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In order to improve the stability and growth speed of coating, a trilayer (TL) methodology was adapted and
resulting film shows high thickness compared to the dimensions of the carbon nanotube. First, the multi-
walled carbon nanotubes were functionalized via simple direct amination to be stabilized in the water with
positive surface charge. Amine functionalized carbon nanotubes were deposited on polyurethane foam using
layer-by-layer assembly with a TL approach. Additional polyethyleneimine layer promote the interaction be-
tween carbon nanotube and polymer layers resulting in uniform, durable and thick coating. The 440 ± 47 nm
thick 4 TL coatings of polyacrylic acid, polyethyleneimine functionalized multi-walled carbon nanotubes, and
polyethyleneimine completely covers the entire internal and external surfaces of the foam. Microscopic images
confirm strong polymer/nanotube interaction due to additional polyethyleneimine layer and well dispersed car-
bon nanotube network on the polyurethane foamsurface. The carbon nanotube network created by the layer-by-
layer process significantly reduces the flammability of foam (e.g., 35 ± 3%) reduction in peak heat release rate
and prevents pool fire by creating protective layer.

Published by Elsevier B.V.
1. Introduction

Layer-by-layer (LbL) assembly has been studied for last two decades
as a thin film fabrication technique [1–3]. LbL coatings/thin films are
commonly fabricated through alternate deposition of a positively
charged layer and negatively charged layer (one pair of positive and
negative layers are called a bilayer, BL) [4]. Their characteristics and
functional purpose (e.g., oxygen barriers [5] and sensors [6]) are con-
trolled by the fabrication parameters (e.g., pH of solution, solution con-
centration, and temperature) and the materials that form the coatings
(e.g., polymer type) [7–11]. Recently LbL coatings were shown to signif-
icantly reduce the flammability of cotton fabrics, polymeric films, and
polyurethane foams (PUF) [11–18]. During combustion, the polymer/
nanoparticle coatings form a protective residue, which inhibit flame
spread and fire growth. Studies have shown polymer only LbL coatings
can reduce the flammability of cotton fabrics [16–18]; however, it ap-
pears nanoparticles in the assembled coatings can greatly reduce the
flammability of PUF. A carbon nanofiber (CNF) and a montmorillonite
clay based LbL coatings in previous studies reduced the PUF peak
maximum heat release rate (PHRR) PUF by 40% [19,20]. The CNF-
based coating naturally grew exponentially due to the inter-diffusion
of polyethylenimine (PEI) and poly(acrylic acid) (PAA). The clay-
based coating, unlike the CNF-based, has a slow and a linear growth
[10], which is not practical for commercialization of this FR technology.
However, the growth rate was significantly accelerated by using a using
3019754052.
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a trilayer (TL) approach; the clay-based coating thickness was up to
1 μm after 8 TL of deposition [20]. The conventional clay-based LbL
coatings utilize electrostatic attraction between the clay platelet and
polyelectrolyte, which is a very poor interaction. The TL approach com-
bines the electrostatic attraction and hydrogen bonding by depositing
an additional polyelectrolyte layer after clay layer, which helps retain
clay in the coating and enables interdiffusion between the two polymer
layers.

Since the discovery of carbon nanotubes (CNT) in early 1990, the
characteristics of carbon nanotubes (e.g., such as small size and high as-
pect ratio [21,22], high modulus [23], and high thermal conductivity
[24]) have been attractive to enhancing the performance of polymeric
materials. Compared to CNFs, which have similar composition and
much larger geometry, CNTs have superior physical properties along
with at least an order of magnitude higher surface area. Recently,
CNTs were deposited via LbL assembly and the resulting films showed
excellent property improvement for various applications [25–27]. How-
ever, these CNT-based coatingswould not be practical as a fire retardant
(FR) because the coatingswere too thin (less than 100 nmeven after 10
BL).

