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a b s t r a c t

xpanded polystyrene (EPS) foam has been successfully flame retarded by a water-based coating con-
aining nanoparticles of boehmite and poly(vinyl alcohol) (PVOH) as char former. Boehmite enhances
he charring of PVOH. The influence of suspension viscosity, coatings number, impregnation time and
rying method was studied to monitor the amount of coating deposited and the coating thickness. The
oating suspension is able to penetrate into the core of the foam. EPS without hexabromocyclododecane
HBCD) is upgraded from F to E rating according to the NF EN ISO 11925-2 standard when the penetration
f coating suspension into the core is high enough, due to the formation of a char layer reinforced by
ano-boehmites even if EPS does not shrink away from the flame.
Keywords:
Flame retardancy
Fire-proof coating
Boehmite
Expanded polystyrene
. Introduction

Since the beginning of the twentieth century, synthetic poly-
ers have become increasingly important materials in industry.
s plastic processing technologies, the addition of a blowing agent
ecame a natural extension of polymer processing. Presently, foam
xtrusion, injection molding, molded bead, x-linked foam, reactive
oaming, and gelation are well-known methods of making poly-

eric foams, and polymeric foams have become a well-developed
ranch in the polymer industry. The most successful polymeric
oam is probably expanded polystyrene (EPS) due to its numerous
seful advantages, such as good cushioning properties, acousti-
al and thermal insulation, ease of processing, low cost and light
eight [1]. Nevertheless EPS presents serious fire hazards and
eeds to be flame-retarded [2].

Expanded polystyrene is typically made by suspension polymer-

zation of a mixture of styrene monomer(s) and flame retardant in

ater to form beads of styrenic polymer. The small beads (e.g., aver-
ging about 1 mm in diameter) are pre-expanded with steam and

∗ Corresponding author.
E-mail address: rodolphe.sonnier@mines-ales.fr (R. Sonnier).
molded again with steam to produce large blocks (e.g., up to several
meters high and 2–3 m wide) that are cut in the desired dimen-
sions. Flame retardants for expanded polystyrene foams have many
requirements including thermal stability, substantial solubility
in styrene, and high flame retardancy. Hexabromocyclododecane
(HBCD) is widely used in thermoplastic polymer compositions to
impart flame retardant properties to the compositions. EPS foams
fire retarded with typically low levels of HBCD (0.5–1 wt%) [3], pro-
vide adequate time for occupants to escape in the event of fire and
contribute to protect human lives and property from fire.

Currently, HBCD is the most popular flame retardant in EPS. Nev-
ertheless, some halogenated flame retardant chemicals are now
recognized as global contaminants and are associated with adverse
health effects in animals and humans, including endocrine and
thyroid disruption, immune-toxicity, reproductive toxicity, cancer,
and adverse effects on fetal and child development and neurologic
function [4–6]. Therefore, the application of halogenated flame
retardant has been strictly regulated, or even banned in some
countries. In February 2011, the European Union announced that

HBCD, the brominated flame retardant used in polystyrene build-
ing insulation, will be banned. The REACH (Registration, Evaluation,
Authorization and Restriction of Chemicals) identified HBCD as
being persistent in the environment, bioaccumulative in biologi-

http://crossmark.crossref.org/dialog/?doi=10.1016/j.porgcoat.2016.04.036&domain=pdf
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al systems, and toxic. HBCD has been moved from the “candidate
ist” of chemicals under review. The ban of HBCD took effect effec-
ive on August 21, 2015 and is implemented through the European
nion’s REACH program [7].

Due to this problematic, the research on a new alternative for
nvironmentally friendly flame retardant to replace HBCD becomes
n urgent and a great interest for academics and industries.

Besides HBCD, other halogenated [8,9] or halogen-free [10–13]
ame retardant systems have been used. Nevertheless, halogen-

ree flame retardants generally need to be used in larger amounts to
e effective. The incorporation of such large amounts of additives in
oam can prevent the foam processing. Therefore, flame retardant
oating appears as an ideal method to reduce the flammability of
PS foam. Several teams have developed such coatings [14–17].

