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Controlling polyurethane foam flammability and
mechanical behaviour by tailoring the composition of
clay-based multilayer nanocoatings†

Yu-Chin Li, Yeon Seok Kim, John Shields and Rick Davis*

This study is a thorough evaluation of clay-based Layer-by-Layer (LbL) coatings intended to reduce the

flammability of polymeric materials. Through a systematic variation of a baseline coating recipe, an ideal

combination of the coating attributes that provides a rapidly developing coating with an optimum

balance of flammability, mechanical, and physical attributes on a complex 3D porous substrate,

polyurethane foam (PUF) was identified. Using a unique trilayer (TL) assembly approach, the coating

growth was significantly accelerated by the polymer (poly(acrylic acid) (PAA)/branched polyethylenimine

(BPEI)) concentration in the formulation. However, to significantly reduce flammability without

compromising other performance attributes, the concentration of the nanoparticle fire retardant

(nanoFR, clay) suspension was critical. This study has resulted in the most significant reduction in PUF

flammability using LbL technology without compromising any of the mechanical or physical attributes

of the PUF. More specifically, a reduction in the peak heat release rate (pHRR) and average heat release

rate (aHRR) of 33% and 78%, respectively, has been achieved. This reduction in flammability is at least

two times more effective than commercial fire retardants and other LbL FR coatings for PUF. The

insights gained through this research are expected to accelerate the development of other LbL coatings

regardless of the intended application.
Introduction

Layer-by-layer assembly (LbL) is a robust and dynamic approach
to fabricate multilayer thin lms.1–3 The lms are produced by
repeatedly depositing alternating pairs of monolayers (called
bilayers, BL). The monolayers are held together by electrostatic
attraction, hydrogen bonding,4,5 covalent bonding,6,7 metal–
ligand coordination complexes,8 and many other host–guest
pairs.9 This fabrication process uses aqueous solutions or
organic solvents, with polyelectrolytes, charged inorganic nano-
substances, or biomaterials as the building blocks.10 Using an
appropriate surface treatment, thin lms can be deposited on a
wide variety of substrates11 and imbue a broad range of func-
tionalities (e.g., hydrophobic surfaces12,13) for many applications
(e.g., electrochromic thin lms,14,15 drug delivery,16,17 tissue
engineering,18,19 and biosensing20,21). There is an increasing
number of commercial products based on this LbL
technology.22

Recently, LbL has been studied as a novel ame retardant
(FR) platform technology for cotton fabrics,23–25 polyester
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fabrics,26,27 polylactide lms,28 and exible polyurethane
foam.29–31 These LbL FR coatings are typically constructed of an
inorganic nanoparticle (e.g., montmorillonite (MMT), POSS,
and silica) and polymers (e.g., polyacrylamide). On 2-dimen-
sional substrates (fabrics and lms), these LbL FR coatings have
resulted in reduced ame spread and ame extinguishment.
There is very little reported and understood on using LbL to coat
complex 3-dimensional substrates (foam). On foam, it appears
that heat release rate is the most signicant ammability
characteristic that is improved with the LbL FR coatings. LbL
can also suppress ame spread to the surroundings by pre-
venting the formation of a aming liquid material.32

Polyurethane foam is used extensively as the comfort
component in consumer and commercial furniture, mattresses,
buildings, and transportation. Polyurethane foam can be a
signicant re threat and oen the reason a small re rapidly
transitions into a signicant re threat. Therefore, to comply
with ammability regulations, the polyurethane foam is lled
with FR and/or protected with a re blocking technology. The
current FR technologies are under increased scrutiny for envi-
ronmental, health, and safety concerns and, alone, they are
typically insufficient to enable compliance with current or
proposed ammability regulations.33 LbL may be an alternative
to the current FR that enables compliance with ammability,
environment, and health requirements without the need for a
re blocking technology.
J. Mater. Chem. A
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Kim et al.29 rst used carbon nanobers (CNFs) as the main
component of a LbL FR coating on polyurethane foam. This BL
coating was constructed of an anionic layer (poly(acrylic acid),
PAA) and a cationic layer created by a solution blend of CNFs
and branched polyethylenimine (BPEI). This 4 BL PAA/CNF–PEI
coating was 360 nm thick, contained 50% CNF, and only
increased the substrate mass by 3.2%. Yet, it caused a 40%
reduction in the cone calorimeter peak heat release rate (pHRR)
value (a critical ammability metric), which is comparable to
what commercial FRs achieve, but at a two to three times lower
loading level. However, the coating also caused a 50% increase
in the rst HRR peak. This suggests that while the CNF LbL
coating can reduce the total re threat of polyurethane foam,
the higher early-on HRR valuesmay reduce the time to escape or
defend such a re. Additionally, the black color caused by the
CNF may be an aesthetic deterrent to commercialization.

Kim et al.31 failed to produce a MMT LbL coating on poly-
urethane foam using the traditional BL approach (BPEI
cationic/MMT anionic). At 20 BLs, there was less than 1% mass
gain with only 100 nm thick coating. The researchers then used
a novel approach of inserting another anionic layer (PAA)
between the BPEI and MMT layers (BPEI/MMT/PAA). This tri-
layer (TL) approach resulted in exponential lm growth and a
high MMT content. At 8 TLs, the coating was 1000 nm thick,
contained 64% MMT, and increased the polyurethane foam
mass by 3.2%. A 17% reduction in pHRR was reported with this
coating. Compared to the CNF BL system, the MMT coating was
thicker, contained a higher inorganic content, and was less
effective at reducing polyurethane foam ammability. Both
coatings had two HRR peaks and caused an approximate 50%
increase in the HRR value of the rst peak.

