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Abstract
Polymers are widely employed in many areas, e.g. transport, packaging, electronic devices, etcetera. Among them, acryloni-
trile–butadiene–styrene (ABS) is one of the most employed polymers due to its mechanical properties, its ease to mecha-
nize and recyclability. Nevertheless, according to the fire properties, ABS behaviour is usually worse than other polymers, 
therefore, they have to be upgraded with flame retardant additives. To characterize the fire behaviour of a certain material is 
necessary to address several typology of tests, providing relevant properties such as thermal conductivity, flammability and 
heat released. However, researchers may not always be able to run all tests due to the lack of apparatus or samples. Therefore, 
it is necessary to seek bibliographic sources. As one might expect, for a given material, the property values should be similar, 
regardless of who performs the test. However, sometimes slightly different results are obtained, which may be due to different 
causes, such as differences in test set-up and in material composition/manufacture. These differences in properties may lead 
researcher to doubt which data to use. This paper presents the results of different types of tests using neat ABS polymer. Addi-
tionally, these results are compared with the data from literature, discussing the similarities/differences and offering a more 
comprehensive characterization of ABS. The laboratory techniques included in this work are: thermogravimetric analysis, 
differential scanning calorimetry, laser flash analysis, smoke density, cone calorimeter, fire propagation and flammability.
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Abbreviations
ABS	� Acrylonitrile–butadiene–styrene
C2H4	� Ethylene
C2H6	� Ethane
C3H4O	� Acrolein
C3H8	� Propane
C6H14	� Hexane
C6H6O	� Phenol
CH2O	� Formaldehyde
CH4	� Methane
CO	� Carbon monoxide
CO2	� Carbon dioxide
DSC	� Differential scanning calorimetry
EHC	� Effective heat of combustion/MJ kg−1

FIGRA​	� Fire growth parameter/kW/m−2 s−1

FMVSS	� Federal motor vehicle safety standard
FTIR	� Fourier transform infrared spectroscopy
HBr	� Hydrogen bromide
HCl	� Hydrogen chloride
FMVSS	� Federal motor vehicle safety standard
HCN	� Hydrogen cyanide
HF	� Hydrogen fluoride
HR	� Heating rate/K min−1

HRR	� Heat release rate/kW m−2

LFA	� Laser flash analysis
LOI	� Limited oxygen index
LLDPE	� Linear low-density polyethylene
MLR	� Mass-loss rate/% °C−1 and g s−1

N2O	� Nitrogen dioxide
NH3	� Ammonia
NO	� Nitrogen monoxide
NO2	� Nitrous oxide
NOx	� Nitrogen oxides
pMLR	� Peak mass-loss rate/% °C−1 and g s−1

PMMA	� Poly(methyl methacrylate)
SEA	� Specific smoke extinction area/m2 kg−1

SO2	� Sulphur dioxide
TG	� Thermogravimetric analysis
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TSP	� Total smoke production/m2

UL	� Underwriters laboratories

Letters
B	� Burn rate/mm min−1

Cp	� Specific heat/kJ kg−1 K−1

I	� Thermal inertia/kJ m−2 K−1 s−1/2

K	� Extinction coef. visible smoke/1 m−1

Sd	� Smoke density (–)

Greek letters
∝	� Diffusivity/mm2 s−1

k	� Thermal conductivity/W m−1 K−1

ρ	� Density/kg m−3

Introduction

Nowadays polymers, either natural or synthetic, are widely 
employed in several industries [1] such as packaging, elec-
tronic, transportation and construction. The massive employ-
ment of polymers could be explained due to their low cost 
and their inherent properties, e.g. lightweight, easy machin-
ing and durability.

The acrylonitrile–butadiene–styrene, well known as 
ABS, is extensively used for various industries, estimating 
its market size in 2016 at USD 23.09 billion [2]. The light-
weight of ABS makes attractive its employment especially 
in automotive and transport industry, since its lightweight 
favours fuel economy. The ABS has low thermal stability 
and high flammability [3]; hence, it is crucial to analyse its 
fire properties such as ignition temperature, heat release rate 
and flame spread in order to guarantee a safety use.

Habitually, to analyse the fire behaviour and obtain the 
thermal properties of a material, it is required to carry out 
several typologies of tests, i.e. a comprehensive characteri-
zation involves an extensive testing campaign. These tests 
can be classified as follows: (i) structural analysis (e.g. scan-
ning electron microscopy and X-ray diffraction); (ii) thermal 
stability (e.g. thermogravimetric analysis (TG), differential 
scanning calorimetry (DSC) and laser flash analysis (LFA)) 
and (iii) flammability (e.g. cone calorimetry, fire propagation 
apparatus and UL-94, limited oxygen index (LOI)).