To the best of our knowledge, all these coatings contain halo-
enated compounds. Then there is still a need to propose a more
nvironmentally friendly flame retardant coating. Poly(vinyl alco-
ol) (PVOH) considered as environmentally friendly is a good
hoice for polymer coating due to its good adhesion property
ith substrate, no need solvent in coating process, and its char-

ing behavior during burning. As other metal hydroxides, boehmite
nd pseudo-boehmite have already used to impart flame retar-
ancy in a couple of polymers: ethylene-vinyl acetate copolymer
18,19], polycarbonate/acrylonitrile butadiene-styrene blend [20],
oly(methyl methacrylate) [21], polyethylene [22], polyamide 6
22], polyamide 11 [23], polyester [24,25], polyethersulfone [26] or
VOH [27]. As both boehmite and PVOH are hydrophilic, boehmite
an be incorporated into PVOH without pretreatment, only by sim-
ly dispersing the two components in water. The dispersibility of
oehmite in water is an advantage to obtain the water-based flame
etardant coating in a water soluble polymer. It has already been
roved that pseudo-boehmite nanoparticles disperse very well in
VOH and improve significantly its flame retardancy: limiting oxy-
en index increases from 19.5 for pure PVOH to 30 for PVOH filled
ith 37.5 wt% of pseudo-boehmite nanoparticles. Moreover these
anoparticles enhance charring of PVOH [27]. This article describes
he results of a collaborative work concerning the development of a
ame retardant coating for EPS foams and leading to three patents
28–30]. The efficiency of the coating to improve the flame retar-
ancy of EPS foams is assessed according to the NF EN ISO 11925-2
tandard which is generally required for many applications of EPS
oams. Two EPS foams (with and without HBCD) are used to iden-
ify the possible synergism or antagonism between the developed
oating and HBCD whose modes-of-action are different.

. Materials and methods

.1. Materials
Precipitated boehmite mineral filler under commercial name of
AM was supplied by Saint Gobain Ceramic Materials. It has ellip-
oid particle shape, a specific surface area (BET) of 149 m2/g, pores

Fig. 2. Simulated single flame source fire test NF EN ISO
Fig. 1. Standardized single flame source fire test apparatus NF EN ISO 11925-2 and
their main components.

volume and mean pore size of 0.43 cm3/g and 11.5 nm respectively
(data from manufacturer).

The partially hydrolyzed polyvinyl alcohol (PVOH) was pur-
chased from SEKISUI and used without any purification. Its degree
of hydrolysis is 87–89 mol%, with viscosity of 24.5–27.5 cPs, and pH
of about 5–7.

Two types of EPS were used as substrate of coating, EPS without
HBCD with apparent density of 14.16 ± 0.33 kg/m3, and EPS-HBCD
with apparent density of 16.17 ± 0.51 kg/m3. For dip coating in
aqueous coating dispersion, EPS blocks were sized according to the
required dimensions for fire tests: 250 × 90 × 60 mm3.

2.2. Processing methods

2.2.1. Preparation of aqueous coating dispersion
Dried filler was pulverized in a pulverizator during 10 s at

6000 rpm. The pulverized filler was then dispersed in de-ionized
water under mechanical mixing during 4 h. The 16 wt% of aque-
ous PVOH solution was prepared by dissolving the polymer in
de-ionized water at around 80 ◦C for 4 h under mechanical mix-
ing, until a homogeneous solution was formed. After cooling to
room temperature, 1000 g of the coating suspension was prepared
by mixing 625 g of 18 wt% of filler aqueous dispersion with 375 g
of 16 wt% of PVOH solution. The whole solution was stirred vigor-
ously until a homogenous dispersion was obtained. Consequently,
the filler/polymer weight ratio in dried film is fixed to 65/35. To
obtain the dried film (studied in Section 3.1), 5 g of aqueous coating
dispersion was dried in a petri dish.
2.2.2. Static dip coating method of EPS block
The dip coating process was applied on the EPS-HBCD samples

as required for preliminary assessment of their fire behavior. The
first step consists in a 5 min manual dipping system in coating solu-

11925-2 apparatus (a) and (b) burning process.
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Fig. 3. SEM images of filler CAM (scale bar 500

ion. Then samples were taken out from the coating suspension and
artially dried for 2 h on a drying rack before application of a second
oating layer. Coated blocks were then dried at room temperature
ntil weight stabilization. This step could be repeated several times
o increase coating film thickness.

.2.3. Optimization of (multi-layer) coating dispersion
arameters on EPS blocks (Sections 3.2 and 3.3)

12 wt% aqueous PVOH solution was prepared by dissolving the
olymer in de-ionized water at ∼80 ◦C for 4–6 h with stirring until
homogeneous solution was formed. After cooling to room tem-
erature, 10 000 g of a coating suspension was prepared by mixing
000 g of 12 wt% aqueous PVOH solution with 1335 g of CAM and
665 g of water. The whole solution was stirred vigorously until it

s well dispersed. The total solid content (CAM + PVOH) was about
0–21 wt%. The filler/polymer weight ratio in dried film was fixed
o 65/35.
The dip coating process was applied on
50 mm × 180 mm × 60 mm EPS samples as required by the
ingle flame source test “ISO 11925-2” for materials which melt
nd shrink away from the flame.

