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Layer-by-layer (LbL) assemblies made with carbon nanofibers (CNFs) are shown to reduce the flamma-
bility of polyurethane foam. The 359 � 36 nm thick four bilayer coating of polyethyleneimine/CNF
(cationic layer) and poly(acrylic acid) (anionic layer) contains 51 � 1 mass fraction % CNF. This coating
completely covers the entire internal and external surfaces of the porous foam. Even though the
microscopic CNF distribution was non-uniform, the macroscopic CNF network armor that was generated
from this LbL process significantly reduced the flammability of the foam (e.g., 40% � 3% reduction in peak
heat release rate). Normalized by flame retardant concentration, the reduction in foam peak heat release
due to these CNF coatings is 38% larger than CNF embedded in the foam and as high as 1138% greater
than other commercial technologies used to reduce foam flammability.

Published by Elsevier Ltd.
1. Introduction

The estimated annual societal cost of soft furnishing (mattresses
and upholstered furniture) fires to the United States economy is $5
billion [1e4]. These are among the deadliest as they account for 5% of
all residential fires annually, but are responsible for a disproportion-
ately high portion of the fire losses (33% of the civilian fatalities, 18%
of civilian injuries, and 11% of the property losses). Over the next
decade, federal flammability performance regulations are expected
to significantly reduce these fire losses [5e7]. Soft furnishing
manufactures are and will likely continue to comply with these
current and proposed flammability regulations by using fire blocking
barrier fabrics. Despite this compliance, engineering and technical
options to comply are quickly diminishing because of mandated
sustainability regulations, such as REACH [8] and EcoLabel [9], for
consumer products. Using Layer-by-layer assembly to create a fire
resistant armor on the components in soft furnishings is being eval-
uated in this project as a novel technology to enable these manu-
facturers to complywith flammability and sustainability regulations.

Layer-by-layer (LbL) assembly has been extensively studied for
the past 20 years as a methodology to create multifunctional thin
films generally less than 1 micron thick [10e12]. These thin films
were commonly fabricated through alternate deposition of
a positively charged layer and negatively charge layer (called
a bilayer, BL). By taking advantage of electrostatic [13], H-bonding
þ1 3019754052.

r Ltd.
[14], covalent bonds [15], and/or donor/acceptor interactions,
these bilayers were assembled on the surface of substrates. The
LbL process is quite flexible and robust, which allows it to be tuned
for specific coating characteristics and for coating a range of
substrate types. For example, altering the concentration, pH,
and/or temperature of the LbL solutions can result in a 1 nm rather
than 100 nm thick BL [16,17].

LbL thin films have been used in an extensive breadth of appli-
cations, such asoxygenbarriers [18] and sensors [19], andhave useful
properties, such as antimicrobial [20] and antireflection [21]. For
more than a decade clay has been used as an additive in polymers
since clay has shown to simultaneously improve themechanical and
fire performance attributes of polymers [22e24]. More recently,
fabrication of clay containing LBL thin films has been studied
[18,25,26]. Li et al. [12] focused on using LbL clay coatings (sodium
exchanged montmorillonite) on cotton fabric to improve the fire
performance characteristics of this textile, which is directly aligned
with the research presented in this manuscript. Their results are
exciting in that uniform high quality clay based coatings on cotton
were achieved. In addition, the clay coatings resulted in a significant
retention of fabric like char after conducting vertical burn tests and
therewas no (or less) ember afterglowwhen theflamewas removed.
These results suggest the coating may better prevent thermal and
flame penetration from reaching and igniting the polyurethane foam
(PUF), and therefore, a clay/cotton ticking or barrier may reduce
flame spread in residential homes if used in soft furnishings.