Aer two signicant changes to the recipe, Davis et al.34

developed a MWCNT LbL coating on polyurethane foam that
exhibited a similar FR performance as the previously reported
CNFs. The rst signicant change was to covalently attach BPEI to
the surface of theMWCNT to facilitate dispersion and adhesion in
the coating. The second change was to use the TL approach to
further increase MWCNT retention and promote faster lm
growth. The 4 TL BPEI/MWCNT–BPEI/PAA coating was 440 nm
thick, contained 51% MWCNTs, and increased polyurethane
foammass by 3.4%. The reduction in the pHRR value was 35% for
this coating. Similar to both the MMT TL and CNF BL coatings,
the MWCNT TL coating also had two HRR peaks and caused an
approximate 50% increase in the HRR value of the rst peak.

Laufer et al.30 recently used an all-natural ingredient (chito-
san and MMT) as the building block for a LbL FR coating on
polyurethane foam. This 4 mass% and 10 BL coating caused a
50% reduction in the pHRR value. Similar to the previously
mentioned coatings, this chitosan–MMT coating also had two
HRR peaks in the cone. However, for the rst time the HRR
value for the rst peak was lower than that measured for the
uncoated polyurethane foam. This coating is promising, but it
is unclear whether the performance can be directly compared to
the coatings reported by Davis and Kim29,31,34 as the poly-
urethane foam used by Laufer was polyester based polyurethane
(typically used for ltering and not furniture) and the amma-
bility test specimens were only 2.5 cm thick, rather than 5.0 cm.
J. Mater. Chem. A
The most effective LbL FR coating on non-re retardant
ether-based exible polyurethane foam (PUF) to date is reported
here. This study is a comprehensive evaluation of the impact of
variations of a clay-based LbL coating formulation on PUF on
the re performance, mechanical and physical properties of the
applied foam. The impact of a systematic change of the recipe
on the lm growth rate on PUF, and on the PUF's mechanical
performance and ammability is discussed. This research
reveals an ideal combination of coating attributes in the
composition that, in the least number of layers, provides the
best combination of ame reduction while still maintaining
critical PUF mechanical attributes.
Experimental35,36

Unless indicated all materials were used as received.
Chemicals and substrates

Branched polyethylenimine (BPEI, Mw � 25 000) and poly-
(acrylic acid) (PAA, Mw � 100 000, 35 wt% in H2O) were
purchased from Sigma-Aldrich (Milwaukee, WI). Sodium
montmorillonite clay (MMT, trade name Cloisite Na+) was
obtained from Southern Clay Products Inc. (Gonzales, TX).
Water puried in a Nanopure II system (18.2 MU cm, Sybron/
Barnstead) was used for all wash and depositing solutions.
Standard polyurethane foam (not ame retarded, 29.1 kg m�3

density) received from FXI Inc. (Media, PA) was stored in black
plastic bags in a conditioning room (25% relative humidity and
23 �C � 2 �C) until it was cut for coating ((10.2 � 10.2 � 5.1) �
0.1 cm3). This PUF was used for cone and compression testing.
The PUF was cut in half (2.50 cm thickness) for airow testing.
Prior to coating the PUF was dried in a desiccator for two days.
Immediately before coating, the mass of the dry PUF was
measured and was used to calculate the mass gained from the
coatings.
Layer-by-layer deposition

A schematic process of LbL is shown in Fig. 1. Polymer solutions
and MMT suspensions used for coating fabrication were both
prepared at a low and a high concentration. Polymer solutions
were 0.1% and 0.5% polymer by mass. The MMT suspensions
were 0.2% and 1% MMT by mass. Four different concentration
combinations were created: LL, LH, HL and HH, as seen in
Fig. 1b. The rst letter stands for the concentration of polymers
and the second one stands for clay concentration. Before
coating, the PUF was pre-soaked in a 0.1 N HNO3 solution for 5
min in order to create a positively charged surface on the PUF.
Excess acidic solution was squeezed out, then the PUF was
soaked in the rst negatively charged polyelectrolyte solution
(PAA, 700 mL) for 5 min. Excess PAA was squeezed out and then
the PUF was washed in DI water. Excess water was squeezed.
This completes the deposition of the rst PAA monolayer. This
same series of activities were repeated next using a positively
charged solution to deposit the rst BPEI monolayer on the PAA
monolayer. These steps were repeated again using a MMT
suspension to place the MMT monolayer onto the PAA/BPEI
This journal is ª The Royal Society of Chemistry 2013
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Fig. 1 (a) Schematic of the LbL deposition process on PU foam. Foam was first
dipped in an acidic solution and placed in coating solutions without rinsing. The
foam was coated with PAA, BPEI and then MMT, until the desired number of
layers was reached. Between each deposition the foam was rinsed with DI water.
The concentrations of the dipping solutions are listed, and the concentrations of
the solutions for four different systems: LL, LH, HL, and HH are listed in (b).
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bilayer. This completes the fabrication of the rst trilayer. This
same series of steps were repeated until the desired number
(3, 5, and 7) of trilayers is deposited with the exception that the
soak time was reduced to 1 min. Water was removed from the
coated foam by placing in a 70 �C � 3 �C convection oven
overnight and then storing in a desiccator for one day. The
coating mass was calculated from the mass measured before
and aer coating using a laboratory microbalance. The average
mass of each recipe was obtained from 4 coated samples.
Thermogravimetric analysis