Fig. 4. The evolution of hydrodynamic diameters of CA
nd dried film microstructure (scale bar 1 �m).

2.2.4. Rotary dip coating on EPS blocks
In order to improve coating process, a three-step “rotary” dip

coating process was used and applied on EPS with and without
HBCD. The first step consists in a 5 min manual dipping system in
coating suspension to obtain a PVOH/CAM wet layer. Then samples
were taken out from the coating suspension and partially dried for
1 h with a rotational apparatus (rotation speed: 165 rpm) for better
film homogeneity. These steps could be repeated several times to
increase coating film thickness. The coating process was completed
by a film drying at room temperature by hanging the EPS blocks on
a drying rack for several days. Later on, the EPS blocks were dried
in oven at 40 ◦C during 3 days to guarantee the weight stabilization
of EPS blocks.

2.3. Characterizations

The size of CAM nanoparticles was determined as hydrodynamic
diameter (Zaverage) by measuring the changes in the intensity of
light scattered from a suspension of fillers using a zeta sizer Nano ZS
from Malvern. About 50 mL of aqueous filler dispersion was diluted

100x by de-ionized water under magnetic stirring.

The observation of nanoparticles shape, the real filler particle
size, filler distribution in PVOH, and coating deposition on EPS were
carried out using a FEI Quanta 200 FEG environmental scanning

M in water and in aqueous dispersion of PVOH.
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Fig. 5. Influence of pH on the zeta potentia

lectron microscope (ESEM) using an acceleration voltage of 15 kV.
he filler was dispersed in water after sonication in an ultrasonic
ath during 15 min, and then deposited on the copper plate and
ried. The SEM images observation was carried out on this dried
ample.

The pH of filler or coating suspension was measured using a
H meter after their dilution to 10× in de-ionized water. The pH
easurement was repeated 3 times and averaged.
The viscosity of the PVOH/CAM coating suspension was eval-

ated using a TA Instruments AR–2000 N cone/plate rheometer:
40 mm 2◦ steel cone with Peltier plate). All measurements were
arried out at 25 ◦C under a constant shear stress of 10 Pa s.

The zeta potential was measured using a Zetasizer Nano ZS from
alvern in order to investigate the effect of pH on CAM dispersion

n water with and without PVOH. The CAM concentration in water
ithout PVOH was about 0.5 wt%. The CAM/PVOH (65/35) concen-

ration after dilution in water was about 0.325 wt%. Suspension pH

as adjusted by adding either 1 M HCl or 1 M NaOH. The range of
H studied was 2–12, as measured by a digital pH meter.

The thermal stability was investigated by thermogravimetry
TGA) using a Perkin-Elmer TGA-Pyris Manager 6. All measure-

Fig. 6. Relation between PVOH/CAM (35/6
ueous suspension of CAM and CAM/PVOH.

ments were performed at least three times for 10 ± 2 mg sample
under nitrogen with a heating rate of 10 ◦C/min. The standard devi-
ation for the TGA results was on average ± 0.5 wt%.

A simple fire test was developed to provide a first assessment
of coating efficiency to improve the flame retardancy of EPS (see
supporting information).

Single flame source fire test NF EN ISO 11925-2 on the coated EPS
blocks

The Single Flame Source Test NF EN ISO 11925-2 is a method
for determining the ignitability by direct small flame impinge-
ment of building products used in the vertical orientation and
aims to assess their behavior during and after a direct exposure
to a flame. 250 mm × 90 mm × 60 mm EPS blocks with and with-
out HBCD before and after coatings were subjected to this fire test.

As prescribed in the standard, propane was used as combustion
gas and the air flow rate in the combustion chamber was about
0.6-0.8 m/s.

During the test, the following information must be recorded:

5) total solid content and viscosity.
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Ignition time of the product (Tigns);
Flame spread:
• If the flame tip reaches 150 mm above the flame application

point, then the time (Tm s) at which it occurs is recorded;
• If the flame tip does not reach 150 mm above the flame appli-

cation point, then the distance (Fs mm) covered by the flame is
recorded.

Self-extinguishing time (Tselfs)
Ignition of the paper filter located under the EPS block due to
dripping (Tdrips)
Observations of physical behavior of the specimen.

Euroclass rating can be summarized as follow:

Class E if Fsis less than 150 mm after 20 s.
Class E-d2 if Fs is less than 150 mm after 20 s and paper filter is
ignited.
Class F if Fs is higher than 150 mm
For each formulation a set of six to eight specimens was tested
sing a flame angle of 45◦ with the vertical. The flame total duration
pplication time is 20s from the time at which the flame is first
pplied.

