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Abstract: The dripping behaviour of polymers is often
observed experimentally through the UL94 flammability
standard test. In this work, polymeric dripping under fire
is investigated numerically using particle finite element
method. A parametric analysis was carried out to observe
the influence of a single property on overall dripping beha-
viour via a UL94 vertical test model. Surrogates and prop-
erty ranges were defined for variation of the following
parameters: glass transition temperature (Tg), melting tem-
perature (Tm), decomposition temperature (Td), density (ρ),
specific heat capacity (Cp), apparent effective heat of com-
bustion of the volatiles, char yield (µ), thermal conductivity
(k), and viscosity (η). Polyamide, poly(ether ether ketone),
poly(methyl methacrylate), and polysulfone were used as
benchmarks. Simulated results showed that specific heat
capacity, thermal conductivity, and char yield allied with
viscosity were the properties that most influenced dripping
behaviour (starting time and occurrence).
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1 Introduction

Melt flow and dripping can interfere with the classification
of polymers in flammability testing (1). This is true for the
UL 94 vertical test (2), where the ability of a small plastic
part to extinguish or spread the flame after ignition is
measured. There the specimen is exposed to a small flame,
and the measured burning time, whether the fire reaches

the clamp, and the presented dripping are the standard
criteria for a material’s classification. If a material passes
the first two criteria, the dripping condition (as flaming
drops, non-flaming drops, or no dripping) delivers three
different ratings: V-2, V-1, or V-0. The most desirable rating
in flame retardancy is V-0, basically meaning extinction
within 10 s with no dripping or with non-flaming drips.
The classifications V-1 and V-2 allow extinction within
30 s and non-flaming and flaming drips, respectively. For
this reason, the UL 94 test has been proposed for a quanti-
tative and qualitative investigation of dripping behaviour
(3). Based on safety requirements, the UL 94 classifies the
usability of the materials for specific end-uses, such as in
electrical equipment and products.

Melt flow and dripping are a physical response to the
chemical process of polymeric combustion. Heat and fuel
are removed from the pyrolysis zone. Thus, dripping com-
petes with gasification and charring (4). Many factors can
lead or contribute to favouring dripping over the other
mentioned responses, namely, the sample dimensions, the
polymeric properties (chemical and physical), the material
composition (influence of blending and additives, such as
fillers, nanomaterials, and flame retardants), and the
mechanism of decomposition involved (type of chain
scission, released volatiles/products, cross-linking, and
residue formation) (3–26). Experimental observation of
the dripping phenomenon is fundamental for under-
standing its specific causes in each polymeric system.

A common agreement among different works on sev-
eral polymers that investigate dripping is that viscosity at
low shear rates may be the main factor governing dripping
behaviour (20–23). This is suggested by the observation
that adjustments to the viscosity of a melting or decom-
posing material can lead to a flow limit (4,5,8,11). This is of
great interest where the main goal is to develop new ways
to minimize dripping and to improve UL94 test classifica-
tion of polymeric products as well (6–10), especially to
prevent dripping in V-0 classified materials (20) and to
enhance non-flaming dripping in V-0 classified materials
too (27,28). To achieve these objectives, more knowledge of
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viscosity’s role in dripping is necessary. In the experimental
approach, for example, the quest is for suitable polymeric
systems: finding the adequate additive, in the right amount,
that will perform in the desired way (accounting for chemical
interactions) to exert the expected restriction on dripping,
while maintaining the properties required for its application
(18,20,21,29–31). This path applies to investigating any other
potentially relevant property so that its behaviour can be
understood through experimentation. New methods of mea-
surement may be developed as well. The process is costly, but
it is necessary to acquire information about new develop-
ments. Nevertheless, numerical tools can help this knowledge
expand faster through the use of a reversed approach: from
properties (or cause) to dripping.

Particle finite element method (PFEM) is a numerical tool
developed to solve complex fluid-structure problems (32). As
described, the burning process can be an intricate problem
because of the various interactions in intermediate stages. A
solid polymer may be converted into different states of
matter during burning, due to processes including heat
transfer and material decomposition. Accordingly, when the
polymeric material part is in a suspended position, there is
the possibility of fluid flow. PFEM can treat the polymer as a
structure and as a fluid, covering the problem of fluid drops
separating from a solid portion of the material (33). This
computational method has been used to successfully predict
the dripping behaviour of polymeric materials under testing
conditions, such as in the EN 50399 bench-scale test for cables
(34) and in the UL94 vertical standard test (4,22,27,35,36). How-
ever, the influence of viscosity has been reported as a factor
limiting improved predictions (36).

