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Abstract: Particular coating compositions based on incompatible polymer blends can produce
coatings having complex layered structures after film formation. The most traditional approaches
to their structural modification are the introduction of additives (extenders, inorganic pigments,
surface active agents, etc.). As minor additives, some are capable of substantially accelerating the
phase separation process with a moderate or negligible influence on the composition equilibrium of
solutions. In contrast, in order to be effective, some have to be introduced in significant amounts,
thereby substantially changing the resulting distribution of components through the film. Up to now,
most of the liquid additives that have been tested destabilized the solutions while impacting the
layering process. In this work, two phosphorus based liquid fillers have been introduced (at 2.5 and
5 wt.%) in a partially incompatible polymer blend based on a silicone resin and a curable epoxy resin
to fire retard a polycarbonate matrix. Self-stratification was evidenced by microscopic and chemical
analyses, flammability by Limiting Oxygen Index (LOI) and UL-94 tests, fire performances by Mass
Loss Calorimetry and thermal stability by using a tubular furnace and ThermoGravimetric Analysis.
The ternary compositions including 5 wt.% of additives exhibit the best stratification and excellent
adhesion onto polycarbonate. Improvements of the fire resistant properties were observed (+7% for
the LOI compared to the virgin matrix) when a 200 µm wet thick coating was applied, due to reduced
flame propagation and dripping.

Keywords: self-stratifying coating; phase separation; incompatibility; solution equilibrium; flame
retardancy; epoxy resin; silicon resin; liquid phosphate

1. Introduction

In the field of coatings science, significant improvements have been noted in properties such as
chemical and fire resistance, antifouling, corrosion protection, flexibility and impermeability by using
new approaches, such as the application of inorganic/organic hybrid coating systems, self-stratifying
coatings, and so on [1–5]. These properties depend on the polymer selected as the bare resin of the
formulation. Coatings in the industry are complex multilayer systems that must be designed to possess
specific properties: the air-coating interface has to protect the underlying coatings against abrasion,
chemical/solvents and UV-light, and to provide excellent impact resistance. The intermediate coating
provides color, special effects and properties such as flame retardancy. Finally, the primer promotes
adhesion to the substrate and protects against molecular diffusion (and corrosion in the case of a
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steel substrate). Each coating has a specific purpose; however, the successive application of multiple
coatings is time consuming and leads to increased expenses as well as potential drawbacks such as,
for example, poor interfacial adhesion.

During paint application and film formation, a polymer solution simultaneously undergoes
mass and heat transfers, surface phenomena and sometimes also chemical reactions, especially in
the presence of a two-component system. Phase separation of binders, from an initially constituted
homophase solution, can occur under certain conditions leading to self-stratification, that is, to the
formation of non-homogeneous in-layer coatings during after film formation (Figure 1). In addition,
in the presence of reactive systems, further reactions like oxidation or crosslinking (e.g., two-component
epoxies and urethanes) are required to generate a cross-linked film of higher molecular weight. During
the reaction, the viscosity, density, and the modulus of elasticity increase due to an increase in the molar
mass and crosslinking. Besides interfering with the self-stratifying process, it allows the formation
of a harder primer, less flexible and much less susceptible to damage from chemical, weather or UV
rays [6,7].
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Besides polymer/polymer ratio and curing reaction, heterophase polymer structures are
controlled by many process parameters in commercial coating compositions. The most important ones
are the presence of fillers, the solvent properties and the processing conditions (application method and
baking temperature). In particular, the incorporation of inorganic pigments, surface additives (polymer
or oligomer surfactants), extenders or other types of fillers often interfere with the layering process.
Most of these additives have a rather negative effect on the phase separation between two binders, and
do not allow the development of sufficiently interesting properties compared to those of conventional
multilayered systems. In many cases, liquid fillers (wetting, levelling, anti-flotting, surface active or
dispersing agents) appear to impair the stratification process [8–11]. As an exception, some silicone
or fluorine-containing oligomers added in minor amounts were proven to substantially accelerate
the phase separation process with a moderate or negligible influence on the solutions equilibrium [9].
No previous study of the addition of a consequent amount (>2 wt.%) of a functional liquid additive in
self-stratifying compositions has been reported. In this work, the aim was to design a self-stratifying
coating on a polycarbonate substrate, incorporating a liquid flame retardant (FR) additive.

