and test temperature.NB: error bars on chart 
respond to standard deviation of the results (n=5)
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Figure 14. Graph showing modulus before and after exposure to elevated 
temperature by orientation and test temperature.NB: error bars on chart 
respond to standard deviation of the results (n=5)

Figures 13 and 14 show that UTS and modulus values after oven 
pre-treatment, for specimens, at ambient temperatures decrease by 
approximately 25% compared to no oven pre-treatment. This 
decrease is explained by the amorphous nature of PA66. The material 
has passed through its Tg of 50°C during the oven pre-treatment; 
above this temperature the amorphous regions become mobile. Even 
after cooling, these regions will not achieve the same level of 
mechanical strength or stiffness as before.

This reduction in mechanical properties is apparent at ambient 
temperatures but not at −40°C or 85°C. At 85°C those specimens 
which were not subjected to an oven pre-treatment have also passed 
through the Tg so have similar mechanical properties to those with no 
pre-treatment. At −40°C, strength and stiffness increased countering 
the effect of the amorphous regions.

These results indicate that although the intumescent coatings protect 
the PA66 from reaching its heat deflection temperature (220°C), they 
do not protect it from passing through the Tg (50°C) of the 
amorphous regions.

Conclusions
The main conclusions of this work are:

1. Upon exposure to 500°C for 10 minutes, there was no visual 
degradation of the PA66 substrate for all intumescent coatings 
tested. Notably, reverse surface temperatures of the polyamide 
did not exceed the heat deflection point of 220°C. 

2. UTS and modulus values of the GF PA66 tensile specimens 
were compared with and without exposure to elevated 
temperatures. There was a degradation of mechanical properties 
of specimens tested at ambient temperatures as the Tg of PA66 
had been surpassed during the oven pre-treatment 

3. Electrical resistance measurements indicated that intumescent 
coatings did not result in a component with an electrical 
resistance below the defined threshold of 1×106 Ω in the as-
received state and after heat gun exposure. However, moisture 
absorption after environmental conditioning meant samples 
became conductive.

There are a number of parameters that need to be understood: 
light-weighting, electrical resistance, thermal protection, and 
manufacturing demands for automotive structures; this work has 
demonstrated the ability of selected intumescent coatings to protect 
composite components exposed to elevated temperatures. A suitable 
base composite would need to be selected to ensure degradation of 
mechanical properties was not encountered.

It is suggested that these results highlight the potential for the use of 
intumescent technologies in achieving light-weighting targets while 
meeting thermal requirements.
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Definitions/Abbreviations
C - Conditioned

EU - European Union

GF - Glass filled

HVM - High value manufacturing

PA - Polyamide

PA66 - Polyamide-6-6

ST DEV - Standard deviation

Tg - Glass transition temperature

UC - Unconditioned

UTS - Ultimate tensile stress
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