In this work, a parameter analysis was performed using
PFEM. The impact of input parameters (polymer properties)
on dripping behaviour (starting time and number of occur-
rences during the full simulated time) was investigated.
Precisely, the effect of different viscosities, transition tem-
peratures (glass, melting, and decomposition temperatures),
char yields, densities, thermal conductivities, apparent effec-
tive heats of combustion, and Arrhenius parameters (activa-
tion energy and pre-exponential factor) on dripping was
observed. The simulated findings were compared to some
experimental data (benchmarks) and literature data.

2 Experimental

2.1 Numerical approach

The PFEM (32) was the computational method chosen to exe-
cute this parameter analysis work on dripping behaviour.

In contrast to the Fire Dynamic Simulator and ThermaKin
tools – which had parametric studies on mass loss rate
(37–39) and recently a developed model for UL94 test
(40,41), the PFEM uses an updated Lagrangian description
to address complex problems between fluid and solid
mechanics, such as large deformations, coupled thermal
effects, immiscible interactions, fragmentation, melting,
and dripping, among others (42). The method combines
standard finite element method with particle-based tech-
niques. In the PFEM, the analysed mesh domain is formed
by discretized boundaries and nodes. The nodes carry all
of the material information (properties) as small material
particles (points). These points can move freely and can
even separate from the main domain of analysis. Under
the modelled condition, nodes are tracked during the tran-
sient solution. Then the boundaries are redefined accord-
ingly by the Alpha-Shape algorithm (35,33), and the mesh is
regenerated at the new position. State variables are solved,
and the motion equations are solved again, such that the
domain is updated at each time step. Details on the gov-
erning equations and the discrete equations, as well as
PFEM general code details, are given elsewhere (35,42).

The modelled scenario was based on the UL94 vertical
test. A 3D specimen geometry with the dimensions of 125.0 ×
6.5 × 1.5 mm3 was generated with GiD software (version
15.1.6.d). It contained 3,285 nodes and 12,095 tetrahedral
elements. The velocities were fixed on the top of the spe-
cimen to model clamping. The simulation consisted of 10 s
of flame application plus 20 s of after-flame time. It corre-
sponded to an observation of both the first ignition and the
first after-flame time of the UL94 vertical test. The starting
temperature of the specimen is set to 298 K. The heat flux
Q1 due to the flame of the burner and the heat flux Q2 from
flame due to burning polymer are applied to the specimen
bottom tip. The maximum heat intake by the flame was set
to 150 kW·m−2 (43). It was applied as an exponentially
decreased function at the bottom of the specimen. The total
heat intake of the specimen due to the burner was set to ∼

48W. In addition, heat flux due to combustion of the pyr-
olysis gases was determined. Gasification was based on the
product of density, heat of decomposition, and volume var-
iation. Heat feedback corresponded to the heat release rate
(HRR) calculation of the material (the product of the mass
loss rate and apparent effective heat of combustion). The
apparent effective heat of combustion was the product of
the heat of combustion of the volatiles and the combustion
efficiency. The HRR was reduced by the char yield. Char-
ring is considered as storage of fuel competing with fuel
release and heat production. The thermal decomposition
kinetics is described by a one-step, first-order Arrhenius
equation. During the after-flame time (the following 20 s)
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only Q2 is applied, taking into account the removal of the
burner. The maximum heat flux at the bottom by the flame
remains set to 150 kW·m−2. More details on the boundary
conditions of the model can be found in ref. (4).