Fig. 7. Weight (a) and derivative weight (b) curves versus temperature under N2 a
Some EPS-HBCD (with and without coatings) blocks were firstly
tested in a standardized apparatus kindly made available by Saint-
Gobain Placo (France) as seen in Fig. 1. Thereafter a lab-made
simulated single flame source fire test was developed and used to
evaluate the fire behavior of coated EPS (Fig. 2). It should be noted
that our equipment has been manufactured in conformity with the
standard apparatus after a comparative validation study. Indeed,
this simulated lab-scale fire test was validated by measuring the
fire rating of eight identical samples previously tested by the stan-
dardized fire test. All these samples presented identical Euroclass
fire rating (F or E) with those tested with the standard apparatus
on Saint-Gobain Placo site. Therefore in the next section, the results
from simulated or standardized tests will not be separated.

3. Result and discussion

3.1. Development of the coating suspension CAM/PVOH

In this first part, the development of the coating based on PVOH

filled with CAM boehmite is described. The CAM filler, the aqueous
suspension and the solid film are characterized.

The CAM nanoparticle size was measured on SEM micrographs
taken under magnification of 100,000× (Fig. 3). SEM images show

t heating rate of 10 ◦C/min for CAM boehmite, PVOH and CAM/PVOH 65/35.
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he CAM aggregate size of around 68 nm, and the presence of some
ndependent and smaller particles (21 nm).

The filler size was also measured as the hydrodynamic diameter
y Dynamic Light Scattering (DLS—Fig. 4). Based on this measure-
ent (103 nm), it seems that CAM is quite well dispersed in water

ven without ultrasonic exposure. However, the ultrasonic bath
ixing during 15 min decreases the hydrodynamic diameter of

ller from 103 nm to 83 nm. The difference in particles size between
LS and SEM is caused by particles interaction with water. This may

ndicate the strong dipole interactions between filler and water
hat lead to higher hydrodynamic diameter of fillers, and/or fillers
gglomeration. Consequently, the particle size measured with DLS
s larger than the size measured by SEM.

CAM incorporation to aqueous dispersion of PVOH increases the
ydrodynamic diameter of particles (from 103 to 255 nm) and the
ppearance of aggregates (around several microns) (Fig. 4). These
ggregates are quite stable, because they persist even after ultra-
onic bath mixing. Probably the small CAM particle size provides
ctive surface area to interact with hydroxyl groups from PVOH.
evertheless, a small population of particles is still observed at

anges of 30 nm to 80 nm.
Despite the formation of some aggregates, CAM is well dispersed

n PVOH after drying, as proved by SEM pictures (Fig. 3). The fillers
eem to be coated by polymer, and PVOH has also a role of binding
gent for filler particles. Big aggregates are not observed, and the
lm surface looks very smooth. Such a good dispersion was already
bserved by Cai et al. [27] when they studied PVOH filled with
seudo-boehmite nanorods (up to 37.5 wt%). The authors showed
hat these nanorods did not deteriorate the transparency of PVOH
ue to this outstanding nanoscale dispersion.

In dip coating method, the viscosity of coating suspension is
ne of the most important parameters. pH is an important param-
ter controlling the gelation of coating suspension. The synthesis
edium of filler seems to influence their pH. It has to be noted

hat CAM is synthesized by sol-gel method in acidic medium. As
ther sol-gel products, CAM filler is sensitive to the change of pH.
queous dispersion of CAM and PVOH has low pH of 3.53 and 5.7
espectively. CAM incorporation into aqueous dispersion of PVOH
esults in pH blending of 4.3.

The stability of coating suspension can be indicated by its zeta
otential. The evolution of zeta potential by pH changes is pre-
ented in Fig. 5 for aqueous suspension of CAM (0.5 wt%) and
AM/PVOH (65/35, 0.325 wt% of filler in suspension).

It can be seen that iso-electric point (IEP) occurs at pH of around
.8 for CAM in water. Below and above this pH value, the CAM
xhibits greater repulsive force between particles which indicates
ood particles dispersion in water. The iso-electric point occurs
t pH around 6.8 for CAM/PVOH aqueous suspension. Above this
H, results show absence of repulsive forces which indicates that
AM/PVOH is badly dispersed in basic pH where the suspension
xhibits aggregates and clusters formation. Best-dispersed aque-
us CAM/PVOH suspension was found for a pH of around 4.2 which
orresponds to the initial pH value of the suspension.