Studies of ABS from literature, neat or blended with 
other additives, are focused mostly in one or in limited 
number properties or types of tests, e.g. flammability, dif-
fusivity, heat capacity, etcetera, not including other tests. 
For instance: in [4] are employed 3 techniques: spectro-
scopic analysis, TG analysis and UL-94; in [5] uniquely the 
diffusivity is analysed; in [6] an analysis was carried out 
employing TG analysis, cone calorimeter, LOI and Fourier 
transform infrared spectroscopy (FTIR); in [7] are used only 
cone calorimeter and UL-94. Hence, if researchers require 
a set of properties in their investigation, they have to check 

this information from several sources. This task should not 
represent a handicap since the large number of publica-
tions concerning the ABS. However, we found discrepan-
cies in results between publications, even those using the 
same material and experimental boundary conditions, as 
the authors found in [8] for the PMMA poly(methyl meth-
acrylate) in thermogravimetric analysis and cone calorimeter 
tests.

It seems obvious, therefore, that in each test is unlikely to 
obtain same results as previous ones; nonetheless, this could 
be reasonable up to a certain degree of discrepancy. The 
differences observed, for some techniques, are large enough 
to assume that they arise from parameters such as initial 
sample mass, as it was observed in [9] for the PMMA and 
linear low-density polyethylene (LLDPE). For instance, in 
cone calorimeter tests, the unexposed face of the sample 
plays an important role due to its configuration modifies 
the amount of heat flux that leaves the sample through this 
face changing the results, as the authors observed in [10] for 
the electrical cables. This information on a characteristic 
that actually determines the behaviour of the material is not 
always available, causing uncertainty in the use of the data.

At this point, some questions arise about what data we 
should use to define the properties of ABS in the most pre-
cise way. Hence, this work aims to expose a general charac-
terization and review of ABS fire properties, providing the 
relevant information about the set-up of the experiments, 
and explaining the divergences in the results. To cope with 
the objective, we carried out an extensive campaign of tests, 
providing all information available about the sample and 
set-up, and collecting and comparing results from the other 
studies of different ABS available in literature.

The data presented in this paper intends to represent a 
baseline and reference of neat ABS polymer. In this way, 
any forthcoming study that intends to modify any property 
and parameter of ABS could use this work as a reference.

Material and methods

In this work, the analysed polymer was neat ABS P2MC [11] 
manufactured by ELIX ®, i.e. this polymer did not include 
any type of blend or fire retardant. Its density at 23 °C was 
1030 g cm−3. The acrylonitrile–butadiene–styrene (ABS) 
is grafted thermoplastic polymer made of acrylonitrile (A), 
styrene (S) and polybutadiene (PB).

Habitually, to characterize the fire hazard of a certain mate-
rial, it is necessary to be aware of properties related mainly 
with the flammability [12] such as: (i) ignition temperature, 
(ii) combustion, (iii) heat release rate and total heat released, 
(iv) flame spread, (v) propagation, (vi) smoke density and (vii) 
the toxicity of released gases. In addition, it is also required to 
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understand the thermal stability and the thermal decomposi-
tion processes [13].

The techniques employed to fulfil the aim of this paper 
are: simultaneous thermal analysis (STA) [14] [15]; laser 
flash analysis (LFA) [16]; smoke density test [17]; cone 
calorimetry [18]; horizontal propagation [19]; flammability 
[20] and limited oxygen index (LOI) [21]. These techniques 
and how tests were carried out are detailed below.

Simultaneous thermal analysis

Simultaneous thermal analysis (STA) includes two typolo-
gies of tests executed at the same time: thermogravimetric 
analysis (TG) and differential scanning calorimetry (DSC). 
STA tests usually represent the preliminary step to obtain the 
kinetic properties through different methodologies: (i) ana-
lytical methods such as model fitting and model free [22]; 
(ii) inverse modelling, which combines pyrolysis models and 
numerical optimization methods [23, 24]. The calculation of 
kinetic properties being out of scope of this work, the data 
presented allow researchers to calculate them.

STA tests were carried out in NETZSCH STA 449 F3 
Jupiter, and the samples were tested under different bound-
ary conditions so as to analyse their effects over the samples, 
as it was analysed in [25]. To do so, the tests were executed 
using 2 values of initial mass (between 1 and 5 mg), 3 heat-
ing rates (5, 10 and 20 K min−1) and 2 atmospheres (oxy-
gen-content (20%) and non-oxygen-content). Every test was 
carried out at least two times to ensure the repeatability of 
the results. All tests were executed following the recommen-
dations of the standards ISO 11358-1 [14] and ISO 11357–1 
[15]. The crucibles employed were made of alumina (Al2O3 
99,7%) without lid, and the samples were chopped into small 
pieces. More details of these tests and samples are given in 
Table 1, in results section. Before running all tests, the STA 
apparatus was previously calibrated using reference mate-
rial (gold) and following the procedure prescribed by the 
manufacturer.