The input parameters for PFEM simulation are the
following: viscosity, activation energy and Arrhenius coef-
ficient of decomposition, char yield, density, effective heat
of combustion, heat of decomposition, specific heat capa-
city, and thermal conductivity of the material. The simula-
tion materials (surrogates) were designed considering all
these parameters. These polymers comply with the depen-
dency relation between viscosity and key temperatures. To
identify the influence of each parameter on dripping beha-
viour, they were varied under a selected range specified
below in Section 2.3. The combustion efficiency was set to 1
for all surrogates developed, neglecting fuel dilution and
flame inhibition effects. The results for the dripping time
were set to seconds relinquishing digits after the point to
make the identification of the property effects easy and
reliable during the simulation time (30 s). By the way, drip-
ping times in seconds enable also the reasonable comparison
with other experimental and simulating works analysing
dripping (12,16,22).

2.2 Benchmarks

Four thermoplastics were experimentally evaluated for
this work: polysulfone – PSU (Ultrason® S2010, BASF),
poly(ether ether ketone) – PEEK (450 G, Victrex™), polya-
mide 6 – PA6 (Technyl® S27 BL, Solvay), and poly(methyl
methacrylate) – PMMA (Pexiglas®). The UL-94 vertical test
was performed according to (2) using specimens with the
dimensions of 125.0 × 13.0 × 3.0 mm3. The small-scale test was
recorded by a conventional digital camera to ease dripping
quantification. An infrared camera was also used to monitor
heat spread (Therma CAM S65 FLR).

Most of the other material properties were obtained
through measurements. Density was obtained from a sample’s
weight and dimensions. Thermal transitions were observed via
differential scanning calorimetry (DSC) performed using a
NETZSCH DSC 204F1 Phoenix at a heating rate of 10°C·min−1

from −50°C to 35°C under a nitrogen atmosphere (50mL·min−1),
using samples in pellet form (8.0 ± 0.1mg). The decomposition
was assessed via thermogravimetric analysis (TGA) performed
using a NETZSCH TG 209F1 under 30mL·min−1 nitrogen flow,
heating from 2°C to 90°C at a heating rate of 10°C·min−1 using
samples in powder form (10.0 ± 0.1mg). Thermal conductivity
was measured according to ISO 22 007 in a TPS 1500 Hot Disk
instrument using the transient plane heat source method. A

sensor with a radius of 3.189mm was used on fire test speci-
mens. The specific heat capacity was determined via DSC in
accordance with the ISO 11357-4 standard. The heat of decom-
position was taken from the literature (44). The effective heat
of combustion of the volatiles was determined via a cone
calorimeter (FTT equipment) under a heat flux of 50 kW·m−2.
Parameters of the decomposition kinetics were obtained from
TG data of the materials measured at different heating rates (2,
5, 10, and 20°C·min−1), according to ASTME698. Rheological
properties were measured in a plate-plate rheometer (MCR
501, Anton Paar) in oscillation mode, with an angular fre-
quency of 100–0.1 rad·s−1 and a deformation amplitude of
0.5%, using samples in pellet form. The temperature of rheo-
logical measurements differed for eachmaterial and was set to
one above the melting temperature and under the decomposi-
tion temperature.

2.3 Viscosity setup

Viscosity is the most important parameter controlling drip-
ping. The rheological response of the materials to heat is a
critical input to the dripping problem in the PFEM tool.
From the temperature calculated for each node, the visc-
osity as a function of temperature can be continuously
updated in the domain.

To study both the impact of viscosity and the impact of
other properties on dripping, viscosity must be estimated
as a function of temperature. Therefore, base curves for
the surrogates were proposed (Figure 1). They were based
on rheology data from our selected benchmarks (PA6,
PEEK, PSU, and PMMA) and on published data for polypro-
pylene (PP) (14,35), polycarbonate/acrylonitrile–butadiene–
styrene (4), polyamide 4.6 (PA46) (22), and intumescent coat-
ings (45). These base curves consist of two types of viscosity
reduction (curves 1 and 2), and the same two types of main
reduction followed by a rise (curves 1.c and 2.c). Curve 1
represents a steeper decline, while curve 2 represents a
more gradual decline. Among the evaluated thermoplastic
materials, there was a tendency for amorphous materials to
perform like curve 1, and for semi-crystalline materials to
perform the way approximated by curve 2. The rise in the
viscosity of curve 1.c and curve 2.c is attributed to cross-
linking and char formation in amorphous and semi-crystal-
line materials, respectively. In a comprehensive way, these
four curves correspond with the flow behaviour of most
thermoplastics.