Compared to the previous reports of CNF [19] and clay-based [20] LbL
coatings, the MWCNT-based coating have significant challenges stem-
ming from the MWCNT size and surface chemistry that make it difficult
to disperse and maintain dispersed in aqueous solutions. Researchers
have reported improving MWCNT dispersion, distribution, and stability
using non-covalent stabilizing agents (e.g., surfactants [28–30], water-
soluble polymers [31–33], and inorganic nanoparticles [34,35]) and
have chemically modified the CNTs. Covalent functionalizing is generally

http://dx.doi.org/10.1016/j.tsf.2013.10.167
mailto:rick.davis@nist.gov
Unlabelled image
http://dx.doi.org/10.1016/j.tsf.2013.10.167
Unlabelled image
http://www.sciencedirect.com/science/journal/00406090


++
++ +

--
-

-
--

-

++
++ +

MWCNT-PEI PEI

PAA

PUF

+

-

+ PEI
MWCNT-PEI

PAA

PEI
MWCNT-PEI

PAA

PEI
MWCNT-PEI

PAA
PEI

MWCNT-PEI
PAA

PUF

Start

Exit: 4 TL

Fig. 1. TheMWCNT/polymer coating process was an alternating submersion in an anionic
(PAA) solution, cationic (MWCNT-PEI) and another cationic (PEI only) solution with
washing (rinse and wring) between each solution. Fabrication step for BL systems is iden-
ticalwithout the additional PEI deposition afterMWCN-PEI layer. The repeating unit for BL
system is PAA/MWCNT-PEI.
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preferred to enhance CNT solubility, but the fabrication process is compli-
cated and involves strong acid treatment. Liao et al. reported a one step
MWCNT functionalization method via direct amination without strong
acid treatment [36]. The functionalized MWCNT showed excellent dis-
persion and stability in water without any dispersion agent.

Reported here is a multi-walled carbon nanotube (MWCNT) LbL
coating with exceptional coating thickness and high MWCNT concen-
tration that was fabricated via the TL approach. Discussed are direct
amination of MWCNT to promote the stability and deposition of
MWCNT, advantage of TL methodology, and characterization of the
coatings including microstructure and fire performance.

2. Experimental details [37,38]

2.1. Materials

All measured values are reported with a 2 σ uncertainty, unless
otherwise indicated. All materials were used as-received from the
supplier unless otherwise indicated. Branched polyethylenimine
(PEI, branched, Mw = 25,000 g/mol) and poly(acrylic acid) (PAA,
Mw = 100,000 g/mol) were obtained from Sigma-Aldrich (Milwaukee,
WI). The polymer solutions (0.10 ± 0.03 mass %) were prepared by
charging a 2 L glass bottle with deionized (DI) water and either PAA
or PEI, then tumbling the solution for 6 h at room temperature using a
compact roller system manufactured by Wheaton (Millville, NJ). The
pH was not adjusted as the natural pH of the solutions (3 and 10 for
PAA and PEI, respectively) are close to the reported pH value for a fast
coating growth [39]. Baytubes C150HP multi-walled carbon nanotubes
(MWCNT, average diameter was 14 nm, length was 1 μm to 10 μm)
were obtained from Bayer MaterialScience AG (Pittsburgh, PA). The
standard (untreated) polyurethane foam received from Future Foam
Inc. (Fullerton, CA) was stored as received from the supplier. Nine sub-
strates (length/width/height of (10.2/10.2/5.1) ± 0.1 cm) were cut
from a single substrate ((30.6/30.6/5.1) ± 0.1 cm). Prior to coating fab-
rication, the PUF was stored in a desiccator for 3 days to remove
moisture.

2.2. MWNCT amination and LbL methodology

The MWCNTs were first functionalized with PEI to facilitate disper-
sion and distribution in DI water and to improve retention of the
MWCNTs in the coating. Amination of MWCNTs was prepared accord-
ing to the procedure by Liao et al. [36]. A plastic vial (500 mL) was
charged with 200 g ± 1 g of N, N-dimethylformamide (DMF),
10 g ± 0.1 g of PEI, and 2.0 g ± 0.1 g of MWCNTs. The suspension
was sonicated at 40 W for 1 h then agitated with a stir bar for 2 days
at 50 °C ± 2 °C. The functionalized MWCNTs (MWCNT-PEI) were iso-
lated from the suspension by filtering through a 0.20 μm nylon mem-
brane and washing four times with alternating methanol and water
washes to remove excess PEI and DMF. The MWCNT-PEIs were dried
in a desiccator with anhydrous calcium sulfate for a minimum of
3 days prior to use. TheMWCNT-PEI in DIwater suspension (for coating
fabrication) was prepared by charging a plastic bottle (250 mL) with
150 mL ± 1 mL DI water and 0.60 g ± 0.02 g of MWCNT-PEI and son-
icating at 40 W for 1 h. The suspension was diluted with DI water
(450 mL) then used immediately in the coating process.