The mass of MMT was measured with a TG 449 F1 Jupiter�
Thermogravimetric analyzer (TGA, Netzsch, Burlington, MA). In
breathing quality air, a 10 mg specimen was heated up to 90 �C
and isothermed for 30 min, then the temperature was increased
from 90 �C to 850 �C at a heating rate of 20 �C min�1. The MMT
content on PUF was the residue mass measured using TGA. The
MMT content in the coating was calculated using the TGA
residue and the mass of the coating was measured using a
microbalance.
Cone calorimetry testing

A dual cone calorimeter operating at 35 kWm�2 with an exhaust
ow of 24 L s�1 was used to measure the ammability of the
control and coated PUF. The experiments were conducted
according to standard testing procedures (ASTM E1354-07). A
cone size sample ((10.2 � 10.2 � 5.1) � 0.1 cm3) was placed in a
pan constructed from heavy gauge aluminum foil. The sides
This journal is ª The Royal Society of Chemistry 2013
and bottom of the sample were covered by the aluminum foil
such that only the top surface was exposed to the cone heater.
The standard uncertainty is �5% in HRR and �2 s in time.
Scanning electron microscopy

A Zeiss Ultra 60 Field Emission-Scanning Electron Microscope
(FE-SEM, Carl Zeiss Inc., Thornwood, NY) was used to acquire
surface and freeze-fractured specimens of the coatings on the
PUF. All SEM samples were sputter coated with 8 nm of Au/Pd
(60%/40% by mass) prior to SEM imaging.
Compression test and airow of PUF

PUF modulus and airow as a function of the number of TLs
were measured according to industry standards, which is the
rst time these critical PUF attributes have been reported for
any LbL coated PUF. Compression tests were performed using a
Universal Testing Machine (Instron 5500R, Instron Corp.,
Canton, MA). This test was conducted according to ASTM
D3574, except that the PUF size and thickness do not fulll the
requirement of the standard method, and a smaller diameter
indenter foot was used. Therefore, the test results are intended
to provide a relative comparison and not absolute values to
compare against commercial specications. The at circular
indenter (25 mm in diameter) was brought in contact with the
surface of the PUF without contact force. The PUF was indented
65% of the foam thickness at a cross-head at 5 mm min�1 and
then held in that position for 3 s. The indenter was then
retracted. The force measured to compress the PUF and applied
by the PUF during retraction was measured and plotted as a
function of % indention of the foam.

An electronic high differential pressure air permeability-
measuring instrument (FAP 5352 F2, Frazier Precision Instru-
ment Co. Inc., Hagerstown, MD) was used to measure air
permeability for control and coated PUF. The 1.3 cm � 0.1 cm
PUF was placed in a circular clamp, exposing 38.5 cm2 of the
foam to a perpendicular airow. The target pressure-drop
through the 1.3 cm thick PUF slice was set to 127 Pa (13 mm of
water). A nozzle with an orice diameter of 11.0 mmwas used to
reach the target pressure drop. The permeability (F) in terms of
volumetric air ow was read in cubic feet of air per square foot
of sample area per minute (CFM) at 20 �C and 1 atm.
Results and discussion

A MMT-based TL coating evaluated on foam typically used in
residential furniture in the United States was studied; i.e., pol-
yether polyol and toluene diisocyanate polyurethane foam
(Formulation A8 from CPSC report37) and air permeability of
284.75 3 min�1. The components of this TL coating are PAA/
BPEI/MMT. Two different mass concentration polymer solu-
tions (BPEI and PAA at 0.1% (low) and 0.5% (high)) are paired
with two different mass concentration MMT suspensions (0.2%
(low) and 1% (high)). Four different concentration combina-
tions were created (polymer/MMT): low/low (LL), low/high (LH),
high/low (HL), and high/high (HH).
J. Mater. Chem. A
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Layer-by-layer process and coating growth on PUF

LbL BL lms constructed of PAA and PEI have been extensively
studied.38–40 The processing/fabricating conditions (e.g., pH)
signicantly inuence the coating thickness of this pure poly-
mer coating with the thickest coatings achieved with as-dis-
solved pH values (10.5 for BPEI and 3.2 for PAA).38 Under most
conditions the growth rate is exponential. LbL BL lms of BPEI
and MMT have more recently been studied for gas barrier and
ammability reduction applications.23,41,42 Compared to the
pure polymer system, this polymer and MMT coating grows at a
much slower and linear rate with the thickness controlled by the
pH value of the BPEI solution23,41 and the concentration of the
MMT suspension.23 The novel TL approach (BPEI/MMT/PAA)
introduced by Kim et al.31 appears to be a cross of these two BL
systems with an exponential coating growth (similar to pure
polymer, but signicantly slower) and a high concentration of
MMT in the coating (60 mass%). In these studies, the lms were
grown on a silicon wafer (Ellipsometry) and quartz crystal
(Quartz Crystal Microbalance). In the TL study, the thickness of
8 TL coating was measured on the PUF using SEM. The thick-
ness value measured on PUF was signicantly thicker suggest-
ing that the QCM and Ellipsometry were best used to
understand coating trends and not to accurately measure the
coating thickness on PUF.