The flow curves begin from the solid state, which was
set to 107 Pa·s for all materials. In different curves, the glass
transition temperature (Tg) and the melting temperature
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(Tm) were set as the first point of transition from the solid
to the fluid state of the thermoplastics. These are the first
points where the decreased resistance to flow can favour
dripping/melt flow. For amorphous thermoplastics (curves
1 and 1.c), the starting point of the decrease in viscosity is
clearly the glass transition temperature (Tg). Despite the
existence of a Tg in semi-crystalline materials as well, it
makes the material bonds more flexible but does not neces-
sarily allow flow. This is the case for materials such as
PEHD, PELD, and PP, for example, which have Tg values
below °C, and are softer at room temperature but remain in
the solid state. Matzen et al. showed that dripping below Tm
resulted from regions of the specimen that became soft (20).
Moreover, our recent study showed that the Tm has much
greater impact than Tg on the dripping behaviour under fire
of polyamide 4.6 – a semi-crystalline material (22). Accord-
ingly, the starting point of the significant decrease in viscosity
for semi-crystalline thermoplastics adopted here was the
melting temperature (Tm).

The second transition point set was the decomposition
temperature (Td). In several rheological measurements, a
small viscosity plateau of low value was observed between
the onset and end of Td. Here, this plateau was neglected
and only one point of transition was used. This was the
point of most conversion, the temperature of the peak of
decomposition obtained from dTG curves (from TGA).
Viscosity increases after Td for charring polymers, while
viscosity reaches zero after Td for non-charring polymers.
Most drops generated under fire form after the decomposi-
tion temperature is reached, due to the extremely high
heating rate of the fire. Evaluation revealed that the drops

contain melted and decomposed polymer. In flaming drops,
the presence of decomposed material is increased (21).

In Figure 1, the temperature resistances differ between
the respective pairs of materials (curve 1/1c and curve 2/2c).
Charring polymers tend to be more resistant than non-
charring polymers, as can be seen in the temperatures
in Table S1. Table S1 shows the selected ranges of transi-
tion temperatures to be simulated in this work based on
Lyons’s data for several polymers (46). The viscosity func-
tion at PFEM is applied according to the polymeric tem-
perature reached during test.

The other input parameters necessary for simulation
are displayed in Table 1. The surrogate was defined based
on a range of values found for thermoplastics (38,39,46).
The Arrhenius coefficient (A) and activation energy (Ea)
were set according to the Td utilized and not subjected to
further independent variation, due to their correlation
(38). In Table 2, charring and non-charring versions of
the surrogate (Table 1) were defined according to their
viscosity and temperatures. No additional structural differ-
entiation was made between charring and non-charring
materials in the model. Parameters were considered being
rather independent from each other; this fundamental
approach was chosen to vary properties in their reason-
able range but independently from each other. Links such
as aromatic structures in the main chain yield higher soft-
ening temperatures and higher char yields are not used.
The exact flow curves depicted in Figure 1 are those from the
designed surrogates of Table 2. Simulations were named as
am – amorphous, am_c – amorphous charring, sc – semi-
crystalline, and sc_c – semi-crystalline charring. The impact
of charring on the viscosity is taken into account as the most
important phenomenon but without establishing it as func-
tion of the char yield.

0 300 600 900
10-1

101

103

105

107

Vi
sc

os
ity

 (P
a.

s)

Temperature (°C)

 Curve 1 
 Curve 1.c 
 Curve 2 
 Curve 2.c

solid state

Tg Tm

TdTd

charring

charring

Td
Td

Figure 1: Proposed flow curves for different thermoplastic materials
(simulation surrogates).

Table 1: Range of polymeric input parameters and the selected values
for surrogates

Input parameter Range Surrogate Units

Density (ρ) 800–2,200 1,100 kg·m−3

Thermal conductivity (k) 0.10–0.45 0.27 W·m−1·K−1

Specific heat
capacity (Cp)

900–2,100 1,500 J·kg−1·K−1

Activation energy (Ea) 100–300 200 kJ·mol−1

Arrhenius coefficient (A) 2.0 × 109–5.0
× 1021

(see Table 2) s−1

Char 0–68 (see Table 2) %
Effective heat of
combustion (EHC)

4–45 25 MJ·kg−1

Heat of
decomposition (Hdec)

800–2,600 1,700 kg·J·kg−1
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3 Results and discussion

Results of simulation runs are illustrated by graphs of time
vs dripping occurrence. These indicate the occurrence of
dripping in a specific time (in seconds) during the simula-
tion, but the number of drops generated in each of those
occurrences was not discretized in the work. This choice
was made to focus on dripping resistance rather than
quantification. The work addresses drip prevention as
the greatest goal by identifying the most important factors
(properties) triggering the occurrence of dripping.