The LbL coatingswere constructed by depositing a PAAmonolayer, a
MWCNT-PEI monolayer, and a PEI monolayer to form a single trilayer
(Fig. 1). The coatings consisted of this TL being repeated four times
(4TL). For the first TL, the substrate was held in each of the depositing
solutions for 5 min. The substrate was held in each of depositing solu-
tions for only 1 min, for each subsequent TL. After each monolayer the
specimen was rinsedwith water three times to remove unboundmate-
rial then the excess water was removed by running it through a Dyan-
Jet hand wringer (Dyna-Jet Products, Overland Park, KS). After creating
the four TLs, the specimens were dried in a convection oven for 12 h at
70 °C ± 1 °C then stored in a desiccator for 3 days to remove water. A
MWCNT coating fabricated using a conventional BL LbL approach was
prepared as a reference material. The BL coating fabrication process is
identical to the TL system, except there was no PEI monolayer between
MWCNT-PEI monolayer and PAA monolayer.

2.3. Coating characterization

The change in mass (as measured by a laboratory microbalance) of
the specimen after stored in a desiccator (before coating and after coat-
ing) is the mass of the LbL coating. The MWCNT mass concentration in
the coating was the measured residual mass at 800 °C from a Thermal
Gravimetric Analysis (TGA) operated at 10 °C/min heating rate to
800 °C in nitrogen atmosphere. A Zeiss Ultra 60 Field Emission-
Scanning Electron Microscope (FE-SEM, Carl Zeiss Inc., Thornwood,
NY) at 5 kV was used to image of the MWCNT coatings, from which,
the coating thickness was approximated, and the distribution of nano-
particles and overall coating quality of the LbL coating was qualitatively
evaluated. All SEM samples were sputter coated with 4 nm of Au/Pd
((60/40) mass fraction %) prior to SEM imaging. A dual Cone Calorime-
ter (Cone, Fire Testing Technology, East Grinstead, UK), operating at
35 kW/m2 with an exhaust flow of 24 L/s, was used to measure the
fire performance of uncoated andMWCNT coated PUF. The experiments
were conducted according to ASTM standard testing procedure E1474-
10. A ((10.2/10.2/5.1) ± 0.1 cm) samplewas placed in a snug fitted pan
constructed from heavy grade aluminum foil. The 2σ standard uncer-
tainty of the Cone values is ±5% in heat release rate (HRR) and ±2 s
in time.

3. Results and discussion

3.1. MWCNT coating characteristics

After several attempts at fabricating a MWCNT-based BL coating on
PUF, it was apparent the as-received MWCNTs would not yield a fire
blocking coating on PUF. In the aqueous depositing solution, the
MWCNTs immediately precipitated once agitation ceased. Attempts to
coat using thisMWCNT solution resulted in a substratewith an inhomo-
geneous light gray color, which indicated a coating with a low concen-
tration of poorly distributed MWCNTs. During rinsing, the water
solutions turned a light gray color (due to the MWCNTs) and the sub-
strate returned to its starting off-white color, indicating the MWCNTs
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Fig. 2. Thermogravimetric result of pristine MWCNT, PEI-MWCNT, and PEI. The PEI con-
tent of PEI-MWNCT was calculated by subtracting PEI-MWCNT from pristine MWCNT.
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were easily released from the coating. In an attempt to improve
MWCNT stability in water and improve adhesion to the substrate, PEI
or sodium deoxycholate surfactant was added to the MWCNT deposit-
ing solution. Both approached failed to be effective, but did show suffi-
cient promise (i.e., longer time for MWCNT to precipitate in the
depositing solution) to consider covalently attaching PEI to MWCNT
(MWCNT-PEI). The MWCNT-PEI prepared in this study contained 12
mass fraction % PEI (Fig. 2), which was approximately double what
was reported by the authors of this process [36]. Presumably our higher
PEI content was due to a higher surface area and/or more functional
sites on the MWCNT we used in this study. This MWCNT-PEI formed a
suspension that remained stable in water for more than a week. The
MWCNT-based coated PUFs fabricated using MWCNT-PEI solutions,
where a homogenous dark gray color, indicating that using the
MWCNT-PEI increased both MWCNT retention and degree of distribu-
tion. However, thewaterwash solutionswere still a slight gray color, in-
dicating some unbound MWCNT was still being released.