On the past few years, phosphorus-based flame retardants have been increasingly used as an
alternative to halogen-based systems due to environmental considerations. This has generated active
research in identifying novel phosphorus based FRs and also possible synergistic combinations with
other elements, such as nitrogen for example [12]. Some phosphorus-containing compounds, besides
their FR effect, have proven to be of great value due to their low toxicity and low smoke-emission
during combustion [13]. In particular, arylphosphates have been proven to be suitable halogen-free
FRs in blends containing polycarbonate (PC) (particularly in PC/ABS blends) [14,15].

In this work, film forming compositions based on a partially incompatible polymer blend,
including a curable epoxy resin and a silicone resin in combination with a phosphorous-based liquid
fire retardant filler are considered [16]. Two liquid fire retardant additives were tested: bisphenol-A-
bis(diphenyl phosphate) (BDP) and resorcinol bis(diphenyl phosphate) (RDP). The objective
was to form thin flame retardant films which spontaneously self-layer after application of one
single formulation.
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2. Experimental

2.1. Materials

On the basis of previous results [16], two commercial resins and a curing agent were selected,
respectively: an epoxy (Bisphenol-A epoxide from Sigma-Aldrich, St. Louis, MO, USA, equivalent
weight: 172–176, 100% solids), a silicone (a phenyl branched resin containing 6% of hydroxyl group
from Dow Corning, Seneffe, Belgium) and a polyamine (diethylene triamine (99%), Sigma-Aldrich).

m-Xylene (99%) and butylacetate (BuAc, ≥99.5%) purchased from Sigma-Aldrich, were chosen as
solvent and used without any purification.

Two phosphorus based liquid FRs, that is, bisphenol-A bis(diphenyl phosphate), Fyrolflex BDP,
8.9% of phosphorus and resorcinol bis(diphenyl phosphate), Fyrolflex RDP, 10.7% of phosphorus were
purchased from ICL-Industrial Products (Amsterdam, The Netherlands) and were incorporated as
additives in various amounts (2.5 wt.% and 5 wt.%).

Transparent polycarbonate plates (Lexan, 1mm-thick for microscopic analyses and 3 mm-thick for
fire testing) were supplied by Polydis (Ligny Le Chatel, France).

2.2. Coatings Formulation and Application

Resins were separately dissolved at 30 wt.% in a blend of BuAc:xylene (1:1), mixed and then
stirred together at a 1:1 ratio by weight (epoxy:silicone). Liquid additives were incorporated into the
epoxy medium for 10 min at 300 rpm before the combination with the second resin. Finally, the curing
agent was thoroughly added drop by drop, with respect to the epoxy number, and mixed for 3 min
before the application of the thin film by spraying (air pressure of 200 kPa). The nominal wet film
thickness was set at 200 µm. Coatings were dried at 20 ◦C for 24 h in an oven and then cured for 2 h at
110 ◦C.

2.3. Characterization of Film Properties

Microscopic analyses coupled with X-ray mappings were used to detect the potential formation
of stratified layers and to determine the film thickness. Fire behavior and thermal stability of the
samples were investigated using Limiting Oxygen Index (LOI), UL-94 Mass Loss Calorimetry (MLC)
and ThermoGravimetric Analysis (TGA). The specimens and residues obtained were analyzed either
by microscopic analyses coupled with X-ray mapping or by using a numerical microscope. To complete
the evaluation of the film properties, cross-hatch testing was used to quantify the adhesion.

2.3.1. Microscopic Analyses

Coatings were cut in liquid nitrogen to allow the analysis of their cross-section and the
determination of their thickness by Scanning Electron Microscopy with X-Ray mapping (SEM-EDX).
Analyses were respectively carried out at 5.0 kV, 20 µA and 13.0 kV, 25 µA using a Hitachi S4700 (Tokyo,
Japan) with field emission gun. Carbon metallization was carried out before any characterization.

Numerical pictures of sample residues were performed using a microscope VHX-1000 supplied
by Keyence (Osaka, Japan, ×20). The microscope creates a 3D image based on automatically
captured images.

2.3.2. Classification of Stratification

The degree of layering was measured following the guidelines developed in the Brite Euram
Project [8]. The degree of stratification was classified from 1 to 4 according to the microscopic
characterization of the cross-section of the coatings. From this ranking, a type I pattern corresponds
to a perfect stratification (e.g., two well distinct and homogeneous layers), a type II pattern to an
homogeneous concentration gradient between the two resins through the film thickness, a type III to
the formation of spherical particles rich in one of the resins dispersed in a medium enriched with the
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other resin, and finally a type IV corresponds to the presence of large islands composed of a majority
of one of the resins.