Laser flash analysis

The thermal decomposition process of any material under an 
external heat source is defined, among other properties, by 
its capacity to increase its inner temperature, i.e. the thermal 
inertia. Thermal inertia is a key factor that establishes how 
quickly increases the inner temperature of the material, and 
therefore, how long it takes for the decomposition process 
to begin. This factor is established by the following terms: 
density ( � ), thermal conductivity ( k ) and heat capacity ( Cp ). 
Thermal inertia ( I ) is calculated as Eq. 1 shows:

(1)I =

√

k ⋅ Cp ⋅ �

Laser flash analysis (LFA) determines the diffusivity ( ∝ ) 
of the material at selected temperature [26]. Thanks to the 
calculation of this parameter, and under certain conditions, 
heat capacity ( Cp ) can be also calculated [27]. The thermal 
conductivity ( k ) of the sample can estimated by the calcu-
lation of these two parameters. All three are related to the 
density (ρ) according to Eq. 2:

LFA tests were executed using NETZSCH LFA 447 
NanoFlash. All circular samples were prepared according 
to [16], with a thickness of 2 mm and a diameter of 12.7 mm. 
The diffusivity was measured at 30, 80 and 130 °C. For 
every temperature, 10 laser pulses were triggered to ensure 
the repeatability of the results.

Smoke density and toxicity

As far as visibility is concerned, the smoke density plays 
a major role since thick smoke causes low visibility situa-
tions and it could modify the egress of a building or mean 
of transport. A thick cloud of smoke can be generated in two 
unique ways: (i) the material burns massively; (ii) there is a 
large amount of smoke even though the amount of material 
burnt is small. While first point is assessed in cone calo-
rimeter, the amount of smoke generated and its density are 
analysed through the smoke density test. The smoke den-
sity test provides the characteristic information about smoke 
production [28] using the variable Sd (dimensionless). Two 
tests were executed according to ISO 5659-2 [17] using an 
external heat flux of 50 kW m−2.

Not only does smoke density affect the egress, but also 
the toxicity of the fumes causes a large number of injuries 
and casualties [29, 30]. Therefore, smoke density test usu-
ally is carried out simultaneously with the toxicity test. The 
toxicity of fumes was measured using a Fourier transform 
infrared spectroscopy (FTIR) gas analyser by connecting the 
FTIR to the exhaust tube of the chamber where the smoke 
density tests were executed.

Cone calorimetry

Cone calorimetry is the most relevant bench scale instru-
mentation in the field of fire testing. Cone calorimeter test 
evaluates the response of materials exposed to controlled 
levels of radiant heat flux, i.e. its easiness of ignition. Thanks 
to this test the following properties are measured: (i) ignition 
time; (ii) heat release rate (HRR); (iii) fire growth param-
eter (FIGRA); (iv) mass loss; (v) effective heat of combus-
tion (EHC); (vi) total smoke produced (TSP); (vii) specific 
extinction area coefficient (SEA) and (viii) extinction coef-
ficient or visible smoke (K). Although the heat flux can be 

(2)k =∝ ⋅� ⋅ Cp
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selected up to 100 kW m−2, heat fluxes are between 25 and 
75 kW m−2, being 50 kW m−2 the most frequently one.

Following the procedure indicated in ISO 5660-1 [18], 
and using (FTT) Fire Testing Technology cone calorimeter, 
up to 4 tests were run with next features: (i) external heat 
flux of 50 kW m−2; (ii) square samples with a dimensions 
of 100 × 100 × 2 mm; (iii) samples were wrapped with alu-
minium foil (except top face); and (iv) sample holder had a 
retainer frame for molten materials without grid. The ini-
tial mass was 21.8, 22.2, 22.5 and 22.3 g for Test #1 to #4, 
respectively. Due to the dimensions of the retainer frame, 
the total exposed area of the samples to the heat flux was 
88.4 mm2.

Propagation

Flame propagation can be defined as the affinity to spread of 
a flame away from the ignition source, and this determines 
substantially the fire hazard of a material. The FMVSS 
302 (Federal Motor Vehicle Safety Standard) test [19] is 
employed for testing self-supporting flame and propagation 
flame of the polymers used in the interior of vehicles, as 
ABS does usually. Although this test should not be consid-
ered as a criterion for determining the fire risk of a material 
and obtaining a classification, is useful for analysing whether 
ABS meets minimum fire safety conditions or not.

FMVSS 302 is run by burning one edge of the sample 
and measuring the flame propagation speed and the total 
burnt length. The burn rate (B) is obtained measuring the 
time required to burn the distance from the edge up to the 
unburned zone. This test was run 3 times, as FMVSS 302 
standard indicates, to confirm the repeatability of the results. 
The dimensions for all samples were 356 × 101.6 × 12.7 mm 
(length × width × thickness). Samples were tested in a tailor 
made apparatus following the standard [19] dimensions.

Flammability

Whether a material is involved or not in a fire depends on 
its capacity to ignite, i.e. its flammability. The flammability 
of a material is related directly with the ignition tempera-
ture [31], the less ignition temperature the more flamma-
bility. Flammability can be studied in two different ways: 
(i) observing the minimum temperature that triggers igni-
tion ISO 871 [32] and (ii) analysing how the flame is extin-
guished once the external heat source disappears UL-94 
[20]. UL-94 standard stablishes, as a preliminary classifi-
cation, the easiness of polymers to burn. As FMVSS 302, 
UL-94 is helpful to classify the hazard of a material in a 
quick and easy way.