In a BL coating, the PAA monolayer is deposited onto the MWCNT-
PEI monolayer. During the PAA deposition, the PAA solution became
gray and the substrate became a lighter gray indicating some of depos-
ited MWCNTs released into the PAA solution. This not only decreases
theMWCNT concentration on the substrate, but also restricts PAA depo-
sition by altering the pH value of the solution. After 4BL, the substrate
10µm 

a

Fig. 3. SEM images of 4BL MWCNT coating at (a) 5000× and (b) 100,000×. MWCNT well cover
polymer/MWCNT interaction.
was a uniform gray color, but the color was significantly lighter than
previously reported for CNF-based LbL coating on PUF [19]. SEM images
show the MWCNTs are distributed across the substrate, but there are
significant amounts of large MWCNT aggregates that appear not to be
coated with PAA (Fig. 3). The coating thickness is less than 100 nm
after 4BL, which in our experience is not sufficient for FR applications.
Rather than focusing on improving MWCNT-PEI and PAA adhesion,
the problem of MWCNT-PEI retention was addressed by depositing an
additional PEI monolayer between the MWCNT-PEI monolayer and
PAAmonolayer. This TL approachwas previously shown to significantly
improve the growth rate of clay-based LbL coatings [20]. Unlike the
clay-based TL coating, where PAA was added after clay monolayer, the
PEI monolayer was deposited after MWCNT-PEI monolayer. The sub-
strates fabricated using MWCNT-PEI and the TL approach were a uni-
form black color and had a high concentration of well distributed
MWCNTs throughout the entire substrate.

The microstructure of the MWCNT-PEI coating on PUF as a function
of the number of TL is shown in the SEM images (Fig. 4). The character-
istics of the 1TL (Fig. 4a) and 4BL (Fig. 3) coatings are quite similar; e.g.,
similar substrate color, high MWCNT distribution, and the presence of
MWCNTs that are not covered by polymer. At 2TL, theMWCNTs appear
to be mostly covered (Fig. 4b). Above 2TL, the MWCNTs are completed
embedded and are very well distributed in the polymer coating (Fig. 4c
to e). These coatings have more of a plastic-like look with the MWCNTs
not noticeable unless at high magnification or in one of the few tens of
micron sized and very sparse aggregates. In less than 5% of the speci-
mens 10 nm ± 5 nmcracks were observed in the 2TL and greater coat-
ings. Presumably these cracks are formed during drying, but do not
appear to negatively impact fire performance.

Cross-section views of 4TL MWCNT-PEI/PUF were taken with the
fracture surface in the plane of the image (Fig. 5). The coating is clearly
distinguishable from the PUF substrate, which enables measuring the
coating thickness. The coating is 440 nm ± 47 nm thick based on
seven measurements taken on each of five different MWCNT-PEI/PUF
specimens (value based on 35 measurements). The surfaces in the
cross-section views are consistent with those from the surface views
in Fig. 4, e.g.; all MWCNT-PEI are embedded in the coating. The surface
crack is a least an order ofmagnitude larger those observed in Fig. 4 sug-
gesting this crack resulted from the freeze fracture process. The
MWCNTs are seen across the entire fracture surface indicatingMWCNTs
are distributed through the entire depth of the coating as well as across
the entire substrate. There are no gaps or pores between the MWCNTs
and the polymers coating suggesting strong adhesion. Occasionally a
small gap is observed between the coating and the substrate, which is
believed to be a side effect of the violent fracturing process. These
1µm 
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image of Fig.�2
image of Fig.�3


1 µµm

a b

c d

10 µm

e

Fig. 4. SEM image of (a) 1 TL, (b) 2 TL, (c) 3 TL, (d) 4 TL at 100,000×, and (e) 4 TL at 10,000×.MoreMWCNT is embedded into polymer layer due to strong polymer/MWCNT interaction. At
4 TL, allMWNCTs are completely embedded into polymer. Lowmagnification SEM image shows that the coating surface is very smoothwithout any exposedMWCNTevenwithin the large
aggregates.
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gaps were seen in only a few images suggesting the strong adhesion of
the coating to the substrate. These observations suggest the coatingwill
be durable during routine stresses experienced by PUF; e.g., compres-
sion and release.