2.3.3. Adhesion Testing

Adhesion rating of the coating on polycarbonate was carried out following the ASTM D3359-97
standard [17]. An Elcometer 107 Cross Hatch Cutter was used to perform the test: a pressure-sensitive
tape is applied and then removed over cuts made in the film, and according to the specimen obtained,
adhesion is rated from 0B to 5B, 0B corresponding to the worst adhesion (no coating left on the
substrate) and 5B to the best one (the edges after the test are completely smooth, and none of the
squares of the lattice is detached).

2.3.4. Fire Testing

A FFT (Fire Testing Technology) mass loss calorimeter (MLC) was used to perform the experiments
following the procedure defined in ASTM E906 [18]. Specimens measuring 100 × 100 × 3 mm3 were
exposed in horizontal orientation to an external flux of 50 kW/m2 and a forced ignition. The selected
flux corresponds to the common heat flux generated in fully-developed fires. The equipment can be
compared to the one used in oxygen consumption cone calorimetry (ASTM E-1354-90 [19]), except
that a thermopile is set in the chimney in order to obtain the heat release rate (HRR) instead of using
the oxygen consumption principle. The distance sample-heater was set to a distance of 35 mm from
the cone base, on a ceramic backing board. The following parameters were estimated: heat release
rate (HRR) as a function of time, time to ignition (TTI), peak of heat release rate (pHRR) and total heat
release rate (THR). The experiments were carried out three times to ensure the repeatability of the
results, and the data reported are the most representative of the three replicated experiments. Values
were found to be reproducible within a relative standard deviation of ±10%.

Two vertical fire tests were used to complete the evaluation of fire performances on barrels
(100 × 10 × 3 mm3): Limiting Oxygen Index (LOI) and UL-94 test. LOI, corresponding to the minimum
oxygen concentration needed to support the candle like combustion of plastics, was measured using
a Fire Testing Technology instrument following the standard oxygen index test ISO 4589-2 [20].
The UL-94 test was performed according to IEC 60695-11-10 standard [21], that is, in a vertical position
(the bottom of the sample is ignited with a bunsen burner). This test provides a qualitative classification
of the samples, from V0 (the best ranking, when burning is short and there is no dripping of flaming
particles) to NC (non-classified, i.e., with a burning of more than 30 s or up to the holding clamps at
100 mm from the ignition point).

2.3.5. Thermal Stability

Thermogravimetric Analysis (TGA)

A Discovery TGA from TA Instrument was used to carry out thermogravimetric analyses.
10 mg samples (liquid materials or dry grounded coatings samples which have undergone the same
heat treatment as the coatings) were thermally decomposed in alumina crucibles under a nitrogen
atmosphere. They underwent an isotherm of 120 min at 50 ◦C for thermal homogeneity, followed
by a heating ramp from 50 to 800 ◦C at 20 ◦C·min−1. The nitrogen flow rate was set at 50 mL·min−1.
Difference weight loss curves were calculated to detect a potential variation in the thermal stability of
the systems, due to the incorporation of the filler (Equation (1)). These curves represent the difference
between the experimental TG curve for the mixture (wexp(T)) and the linear combination of TG curves
(wtheo(T)) for the neat components (Equation (2)) when fillers are incorporated at x wt.%.

∆w(T) = wexp(T)− wtheo(T) (1)

wtheo(T) = (1 − x)× wresin + x × w f iller (2)
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where wresin and w f iller correspond to the weight determined from the experimental TG curves; x the
weight percentages of the sole filler. If ∆w(T) < 0, then the experimental weight loss is higher than the
theoretical one. This shows that the reactivity and/or interaction between the polymer and the filler
leads to a thermal destabilization of the material. If ∆w(T) > 0, then the system is thermally stabilized.

Heat treatments and characterization of the heat-treated residues were carried out. Heat
treatments of pure components or of coatings were carried out in a tubular furnace under nitrogen
flow (75 mL·min−1) for 3 h at characteristic temperatures selected thanks to TG curves. The collected
residues were then analyzed using a numerical microscope.

3. Results and Discussion

3.1. Stratification Study

After mixing and before application as a film, the four-component system (epoxy and silicone
resins, curing agent and phosphate additive) produced homophase solutions whatever the phosphate
concentration. After drying and curing, the formation of separated in-layers coating structure through
the film thickness was checked and adhesion properties were evaluated (Table 1).

Table 1. Morphology and adhesion properties of the coatings containing or not phosphate additives.