UL-94 test was repeated up to 4 times to assure 
the repeatability of the results. The dimensions of 
the samples were approximately 125 × 13 × 1.6  mm 

(length × width × thickness) and their initial mass was 2.818, 
2.837, 2.790 and 2.778 g for Test #1–#4, respectively. These 
tests were run in a tailor made bench according to the stand-
ard [20] dimensions.

Limiting oxygen index

Limiting oxygen index (LOI) [21] test is another common 
method to evaluate the flammability of certain material. As 
UL-94, LOI test analyses the conditions to support a flaming 
combustion on a polymer after applying an external flame. 
During the test, the sample is placed inside a gas flow made 
of a mixture of oxygen and nitrogen with different concen-
tration levels. LOI (in %) stands for the minimum oxygen 
concentration that would sustain a flaming combustion. 
Even though LOI tests were run in this work, LOI values 
are included from literature.

Results

This section gathers the results from tests and literature 
organized in subsections with the same order as previous 
section.

Simultaneous thermal analysis

Figure  1a–d displays TG and DSC curves for all tests. 
Regardless the heating rate and atmosphere, the range of 
onset temperatures, i.e. when the thermal decomposition 
process is triggered, has values between 384 and 413 °C. 
On the one hand, in oxygen-content atmosphere (Fig. 1a), 
the decomposition process had two steps: first one up to 490 
°C, and second one from 490 to 590 °C approximately. On 
the other hand, in non-oxygen-content atmosphere (Fig. 1b) 
only one step was observed between 370 and 500 °C.

As far as energy released is concerned, when the thermal 
decomposition process took place in oxygen-content atmos-
phere (Fig. 1c), there were two exothermic peaks caused by 
two mass-loss steps. In every heating rate, second peak had 
higher values than first one, i.e. more energy was released 
during the second decomposition step. A relationship 
between heating rate and energy produced was observed, 
i.e. the highest heating rates, the highest peaks of energy 
produced. Nevertheless, the total amount of energy released 
remained within the range between 2450 and 2926 J g−1. 
When the decomposition processes occurred in non-oxygen-
content (Fig. 1d), there were two endothermic peaks (at 430 
°C and 680 °C approximately), with the first peak being 
greater than the second one. It can be appreciated that the 
second peak was not linked to a mass-loss process as in oxy-
gen-content atmosphere does. Without oxygen, the energy 
absorbed had values between − 1319 and − 1157 J g−1.
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Numerous studies can be found in the literature con-
cerning the thermal analysis of neat ABS and ABS blends. 
Among others, we can highlight [33–48] and their results 
will be analysed and compared with the results from the 
experimental campaign developed in this work below.

Figure 2 shows the comparison between experimental 
results from tests and literature. To stablish a suitable com-
parison, we selected from literature those works testing neat 
ABS with same boundary conditions, i.e. same heating rate 
and same atmosphere (10 K min−1 in both atmospheres and 
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20 K min−1 for oxygen contain atmosphere only). Table 1 
compares the tests and literature including next features: (i) 
the initial mass; (ii) heating rate (HR); (iii) reference or man-
ufacturer; (iv) onset temperature; (v) mass loss; (vi) mass-
loss rate (MLR), its main peak (pMLR) and the temperature 
when is produced; (vii) energy released (area between DSC 
curve and X-axis). Unfortunately, not all parameters from 
the literature could be included because they were not men-
tioned in the original paper, thus missing values are marked 
with "–".

For all experimental tests, the onset temperatures were 
within a range between 350 and 413 °C. From 400 up to 
450 °C approximately, slight differences were observed, 
and could be caused mainly by the heating rate and the ini-
tial amount of mass. Finally, from 450 °C up to 700 °C, 
the atmosphere produced the most remarkable difference. 
Whereas in oxygen-content atmosphere the mass contin-
ued to decrease but at different rate, in non-oxygen-content 
atmosphere the mass-loss process was about finished. In 
sum, within oxygen-content atmosphere, the thermal deg-
radation was produced in two steps, while in non-oxygen-
content atmosphere; it took place in one step only. Even 
though same material and heating rates were compared, 
Fig. 2 shows slight differences between results. We discuss 
the origin of these differences in conclusion section.

Laser flash analysis

Table 2 displays the results obtained for the diffusivity. 
These values represent the average value of 10 pulses for 
each temperature. Furthermore, Table 2 includes the cal-
culated values for heat capacity, thermal conductivity and 
thermal inertia [calculated using Eq. (1)]. All parameters are 
compared with those from literature.

On the one hand, values of the diffusivity decreased with 
the increasing of the temperature. On the other hand, heat 
capacity and thermal diffusivity increased when the temper-
ature does. There are no many works concerning LFA tests 
of neat ABS in literature. Nevertheless, the values of heat 
capacity and thermal conductivity obtained from tests were 
similar to those available in literature. Diffusivity experi-
mental values were similar to those achieved in [49–51]. 
Regarding the heat capacity and the thermal conductiv-
ity, the experimental values were similar to those found in 
[51–54].