Another additive filler that has gained increasing attention for
improving the properties of polymericmaterials is carbon nanofiber
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(CNF). Carbon nanofibers (CNFs) are cylindrical nanostructures
constructed of stacked graphitic cones or cups. Compared to carbon
nanotube (CNT), CNF can be at least an order of magnitude larger,
with a diameter and length in the range of 5 nme300 nm and
0.1 mme1000 mm, respectively. Due to the intrinsic electrical,
thermal, and mechanical properties of CNF, the thermal and elec-
trical conductivity, tensile and compressive strength, ablation
resistance, damping properties, and flammability of polymers [27]
have been significantly altered with their incorporation [28].

Zammarano recently reported a reduction in PUFflammability by
the incorporation of CNFs directly into the polyurethanematrix [27].
At a CNF loading of 4 mass fraction %, the CNFs formed a network
structure that reduced the peak heat release rate (PHRR) in burning
PUFby35%andpreventedmelt dripping,which ina realfire scenario,
could result in an additional 30% reduction in PHRR [29]. The
approach of incorporating CNFs into the PUF has a few potential
drawbacks. For example, commercialization may be difficult, as the
foam manufacturing process is quite sensitive to small changes in
recipe, especially the presence of solid particles, and the
manufacturing conditions. Another potential drawback is based on
the mechanism by which CNFs are believed to reduce polymer
flammability [30]. This reduction inflammability is believed to result
fromthe formationof a char at the surface that thermallyprotects the
polymer and prevents volatilization of degradation products [31].
Since theCNFsaredispersed anddistributed throughout thepolymer
matrix, the polymer has to burn for some time before enough of the
polymer is pyrolyzed that a high enough concentration of CNFs can
aggregate at the surface to form the protective char layer (armor).

The research presented here is unique in that it is the first pub-
lished report of fabricating carbon nanofiber (CNF) based thin films/
coatings using LbL assembly, of fabricating LbL coatings on foam
(polyurethane foam, PUF), and of altering the fire performance attri-
butes of foam using this thin film techniques. The large CNF dimen-
sions are undesirable for typical applications of LbL coatings, as the
coating thickness is generallycomparable to theCNFdimensions and it
facilitates aggregation both in the fabrication solutions and in the
coatings. However, for reducing flammability, the larger dimensions
may enable the formation of a CNF network armor that protects the
foam. The thin coating approach is believed to be ideal for reducing
the flammability of foam as it may more quickly form the char-like
armor because the high concentration of CNFs is already at the
surface rather than randomly mixed throughout the polymer.
Provided are the details of fabricating CNF coated polyurethane foam
(CNF/PUF) using LbL, the physical characteristics of the LbL CNF coat-
ings on PUF, and the measured fire performance of PUF and CNF/PUF.

2. Experimental section1,2,3

2.1. Materials

All materials were used as-received from the supplier unless
otherwise indicated. Branched polyethylenimine (PEI, branched,
1 Certain commercial equipment, instruments or materials are identified in this
paper in order to specify the experimental procedure adequately. Such identifica-
tion is not intended to imply recommendation or endorsement by the National
Institute of Standards and Technology, nor is it intended to imply that the materials
or equipment identified are necessarily the best available for this purpose.

2 The policy of NIST is to usemetric units ofmeasurement in all its publications, and
to provide statements of uncertainty for all original measurements. In this document
however, data from organizations outside NIST are shown, which may include
measurements in non-metric units ormeasurementswithout uncertainty statements.