The solid content of coating suspension determines its viscosity.
he optimization of solid content was carried out using differ-
nt concentrations of aqueous suspension of PVOH/CAM (35/65)
Fig. 6). It can be seen that viscosity increases moderately (from 0.09
o 2.2 Pa s) by increasing the total solid content from 14 to 21.5 wt%
n water. Sharp increase in viscosity is observed above 22% of total
olid content. So, an onset gelling point is established at 22 wt%
f total solid content. This value is considered as the upper limit
or solution viscosity that could be used for dip coating process.

igh PVOH/CAM 35/65 suspension viscosity is probably better to
e used in comparison to low viscosity because it may result in a
hicker coating film.
The thermal stability of filler and dried film containing CAM
was characterized by thermogravimetric analysis under nitrogen
at a heating rate of 10 ◦C/min from 50 to 900 ◦C. Fig. 7 shows the
different degradation steps of filler, PVOH, and PVOH/CAM 35/65
film.

CAM filler presents one-step degradation related to the
boehmite decomposition to form alumina particles. CAM filler dis-
plays weight loss around 16 wt% at 600 ◦C, and the degradation
starts before 300 ◦C. Strong degradation was observed from 360 ◦C
to 520 ◦C (peak at 470 ◦C), showing the conversion of boehmite into
alumina.

Under anaerobic pyrolysis, poly(vinyl alcohol) (PVOH) is
degraded under three steps as described in Scheme 1.

According to Alkan and Benlikava [31], the first degradation step
of PVOH between 50 and 180 ◦C is related to the loss of moisture
and/or evaporation of the trapped water. The second step from
250 ◦C to 400 ◦C is caused by elimination of water and residual
acetate groups from partially hydrolyzed PVOH. The further degra-
dation step at higher temperatures (400–550 ◦C) is attributed to the
degradation of polyene residues to yield carbon and hydrocarbons.
So, this latter step is the key of charring in PVOH degradation. The
final residue obtained from degradation of PVOH investigated by
TGA is 4.8 wt%.

The dried coating film containing CAM filler presents identical
degradation modes with a three-step degradation. A small degra-
dation peak barely visible observed at lower temperature (between
50 ◦C and 150 ◦C) may be attributed to the release of physisorbed
water. The second step between 250 ◦C and 390 ◦C corresponds to
polymer degradation, and the last step with a peak at 475 ◦C is due
to both filler decomposition and polymer degradation.

CAM/PVOH curve does not correspond to a simple rule of mix-
tures calculated from CAM and PVOH curves. The main degradation
step corresponding to PVOH degradation is shifted to lower tem-
perature. Peak of mass loss rate is found at 315 ◦C for CAM/PVOH
versus 360 ◦C for PVOH. The last step corresponding to PVOH and
filler degradations appears to be spread. The peak is lower than the
corresponding peaks of PVOH and CAM degradation, it is shifted and
ends also at slightly higher temperature (approximately + 10 ◦C).

Incorporation of CAM into PVOH resulted in higher final residue
than expected (58% instead of 55%). The expected residue is
obtained according to a linear rule of mixtures. Based on this calcu-
lation, the char from polymer in the dried film should be 1.7% (from
35 wt% of initial PVOH composition in the dried film). In the pres-
ence of boehmite, the char from polymer after pyrolysis is much
higher: 4.5%. It means that the incorporation of CAM boehmite
promotes the charring of PVOH.

All these changes evidence that CAM boehmites are not inert
fillers in PVOH. These fillers promote the degradation of PVOH at
lower temperature but slightly improve the char content and its
thermal stability. These results are in good agreement with those
found by Cai et al. [27]. These authors noted that pseudo-boehmite
rods induce an earlier decomposition of PVOH but enhance char
content.

3.2. Coating deposition on EPS foams

The amount of deposited coating suspension during dip coating
must also be optimized in order to obtain the best flame retardant
coating. The quantity of solid uptake, called coating level, is calcu-
lated by weighing the sample before and after coating as presented
in Eq. (1) below:
Coating level(wt%)=
Weight of coated EPS = Weight of EPS before coating(g)

Weight of EPS before coating(g)

× 100 (1)
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Scheme 1. Pyrolytic degradation s

This value influences the flame retardancy, and also should
e considered for cost evaluation in industrial application. Some
arameters controlling this value were investigated: coating num-
er (i.e. number of dips), coating suspension, viscosity, drying
ethod, microstructure of EPS matrix, and the duration of coating

mpregnation time. The influence of these parameters on coating
evel and thickness is discussed in this section.

.2.1. Viscosity of coating suspension
The influence of viscosity was investigated on EPS-HBCD blocks

sing suspensions with low (0.7 Pa s, solid CAM + PVOH content
6 wt%) and high (2.2 Pa s, solid content 21 wt%) viscosities and the
oating was applied using static dip coating process. The influence
f viscosity and dips number (1, 2 and 4 dips) on surface coating
ormation, coating thickness and coating level was evaluated using
EM and by samples weighing before and after coating application.