Smoke density and toxicity

Next Fig. 3 and Table 3 show the results of smoke density 
and toxicity from the two tests carried out. Both samples 
generated the same amount of smoke density ( Sd ) and they 
had similar behaviour since the mass loss, ignition and 

Table 2   Average values of measured and calculated properties in LFA tests and values from literature

#Test/references Sample shape 
(round square)

Manufacturer/type Temp./°C Dif-
fusivity/
mm2 s−1

Heat capacity/J/
g−1 K−1

Thermal 
conductivity/W/
m−1 K−1

Thermal inertia/
kJ  m−2 K−1 s−1/2

#1 R P2MC 30 0.114 1.235 0.149 1131.901
#2 R P2MC 80 0.106 1.443 0.161 1658.933
#3 R P2MC 130 0.083 2.039 0.174 3475.806
[49] – Borg-Warner 

Chemicals Inc
– 0.078 – 0.166 –

[50] R (10 × 10 × 4 mm) – – 0.140 – – –
[51] – – – 0.112 1.450 0.193 –
[52] – – – – 1.484–1.938 – –
[53] – ABS melt flow 

index 20
– – 0.628–1.758 – –

[54] S (Ø10 mm) (2 mm 
thickness)

MG94 – – 1.381 0.173 –
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extinction time were almost identical. Unfortunately, no 
reference of smoke density test concerning neat ABS was 
found in literature so as to compare the results.

Table 4 summarizes the concentration of the species and 
the range of the temperatures they reached. The measure-
ments were acquired punctually at 4 and 8 min. After test-
ing the samples 2 times, we found similar values of gases 
concentration after 4 and 8 min. The smoke of the first test 
was warmer than in second test.

Cone calorimetry

Figure 4 shows the curves obtained in experimental the tests 
and their averages curves: (a) HRR; (b) mass (normalized); 
(c) effective heat of combustion (EHC); (d) extinction coef-
ficient (K); (e) total smoke production (TSP) and (f) specific 
smoke extinction area (SEA). Table 5 summarizes the rel-
evant values of the results.

All samples loss their mass completely. As average value, 
ABS ignites at 28 s and the flameout was produced after 
115 s. As ISO 13943 indicates [31], the ignition time should 
be taken into account only as reference since this value is 
influenced by test conditions. The average value of heat 
release peak was about 1081.4 kW m−2 and took place 78 s 
(as average) after beginning of the test.

In literature, we can find several works testing neat ABS 
under a same external flux (50 kW m−2) [37, 48, 55–63]. We 
would like to highlight the works of [47] and [61] since these 

works tested ABS with different oxygen concentration level. 
These works employed a modification cone known as con-
trolled atmosphere cone calorimeter (CACC) or controlled 
atmosphere pyrolysis apparatus (CAPA). CACC or CAPA is 
a cone calorimeter modified that allows testing in different 
oxygen concentrations. These tests are not common for cone 
calorimeter tests, and they intend to clarify the determina-
tion of combustion regimes basis on the oxygen concentra-
tion. Furthermore, thanks to these tests, during the process 
of modelling process, it is expected to minimize errors and 
extend the scope of the model’s validity [64]. Therefore, the 
data obtained in different oxygen concentration are useful 
to make a comparison between oxygen-content and non-
oxygen-content atmosphere and to observe the effects of 
the lack of oxygen. In [65], authors have also studied the 
effect of the flame during combustion in cone calorimeter 
modifying the sample holder and analysing how the heat flux 
affect the ABS as a function of the decomposition and the 
combustion processes.

Not only can a heat flux of 50 kW m−2 be used for cone 
calorimeter test, but also there are other works using dif-
ferent levels. For instance, in [6, 38, 40, 66–69] a value of 
35 kW m−2 was used; in [70] the authors employed 20, 40 
and 70 kW m−2, and in [58] 50 and 75 kW m−2 were used.

HRR curve provides an overall information about the fire 
behaviour of the sample; therefore, most papers include it. 
Figure 5 compares HRR curves from tests (average value) 
and from quoted literature. HRR curves from literature were 

Table 3   Results of smoke density ( S
d
 ) tests

Test Thickness/mm Initial mass/g Final mass/g Ignition time/s Extinction 
time/s

S
d
 at minute 4/- S

d
 at min 8 S

d
 max

#1 11.7 11.7 0.2 30 579 1056 1056 1056
#2 2.1 12.0 0.3 33 600 1056 1056 1056

Table 4   Species measured by 
FTIR gas analyser from smoke 
density and toxicity tests

Gas Test #1 Test #2

4 min 8 min 4 min 8 min

Carbon dioxide (CO2)/ppm 20,918.2 23,194.1 21,858.13 23,126.73
Carbon monoxide (CO)/ppm 1141.2 1237.6 1217.84 1304.14
Nitrogen monoxide (NO)/ppm 167.6 166.41 182.2 196.98
Nitrogen dioxide (NO2)/ppm 0.65 2.08 0.13 1.09
Sulphur dioxide (SO2)/ppm 9.35 5.74 10.17 10.63
Hydrogen chloride (HCl)/ppm 0.4 0 0 0
Hydrogen fluoride (HF)/ppm 0 0 0 0
Hydrogen cyanide (HCN)/ppm 69.15 72.65 80.36 82.18
Hydrogen bromide (HBr)/ppm 7.93 15.34 6.1 8.91
NOx/ppm 168.25 168.49 182.33 198.07
Range of temperatures of the smoke 

produced/°C
103.7 ÷ 105.9 100.8 ÷ 100.9
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obtained with same boundary conditions and material, i.e. 
an external flux of 50 kW m−2 and neat ABS. Furthermore, 
it is also included the results from [61] with an oxygen level 
of 12.5% O2 plotted in blue dotted line.