3.1 Surrogates

As shown in Figure 2a, a nearly steady production of drops
is observed. This non-stop dripping behaviour is attributed
to the response of the surrogates’ overall properties (especially
the parameters of decomposition kinetics) to the heat fluxes
applied. From the evaluation of temperatures reached by the
tip of the specimens (calculated for each node of the generated
mesh – shown in Figure 2b – at each time step), burning
behaviour was identified after removal of the Bunsen flame.

The am simulation started to drip during application
of the flame (at 7.0 s), while the sc simulation started drip-
ping after the first 10 s (at 13.0 s). This indicates a better
resistance to flow for simulated sc. Over the same total
testing time (30 s), the production of drops was slightly
higher for sc than for am. When the two simulated speci-
mens’ tips were compared at the same simulation time
(Figure 2c and d), it became clear that am lost more mass
due to dripping and gasification than sc. In this example, at
20 s, the am specimen tip presented a maximum tempera-
ture of 366°C (Figure 2c), which is below Td (46°C), while sc
had a maximum temperature of 432°C (Figure 2d), which is
above Td (393°C). At this point, the drops generated by am
could be considered melt dripping, while the dripping gen-
erated by sc was a product of decomposition. However, the
low temperature of am in this specific simulation time was
related to a release of heat from the previous dripping (at

19 s). Thus, the complexity of dripping quantification and
evaluation is also depicted numerically.

A stair-step characteristic emerged in the curves when
a higher interval of time between two dripping occur-
rences was observed. This was attributed to a previous
large mass loss due to dripping which liberated heat and
then to the new heat accumulation time until the next drip.
The repeated process of mass and heat accumulation
through the advancement of the melting front and the total
heat flux leading to dripping was reported by ref. (47).

Table 2: Types of surrogates designed for simulations

Simulation* Viscosity** Tg (°C) Tm (°C) Td (°C) A (s−1) Char yield

Am 1 187 467 1.30 × 1012 —

am_c 1.c 187 567 2.70 × 1010 30
Sc 2 — 217 393 4.80 × 1013 —

sc_c 2.c — 217 513 1.90 × 1011 30

*Nomenclature: am – amorphous, am_c – amorphous charring, sc – semi-crystalline, sc_c – semi-crystalline charring.
**Curve denominations from Figure 1.
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Figure 2: (a) Results of the am and sc simulation; (b) specimen tip of the
initial (t = 0 s) mesh model; (c) the am specimen tip at t = 20 s with
achieved temperatures (in Kelvin), and (d) the sc specimen tip at t = 20 s
with achieved temperatures (in Kelvin).

Effects of property variation on UL 94-dripping  5



The viscosity curve and the transition temperatures
used in the surrogates influenced the dripping starting
time and the dripping occurrence. Further investigations
on Tg, Tm, and Td variation were performed to better
understand this influence.

3.2 Transition temperatures

Figure 3 shows the collection of results from varying tran-
sition temperatures. All temperatures applied were chosen
from the range reported in Table S1. When the first transi-
tion temperature (Tg or Tm) was varied, the decomposition
temperature remained the same, and vice-versa.

Four am simulations were performed at varying glass
transition temperatures (Tg) (Figure 3a). Increasing the Tg

slightly increased the delay to the start of dripping (from 3
to 7 s). This minor difference was attributed to the sharp
decline in viscosity applied for am simulation, which allowed
the dripping flow to start easily/quickly after any Tg value was
achieved. A reduction in the occurrence of dripping was also
observed when Tg was increased from 10°C to 18°C (from 21 to
10 occurrences). This corresponds with the idea that the
higher the transition temperature, the higher the dripping
resistance. However, for the highest Tg value (22°C) dripping
increased again to 13 occurrences, a probable effect of the
increased proximity to the decomposition temperature (Td).