The mass of the coatings of PUF as a function of the number
of TLs for the LL, LH, HL, and HH compositions is provided in
Fig. 2. The rst step to rapid lm growth was to strengthen the
interaction between the polymer and PUF, which was achieved
by soaking PUF in 0.1 M nitric acid solution prior to coating.

For 1 TL, the mass of the coating was independent of
depositing solution concentration (0.9% � 0.2% by mass). At 3
TLs, the mass of the coatings diverged based on the polymer
concentration. The high polymer concentration formulations
(HH and HL) resulted in a coating mass of 8.0% � 0.3%,
whereas the low polymer concentration formulations resulted
in 37% lighter coating (5.0% � 0.3% by mass). With the higher
number of TLs, this trend continued, but the difference in the
Fig. 2 Mass growth of LL, LH, HH and HL systems of PU foam as a function of TL
numbers. 8 TLs from a previous study ( ),31 and LH 7 with the dipping solutions
refreshed at 4 TLs ( ) are also shown for comparison.

J. Mater. Chem. A
coating mass became increasingly more signicant. At 5 TLs,
the high polymer formulations were 70% heavier than the low
polymer formulations (25.0% � 2.5% by mass as compared to
7.5% � 0.3% by mass). At 7 TLs, the coating mass appeared to
plateau/slow down. The high polymer formulations were 75%
heavier than the low polymer formulations (31.0% � 0.1% by
mass as compared to 8% � 0.3% by mass). These data indicate
that the coating mass growth is controlled by the concentration
of the polymer depositing solution and the MMT concentration
has a minimal impact. The 3 TL systems appear to be the most
interesting ones, as the coating mass is not that signicantly
different between these four formulations, which may allow us
to further understand how the coating composition, i.e., MMT
to polymer ratio, impacts ammability and physical attributes.

Scanning electron microscopy was used to visually charac-
terize the PUF and LbL coatings. Select images of LH and HH
formulations are provided as representative images. The
natural porous structure and smooth surface feature of the PUF
can be seen in Fig. 3a and b. With 1 TL of LH, the surface
appears rough even at low magnication. The MMT is well
distributed across the entire PUF surface with occasionally
larger aggregates observed (Fig. 3c and d). Both of these
observations are understandable given that the coating at this
point is 80% by mass of MMT. Though the MMT content in the
coating decreases by approximately a factor of 2 to 3 with a
higher number of TL (due to the interdiffusion of polymers), the
total MMT content increases by a factor of 2 to 7. The result is
that with more TLs the coating surface becomes increasingly
rougher; e.g., LH3 (Fig. 3e and f), and HH7 (Fig. 3g and h).

The coating thickness of a cross-sectional freeze fracture
substrate was measured using a SEM. The thickness values
trended with the coating mass. One of the best FR formulations,
LH3 (discussed later), had a coating thickness of 344 nm �
20 nm.

The coating mass of the 8 TL BPEI/MMT/PAA of PUF is
plotted as in Fig. 2 (Kim et al.31). Using the nitric acid presoak,
we achieved a similar coating mass using six less TLs (only 2
TLs). This equates to depositing 24 less monolayers. This indi-
cates that the nitric acid presoak is critical for fast coating
growth and enables a larger dynamic range of coating masses.
At 0.1 M, there is minimal oxidation of the polymer and 93%
dissociation of the acid.43 Therefore, it is assumed that an
increased charged density on the PUF, created by the dis-
associated nitric acid ions interacting with the polar function-
ality and protonation of the polyurethane polymer, promoted
adhesion of the PAA anionic rst layer.

Since the same depositing solutions were used for each TL,
the concentration of polymer and MMT in the depositing
solutions decreased as the number of TLs increased. To deter-
mine if the plateau of mass coating growth at a higher number
of TLs was a result of decreased solution concentration or a
limit of the coating process, all depositing solutions for LH were
replaced at 4 TLs with freshly prepared LH solutions. The result
was a 50% increase in the coating mass at 7 TLs (13.5% as
compared to 7.5% � 0.1% by mass). This observation suggests
that another parameter to increase coating growth is to use
depositing solutions where the concentration is sufficient to not
This journal is ª The Royal Society of Chemistry 2013
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Fig. 3 SEM images of control foam (a and b), LH1 (c and d), LH3 (e and f), and HH7 (g and h) coated foams.
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be a limiting factor; e.g., using continuously circulating baths
with real-time monitoring. This also further illustrates that the
highest coating mass in the least number of layers is only
possible using high (H) polymer formulations.