MWCNT concentration in the TL coatings was calculated based on
TGA and microbalance measurement results. The 4TL coating increased
substrate mass by (3.4 ± 0.4) mass fraction % and contained (51 ± 1)
mass fraction % MWCNT. These values are comparable to previously re-
ported CNF-based 4BL PAA/CNF coating on PUF [19], but the MWCNT-
PEI 4TL coating is nearly 90 nm thicker. Even though combining PAA
with PEI monolayers will result in exponential growth rate, this cannot
explain the thicker MWCNT coating because the MWCNT mass content
would be lower than reported for the CNF coating. Therefore, it is as-
sumed the thickness differential is based on nanoparticle packing.
MWCNTs and CNFs have a similar density, but MWCNTs are about one
order of magnitude smaller. At a given mass there are more MWCNTs
than CNFs. The SEM images showed the CNFs occasionally overlap an-
other CNF, but for the most part there is one CNF spanning the depth
of the coating with its nearest neighbor several nanometers away.
MWCNTs are three dimensionally in contact with several MWCNTs

image of Fig.�4


300 nm 1µm

a b

MWCNT-PEI

Fig. 5. SEM images of freeze fractured edge of 4 TL PUF at (a) 200,000× and (b) 100,000. MWCNTs are well embedded into polymer layer without any void or gap.

188 Y.S. Kim, R. Davis / Thin Solid Films 550 (2014) 184–189
(as seen in Figs. 4 and 5). The random direction of the MWCNT deposi-
tion may be a factor in the thicker coating.

The MWCNT-PEI TL and previously reported clay-based TL coatings
are similar but the underlying mechanism is different. The role of addi-
tional PAA monolayer for clay is to promote the deposition of the fol-
lowing PEI monolayer by interacting with clay platelets through
hydrogen bonding [20]. For MWCNT-PEI, the PEI monolayer fills the
gap between the nanotubes and interacts with PAA monolayer. Even
though MWCNTs are flexible and well dispersed, due to the random
alignment of MWCNTs there will be voids between the nanotubes,
which hinder the PAA deposition and weaken the layer interactions in
the BL coating. In the TL system, PEI interacts with the MWCNT-PEI as
if it is PEI and penetrates through the MWCNT-PEI monolayer to the
PAA (as reported for [20]). This attraction enhances growth, strength
monolayer adhesion, and increases MWCNT retention.

3.2. MWCNT-PEI/PUF flammability

Cone Calorimetry (Cone) was used to evaluate the flammability of
MWCNT/PUF in accordance with ASTM E1474. Cone is a common
bench scale test to measure the forced burning behavior of polymers
by placing a specimen under the electric heater and igniting it with an
electric spark. The Cone data of 4TL MWCNT/PUF and uncoated PUF is
provided in Fig. 6 and Table 1. The heat release rate (HRR) curves
for MWCNT/PUF and PUF both consist of two peaks. The MWCNT-
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Fig. 6. Heat release rate (HRR) curves of the washed standard PUF and the MWCNT/PUF.
The four TL MWCNT coating resulted in 35% reduction in PHRR, 21% reduction in THR,
and 25% reduction in total burn time.
PEI coating resulted in a delay to maximum HRR for each peak by
21 ± 10% (21 ± 2 s and 75 ± 3 s as compared to 34 ± 2 s and
78 ± 2 s for MWCNT/PUF). The overall peak maximum HRR
(PHRR) for the curve was delayed by 41 s ± 3 s and reduced by
35 ± 3% (620 ± 26 kW/m2 as compared to 403 ± 10 kW/m2). The
THR and total burn time was also reduced by 21 ± 3% and
25 ± 3%, respectively. The first peak of MWCNT/PUF is higher than
the PUF due to the larger exposed area of MWCNT/PUF and lower
heat flux for untreated PUF. During the first peak, PUF completely
collapse and forms the pool of combustible compounds. The distance
between the top surface of PUF and electric hear increases as the PUF
collapses resulting in lowering the heat flux. The MWCNT/PUF main-
tains its shape so that the exposed area is larger than the PUF. Similar
to the CNF-based coating in the previous study, the improvement of
fire performance of the MWCNT-PEI/PUF is based on MWCNT net-
work formation, shape retention, and char formation. The lower
first peak of the control foam is due to the melting of PUF that in-
creases the distance between heating element of cone and the top
surface of PUF resulting in low incident heat flux and HRR values.
In a real fire, these coatings are expected to provide a greater im-
provement in flammability reduction than shown by the Cone, as
the MWCNT coatings completely prevent the melt dripping of PUF,
which, in a real fire, increases the fire threat of soft furnishing by
35% [40].