3 In this document, we have provided link(s) to website(s) that may have infor-
mation of interest to our users. NIST does not necessarily endorse the views
expressed or the facts presented on these sites. Further, NIST does not endorse any
commercial products that may be advertised or available on these sites.
mass average molecular mass ¼ 25,000 g/mol) and poly (acrylic
acid) (PAA, mass average molecular mass ¼ 100,000 g/mol) were
obtained from SigmaeAldrich (Milwaukee, WI). PR-24-XT-PS
carbon nanofibers (CNF, average diameter ¼ 150 nm � 100 nm,
length was 65mm � 30 mm) were obtained from Pyrograf Products
Incorporated (Cedarville, Ohio). The standard (untreated) poly-
urethane foam (PUF) received from Future Foam Inc. (Fullerton, CA)
was stored as-received from the supplier (cardboard box with no
packaging material at 25�C � 2 �C). On the day of coating, nine
substrates (length/width//height of (10.2 cm/10.2 cm/5.1 cm) �
0.1 cm) were cut from a single as-received substrate (length/width//
height of (30.6 cm/30.6 cm/5.1 cm) � 0.1 cm). These smaller
substrates were rinsed and wringed out (discussed below in the
coating process) to remove debris and other extractables (0.6 mass
fraction % � 0.1 mass fraction %). After drying, the post-extraction
mass of these substrates was 12.7 g � 0.3 g.

The polyelectrolyte (0.1 mass fraction % � 0.03 mass fraction %)
solutions were prepared by charging a glass container (2 L) with
distilled water (DI, conductivity < 0.5 mS, 1300 mL) and polymer
(0.10 mass fraction % � 0.03 mass fraction %, 1.3 g � 0.4 g) then
slowly agitating for 6 h at room temperature. The pH values for the
PAA anionic and PEI cationic solutions were 3 and 10, respectively.
The CNF/PEI suspension in DI water was prepared by charging
a plastic bottle (250 mL) with the PEI cationic stock solution
(150 mL � 1 mL) then adding CNF powder (0.050 mass fraction
% � 0.003 mass fraction % relative to total PEI stock solution
(600 mL), 0.30 g � 0.020 g). The suspension was sonicated at 40 W
for 1 h with the temperature never exceeding 70�C � 1 �C. The
sonicated suspension was diluted with more PEI stock solution
(450 mL) and was shaken for 3min � 1 min. The CNF/PEI suspen-
sion was used immediately for coating the PUF.
2.2. CNF coating methodology

CNF/PUF fabrication took approximately 29 min per specimen
(14 min for first bilayer and 15 min for the remaining 3 bilayers). In
general, the fabrication process was alternately depositing cationic
(CNF and PEI) and anionic (PAA) layers on the surface of the PUF and
removing unbound material (polymer and CNF) by rinsing with DI
water and wringing out the excess water several times (Fig. 1). The
process of removing excess water using a convection oven and
dessicator occurred over a period of 3 d.
Fig. 1. The CNF/polymer coating process was an alternating submersion in a cationic
(CNF/PEI) and an anionic (PAA) solution, with washing (rinse and wring) between each
solution. After creating 4 bilayers (a CNF/PEI layer and a PAA layer), the specimen was
dried in a convection oven for 12 h at 70�C � 1 �C to remove excess water.
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More specifically, a plastic container (2 L) was charged with the
CNF/PEI cationic suspension (600 mL � 10 mL), a similar container
was charged with the PAA anionic solution (600 mL � 10 mL),
and six more containers were charged with deionized water
(600 mL � 10 mL each). A PUF substrate was submersed into the
CNF/PEI cationic suspension and after squeezing and releasing (by
hand) the substrate four times in the CNF/PEI suspensions, the
substrate was soaked in the suspension for an additional 5 min. The
substrate was removed and the excess solution was squeezed back
into the cationic dipping container.

To remove unbound PEI and/or CNF, the substrate was thor-
oughly rinsed in three separate containers. Since most of the
cationic materials were typically removed in the first rinsing
container, the rinsing water in this container was replaced with
fresh deionized water after each washing cycle. Excess water was
removed by passing the substrate twice through a Dyna-Jet BL-44
hand wringer (Dyna-Jet Products, Overland Park, KS).