Until the TL approach was introduced, LbL coatings were
fabricated by alternately depositing oppositely charged mono-
layers and it is this charge, which can be very weak, that allows
these monolayers to adhere to each other and grow a coating.
From this conventional LbL point of view, this TL approach
should not work as the MMT and PAA are both anionic mono-
layers. The data presented in Fig. 2 not only show that a TL
coating can grow, but with an appropriate surface treatment the
coating can grow faster and signicantly increase the mass
uptake. The rapid coating growth of PAA and BPEI is well
documented and is attributed to interdiffusion of the depos-
iting polymer onto the existing polymer coating, which causes
an increase in the surface charge density that promotes thick
polymer deposition.38,39 Presumably the attraction between
MMT and PAA is hydrogen-bonding between edge and surface
hydroxyls on MMT with the acrylic acid groups of PAA.44 This
attraction appears to overcome the anionic repulsive forces.
Cone calorimetry and thermal analysis of coated PU foam

Cone calorimetry is a standard approach to test material am-
mability under a constant external heat ux (35 kWm�2) (ASTM
E-1354). This test simulates a developing re scenario. Values
measured are routinely used to dene the ammability of a
material and this is the basis of many performance amma-
bility standards and regulations. The most common parameters
of interest are time to ignition (TTI), the maximum peak heat
release rate (pHRR) for the HRR curve, the time to pHRR
(t-pHRR), the total heat released (THR), and the average HRR
(aHRR) value during the test. Cone data are typically plotted as
the HRR as a function of time in the test.

The cone curves are plotted as a function of solution
concentration in Fig. 4 (LL (a), HL (b), LH (c), and HH (d)). Each
graph is a stack plot of HRR curves of the control PUF and the
coated PUF as a function of the number of TLs. The values of
important parameters measured in the cone are provided in
Table 1.
This journal is ª The Royal Society of Chemistry 2013
The PUF HRR curve consists of two peaks associated with
the combustion of polyisocyanate (rst and smaller HRR peak)
and polyol (second and larger HRR peak). The HRR values for
these peaks are 377 kW m�2 � 17 kW m�2 and 451 kW m�2 �
23 kW m�2, respectively. All the 1 TL coatings still have
two peaks, but the second peak has been reduced by 28%
(HH1 and LL1) to 44% (LH1). In all cases, the rst peak has
now the highest HRR value for the curve (pHRR), which is the
reason why the t-pHRR has decreased from the 86 s � 4 s for
PUF to 23 s to 41 s for the 1 TL coatings. The reduced time to
peak is not a concern because even with 1 TL, the PUF am-
mability has been greatly reduced: the pHRR value has been
reduced by 14% (HL1) to 24% (HH1) and the aHRR has been
reduced by 33% (HL1) to 50% (LH1).

At higher numbers of TL, all formulations further suppress
the second peak and reduce the aHRR value. However, the
magnitude is strongly dependent on the number of TL and the
coating composition. The LL formulation (Fig. 4a) shows a fairly
consistent reduction and delaying of the second peak with an
increasing number of TL. The aHRR and pHRR values have
decreased by at most 63% and 26% (LL7), respectively.

Increasing the polymer concentration (HL, Fig. 4b) reduces
the number of layers needed to reduce aHRR and HRR of the
second peak, and improves the maximum FR impact of the
coating. At 3 TLs, HL already delivers a reduction in aHRR and
HRR of the second peak that is comparable to the best LL
formulation (7 LL). The higher number of TL only slightly
reduces the aHRR and HRR of the second peak. The best
reduction in aHRR and pHRR is 63% (HL5 and HL7) and 29%
(HL5), respectively. The dramatic difference, which will be dis-
cussed below, is how quickly the HRR value drops off aer the
rst peak and the plateau value at the end of the rapid drop off.

Increasing the MMT rather than the polymer concentration
has a more dramatic impact on ammability (LH, Fig. 4c). At 3
TLs, 5 TLs, and 7 TLs for LH, the second HRR peak is completely
gone. This is the rst report of the second peak in LbL PUF ever
being completely suppressed. There is no discernible difference
in the HRR curves at and above 3 TLs, suggesting that a plateau
in the ammability reduction has been reached with this
formulation. The largest reduction in aHRR and pHRR was 73%
and 30% (LH5 and LH7), respectively.
J. Mater. Chem. A
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Fig. 4 Heat release rate curves of control and 1, 3, 5, and 7 TLs of LL (a), HL (b), LH (c) and HH (d) systems of coated foams.

Table 1 Cone calorimetry data of uncoated and MMT-coated samples. Except 1
TL, the rest of the coated foams showed only 1 peak and reduced PHRR, lower
average HRR, and longer burning/smaller energy release over time

Coating
mass %

pHRR
(kW m�2)

t-PHRR
(s)

aHRR
(kW m�2)

Residual
mass %

Burn
time (s)

Control — 451 86 275 — 154
LL1 0.7 377 23 181 6.7 223
LL3 5.7 353 14 163 5.6 360
LL5 7.1 342 12 123 4.8 282
LL7 8.0 337 12 101 4.7 446
LH1 1.0 353 36 138 7.7 317
LH3 4.8 345 13 82 5.2 690
LH5 8.2 335 17 76 5.0 724
LH7 9.0 325 14 74 5.8 632
HL1 0.8 387 41 183 7.0 221
HL3 7.5 331 15 113 6.7 383
HL5 27.4 317 16 100 5.8 529
HL7 31.2 302 16 104 6.8 506
HH1 1.5 343 35 168 7.3 240
HH3 9.9 342 16 70 7.5 670
HH5 21.5 303 15 57 10.7 879
HH7 30.6 309 15 59 12.7 798
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At a high MMT concentration (LH), increasing the polymer
concentration (HH, Fig. 4d) yielded no signicant reduction in
PUF ammability. At 3 TLs or greater there is no second HRR
peak. The greatest reduction in aHRR and pHRR is 78% and
33% (HH5 and HH7), respectively.