3.3. Comparison to CNF- and clay-based coatings

All three nanoparticle (CFN, clay, and MWNCT) coatings have
distinctly different characteristics. More specifically, the CNF-based
coatings are rougher with an appearance more similar to a fibrous net-
work. All of the coatings cover all the PUF surfaces; however, the CNFs
tend to deposit as groups rather than individual fibers, which results
in regions of high (tens of microns in size) and regions of no (less
than a fewmicrons in size) CNFs. The highly aggregated regions contain
fibers that are only partially embedded in the polymer coating. The CNF
dimension is about one order of magnitude larger than the MWCNTs,
which creates a rougher coating surface and larger aggregation of
CNFs. Inconsistent coating thickness and large cracks from microscopy
images suggest that the coatings may not grow above the reported
thickness. In contrast, the MWCNT and clay coatings completely and
uniformly cover the entire surface of the PUF with only a few sparsely
distributed nanoparticle aggregates. The coatings appear smooth and
featureless at lower magnifications. Adding extra polymer layers pro-
motes nanoparticle/polymer interactions and creates a much smoother
surface. Even with a different principle for MWCNT and clay as
discussed in previous section, the TL approach effectively enhances
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Table 1
Cone Calorimetry data of the PUF and MWCNT/PUF samples. The approximate 35 ± 3% reduction in PHRR and 21 ± 3% reduction in THR on PUF resulting from the MWCNT coatings is
comparable to the values measured for CNF coatings on PUF (40 ± 3% for PHRR and 21 ± 3% for THR, respectively) [19]. All values are reported with 2σ standard uncertainty.

Peak 1 Peak 2 THR (MJ/m2) Residue mass
%

Burn time
(s)

HRR (kW/m2) Time (s) HRR (kW/m2) Time (s)

PUF 224 ± 12 21 ± 2 620 ± 26 75 ± 3 33 ± 2 2.2 ± 0.1 140 ± 2
MWCNT 391 ± 10 34 ± 2 403 ± 10 78 ± 2 26 ± 1 11.1 ± 0.4 105 ± 2
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the polymer/nanoparticle interaction and promotes exponential
growth. Strong attraction between the nanoparticle monolayer and
polymer monolayers induces higher thickness for both coatings
(440 nm for MWCNT and 1000 nm for clay) and a smooth surface.

Even though the physical characteristics of the coatings were quite
different, reduction in PUF flammability due to the CNF-based and
MWCNT-based coatings were similar. The clay-based coatings exhibit
a slightly inferior performance compared to the CNF-based and
MWCNT-based coatings. More specifically, CNF-based and MWCNT-
based coatings resulted in greater than a 35% ± 3% reduction in PHRR
and 21% ± 3% THR, while the clay-based coating showed only a 17% re-
duction in PHRR and 6% in THR (primarily due to the larger second HRR
peak). All three systems are able to form fire protective char layers,
which will also prevent melt dripping in a real fire.

4. Conclusion

Trilayer LbL coatings constructed with PEI functionalized MWCNTs
are shown to reduce the flammability of PUF. The process described
here generates 440 nm thick PAA/MWCNT-PEI/PEI TL coatings contain-
ing 51 mass % MWCNTs that are well and uniformly distributed across
all of the internal and external surfaces of the porous PUF. Other than
isolated/sparsely populated MWCNT aggregates and small surface
cracks, the MWCNT-PEI/PUF coatings are smooth and featureless. Criti-
cal to this LbL process is using PEI functionalizedMWCNTs and deposit-
ing a monolayer of PEI between the MWCNT-PEI and PAA layers. This
LbL coating significantly reduces the heat release rate, total heat release,
and total burn time of the PUF with just four TL (e.g., 35% ± 6% reduc-
tion in PHRR). Compared to FR systems commercially used to reduce
PUFflammability and using CNF embedded in the PUF, these functional-
ized MWCNT-based coatings yield a significantly greater reduction in
PUF flammability at a significantly lower additive concentration (e.g.,
1.6 mass fraction % MWCNT coating on PUF yields a 20% lower THR
than a 20 mass fraction % brominated FR in PUF). The MWCNT-based
coatings also prevent the formation of a melt pool of burning foam,
which in a real fire scenario, may further reduce the resulting fire threat
of burning soft furnishings in residential homes by up to 35%. This re-
search presents another milestone for using LbL to fabricate coatings
on foam with a range of nanoparticles and other performance-
enhancing additives. These results provide additional evidence that
the TL approach can be used with different nanoparticles to effectively
enhance the nanoparticle/polymer interactions and the quality of the
thin films used for multiple applications outside of fire.
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