Although all samples were made of neat ABS, there was 
a certain degree of divergence in the results. The average 
experimental curve matched with most of the curves from 
literature up to approximately 50 s. After this moment, the 
experimental average curve was similar to [63] curve only, 

up to HRR peak was reached. Among the curves form lit-
erature, there were similarities between most of them, with 
some exceptions such as [58, 60, 63]. While time to ignition 
was similar, around 30 s, HRR peaks and time when they 
took place were different. Nevertheless, most of tests pro-
duced a peak HRR of about 1000 kW m−2 and took place 
between 78 and 150 s. As for the duration of the tests, there 
were differences due to different initial amount of mass and 
thickness of the samples. These two properties could modify 
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the shape of the HRR curve, changing the value of peak and 
the peak width.

Table 6 includes the results from experimental tests (aver-
age values) and from quoted works that employ same heating 
rate. As some original works did not include the request 
value, some fields of this table are marked as “−”. Besides, 
Table 6 includes other characteristics that helps to define 
the samples employed such as shape, pigmentation, grid and 
denomination of the polymer.

Propagation

Table 7 shows the results from propagation tests according 
to FMVSS 302 standard. The control points, established by 
this standard, represent the distances between them and the 
edge where the fire starts. The gaps between the edge and 
control points were 38, 165 and 292 mm for 1st, 2nd and 3rd 

point, respectively. The times displayed in the table indicates 
the moment when the flame front reached each control point, 
whereas the burn rate indicates the front-flame propagation 
velocity.

Even though for the 1st control point of Test #2 there 
was an noticeable difference, similar times between tests 
were obtained. As average, a burn rate of 36 mm/min was 
observed. Regarding propagation test, in [71] authors ana-
lysed up to 48 materials from parts used inside and outside 
the passenger car, among them the neat ABS. It was found a 
value of 33.02 mm min−1 for the burn rate, which was simi-
lar to the value of Test #3 and diverged up to 5 mm min−1 
from Test #1.

Flammability

All tests carried out produced flaming drops, hence, accord-
ing to [20], when the specimen drips flaming particles the 
material obtains “No Rated-NR” class, i.e. the material does 
not achieve the minimum requirements to obtain even the 
lowest category. The neat ABS is an easily flammable poly-
mer, as it was expected. The results from literature classified 
the neat ABS as “NR”; however, in [62] the ABS measured 
by the authors burnt completely and obtained the “HB” 
class, which implies “Slow burning”.

Table 8 summarizes the classification obtained, the event 
that produces that classification and the instant when it takes 
place.

Limiting oxygen index

Table 9 gathers the LOI limits measured from literature. 
Having obtained an average value of 18.3% of oxygen con-
centration to support a flame during its combustion, ABS 
can easily maintain a flame under normal atmospheric 
conditions.

Table 5   Cone calorimeter results

Measurement Test #1 Test #2 Test #3 Test #4 Average

Initial mass/g 21.80 22.20 22.50 22.30 20.20
Total mass loss/g 21.68 21.97 21.61 21.11 21.59
Ignition time/s 29 29 26 28 28
Flameout time/s 117 117 114 115 116
HRR peak/kW m−2—(time peak/s) 1114.3 (75) 1057.4 (80) 1076.4 (80) 1077.3 (80) 1081.4 (79)
FIGRA/kW m−2 s−1 14.8 13.2 13.4 13.4 13.7
MLR peak/g s1—(time peak/s) 0.42 (70) 0.40 (75) 0.40 (75) 0.45 (60) 0.42 (70)
EHC peak/MJ kg—(time peak/s) 89.2 (130) 83.4 (135) 73.7 (115) 65.5 (100) 77.9 (120)
K peak/1 m−1—(time peak/s) 17.4 (65) 16.8 (80) 16.6 (80) 14.1 (70) 16.3 (73)
SEA peak/m2 kg−1—(time peak/s) 1852.3 (115) 1769.5 (105) 1811.7 (100) 2427.0 (105) 1965.1 (106)

2000 Test average
REF[37]
REF[48]
REF[55]
REF[56]
REF[57]
REF[58]
REF[60]
REF[61]
REF[62]
REF[63]
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Table 6   Cone calorimeter results under heat flux of 50 kW m−2: experimental tests (average) and literature

Measurement Test average [37] [48] [55] [56] [57]