These LbL coatings are a condensed phase FR, which means
that material ammability is reduced by disrupting the
J. Mater. Chem. A
pyrolysis process in the substrate. More specically, a residue is
formed on the surface of the substrate that reduces thermal
conduction into the substrate and the release of pyrolysis
products that are fuel for the combustion process in the gas
phase. Typically, the evaluation of a condensed phase FR is
based primarily on the magnitude of the pHRR reduction.
However, the re threat depends on the completeness, effec-
tiveness, and the durability of the residue, which is more
accurately quantied by the aHRR value.

The HRR curves (Fig. 4) indicate which formulations are
the most effective and the photographs and SEM images
helps us to understand why they are effective (Fig. 5 and 6). A
narrower rst peak and a more rapid drop in HRR indicates a
more effective FR residue, i.e., faster forming, denser, thicker,
and/or less cracks. A smaller or the absence of a second peak
combined with a lower HRR plateau value indicates a more
durable FR residue. For the less effective formulations
(LL and HL), the residue becomes thicker with less imper-
fections (e.g., cracks, holes, and thin areas) with increasing
numbers of TL, which is the reason why the rst peak
becomes increasingly narrower and the second peak becomes
smaller. For the very effective formulations (LH and HH),
there is no second peak and very low HRR plateau values
above 1 TL. The above 1 TL residues are thicker and have little
to no imperfections, which is why the residues are so effective
at reducing and maintaining low HRR values throughout the
test. In some of these formulations, the residue size is
comparable to the original PUF and still retains the PUF cell
structure (Fig. 6).
This journal is ª The Royal Society of Chemistry 2013
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Fig. 5 The photographs of all coated foam after cone calorimetry.

Fig. 6 Cell structure of control foam (a) and HH5 coated foam after cone calo-
rimetry (b) under SEM imaging.

Fig. 7 MMT mass% on the substrate (a) and in the coating (b) as a function of
the number of TLs deposited on the foam.
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The coatings previously reported for PUF have HRR curves,
which contain two peaks.29–31,34 The aHRR values were not
reported for the CNF,29 MWCNT,34 and the MMT31 coatings.
However, a qualitative comparison of those HRR curves with the
HRR curves reported here suggests that those coatings are no
better than the LL1 or HH1 formulations reported here.
Compared to our best formulations (LH3 or HH3 MMT coat-
ings), the 10BL chitosan–MMT30 coating is 12% better at
reducing pHRR, but 40% less effective at reducing aHRR. This
marginally higher pHRR is more than offset by the signicantly
higher effectiveness and durability of the LH3 and HH3 coat-
ings. However, it may be difficult to accurately compare these
coating in the cone as the chitosan–MMT coating was evaluated
This journal is ª The Royal Society of Chemistry 2013
on a 50% thinner substrate and on a polyester (used for lters)
rather than polyether (used in furniture) based polyurethane
foam.

The MMT loading on the substrate is the residual mass
measured at 800 �C in air using thermogravimetric analysis
(TGA) (see Fig. S1 in the ESI†). The mass% of the coating that is
MMT is calculated using the TGA residual values and the
coating mass values in Fig. 2. These values as a function of
composition and the number of TLs are reported in Fig. 7.

The MMT mass% on the substrate trends with the coating
mass on the substrate. Both the MMT content and coating mass
(Fig. 2) are higher using the high polymer formulations (Fig. 7a)
and with increasing numbers of TL. At 1 TL, the MMT content is
similar for all the formulations (0.9% � 0.1%). At higher
numbers of TL, the MMTmass% is 1.5 to 2.5 times higher in the
high polymer formulations. Compared to the loading levels of
other FRs (10% to 30% by mass), the MMT mass% in these
coatings is comparatively low above 3 TLs (3% to 7% for high
polymer and 1% to 3% for low polymer formulations). For a
given polymer formulation (H or L), there is 0.5% to 1% by mass
higher MMT loading using the higher MMT formulation.

The mass% MMT in the coatings followed a similar trend
regardless of the formulation. At 1 TL, the coatings were highly
J. Mater. Chem. A
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MMT (80% to 90% by mass). At 3 TLs, the coatings were more
balanced in composition (35% to 50% by mass MMT). At higher
numbers of TL, the MMT content slightly decreased further
(20% to 35% by mass MMT). There is no strong trend based on
formulation, except that the MMT content in the coating trends
slightly higher in the low polymer formulations.

LH3 appears to be the best formulation as it provides the
best ammability reduction with the least number of layers and
lowest mass gain to the substrate. Combining the TGA and cone
data also provides insight into characteristics that should be
targeted for maximizing the re retardant effect of the MMT
LbL coatings and it may be an excellent starting point for the
evaluation of other LbL FR technologies for PUF.