Coating level increases with the dips number and does not reach
plateau value even after 4 dips. For the same number of dips,

he coating level is higher in the case of high viscosity suspen-
ion (Fig. 8). The difference in coating level when using suspensions
f low or high viscosity increases with the dips number: 135 wt%
ersus 55 wt% after four dips.

The average thickness of the coating also increases with dips
umber for high and low viscosity suspension (Fig. 9). The more
iscous suspension allows reaching higher coating thickness. Max-
mum coating thickness of around 25 �m could be achieved by
erforming four dips with suspension of low viscosity, but a thick-
ess higher than 100 �m could be reached with suspension of high
iscosity.

In addition, the more viscous suspension allows obtaining a
moother surface (Fig. 10). However, it seems that one dip is not
nough to make a smooth surface without holes whatever the sus-
ension concentration used. At least two dips are required to obtain
homogeneous surface texture.

Considering these results, the more viscous suspension (2.2 Pa.s)
as chosen to be used for EPS coating treatment in the following.

.2.2. Drying method
As observed previously in Fig. 9, the coating thickness is not

omogeneous for EPS-HBCD coated with the more viscous sus-
ension. The coating thickness is much higher on EPS lower side

ue to gravity. Mechanical rotary drying method was then used
o improve the homogeneity of coating layer. Figs. 11 and 12 com-
are the coating level and the coating thickness on upper and lower
ides for static and rotary drying (Fig. S2 in supporting information
f poly(vinyl alcohol) (PVOH) [31].

shows the location of EPS block during drying). Rotary drying allows
a very homogeneous coating (no difference in coating thickness on
lower and upper side) even if the coating level is significantly lower.
Rotary drying allows monitoring the film thickness (homogeneous
coating) over the whole surface of EPS blocks.

The surface film formed by mechanical rotary is also aestheti-
cally smoother and without holes, as seen in SEM micrographs of
one dip coating using static or rotary drying (Fig. 13).

3.2.3. Impregnation time
Impregnation time was also studied as an influent parameter

(Fig. 11). It allows monitoring the coating penetration, the surface
smoothness, and the coating thickness. A longer impregnation time
slightly increases the average thickness of coating layer from 17 �m
to 36 �m, but a remarkable increase on coating level is observed
from 34% to 170% and the deposit is very homogeneous (when using
the more viscous suspension and rotary drying). So, a higher coat-
ing level does not result only in a thicker coating but also in the
amount of suspension which penetrates into the material. Longer
impregnation time allows more coating suspension to penetrate
through the voids between the EPS beads (Fig. 14). The white marks
in the SEM image are related to the boehmite particles. The SEM
images in the core of coated EPS foam shows poorer penetration
when impregnation time is only 5 min. On the contrary, after an
impregnation time of 18 h, more coating suspension penetrated in
the core of EPS-HBCD plates. It must be noted that it was not possi-
ble to assess quantitatively the fraction of coating penetrating into
the material (and the fraction of coating remaining at the surface).

The penetration of coating suspension was monitored by SEM
observations on a 60 mm EPS-HBCD thickness block after 18 h of
impregnation time. It seems from Fig. 15 that coating suspension
penetrated into the whole core of EPS-HBCD block by covering the
surface beads. This observation confirms the higher mass uptake
previously observed. It is important to note that pores inside each
EPS bead are not accessible by the coating suspension.

Finally it is also noteworthy that surface coating is more homo-
geneous for one dip coating with a long impregnation time of 18 h
on lower and upper sides in comparison to a short impregnation
time of 5 min as shown in Fig. 16.

3.2.4. Microstructure and density of EPS

The coating suspension is not only deposited at the foam surface

but can also penetrate into the core. The penetration depends on
the foam microstructure. Therefore it is important to compare the
easiness of the suspension to penetrate into the two foams stud-



Fig. 8. Coating level versus dips number for EPS-HBCD coated with suspensions of low or high viscosity.
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Fig. 9. Coating thickness versus dips number for EP

ed in this work: “low” density EPS without HBCD (14 kg/m3) and
high” density EPS with HBCD (16 kg/m3). Higher density EPS foam
as fewer voids among the interstices of EPS beads (Fig. 17). This
icrostructure parameter plays an important role in coating pene-

ration. A better penetration of PVOH/CAM suspension to the core of
ower density EPS foam is observed for a 4 dips coating using short
ime (5 min of impregnation for each dip). At the same dips number,
he lower density EPS also presents higher solid uptake compared
o higher density EPS (140 wt% vs 90 wt%). For longer impregnation
ime (18 h) coating suspension has more time to penetrate through
PS beads interstices and no difference was found between both
PS foams (Fig. 17). Thus, taking into account the relative error,
imilar solid uptake for 1 coating with longer impregnation time is
bserved for EPS with and without HBCD (∼130–160 wt%).