Initial mass/g 20.20 35.00 ± 3 – – – –
Thickness/mm 2.0 3.3 – – 3.2 –
Shape (square/round) S S S – S –
Side—diameter/mm 100 100 100 – 100 –
Pigmentation No – – – – –
Denomination P2MC 0215 A 727 Qimei PA-757 GP22, BASF –
Sample set-up/underneath sample 

insulation
Wrapped with 

aluminium foil/
ceramic fibre

– – – Wrapped with 
aluminium

–

Top grid No No – – – –
Total mass loss/g 21.59 76% – – – –
Ignition time/s 28.0 21.0 65.0 27.0 24.0 32.0
Flameout time/s 115 – 343 – – –
HRR peak/kW m−2—(time peak/s) 1081–78 698–162 951–178 1078–128 1016–137 980–150
FIGRA/kW m−2 s−1 13.70 4.90 5.34 8.40 6.50 9.20
MLR peak/g s−1—(time peak/s) 0.42–70 – 0.096 – – –
EHC peak/MJ kg−1—(time peak/s) 77.90–120 73.7/– – – – –
K peak/1 m−1—(time peak/s) 16.20–72 – – – – –
SEA peak/m2 kg−1—(time peak/s) 1965–106 – – – – –

Measurement [58] [59] [60] [61] [62] [63]

Initial mass/g 10.65 33.00 ± 0 39.39 32.09 ± 0.15 – –
Thickness/mm 10.0 3.3 4.0 3.0 ± 0.03 4.0 5.0
Shape (square/round) S S S S S S
Side—diameter/mm 100 100 100 100 100 100
Pigmentation – – – White – –
Denomination C8H8-C4H6-C3H3N Terluran GP-35 

INEOS Styro-
lution

Recycled 
ABS

POLYPENCO 
42,400,104/3 
MM

Çrocadur RABS 52 ELIX 128 
IG

Sample set-up/underneath sample 
insulation

Wrapped with 
aluminium foil/
ceramic fibre

– – Aluminium foil/
silica wool

Aluminium foil/– –

Top grid – No – No – –
Total mass loss/g – – 38.75 –- 99.26% 99.48
Ignition time/s 49.0 32.0 ± 2 15.0 20.7 ± 1.5 24.0 32.0
Flameout time/s – – 430 330 361
HRR peak/kW m−2—(time peak/s) 970/430 1509 ± 13/–- 486/165 993/152 486.05/152 1760/156
FIGRA/kW m−2 s−1 2.80 – – – 3.45 –
MLR peak/g s−1—(time peak/s) 0.31–431 – 0.2–165 0.77–139 – –
EHC peak/MJ kg−1—(time peak/s) – – 14.85- - – – –
K peak/1 m−1—(time peak/s) – – – – – –
SEA peak/m2 kg−1—(time peak/s) – – – – – –

Table 7   Results of the 
propagation tests

Measurement Test #1 Test #2 Test #3 Average [71]

1st control point—time to reach/s 99 51 92 81 –
2nd control point—time to reach/s 293 273 314 293 –
3rd control point—time to reach/s 499 482 543 508 –
Burn rate ( B)/mm min−1 38.00 35.00 34.00 36.00 33.02
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Conclusions and discussions

This work shows the results of different types of laboratory 
tests carried out on neat ABS and compare them with results 
from other relevant works from literature. Through these 
two approaches, this paper aims to present a comprehensive 

characterization of neat ABS fire behaviour: (i) providing 
a comprehensive baseline for the comparison between neat 
and blended ABS; (ii) enhancing similarities and differences 
in results due to experimental set-up. Despite testing the 
same material using similar boundary conditions, some dif-
ferences have been found.

Regarding STA tests, as a function of atmosphere 
and the heating rate, TG and DSC different curves were 
obtained, as it has already observed in [25, 42]. None-
theless, despite using same atmosphere and heating rate, 
some differences arose between curves. For instance, in 
Fig. 2a at 10 K min−1, there were discrepancies in onset 
temperature and final amount of residue. While in Test #3 
and Test #4 the onset temperature were 394 and 401 °C, 
respectively, in literature the values found were 385 °C 
in [33], 390 °C in [40, 41] and 395 °C in [42]. Regarding 
the residue, Test #3 and #4 left 4.68% and 2.41%, respec-
tively, and among the quoted references were found values 
of 9.77, 4.00 and 1.02% for [40–42], respectively. These 
differences could be originated due to the origin of the 
material because they come from different manufactures 
and the different initial amount of its components. The 
thermal degradation of the ABS is accepted to be the sum 
of several overlapped processes that produce one single-
step reaction [79], alike end-chain and random-chain scis-
sions. The small differences found are directly related to 
the initial butadiene content. While the degradation of the 
butadiene started about 340 °C and the styrene at 350 °C, 
the acrylonitrile began at 400 °C [80]. Nonetheless, under 