The PAA anionic layer was then deposited and the unbound PAA
was removed using the same procedure as described above, except
the washing was performed using different rinsing containers than
those used for the cationic washing. This deposition of the CNF/PEI
layer followed by the PAA layer created a single bilayer (CNF/PEI:-
PAA). The procedure for depositing the next three bilayers was
similar to the first bilayer, except the substrate was only submersed
in the coating solutions for 1 min rather than 5 min. After the four
bilayers were deposited, the specimen was dried in a convection
oven (70�C � 1 �C, 12 h) and stored in a dessicator (at least 3 days)
with anhydrous calcium sulfate before weighing and analyzing.
2.3. CNF coating characterization

All measured values are reported with a 2s uncertainty, unless
otherwise indicated. The physical characteristics of the CNF/PUF are
provided in Table 1. The increase in substrate mass due to the
coating (mass fraction % coating) was measured using a laboratory
microbalance. The amount of CNF in the coating (mass fraction %
CNF in coating) was calculated from Thermal Gravimetric Analysis
and microbalance values.

A Zeiss Ultra 60 Field Emission-Scanning Electron Microscope
(FE-SEM, Carl Zeiss Inc., Thornwood, NY) was used to collect images
of the CNF coatings, from which, the coating thickness was
approximated (Table 1), and the distribution of CNFs and overall
quality of the LbL coating was inspected. All SEM samples were
sputter coated with 4 nm of Au/Pd (60 mass fraction %/40 mass
fraction %) prior to SEM imaging.

A Maxtek Research Quartz Crystal Microscope (QCM, Infinicon,
East Syracuse, NY), with a 3.8 MHze6 MHz frequency range, was
used in conjunction with a 5 MHz crystal to measure the mass per
deposited layer. The CNF coatings were deposited onto the crystal,
in its holder, using a similar procedure for coating the PUF, except
no wringing, and between each layer deposition the crystal was
placed on the microbalance until the measured mass stabilized
(approximately 5 min).

A KLA-Tencor P-6 profilometer (KLA-Tencor, Milpitas, CA),
operating at a stylus scanning rate of 20 mm/s, was used to measure
the thickness of CNF coatings deposited on a glass microscope slide.
Table 1
Provided are the average physical characteristics of CNF/PUF. All values are reported
with 2s standard uncertainty.

Mass (g) Mass fraction
% coating

Mass fraction % CNF Coating thickness
(nm)

on CNF/PUF in coating

13.1 � 0.4 3.2 � 0.4 1.6 � 0.1 51 � 1 359 � 36
The CNF coatings were deposited using the modified procedure
described for QCM analysis.

A Q-500 Thermal Gravimetric Analyzer (TGA, TA Instruments,
New Castle, DE) was used to measure the concentration of CNF on
the substrates (Table 1, Mass fraction % CNF on CNF/PUF). The
samples (15 mg � 3 mg) were placed on a ceramic pan (250 mL, TA
Instruments) then loaded into the furnace by the autosampler.
Under a nitrogen atmosphere, the temperature was stabilized at
90�C� 1 �C (30min) then ramped to 800�C� 2 �C at 10 �C/min. The
reported CNF content was based on the remaining mass fraction %
at 600 �C.

A dual Cone Calorimeter (Fire Testing Technology, East Grin-
stead, United Kingdom), operating at 35 kW/m2 with an exhaust
flow of 24 L/s, was used to measure the fire performance of
uncoated and CNF coated PUF. The experiments were conducted
according to standard testing procedures (ASTM E�1354-07). A
((10.2 cm/10.2 cm/5.1 cm) � 0.1 cm) sample was placed in a pan
constructed from aluminum foil. The pan sides were 1 cm � 0.1 cm
tall and slightly flared away from the sample to allow for all the
sides and the top surface to be exposed during the test. The stan-
dard uncertainty is �5% in HRR and �2 s in time.