Five sc simulations were run with different melting
temperatures (Tm). The results are shown in Figure 3b.
Tm values of 10°C and 16°C had dripping start at 8 and
6 s, respectively. After that, an increase in the Tm value
resulted in an increased delay in the time at which drip-
ping started. The differences between dripping starting
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times were very significant in this case; for Tm 33°C, the
dripping started only at 20 s. With the exception of Tm 16°C,
the higher the Tm, the lower the occurrence of dripping
(from 17 to 4). Thus, in sc simulations, the dripping occur-
rence at the highest Tm value (33°C) was not affected by its
proximity to Td (39°C). The reason seems to be that after the
specimen reached Tm, the gradual decline in the viscosity
applied to sc offered more resistance to droplet flow up to
Td than in the am materials.

To assess Td variation, the non-charring surrogates
(am and sc) were used. For am simulations (Figure 3c),
no major alteration in the start of dripping was observed
for the three different Td applied: the dripping start shifted
to 6, 7, and 8 s when Td was increased. The decreasing
order of dripping occurrence observed was as follows:
the lowest Td value produced the most dripping occur-
rences (15), followed by the highest Td (12), and the middle
value of Td (10). For sc simulations (Figure 3d), the highest and
the lowest Td values had a similar delay in dripping start
(7 and 8 s, respectively), as compared to the middle value of
Td (13 s). As for am, the middle value of Td applied to sc had
fewer dripping occurrences (13) than the other two.

3.3 Physical properties

Besides transition temperatures, the other properties eval-
uated were density, thermal conductivity, and specific heat
capacity.

The results of varying the density of the am and sc
surrogates can be seen in Figure 4a and 4b, respectively.
The values utilized were 800, 1,100, and 1,400 kg·m−3. No
alteration in dripping starting time was registered for any
variations in the respective groups. The dripping curves of
the runs nearly overlapped, especially in the sc simula-
tions. The density value applied to am (1,100 kg·m−3) had
the lowest dripping occurrence for this group (10). In the sc
group, the difference in dripping occurrence between the
runs did not start until 25 s into the simulation and was
very slight. Thus, the observed effect of varying the density
was minor.

The results of varying thermal conductivity for am and
sc simulations are shown in Figure 4c and d, respectively. The
values utilized were 0.10, 0.27, and 0.45W·m−1·K−1. Increasing the
thermal conductivity of am materials increased the dripping
occurrence: it went from 7, to 10, and then 14. The lowest k value
(0.10W·m−1·K−1) delayed the start of dripping (from 6/7 to 10 s).
For sc materials, the start of dripping was at around 12 s for all
runs. However, the lowest thermal conductivity (0.10W·m−1·K−1)
delayed the dripping considerably in comparison to the others,

with the second occurrence 23 s into the simulation, for
example. Consequently, the number of dripping occurrences
was also lowest (6 as opposed to 13 in the other runs). The
observed effect of varying the thermal conductivity was thus
significant.

Results of varying the specific heat capacity for am and
sc simulations are shown in Figure 4e and f, respectively.
The values utilized were 1,000, 1,500, and 2,000 J·kg−1·K−1. A
similar effect was noticed for both groups: the higher the
Cp and the lower the dripping occurrence. For am mate-
rials, the dripping occurrences decreased from 17, to 10,
and 8. Additionally, the lower value and the middle value
of Cp (1,000 and 1,500 J·kg−1·K−1) started dripping at the same
time (7 s), while the higher Cp value (2,000 J·kg−1·K−1) showed
a significant delay (12 s). A larger effect was noticed for sc
materials, where in addition to the lower dripping occurrence
(from 18, to 13, and 9), increasing Cp also further delayed the
start of dripping (from 5, to 13, and 18 s). The observed effect
of varying the specific heat capacity was thus significant.

3.4 Material heat fluxes

Results on the variations of heat of decomposition (Hdec)
and of the effective heat of combustion (EHC) are shown in
Figure S1. These properties had somewhat surprisingly minor
influence on dripping. It seems that the dripping as efficient
cooling effect compensates somehow the increase in heat
impact. Dripping is a complex response governed by an inter-
play of heating up, pyrolysis, viscosity, and so on; thus, no
easy straightforward rules between dripping and heat impact
must be expected. Nevertheless, the results also indicate the
need of further investigations based on a refined model.