Filler wt.% Fillers Location after Film
Formation

Appearance of
the Coating

Thickness
(µm)

Adhesion
Rating

Stratification
Pattern

No
filler 0 – Slightly rough,

glossy 55 5B I

RDP
2.5 Mainly in the silicone layer, sight

concentration gradient near the
silicone-epoxy interface Less rough than

without additive,
higher gloss

45 5B II-III

5 60 5B I

BDP
2.5 High concentration in the silicone

layer, concentration gradient in the
epoxy phase from top to bottom

68 4B II-III

5 30 4B I

The reference system without any phosphate additive shows perfect stratification (type I pattern)
and the best adhesion rating (5B) on polycarbonate: the hydrophobic layer (the silicone medium)
migrated to the upper part of the coating whereas the epoxy system was found at the interface with
the substrate.

In presence of liquid FR fillers, nice coatings free of bubbles or defaults were obtained in all cases.
They even show slight improvement in terms of surface aspect (less rough and glossier) than the
reference coating. The 5B adhesion rating is maintained after the incorporation of RDP in the system,
for both amounts tested, whereas the addition of BDP slightly impacts the adhesion of the coating
(4B rating is obtained).

Unlike the results mentioned in the literature, it appears that neither RDP nor BDP affect the
layering process when incorporated at 5 wt.% in the formulation: a type I pattern is obtained with
fully separated layers, as observed with the unfilled system (Figure 2).

Both additives migrate to the upper layer of the film, in the silicone medium, meaning that RDP
and BDP have a higher affinity with silicone than with epoxy. This migration is rather a positive
phenomenon in this case as it allows concentrating the additives’ properties (i.e., flame retardant
properties) in the upper part of the coating, where it is the most needed in case of fire. With RDP,
some inhomogeneities are noticeable along the film near the two resins interface region: some island
shaped regions rich in silicone have not totally migrated to the upper layer of the film. A concentration
gradient of phosphorus is also detectable through the film thickness, although the major part of RDP
has migrated to the upper layer. With BDP, the same behavior can be observed: the silicone resin and
the filler are mainly concentrated in the upper part of the coating. However, the concentration gradient
of phosphorus is more pronounced through the thickness than with RDP. The difference could be
explained by a higher affinity of RDP with the silicone resin, promoting the migration of the additive to
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the air interface. However, the concentration gradient is much more noticeable with phosphorus than
with silicium: this means that the affinity between the silicone resin and the filler is not strong enough
to allow its complete migration toward the top layer. A difference in viscosity could also explain the
difference in concentration gradient between BDP and RDP containing formulations. Indeed, BDP is
much more viscous than RDP (17,000 CPS [22] compared to 12,450 CPS for RDP [23]. As its viscosity is
higher, its migration to the upper layer may be slowed down. It is noteworthy to notice that even if the
additive has not enough time to completely migrate to the upper layer of the film, it does not impair
the stratification process: the layering of the silicone to the top of the coating remains perfect.
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coating filled with 5 wt.% of (a) resorcinol bis(diphenyl phosphate) (RDP) and (b) bisphenol-A-
bis(diphenyl phosphate) (BDP) additives.

When a smaller amount of phosphate additives is introduced in the formulation (2.5 wt.%),
evidences of phase separation are found with a concentration gradient of silicone through the thickness.
Nevertheless, some inhomogeneities in the matrix are observed (Figure 3), consisting in isolated
spherical particles composed of epoxy resin dispersed in the continuous silicon matrix. Furthermore,
the phosphorus element is found in the silicone phase whereas the stratification is not complete in
those areas. This corroborates its higher affinity with silicone compare to that of epoxy. The phosphate
additive destabilizes the interface between the two phases and, in that case, influences the preferential
orientation of the phases in the course of film forming process. The dispersion of the filler is portioned
in the silicone medium, however interacting in some way in the course of crosslinking reactions.
A minimum amount of filler may be needed to allow a homogeneous dispersion into the silicone
medium and this would need further investigation to the forces questioned in this process. This
morphology corresponds to a type II/type III stratification pattern. However, this incomplete phase
separation has no influence on the adhesion properties of the coatings as similar adhesion ratings are
obtained with 2.5 wt.% and 5 wt.% of fillers, for both RDP and BDP [24].



Coatings 2018, 8, 448 7 of 14

Coatings 2018, 8, 448 7 of 14 

 

. 

Figure 3. Scanning Electron Microscopy (SEM) pictures of the cross-section of the ternary system filled 
with 2.5 wt.% of BDP. 