In order to assess the effect of microstructure on suspension
enetration, the inner density was measured on the coated foams.

ig. 18 shows the density of all the foams tested according to the
re test NF EN ISO 11925-2 after removing the external surface of
he coating using a sharp thin blade.
D coated with suspensions of low or high viscosity.

It is obvious that the suspension in high density EPS (EPS-HBCD)
mainly accumulates on surface as confirmed by the low variation of
inner density observed when applying 1, 2 and 4- dips with a short
impregnation time. Density remains almost constant despite a sig-
nificant coating level. On the contrary, in EPS without HBCD (i.e.
low density EPS), an increase of inner density is observed when
increasing coating level. In that case, the bigger pores allow higher
suspension penetration leading to higher inner density. Results
also confirm once again that coating suspension penetration in EPS
with or without HBCD (small or bigger pores) is similar for long
impregnation time. The EPS block inner density is almost the same
whatever the microstructure of the foam.

Impregnation time and EPS microstructure play a major role in
promoting coating suspension penetration into the core of spec-
imens. Higher impregnation time in presence of smaller pores or
lower impregnation time in presence of bigger pores may allow

reaching the same coating penetration level.
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ig. 10. Influence of viscosity on surface coating (a) top view (scale bars 500 �m—to
one dip).

.3. NF EN ISO 11925-2 fire test on the coated EPS blocks

The fire test NF EN ISO 11925-2 was carried out on various EPS
nd EPS-HBCD blocks with and without coatings. All results are

etailed in Table 1 and plotted in Fig. 19.

Non coated EPS with HBCD is “E” Euroclass fire rated; it shrinks
way from the heat source when exposed to flame (Fig. 20); no

Fig. 11. Coating level versus dips number for EPS-HBCD coated with su
400 �m—bottom) and (b) side-view (scale bars 200 �m—top and 100 �m—bottom)

paper filter ignition and very low flame propagation are observed
accompanied with immediate flame extinction.

EPS-HBCD blocks coated using one, two and four dips in the
lower viscosity PVOH/CAM suspension are Euroclass fire rating

downgraded. These samples are “F” rated because the flame tip
reaches 150 mm above the application point during the test. Note
that using the low viscosity suspension the maximum coating

spension of high viscosity and dried using static or rotary drying.



Fig. 12. Coating thickness versus dips number for EPS-HBCD coated with suspension of high viscosity and dried using static or rotary drying.
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Fig. 13. Influence of drying method on coating surface texture (sc

hickness reaches about 24 �m and the coating level reaches only
5 wt%.

Different results on Euroclass fire rating were observed during
re tests on EPS-HBCD plates coated with high viscosity PVOH/CAM

uspension. One dip (1-C) coating with average thickness of 17 �m
nd coating level of 34 wt% failed the fire test (class F). Applying
wo (2-C, coating average thickness 31 �m, coating level 42 wt%)
ardly passed the fire test. The flame tip reaches 150 mm for 2
rs: 400 �m—top and left, 500 �m—bottom and left, 1 mm—right).

of 7 samples and for the 5 other samples the flame reached limit
values of about 100–130 mm. On the other side, EPS-HBCD plates
coated using four dips (4-C) or one dip with long impregnation
time (1-C–16 h) resulted in better Euroclass fire rating (E). Apply-

ing four dips with average thickness of 63 �m and coating level
of 85 wt% inhibits flame propagation. Same results were observed
for EPS-HBCD samples after one dip with long impregnation time
exhibiting lower average thickness (39 �m) but higher coating level



Fig. 14. Influence of the impregnation time on suspension penetration into the core of EPS-HBCD (scale bars 1 mm).

Fig. 15. The CAM/PVOH penetration into the core of EPS without HBCD for one dip during 18 h.

Fig. 16. Influence of impregnation time using rotary drying on the coating surface texture of 1 dip coating EPS-HBCD (scale bars 1 mm).