3.5 Char

To continue with the viscosity evaluation, new curves
based on am_c and sc_c were designed to account for dif-
ferent char increments after Td (Figure 5a and b, respec-
tively). The rate at which viscosity increases or decreases
after Td has been related to the decomposition mechanism
(13). In the model, this increase was simply related to the
estimated speed of cross-linking. The faster the speed, the
higher the amount of char formed. The Tg, Tm, and Td used
were set at the same values as in Table 2 for all runs. Char
contents of 0, 10, 30, and 50% were used.

For amorphous materials (Figure 5c), the increase in
char content increased the delay in the start of dripping
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(from 7, to 10, 13, and 14 s). Although the resistance to
dripping was enhanced, the dripping occurrence remained
almost the same (10/11). On the other hand, dripping was
strongly reduced for semi-crystalline materials when char

content was increased (Figure 5d). Against the sc neat run,
which had 13 dripping occurrences, the sc_10% run pre-
sented 7, while the sc_30% run presented only one dripping
occurrence, and finally, sc_50% presented no dripping. The
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Figure 4: Results of varying the density (a) for am, (b) for sc, thermal conductivity (c) am, (d) sc, and specific heat (e) am, and (f) sc.
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start of dripping was also delayed with increased char
content, but in a narrower range (from 13, to 14, and 16).
Clearly, char yield had a relevant role in the decrease of
dripping behaviour. Thus, the simulated results approxi-
mated those observed experimentally (see Section 3.6).

3.6 Validation of the viscosity method

The benchmark materials consisted of four thermoplastics,
each with its own structural characteristics that determine
their performance (see Figure S2). For instance, PMMA has
pendant CH3 groups which hinder the crystalline packing
of the aliphatic polymer chains. Thus, it has the property of
transparency and is defined as an amorphous thermo-
plastic. PA6 is classified as an engineering thermoplastic

and has a wide range of applications. Its aliphatic structure
and absence of large pendant groups permit a semi-crystal-
line arrangement of the chains. PEEK is a highly crystalline
polymer formed by an aromatic main chain that promotes
its noted chemical and mechanical properties allied with
its high heat resistance. PSU is an amorphous and trans-
parent material known for its toughness and stability at
high temperatures, formed by an aromatic main chain.

Besides the configuration of the molecules (main chain
and volume of the groups), the flow capacity is related to
molecular weight (Mw) and decomposition aspects. The Mw

of these materials has been reported as 113.16 g·mol−1 (PA6),
288.31 g·mol−1 (PEEK), 100.12 g·mol−1 (PMMA), and 442.53 g·mol−1

(PSU). Thermogravimetry and rheology at low shear rates
were measured and are displayed in Figure S3. PEEK and
PSU had the highest heat resistances observed and produced
the most residue (50.0 and 33.0 wt%, respectively), due to the
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Figure 5: Curves designed for different char content materials (a and b) and the respective results (c and d).
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aromatic chains’ tendency to cross-link at high temperatures.
At the shear rate of 0.1 s−1, the complex viscosity of the bench-
marks increased as follows: PSU > PMMA > PEEK > PA6. Table
3 summarizes other properties of the benchmark materials
from characterization and the literature. The decomposition
temperature (Td) was the peak temperature of the DTG curve
(first differential thermogravimetry curve). Char yield was the
residue remaining at 90°C in the thermogravimetric curves
measured.

Each material achieved a different UL94 test classifica-
tion. The V-0 and V-1 materials (PEEK and PSU) did not
produce drops, while the V-2 and HB materials (PA6 and
PMMA) produced dripping. PA6 presented melt deforma-
tion of the specimen, with a filament characteristic that led
to small-sized flaming drops. Details on the behaviour of
PA6 can be found in (21). The behaviour of PMMA during
test is depicted in Figure S4. PMMA burns completely with
only one flame application producing smoke and large
flaming drops. This behaviour is due to the decomposition
mechanism of PMMA, which is depolymerization by end-
chain scission. After flame removal, dripping started very

late, but once it started the dripping occurred steadily with
about one drop falling each following second. The tested
extremities of the non-dripping specimens (PSU and PEEK)
are shown in Figure S4 too. The area affected by fire was
larger for PSU than for PEEK, as can be noticed by the char
left behind in the specimens after test. PSU, as a sulpho-
nated polymer, has a self-flame-retardancy characteristic
and does not ignite. PEEK burned at the edges of the spe-
cimen tip only when the flame was applied.