3. Results and discussion

3.1. CNF coating characterization

According to QCM (Fig. 2) and profilometry (Fig. 3), the coating
growth occurs in two stages. Up to three bilayers there is very little
increase in mass or coating thickness. Interpolation of this data
indicates less than 50 nm thickness and 12 mg/cm2 after three bila-
yers. At four bilayers the coating growth rate rapidly increases with
each bilayer increasing the coating thickness by 87 nm� 10 nm. This
is consist with qualitative observations during the LbL processwhere
the foam transitioned fromawhite to a slight graywith thefirst three
bilayers, but became a deep black color and noticeably stiffer after
with the fourth bilayer. This two step growth with a small initial
growth of the coating is quite common and suggests a weak attrac-
tion (perhaps due to a poor surface charge on the foam) between the
foam and the LbL polymers. It is assumed the initial depositions
result in the formation of island-like coatings wetting the surface of
the foamand several bilayers are required before the entire surface is
covered by the polymeric coating. The fundamentals of LbL coating
on foamand factors influencing the initial coating growthprocess are
currently being investigated.

SEMwas used to characterize the LbL fabricated CNF coatings on
PUF. The SEM images of the as-received and washed PUF are shown
in Fig. 4. The images of the CNF/PUF shown in Fig. 5 are of a section
near the center of a CNF/PUF specimen. These images are repre-
sentative of the type of coating observed on all specimens. The
bright white CNFs are those not (or only partially) covered with
polymer. The images of the cross section of the coating are provided
in Fig. 6 and Fig. 7. Delamination of the coating from the PUF
appears to be a rare occurrence, as it was only observed once in
many samples analyzed by SEM (Fig. 7). The root cause of this
delamination is unknown. One possible explanation is the coating
did not adhere to the PUF surface because of the high fiber
concentration. Another possibility is the freeze fracture process
caused delamination. Regardless of the cause, these images reveal
that the coatings have regions of high fiber aggregation welded
together with polymer.

Other than dust and debris on the surface of the PUF, the as-
received PUF surface appears smooth and featureless even at high
magnification (Fig. 4). Prior to depositing the first layer, the PUFwas
washed with DI water, which completely removed all of the debris
(Fig. 4c). The wavy appearance (Fig. 4b) and the extra material



Fig. 2. Coating mass increase on QCM crystal as a function of PEI/CNF:PAA bilayers. Mass increase occurs in two stages. Initially, the coating growth is slow, but between at three
bilayers there is a transition to a rapid and linear coating growth over the next 16 to 18 bilayers. The size of the data markers represents the 2s standard uncertainty of the measured
mass.
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(Fig. 4c) on the edge of the PUF wall is a result of the manufacturing
process. The PUF was initially closed cell with a very thin
membrane connecting the walls. When the membrane was “pop-
ped” during manufacturing, there was a slight relaxation of the
strained edges of the walls and the membrane material snapped
back onto thewalls, which leaves behind extra material on the edge
and creates a wavy appearance.

The images in Fig. 5 indicate that the CNFs are well distributed
along the walls of the PUF. At low magnification (Fig. 5a), the wall
surfaces appear to be sparsely populated, with approximately
Fig. 3. Profilometer measurements of the CNF coating thickness on a glass slide. Thickness gr
markers represents the 2s standard uncertainty of the measured thickness.
10 mm by 10 mm sized aggregates of CNFs. The areas between the
aggregates are populated with a network of CNF whiskers and
regions that appear to be free of CNFs. At higher magnifications
(Fig. 5b and c), it becomes apparent that a portion of these regions
actually do contain CNFs and these are not visible at lower
magnifications because they are embedded in the polymer coating.
Along the surface there are also “islands” of CNFs that appear to
have dewetted from the surface (Fig. 5b and c). The larger islands
(approximately 10 mm) appear to contain more single CNFs,
rather than the bundles observed in the larger aggregates (Fig. 5d).
owth follows the same two stage growth observed in the QCM data. The size of the data



Fig. 4. SEM images of as-received PUF at (a) 1,000x and (b) 5,000x and (c) washed PUF at 5,000x. The wall surface was smooth and featureless. The edges of some struts are wavy
due to recoiling of material from breaking the membrane and/or shrinkage due to solvent loss during the PUF manufacturing.
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The smaller islands (less than 3 mm) either contain no CNFs or what
appears to be short individual CNFs (less than 1 mm).