Fig. 17. The different microstructures of EPS foams before and after coating and the CAM/PVOH penetration into the core of high density (EPS with HBCD) and low density
EPS foam (EPS without HBCD) (scale bars 1 mm except 2 mm at right and bottom).
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Fig. 18. The density evolution versus the coating level for v

170 wt%). Better fire behavior was observed according to the low-
st distance (Fs) covered by the flame (50–80 mm). Note that an
ppropriate coating level allows maintaining E rating while com-
letely changing the mode-of-action of the flame retardant system.
BCD acts as flame inhibitor while the coating developed in this

tudy promotes barrier effect thanks to a layer consisting in mineral
articles and char. When coating level is not high enough, down-
rading is observed, probably because coated EPS-HBCD does not
hrink away from the flame (contrarily to EPS-HBCD). Cai et al. have
lready noted that PVOH does not shrink during burning when
lled by pseudo-boehmite rods probably because alumina from
seudo-boehmite nanoparticles acts as a skeleton of the char [27].
Non-coated EPS without HBCD, once exposed to flame, shrinks
way from heat while instantly ignites and promotes highly flame
ropagation. EPS had “F” Euroclass fire rating because it burns
coated EPS foams (labels correspond to the dips number).

immediately; flame propagation is never stopped and produces
burning drops which caused paper filter ignition.

Previous fire test on EPS-HBCD showed that coating level must
be higher than 85 wt% to obtain E Euroclass fire rating. Therefore,
the EPS samples without HBCD were protected with four or six
dips with short impregnation time (5 min) or one dip with long
impregnation time (18 h). Coating level was higher than 120 wt%
for these three samples.

Such coated EPS exhibit better flame retardancy and their Euro-
class fire ratings upgrade from “F” to “E”. The flame tip never reaches
150 mm above the application point during the test and no burning
drop is observed. All these coated EPS show self-extinguishing after

10–15 s of flame exposure.

Dip coating allows monitoring coating level and coating thick-
ness. Generally high coating level is associated to high coating
thickness. To assess the respective influence of both parameters on



Table 1
NF EN ISO 11925-2 fire test results.
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oating efficiency, the fire test was also carried out after remov-
ng the surface layer on the lower side of coated EPS (without
BCD). Therefore, the coating thickness becomes null. The surface

emoval still results in E Euroclass fire rating (Table 1 and Fig. 19).
he flame propagation does not reach 150 mm, no flaming drop
s observed and all specimens show self-extinguishing after flame
emoval. Nevertheless, flame spread and self-extinguishing time
lightly increase. The sample residue after removal of its surface
ayer still shows charring on the uncoated side (Fig. 20), due to the
oating penetration into the voids between EPS beads as seen in
ig. 15. This result leads us to conclude that the coating penetration
s the most important parameter to achieve “E” fire rating.

This result is of particular interest. Indeed, EPS blocks are often

ut off just before installation. In such a case, flame retardancy
ould be lost if the coating was present only at the surface.

It is noteworthy that EPS-HBCD coated with four dips in highly
iscous suspension is also E rated despite the non-penetration of

Fig. 19. The influence of coating level & coating thickness on the Euroclass fir
coating into the foam core. Then, in some cases, a thick coating only
at the foam surface can be also efficient enough.

4. Conclusions

A protective coating on EPS foam was developed using aqueous
dispersion of boehmite in poly(vinyl alcohol) (PVOH). From a cer-
tain coating level, the EPS without HBCD coated with CAM/PVOH
suspension allows obtaining E Euroclass fire rating instead of F in
standardized fire test NF EN ISO 11925-2.

The use of aqueous suspension of boehmite in poly(vinyl alco-
hol) with a dry composition of 65/35 wt% shows a very good
potential to replace HBCD as flame retardant in EPS foam. Thanks

to the porous structure of EPS foam, a significant absorption
of CAM/PVOH into the interstices of EPS is allowed. EPS blocks
microstructure had great influence on coating suspension pene-
tration in the core of specimens for short time treatment. Coating

e rating (Non-coated EPS and EPS-HBCD are respectively F and E rated).
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Fig. 20. Residue of non-coated EPS-HBCD (a), EPS without HBCD coated with C

enetration through the interstices promotes better beads cover-
ge leading to better flame retardancy.

During burning, the coating protects not only the surface of EPS
oam, but also the individual EPS spheres. After removing the coated
urface, the E rating can be maintained evidencing that the flame
etardancy depends mainly on the coating level penetrating into
he foam core.

The flame retardancy mode-of-action of EPS by boehmite/PVOH
oating is attributed to the barrier effect allowed by filler and PVOH
harring promoted by the boehmite while HBCD usually acts as
ame inhibitor. The coating based on boehmite modifies the EPS
ehavior in presence of the flame: EPS does not shrink anymore.
he release of water by boehmite to dilute fuels may also be an addi-
ional mode-of-action. At low coating level, an antagonistic effect
n fire performances is observed: EPS with HBCD is downgraded
rom E to F rating.
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Appendix A. Supplementary data

Supplementary data associated with this article can be found,
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