Table 8   Results of the UL-94 
flammability tests

Test/references Manufacturer Event Time (s) Classification

#1 P2MC Sample falls and burns the cotton 36 NR
#2 P2MC Sample falls and burns the cotton 29 NR
#3 P2MC First drop falls and burns the cotton 16 NR
#4 P2MC First drop falls and burns the cotton 27 NR
[4] Cheil industries – – NR
[35] Terluran GP-22, BASF – – NR
[37] 0215 A – – NR
[38] 0215 A – – NR
[46] PA-757 Chimei – – NR
[48] 727 Qimei Dripping – NR
[55] PA-757 – – NR
[56] GP22, BASF – – NR
[62] Rocadur RABS 52 Burning drops – HB
[63] ELIX 128IG Flammable drips – NR
[68] PA-757 K – – NR
[72] ELIX 128IG – – NR
[73] – – – NR
[74] PA-747, Qimei Industry 

Stock Limited Com-
pany

– – NR

[75] Cheil industries – – NR

Table 9   Results of LOI tests from literature

References Manufacturer LOI / vol%

[4] Cheil industries 18.3
[35] Terluran GP-22, BASF 19.0
[37] 0215 A 18.0
[38] 0215 A 18.4
[46] PA-757 Chimei 18.5
[48] 727 Qimei 18.0
[55] PA-757 18.7
[56] GP22, BASF 19.0
[62] Rocadur RABS 52 18.5
[68] PA-757 K 18.2
[76] – 17.8
[70] Cycolac CTB ABS terpolymer (Borg-

Warner)
17.6

[72] ELIX 128IG 18.0
[75] Cheil industries 18.4
[77] Cheil industries (18 mass% butadiene,  

35.9 mass% acrylonitrile)
18.5

[78] – 18.3
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non-oxygen-content atmosphere, the mass-loss process 
happened in one step, between 350 °C and 500 °C. In this 
range of temperatures, the pyrolysis of the main chain was 
produced [80]. Other factors such as gas flow are unknown 
as well, except for [33, 41, 46, 47], and they may have 
influence on the results. In [25], the effects of boundary 
conditions in STA tests were analysed concluding that 
boundary conditions such as initial mass, gas flow, etc. 
have influence in TG and DSC curves. Therefore, it seems 
to be important define the boundary conditions of STA 
and provide them in publications so as to have a complete 
information about the test set-up.

As far as LFA tests are concerned, the results from tests 
and from literature show slight differences. As the diffu-
sivity ( ∝ ), heat capacity ( Cp ) and thermal conductivity ( k ) 
are dependent on the temperature, the differences could be 
explained due to test temperatures. There are few works in 
literature for neat ABS and those available do not specify the 
temperature at which the test was run. This lack of informa-
tion about boundary conditions could mislead the readers; 
therefore, to improve the quality of the data, it is recom-
mended to provide a full description of the test, e.g. tem-
peratures where the tests are carried out, sample dimensions 
and manufacturer.

As for cone calorimeter tests, as sample sizes increase, 
the discrepancies between results became even more sig-
nificant. Although test results in this work achieved a good 
degree of repeatability, when they were compared under 
similar circumstances with the literature ones, there were 
some differences. Whereas time to ignition and HRR peaks 
had a certain degree of coincidence (except [58, 60, 62, 
63]), FIGRA, time to HRR peak, and duration of tests had 
a wide range of values. These differences could stem from 
point similar to those identified in STA tests. For instance, 
the thickness of the sample, its shape (square or round), the 
configuration of the unexposed face of the sample (insula-
tion or not) and the fact of manufacturers produce the ABS 
adding components in different concentrations [79]. The 
effect of the sample thickness has already analysed in [81] 
(chapter 26) for the polymethyl methacrylate (PMMA) and 
found to be a significant feature of sample behaviour. All in 
all, these aspects may modify the total amount of heat flux 
received and reflected by the sample, therefore, how this heat 
flux behaves within the sample as [82] describes. In addition, 
as the samples analysed in this type of test are larger, the dif-
ferences between works from references are more significant 
than in STA and LFA tests. Despite this circumstance, not 
all works report all information, which would be useful to 
explain the differences. Table 6 shows how the samples com-
pared have different thickness, shape and sample insulation; 
therefore, the results are affected.

The results concerning propagation revealed no signifi-
cant differences between essays and literature.

The flammability was studied using two types of tests: 
UL-94 and LOI. While UL-94 provides quality results, LOI 
gives quantity results. For this reason, the results of UL-94 
tests and literature had similar outcome, i.e. “No-Rated”. It 
means that neat ABS is highly flammable, as a result, this 
polymer usually blended with flame retardants. On the other 
hand, although the dimensions of the sample and the test 
procedure [21] does not allow many differences, LOI tests 
obtained different values. The minimum oxygen index val-
ues were between 17.6 and 19.0%. These differences could 
stem from the origin of the ABS, i.e. the chemical composi-
tion of the ABS.

On the whole, the differences highlighted in this paper 
support the idea that providing full details about sample 
and test set-up, as far as possible, would make the com-
parison between works more suitable. It would also mean 
less divergence in results due to more similar materials and 
test characteristics are compared. These features are use-
ful for researchers to know how experiments are conducted 
and whether they agree with the boundary conditions the 
researchers are looking for.

Thanks to the data and properties listed in results section, 
this work stands for a useful baseline for any future altera-
tion of neat ABS, representing an starting point to make a 
comparison between neat one and mixed ones.
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