In conclusion, when a low amount of additive is added (2.5 wt.%), self-layering is slightly 
compromised in some areas of the film. The filler destabilizes the equilibrium between the two 
solutions, and impairs the formation of two distinct and homogeneous layers. On the contrary, the 
phosphorus-based fillers tested do not affect the formation of oriented heterophase structures when 
they are introduced at 5 wt.%: they mostly migrate, with a concentration gradient more or less 
pronounced, towards the air interface with the silicone resin. In that case, some disparities in the 
concentration gradient can be observed, which may be due to a difference in viscosity between the 
two phases. Finally, coating’s composition provided nice visual appearance and a high adhesion onto 
the polycarbonate substrate. It was proven that it is possible to add a substantial amount (5 wt.%) of 
liquid functional filler in a self-layering formulation without affecting the self-stratification process, 
the coating aspect and the adhesion. In these formulations, the phosphorus FR additives migrate into 
the upper silicone layer, which can potentially lead to an effective FR effect of the coating when 
exposed to fire. 

3.2. Flame Retardant Properties 

Virgin PC and PC coated with the unfilled and filled self-stratified compositions were then 
tested for fire performances (MLC) and flammability (UL-94 and LOI). 

HRR curves and characteristic MLC parameters of the systems are given in Figure 4 and Table 
2. It is noteworthy that no ignition of the coated samples (filled and unfilled) occurs at 35 kW/m² 
(mild fire scenario), even after 30 min of exposure; whereas the raw PC ignites after 319 s and releases 
a total heat of 35 MJ/m² (with a pHRR of 202 kW/m², see Supplementary Materials Figure S1). PC is 
a char-forming polymer. At 50 kW/m², after its ignition, it melts and forms a char which swells until 
a height of about eight centimeters is reached. The char then degrades and only ashes remain at the 
end of the test. 

Even at a higher heat flux (50 kW/m²), the coating allows protecting temporarily the PC. MLC 
results obtained for the coating with the unfilled epoxy/silicone coating evidence an improvement of 
the fire behavior, as both the pHRR and THR are reduced, respectively by 24% and 21% compared to 
raw PC. Ignition time is also delayed more than 50 s, which is remarkable with such thickness (55 
µm). Ignition occurs only because PC swells under the coating, which thus progressively delaminates 
from the edges of the plate due to the uprising of the PC char. Once ignited, PC forms a char which 
rapidly swells up to 8 cm. The char is then consumed and collapses before the flame out takes place. 
At the end of the test, PC is completely consumed, which also explains the pHRR and THR values 
obtained. 

 

Figure 3. Scanning Electron Microscopy (SEM) pictures of the cross-section of the ternary system filled
with 2.5 wt.% of BDP.

In conclusion, when a low amount of additive is added (2.5 wt.%), self-layering is slightly
compromised in some areas of the film. The filler destabilizes the equilibrium between the two
solutions, and impairs the formation of two distinct and homogeneous layers. On the contrary,
the phosphorus-based fillers tested do not affect the formation of oriented heterophase structures
when they are introduced at 5 wt.%: they mostly migrate, with a concentration gradient more or less
pronounced, towards the air interface with the silicone resin. In that case, some disparities in the
concentration gradient can be observed, which may be due to a difference in viscosity between the
two phases. Finally, coating’s composition provided nice visual appearance and a high adhesion onto
the polycarbonate substrate. It was proven that it is possible to add a substantial amount (5 wt.%) of
liquid functional filler in a self-layering formulation without affecting the self-stratification process,
the coating aspect and the adhesion. In these formulations, the phosphorus FR additives migrate
into the upper silicone layer, which can potentially lead to an effective FR effect of the coating when
exposed to fire.

3.2. Flame Retardant Properties

Virgin PC and PC coated with the unfilled and filled self-stratified compositions were then tested
for fire performances (MLC) and flammability (UL-94 and LOI).

HRR curves and characteristic MLC parameters of the systems are given in Figure 4 and Table 2.
It is noteworthy that no ignition of the coated samples (filled and unfilled) occurs at 35 kW/m2 (mild
fire scenario), even after 30 min of exposure; whereas the raw PC ignites after 319 s and releases a
total heat of 35 MJ/m2 (with a pHRR of 202 kW/m2, see Supplementary Materials Figure S1). PC is a
char-forming polymer. At 50 kW/m2, after its ignition, it melts and forms a char which swells until a
height of about eight centimeters is reached. The char then degrades and only ashes remain at the end
of the test.