SEM images of a fractured CNF/PUF were takenwith the fracture
surface in the plane of the image, which provides cross section
views of the PUF and the coating (Fig. 6). The CNF coatings are
359 nm � 36 nm (based on 10 measurements of five different CNF/
PUF specimens (Fig. 6c), which is 272 nm thicker than measured by
the profilometer (Fig. 3). The profilometer values (Fig. 3) best
represent the trend in the coating deposition, but not the actual
values because LbL coatings are thicker on a porous three dimen-
sion substrate than on a flat slide [26,32]. The surface morphology
at low magnification (Fig. 6a) is consistent with that observed in
Fig. 5 (large aggregates, CNF network, and areas without CNF).
Based on all the images taken of fractured CNF/PUFs, the CNF
Fig. 5. SEM images of the inside section of a CNF coated PUF at (a) 1,000x and (b)
coating appears to cover the entire surface; although, the thickness
is not completely uniform.

The thicker islands, one of which is shown in Fig. 6b, are
374 nm � 100 nm and are constructed of at least twenty CNF fibers
randomlyoriented in the plane of the coating. The “hills and valleys”
topographyof the islands are created byoverlapping CNFs. The fairly
uniform (34 nm� 2 nm) polymer coating covering the CNFs, and the
small gaps between them, suggest that these fibers were probably
deposited at the same time. Analysis of other islands reveals similar
characteristics, which suggests the fibers in the islands were prob-
ably deposited as loosely interacting groups rather than isolated and
independent CNFs. The last layer of polymer covering the CNFs
varied from island to island, but never exceeded 34 nm� 2 nm. This
is the same thickness measured for the regions between the thicker
10,000x, (c) of thicker islands at 50,000x, and (d) of an aggregate at 200,000x.



Fig. 6. SEM images of a fractured edge of CNF coated PUF at (a) 50,000x, (b) a thicker island at 200,000x, and (c) a typical 359 nm � 36 nm coating at 200,000x. The thinner region
near the top edge of (a) appeared to contain little or no CNFs (34 nm � 2 nm). The values are reported with 2s standard uncertainty.
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islands, which appear to contain little to no CNFs. Fig. 7 is the only
example of coating delamination. The delamination may have
resulted from the freeze fracture process ormay indicate a section of
poor adhesion. These images illustrate that the coating can contain
regions of high CNF concentration welded together by polymer.

3.2. CNF/PUF thermal analysis and fire performance

TGA and amicrobalancewere used to determine the actual mass
of CNFs and coating deposited onto the substrates. The four BL CNF
coating increases the mass of the substrate by 3.2 mass fraction
% � 0.4 mass fraction %, of which, 51 mass fraction % � 1 mass
fraction % are CNFs. The total CNF content relative to the substrate
mass is 1.6 mass fraction % � 0.1 mass fraction %, which is a typical
loading level of carbon nanotubes or nanofibers incorporated into
polymers (not a coating) to improve the polymer’s fire resistance.
Unlike these other nanocomposites, the CNFs in these coatings are
concentrated at the surface rather than randomly dispersed and
distributed throughout the polymer matrix [27,30].

Cone Calorimetry (Cone) is a routine bench scale fire test that
simulates a developing fire scenario on a small specimen and is
Fig. 7. SEM images of a delaminated CNF coating on PUF at (a) 10,000x and (b) 200,000x. T
used to measure the forced burning fire performance of polymers.
The parameters reported from the test, such as time to ignition of
the combustion gases (TTI), the time to peak and the peak
maximum heat release rate (PHRR), and the total heat release
(THR), are directly related to the potential fire threat of the burning
polymer. The values of these parameters are the bases of the
performance metrics for several existing or proposed national fire
regulations. The Cone heat release rate measurements are refer-
enced to sample surface area (kW/m2), which is measured prior to
the experiment. As described by Zammarano et al. [33], it is
imporatant to normalize the data according to surface area because
the PUF samples rapidly form a melt pool, whereas the, CNF filled
PUF did not collapse and maintained an approximate two times
larger surface area during the test. The data presented here,
however, was not normalized in terms of surface area (discussed
below).