(1) Targeting a coating mass of 5% to 10%. For all
formulations below a 5% coating mass (1 TL), the pHRR is
reduced approximately 20% and there is still a signicant
second HRR peak. Above a 5% to 10% coating mass (5 TLs and 7
TLs) the ammability is signicantly reduced. However, in the
best FR formulations (HH� LH) there is no added FR benet to
having more than 3 TLs or 10% coating mass. More specically,
at or above 3 TLs for HH and LH there is no second peak, a
similar reduction in aHHR (76% � 2% HH and 72% � 1% LH)
and similar reduction in pHRR (27% � 4% for HH and LH).
Therefore, for best performance, a 5% to 10% mass coating
should provide a near maximum reduction in ammability that
is achievable with that specic formulation.

(2) Using a high nanoparticle formulation. The most
effective and durable FR coatings used a high MMT formula-
tion, which may suggest using high concentration formulations
for other nanoparticle FR (nanoFR). For a given MMT formu-
lation, the impact on pHRR and aHRR was independent of
polymer formulation. Therefore, choice of a polymer concen-
tration should be based on other factors; e.g., cost, nal product
mass, or ller content. For example, if a requirement is to
minimize the product mass, the 3 TL LH should be used
because the 3 TL HH produces a similar re reduction, but is 1.5
to 2.5 times heavier.

(3) Targeting a nanoFR mass of 20% to 50% of the coating.
At or above 3 TLs, the MMT accounts for 20% to 50% by mass of
the coating for all the formulations. In general, more MMT is
needed when the coating is more polymer-rich and heavier.
This is extremely important as it helps the researcher decide
whether to change formulations or just increase the number of
layers. If within a few layers the MMT (or perhaps another
nanoparticle) loading is relatively low (e.g., 20% to 30% by
mass), then consider switching to another formulation rather
than increasing the number of layers. If the mass content is
relatively high (e.g., 40% to 50%), then continue depositing
until the desired ammability reduction is achieved, which
should be within a few more layers. These observations should
be comparable when using other nanoFR.
Fig. 8 Loading–displacement curves for (a) uncoated PUF (first compression
cycle) and LH3 as a function of the number of compression cycles and (b) for the
best flammability reduction with the least number of TLs for each formulation
(fourth compression cycle).
Mechanical and physical properties of treated PU foam

PUF has a broad range of applications (e.g., cushioning in
furniture and transportation) where the comfort level, as
dened by ASTM 3574 for residential applications, is adjusted
J. Mater. Chem. A
by changing the isocyanate, polyol, additives, and processing
conditions. To use this LbL FR technology, it is essential to
understand how these coatings impact the mechanical and
physical properties that dene specications for commercial
residential foam.

Two sale specications for PUF residential applications are
Indentation Force Deection (IFD, rmness) and Support
Factor (SF). 25% IFD is dened as the force required to displace
a foam specimen by 25% of the thickness. Typical IFD25 values
range from (24 to 45) pounds per 50 inch2. Higher IFD values
indicate a rmer foam. SF, also known as the compression
modulus, is dened as the ratio of 65% IFD to 25% IFD. SF
typically ranges from 1.8 to 3 with a higher number indicating a
more cushioning foam.45 This test is traditionally performed on
larger foam (50.0 cm by 50.0 cm by 10.2 cm (thickness)) than
coated and tested in this study (10.2 cm by 10.2 cm 5.0 cm
(thickness)). Therefore, the IFD and SF values presented here
should be used only to understand the impact of the coatings
relative to the others in this study and not used to compare with
values reported elsewhere.

Examples of loading–displacement (LD) curves are provided
in Fig. 8, and the testing values for all formulations are provided
This journal is ª The Royal Society of Chemistry 2013
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Table 2 % IFD, support factor and % hysteresis of control foam and coated
foams (after 4 compression cycles)

Coating
mass %

Applied
25%
IFD (N)

Applied
65%
IFD (N)

Recovery
25%
IFD (N) SF

%
Hysteresis

Control — 21.4 43.6 12.1 2 56.5
LL1 0.7 24.6 71.7 12.2 2.9 49.7
LL3 5.7 27.9 92.8 13.8 3.3 49.7
LL5 7.1 28.1 75.8 15 2.7 53.5
LL7 8 31.8 115.7 15.9 3.6 50.1
LH1 1 23.5 76.1 12.1 3.2 51.4
LH3 4.8 29 96.5 14.2 3.3 48.9
LH5 8.2 31.4 117.8 15.3 3.7 48.7
LH7 9 34.5 110.7 14.9 3.2 43.2
HL1 0.8 24.2 72.2 12.2 3 50.6
HL3 7.5 33.9 119.1 14.4 3.5 42.4
HL5 27.4 65.7 332.9 21.4 5.1 32.5
HL7 31.2 62.3 351.8 21.2 5.6 34.1
HH1 1.5 26.7 78.7 13.1 2.9 49
HH3 9.9 31.9 102.3 14.2 3.2 44.3
HH5 21.5 45.8 208 19.5 4.5 42.7
HH7 30.6 50.1 196.3 21.6 3.9 43.1