Even at a higher heat flux (50 kW/m2), the coating allows protecting temporarily the PC. MLC
results obtained for the coating with the unfilled epoxy/silicone coating evidence an improvement of
the fire behavior, as both the pHRR and THR are reduced, respectively by 24% and 21% compared to
raw PC. Ignition time is also delayed more than 50 s, which is remarkable with such thickness (55 µm).
Ignition occurs only because PC swells under the coating, which thus progressively delaminates from
the edges of the plate due to the uprising of the PC char. Once ignited, PC forms a char which rapidly
swells up to 8 cm. The char is then consumed and collapses before the flame out takes place. At the
end of the test, PC is completely consumed, which also explains the pHRR and THR values obtained.
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Figure 4. Heat release rate (HRR) curves obtained with uncoated polycarbonate (PC) and coated PC
with the self-stratified epoxy/silicone compositions containing (a) RDP and (b) BDP flame retardant
(FR) additives at 2.5 wt.% and 5 wt.%.

Table 2. Mass loss calorimeter (MLC) values obtained at 35 and 50 kW/m with uncoated and coated
PC with the epoxy/silicone composition with and without FR additives.

Heat Flux,
Parameters Measured Raw PC

No
Additive

With RDP With BDP

2.5 wt.% 5 wt.% 2.5 wt.% 5 wt.%

35
kW/m2

TTI (s) 319 No
ignition

No ignition No ignitionpHRR (kW/m2) 202
THR (MJ/m2) 35

50
kW/m2

TTI (s) 92 148 154 143 140 132
pHRR (kW/m2) 231 176 189 (+7%) 1 209 (+19%) 174 (−1%) 180 (+2%)
THR (MJ/m2) 52 41 45 (+9%) 50 (+21%) 44 (+7%) 50 (+21%)

1 Percentages represent the difference compared to the unfilled epoxy/silicone system.

MLC experiments on PC samples coated with only one resin, whether the epoxy resin or the
silicone one, have been carried out to try to explain the behavior of PC coated with the unfilled
epoxy/silicone blend (Figure 5, Table 3). When the epoxy resin is applied on PC, the behavior during
the MLC test is similar to that of pure PC: no delay of the TTI and similar pHRR and THR. Thus,
the epoxy resin does not bring any fire retardant effect, which is not surprising as it is composed of
Bisphenol A (similarly to PC). On the contrary, the application of a silicone coating on PC leads to
a fire retardant effect: slight decrease of pHRR and THR and TTI increase of about 40 s. Thus, the
presence of silicone is responsible for the improvement of the fire behavior when the epoxy/silicone
coating is applied to PC. However, the epoxy resin contributes to bringing better adherence between
the self-stratifying coating and PC. In fact, the silicone coating gives a 3B rating on PC compared to a
5B rating with the self-stratifying coating. Moreover, there is no interlayer adhesion failure between
the epoxy and the silicone layers thanks to the use of the self-stratifying coating.

Similar trends are observed when PC is coated with the epoxy/ silicone/ filler mixture, whatever
the amount of additive incorporated. However, although the best TTI is obtained when RDP/BDP
are incorporated at 2.5 wt.%, fire behavior are similar compared to that of the binary composition.
The impact of RDP and BDP addition in terms of flame retardant behavior is thus negligible compared
to the FR effect of the silicone coating itself. Finally, BDP seems slightly more efficient than RDP, which
is not surprising as at a same ratio, BDP contains more phosphorus than RDP. Indeed, there is 10.7% of
P in RDP whereas 8.9% are present in BDP. All the systems were consumed at the end of the test at
50 kW/m2: only residue of silica and ashes remained. The slight thickness difference between the two
samples (Table 1) is not responsible for this effect since any correlation is noted between the thickness,
the TTI and THR: close THRs are reached by both filled coatings at equal weight percentage whereas a
reverse effect is observed on the time before ignition.
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coating, the epoxy coating and the silicone coating alone.

Table 3. MLC values obtained at 50 kW/m2 with uncoated and coated PC with the epoxy/silicone
self-stratifying coating, the epoxy and the silicone coating solely.

Parameters Measured Uncoated PC
Coated PC

Epoxy/Silicone Self-
Stratifying Coating Epoxy Coating Silicone Coating

TTI (s) 92 148 80 131
pHRR (kW/m2) 231 176 (−24%) 1 238 (+3%) 206 (−11%)
THR (MJ/m2) 52 41 (−21%) 53 (+2%) 45 (−13%)

1 Percentages represent the difference compared to uncoated PC.

LOI and UL-94 tests were also performed on uncoated and coated PC formulations (Table 4).
The epoxy/silicone reference coating does not improve the intrinsic flame retardant properties of
PC in the case of vertical burning tests: close LOI values (27 vol.% and 28 vol.% respectively for the
raw and coated PC) and a NC rating are obtained for both samples. Up to 28 vol.%, the extinction
of virgin PC occurs mainly because of the flaming drops or of the rapid combustion of the material.
The unfilled coating allows reducing the combustion speed of the material and prevents the dripping
of PC. At UL-94 test, virgin PC is not classified at 3 mm, but close to meet the requirements of V-2
classification: short combustion time (<32 s) and dripping (Table 5).