The HRR data indicates the CNF coatings significantly improved
the fire resistance of foam (Fig. 8, Table 2 and Table 3). The HRR
curves for CNF/PUF and PUF consist of two peaks. However, the
attributes of the curves are quite different with both peaks of CNF/
PUF being of similar HRR values (371 kW/m2 � 10 kW/m2 and
he heavy concentration of CNFs below the surface was welded together with polymer.



Fig. 8. Heat Release Rate curves of the washed standard PUF and the CNF/PUF indicates the CNF coating significantly improved the fire performance of the PUF (e.g., 40% � 3%
reduction in PHRR). The ability of the CNF coating to promote char formation and prevent the foam from collapsing into a pool are assumed to be the primary reasons for the
measured reduction in PHRR, THR, and total burn time.
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348 kW/m2 � 10 kW/m2) whereas in PUF the second peak is 2.8
times larger than the first peak (224 kW/m2 � 12 kW/m2 and
620 kW/m2 � 26 kW/m2). The PHRR, which is often considered as
one of the more critical values in accessing the flammability of
a material, is 40% � 3% lower for CNF/PUF than for PUF. The THR,
which reflects the total size of the fire threat, and the total burning
time of the foam was 21% � 3% smaller for CNF/PUF. However, the
time to PHRR, which is often considered a critical value in accessing
the amount of time for escaping a fire, is 66% � 2% earlier for CNF/
PUF. In other words, the Cone data suggests the CNF coatings may
result in smaller fires and reduced flame spread, but create an
initially larger fire that reduces the time to escape. In a real
scenario, the CNF/PUF would likely perform significantly better
than the HRR data suggests, but before going into this discussion it
important to understand how the CNF coating altered the burning
behavior of foam.

The attributes of the first HRR peak for both CNF/PUFand PUFare
defined by pyrolysis of polyurethane decomposition gases (increase
in HRR) and decrease in substrate surface area (decrease in HRR).
During the first peak the CNF coating forms a protective char and
enables the foam to maintain its shape (and surface area) that is
qualitatively similar to an untested foam specimen. At 63 s� 2 s, the
flames penetrate this protective char, which causes the foam to
shrink as the remaining polymer is pyrolyzed. At the end of the
experiment, a brittle char remains that has a surface area 90% � 5%
smaller than the untested foam specimen. In contrast to CNF/PUF,
during the first HRR peak PUF collapses to form a liquid-like pool of
degraded polyurethane. The surface area of this pool (defined by the
sample pan) is qualitatively two times smaller than CNF/PUF surface
Table 2
Cone Calorimetry data of the PUF and CNF/PUF samples. The CNF coating reduced THR, PH
the first peak. All values are reported with 2s standard uncertainty.

Peak 1 Peak 2

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

PUF 224 � 12 32 � 2 620 � 26
CNF/PUF 371 � 10 27 � 2 348 � 10
area, which is the reason the HRR maximum for the first peak is
66% � 2% higher for CNF/PUF. The PUF pool rapidly pyrolyzes
because there is no protective char and because the contents of the
pool are volatile/combustible compounds (isocyanate and polyol
based degradation products of polyurethane).