Fig. 9 Heat release rate of LH3 (a) and HH5 (b) foam after the compression and
aging.
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in Table 2. All of the formulations increased the stiffness of the
PUF to a degree dependent on the mass and the polymer
composition of the coating. However, even though the loading
force values are higher aer the initial compression, the LD
curves characteristics are quite similar to the uncoated PUF. An
example for one of the best ammability coatings (LH3) is
provided in Fig. 8a. The applied curve has signicantly
decreased with the second cycle while the 65% IFD value and
the recovery curve appear unchanged. The only measurable
change with the third and fourth cycle is a slight decrease in the
65% IFD value. While the IFD values are still higher than the
pure PUF, it appears that a few compression cycles are sufficient
to signicantly recover much of the lost exibility. This same
behavior was observed for the formulations. Since the PUF
exibility can quickly be recovered by a few compression cycles
it was decided that a more useful comparison to the end-use
application of LbL was to measure IFD and SF values on the
coated PUF on the fourth compression cycle. Since the PUF
values do not change aer four cycles, the values provided are
on the rst cycle.

The values provided in Table 2 and the LD curves in Fig. 8b
are for PUF (rst cycle) and the coated PUF (fourth cycle). The
25% and 65% IFD values increase with increasing numbers of
TL. Regardless of the formulation, the values are comparable
for all the 1 TL and for all the 3 TL formulations. This is because
the coating mass is similar for the 1 TL formulations and the 3
TL formulations. Compared to pure PUF, all 1 TL formulations
have comparable 25% IFD values, but 1.8 times higher 65% IFD
values. At 5 TLs to 7 TLs the high polymer formulations have a 3
and 4 times, respectively, higher coating mass and hence these
formulations (HH and HL) have signicantly higher 25% and
65% IFD. Once the displacement head is retracted to 25%, the
force needed to maintain a 25% compression (recovery 25%
IFD) was very similar to pure PUF for all the 1 TL and 3 TL
formulations. The low polymer 5 TL and 7 TL formulations
This journal is ª The Royal Society of Chemistry 2013
(LL and LH) had slightly higher recovery 25% values, whereas
the high polymer formulations had 1.5 times higher values. %
Hysteresis return, which is the percentage of the return 25% IFD
divided by the applied 25% IFD, is used to quantify perceived
comfort.46 The higher the value the greater the perceived
comfort. Similar % hysteresis return values suggest that the
coated PUF may be as comfortable as the untreated PUF.

LD curves for the best ammability reduction with the least
number of TLs are provided for each formulation; i.e., LL7, HL7,
LH3, and HH3 (Fig. 8b). Except for HL7, the LD curves are very
similar for these formulations. HH3 and LH3 provided the
greatest reduction in ammability and have very similar LD
curves, IFD and SF values; therefore, either of the formulations
would appear to be a viable option for further evaluation for
commercialization. Though the LH3 and HH3 values are still
slightly higher than pure PUF, these values may still be within
acceptable ranges and/or another PUF product could be coated
where the coatings enable it to be within typical product
specications.

To understand whether the exibility recovered came at the
sacrice of the FR integrity of the coating, the LH3 and HH5
substrates were tested in the cone calorimeter (Fig. 9) aer the
fourth compression cycle. For HH5 this led to a 10% increase in
the aHRR, but for LH3 there was a 77% increase in the aHRR as
a second peak reappeared. However, the ammability reduction
J. Mater. Chem. A
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of the LH3 is still better than any other LbL FR coating previ-
ously reported on PUF.

Another critical performance specication for PUF is air
permeability. Compared to PUF, there was no statistical differ-
ence in the permeability regardless of the formulation or the
number of TLs. This is because the few hundred nanometer
thick coatings on the cell walls are insignicant compared to
the 100 micron to 200 micron diameter pores. Therefore, there
is no need to evaluate this attribute in further LbL studies.
Conclusions

The impact of the LbL coatings on PUF is strongly dependent on
the polymer and MMT concentration in the depositing solu-
tions. Higher polymer concentrations (BPEI and PAA) resulted
in rapid coating growth with as high as a 33% increase in the
PUF mass with seven TLs. Due to this increased mass these
coatings tended tomake the PUF stiffer, but aer compressing a
few times most of the exibility was regained without sacricing
ammability. Higher MMT concentrations slowed down the
coating growth (as high as a 9% increase in the PUF mass at
seven TLs); however, it was critical to ammability reduction.
Using less than half the number of TLs, the high MMT formu-
lations yielded a similar reduction in pHRR (about 30%) and
nearly doubled the reduction in aHRR (about 75%). Compared
to pure PUF, one of the best formulations (LH3) resulted in a
30% reduction in pHRR and a 80% reduction in aHRR with only
a 4.8% increase in the substrate mass with only three TLs. This
is the most signicant aHRR reduction reported using a LbL
coating indicating that this is the most effective and durable
LbL FR coating reported to date on PUF. Aer several
compressions of the coated PUF, the ammability reduction
was only slightly compromised, but this technology still out
performed all previously reported LbL FR coatings. The coatings
were only a few hundred nanometers thick so they had no
impact on the PUF air permeability. Though the load–
displacement curves indicate that the coatings can slightly
stiffen PUF, the faster recovery without any permanent loss of
exibility suggests that these coatings will not negatively inu-
ence the comfort of the PUF when used in furniture or
mattresses.
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