When the polymer is coated with the filled mixture, the fire behavior is strongly dependent on
the amount of fillers used in the coating, whatever the type of additive (BDP or RDP). The addition of
2.5 wt.% of additives does not improve the fire behavior compared to the unfilled system: similar LOI
value and same rating at UL-94 test. For these materials, the amount of additives is too low to allow
the decrease of the flame spread. With 5 wt.% of additives, although the rating at UL-94 test is the same
(NC), the behavior is much different: the combustion time is very short (≤2 s) after the first ignition
and remains shorter than the unfilled system after the second ignition (Table 5). The classification is
very close to V-1, as with both additives= only one specimen out of the five tested has a t2 afterflame
time higher than 30 s (in bold, Table 5). In addition, LOI values are significantly improved: 34 vol.%
and 32 vol.% respectively with RDP and BDP fillers. The charring is more pronounced (fast expansion
of the foamed structure) and no dripping occurs. Last but not least, samples were more prone for
burning during the second ignition with a lower concentration of additive in the coating.

Thus, similar behavior between RDP and BDP can be registered: they are both more efficient
when they are introduced at a higher amount (5 wt.%). As with MLC, the slight difference observed
between RDP and BDP may be due to the higher amount of phosphorus in the RDP formulation.
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Table 4. LOI, UL-94 rating for PC, and coated PC with the binary and ternary mixtures.

Fire Test Raw PC No Additive
With RDP With BDP

2.5 wt.% 5 wt.% 2.5 wt.% 5 wt.%

LOI
(vol.% O2)

27 28 27 34 26 32
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Table 5. Time of the two flaming combustions during UL-94 test.

Sample Raw PC No Additive
With RDP With BDP

2.5 wt.% 5 wt.% 2.5 wt.% 5 wt.%

Ignition 1st 2nd 1st 2nd 1st 2nd

Flaming
combustion time

24 15 16 90 28 36
32 17 6 7 19 5
18 23 6 47 27 80
11 6 2 50 4 13
23 5 11 5 42 20

Total flaming time 108 66 95 199 120 154

To conclude, formulations containing 5 wt.% of RDP and BDP exhibit the most promising results:
charring is more pronounced and dripping is avoided. At MLC test, fire performances of coated
formulations are mainly enhanced through the shift of the TTI toward higher values due to the silicone
coating. The influence of the two phosphorus-based additives on the fire properties is not significant
compared to the improvements already reached by the unfilled epoxy/silicone system.

Occurrence and efficiency of the systems depend not only on the FR itself, but also on the
interactions with the degradation products of the different components of the materials (resins and
substrate). To go deeper in the understanding of the mode of action of the phosphorus compounds,
TG analyses and difference weight loss calculations were carried out on the silicone resin, containing
phosphorus additives or without. During a fire scenario, the silicone will be the resin in contact with
the open flame or exposed to the heat source as it is located in the upper layer of the film. Consequently,
only the silicone resin was considered.

3.3. Thermal Stability

The thermal stability of the unfilled system and systems filled with RDP and BDP were
investigated using TG analyses (Figures 6 and 7. Weight difference curves between experimental
and calculated TG curves when RDP or BDP is added to the resin (10 wt.%) under N2 conditions).
The percentage of fillers introduced in the silicone medium was kept constant compared to the
epoxy/silicone system as the major part of the filler migrates to the silicone layer (i.e., 10 wt.% of filler
in the silicone medium).

The decomposition of the pure silicone film involves a three-step process with a 68 wt.% residual
weight at 800 ◦C. The first degradation step may be coupled with the release of the remaining
solvents from the resin’s preparation and the release of silicone oligomers (11 wt.%) and the second
and third steps (overlapped) are correlated with to the release of aromatic compounds (such as
benzene and bisphenyl, 21 wt.%) [25]. The total weight loss is only 32% at 800 ◦C, demonstrating the
excellent thermal stability of the silicone resin (under TGA conditions). When FR liquid additives are
incorporated, an additional degradation step occurs close to the maximum degradation temperature
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of RDP and BDP (at respectively 398 and 420 ◦C). This leads to a slight destabilization of the system,
particularly with BDP between 370 and 480 ◦C (−2 %/◦C, Figure 7). Weight difference curves between
experimental and calculated TG curves when RDP or BDP is added to the resin (10 wt.%) under N2