In another simple experiment, the non-dripping mate-
rials were subjected to a small flame for an extended
period of time (2 min). The response of PEEK remained
non-dripping, meaning that in this material structure, drip-
ping has no space to compete with gasification and mostly
charring. PSU, in contrast, ignited in some tests and pro-
duced flaming drops after the flame removal, meaning that
under different conditions dripping can compete with
charring and mostly gasification.

Analysing the data from Table 3 shows that the proper-
ties roughly correspond with the surrogates: PA6 as sc,
PEEK as sc_c, PMMA as am, and PSU as am_c. However,

Table 3: Characteristics of the benchmarks

Characteristic PA6 PSU PEEK PMMA

UL-94 classification (3 mm) V-2 V-1 V-0 HB
Dripping ✓ ✗ ✗ ✓

Dripping start time (s) 12 — — 26
Density (ρ; kg·m−3) 1,110 1,208 1,234 1,366
Glass transition temperature (Tg; °C) 55 190 148 117
Melting temperature (Tm; °C) 216 — 343 —

Decomposition temperature (Td; °C) 449 526 587 377
Thermal conductivity (k; W·m−1·K−1) 0.27 0.20 0.29 0.21
Specific heat capacity (Cp; J·g−1·K−1) at 2°C 1.64 1.09 1.51 1.32
Activation energy (Ea; kJ·mol−1) 181.81 215.94 271.92 294.35
Arrhenius coefficient (A; s−1) 1.4 × 1011 1.3 × 1012 3.2 × 1014 4.4 × 1021

Char yield (CY; %) 0.9 33.0 50.0 0.3
Effective heat of combustion (EHC; J·g−1) 31.0 22.4 15.3 24.8
Heat of decomposition (Hdec; J·g−1) 1,390 830 2,540 870

Table 4: Dripping responses

Material Correspondent Experimental* Simulated

Measured viscosity* Surrogates’ viscosity

PA6 sc Dripping (12 s; 2) Dripping (12 s; 5) —

PEEK sc_c Non-dripping Dripping (21 s; 6) Non-dripping
PMMA am Dripping (26 s; 1) Dripping (22 s; 4) —

PSU am_c Non-dripping Dripping (14 s; 10) Non-dripping

*The () contains: the dripping start time (in seconds); the number of dripping occurrences in 30 s. For experimental column, it refers to dripping
occurrences originated from the 10 s of flame application plus 20 s of after-flame time, to agree to the simulation time.
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when the specific data for each of these materials were
used to simulate their respective behaviour in the PFEM
model, the dripping response was not satisfactory for PEEK
and PSU (Table 4). This was because their viscosities were
not measured above Td. Once the surrogates’ viscosities were
used along with the specific properties of these benchmarks,
the results agreed with the experimental ones.

4 Conclusion

Aiming for a better understanding of the dripping beha-
viour of thermoplastics, a parametric analysis was performed
in a modelled UL94 vertical test scenario by PFEM. Due to the
limits/boundaries used in the simulations (surrogates), the
key parameters for dripping behaviour were identified as
exerting larger or minor effects. Density had the least influ-
ence on dripping assessed in this work. Higher thermal con-
ductivity generated more dripping, and allowed it to start
earlier. The specific heat capacity, which represents the
heat transfer potential of the material, had the greatest
impact on dripping occurrence and start (decreasing both
by enhancing Cp). A minor influence by the heat of decom-
position and heat of combustion of the volatiles was
observed. Char content improved dripping resistance, espe-
cially for materials defined as sc. Given the complexity of
dripping behaviour and the limitations of the PFEM model
applied the agreement between experimental and simulated
results was considered good. The difficulty in obtaining visc-
osity values at high temperatures as input was solved by
using the standard curves defined for the surrogates.
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