conditions). The residual weights of the additives are low (respectively 4 wt.% and 17 wt.% at 800 ◦C
with BDP and RDP), although it does not neither influence significantly the thermal stability of the
resins nor favor the formation of a charring structure at high temperature.
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TG experiments enable us to define characteristic temperatures of degradation. Accordingly,
heat treatments were performed at 300 ◦C in a tubular furnace and under a nitrogen flow on the
silicone and the silicone/fillers systems (Figure 8). From the numerical pictures, the formation of an
expanded foamed structure with small cells, whatever the phosphorus compound used is evidenced:
the fillers do not modify the cellular structure. Finally, RDP and BDP have low influence on the
thermal stability of the silicone resin; the amount of the remaining residue at 800 ◦C is almost the
same, and the degradation process remains unchanged compared to the pure silicone. Based on those
observations, the formation of an expanded coating during the test explains, at least partially, the fire
protection brought by the paint and the silicone-based coating containing the fillers. The silicone and
silicone/filler compositions allow the formation of a protective barrier, thus reducing heat transfers
from the external heating source to the substrate.
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Visual observations during the horizontal fire tests confirm the higher char yield obtained when
phosphorus compounds are incorporated into the systems, even if thermal analyses did not show
major improvements in terms of stability. Based on the literature review, phosphorus compounds
accumulate in the condensed phase in the char layer, at the surface of the burning specimens in a blend
of PC-ABS + RDP [26]. Results suggested that PC undergoes photo-fries rearrangement upon thermal
decomposition, and RDP would react with the formed phenolic groups through a trans-esterification
mechanism. Kinetic analysis of the thermal decomposition of PC containing RDP supported the
proposed mechanism.

In conclusion, the high thermal stability of the silicone resin under inert atmosphere at elevated
temperatures has been demonstrated. As this component is at the interface with the air in the
self-stratifying coating composition, it will consequently be the first in contact with either the heat
source or the flame during the fire tests. According to the results, the silicone resin provides some
thermal stability to the system, which may explain the higher time to ignition obtained during MLC
experiments. Under elevated temperatures, the silicone coating protects the underlying substrate (and
the epoxy resin) from decomposition and creates a barrier between the heat source and the substrate.
Moreover, the similar behavior in terms of thermal stability for the silicone resin with and without
fillers could explain the close results at MLC test for all the epoxy/silicone coatings.

4. Conclusions

A properly-selected partially incompatible polymer blend composed of silicone, of a curable
epoxy resin and of a liquid functional filler successfully formed a double-layered coating, showing
excellent adhesion to the underlying polycarbonate substrate. The binders, dissolved in solvents to
produce a two-phase liquid medium during film formation, led to structures with sharply defined
layers. The topcoat layer was found to be composed of the silicone resin, and the base layer of the
curable epoxy resin. Microscopic analyses demonstrated that phosphorus-based liquid fillers do not
impact the stratification process when incorporated at 5 wt.%. However, their migration to the upper
layer of the coating (silicone phase) was not always complete: a concentration gradient of additives
through the film thickness is obtained, with a higher concentration toward the top of the coating. When
fillers were incorporated at a lower amount (2.5 wt.%), incomplete phase separation was observed
in some areas of the film, although a high adhesion rating (5B and 4B with RDP and BDP fillers
respectively) and nice visual appearance remained.

The two phosphorus-based compounds led to an increase in the LOI value: up to 34 vol.% is
obtained with 5 wt.% RDP compared to 27 vol.% for the unfilled system. However, the systems are
still non classified at UL-94, even if combustion times with 5 wt.% additives are very close to a V1
rating. For MLC test at 35 kW/m2, the coated samples do not ignite, and at 50 kW/m2, the application
of the epoxy/silicone coating allows delaying the TTI, with and without the presence of phosphate
additives: improvements are due to the silicone resin and are not significantly modified by the addition
of the liquid fire retardants. Synergistic effects between the two liquid fillers are not expected, the
level of flame properties reached are mainly dependent on the amount of phosphorus introduced in
the system.
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Finally, numerous factors are of importance for the formation of two well separated layers.
It is known that the efficiency and mechanism of action of phosphorus flame retardants in coating
compositions are influenced and can be optimized by modifying them using specific synergists. In that
respect, the surface tension of the paint components, their viscosity and the amount introduced in the
coating compositions have a decisive role.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-6412/8/12/448/s1,
Figure S1: HRR curves obtained with PC and coated PC with the self-stratified epoxy/silicone compositions
containing RDP and BDP FR additives at 2.5 wt. % and 5 wt. % (the four curves overlapped).
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