In a real fire scenario, the reduction in flammability due to
replacing PUFwith CNF/PUFwill likely be greater than suggested by
the Cone data (Fig. 8 and Table 2) for two main reasons. First, this
CNF/PUF Cone data (Fig. 8 and Table 2) was not normalized, as
suggested by Zammarano et al. [33], since the surface area for CNF/
PUF was not quantitatively measured and changed significantly
throughout the test. Based on the qualitative observations, the HRR
for the first peak could be reduced by a factor of two while the
second peak may only be slightly reduced. The result is the first
peak for CNF/PUF would have a maximum HRR and time to peak
similar to PUF and the second peak would then become the PHRR,
which has a time to peak similar to PUF. Secondly, the Cone data
does not capture the real impact of the PUF pool fire since there is
no product for the pool fire to pose an additional flux upon. Since
a pool fire can approximately increase the fire threat (as calculated
from HRR, THR, and burn time) of a burning product (e.g. uphol-
stered furniture) by 35% [29] and the CNF coating prevents pool
formation than it is assumed that in a real fire replacing PUF with
CNF/PUF would decrease the HRR from a product by 35%.

3.3. Comparison to other flame retarding technologies

A previous study reported a 35% reduction (Table 3) in PHRR for
PUF using 4 mass fraction % CNFs embedded in the PUF (CNFs were
RR, and total burn time, and delayed time to peaks, but increased the PHRR value for

THR (MJ/m2) Residue Mass
Fraction %

Burn time (s)

Time (s)

75 � 3 33 � 2 2.2 � 0.1 140 � 2
83 � 2 26 � 1 11.0 � 0.4 110 � 2



Table 3
Reduction of Cone Calorimetry data caused by CNF LbL coating on PUF, CNF
embedded in PUF, and commercial FR embedded in PUF. All values are reported as
a % reduction relative to the standard PUF used in their study. All values measured in
this study are reported with 2s standard uncertainty. No uncertainty was reported
for the literature values.

Reduction as compared to pure PUF

FR (mass fraction % loading) PHRR THR

CNF (1.6% � 0.1%) 40% � 3% 21% � 3%
CNF (embedded) (4%) 34%
4 Halogen FRs (20%) 31% 16%
5 Non-halogen FRs (4%) 15% 14%
7 Halogen-Phosphorous FRs (28%) 14% 7%
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added to the foam recipe) [27]. In comparison, the LbL fabricated
CNF/PUF specimen has a 20% greater reduction in PHRR using 57
mass fraction % less CNFs. In other words, incorporating CNF as
a coating rather than directly into the polyurethane yields
a significantly greater reduction in PUF flammability. This infor-
mation may be of particular interest to foam manufacturers, as it is
assumed the post-manufacturing coating of CNFs and using less
CNFs will be easier and more cost effective to implement than
incorporating CNFs into the foam recipe.

Najafi-Mohajeri used the Cone to measure the impact of 16
flame retardant additive packages (five non-halogen, four halogen,
and seven halogen-phosphorous) on the flammability of a standard
PUF [34]. These additive packages are commercially available and
reported to be commonly used by the PUF industry. The five non-
halogens reduced the PUF PHRR and THR by an average of 15%
and 14%, respectively, at a 3.3 mass fraction % averaged loading. The
four halogens reduced the PUF PHRR and THR by an average of 31%
and 16%, respectively, at a 20 mass fraction % averaged loading. The
seven halogen-phosphorous systems reduced the PUF PHRR and
THR by an average of 14% and 7%, respectively, at a 28 mass fraction
% averaged loading.

Also using a Cone, Price measured the flammability impact of
incorporating melamine-based flame retardants into PUF [35]. The
exact composition of the materials is unknown as they were
purchased from a supplier. The melamine and melamine chlorate
phosphate blend reduced the PHRR by 10% and 15%, respectively. As
an alternative to using flame retardants, the authors also measured
the impact of using fire blocking barrier fabrics to reduce the PUF
flammability. Of the six specimens tested, the best performing
combination was wrapping the standard PUF with zirconium
hexafluoride flame retardant treated wool (FR-wool), which gave
a 29% reduction in PHRR. This FR-wool also gave the greatest
reduction in PHRR of the flame retardant foams (32%), which was
quite similar to what was reported for wrapping the standard PUF
with this FR-wool. These results suggest the fire performance
benefits gained by using these flame retardants are partially miti-
gated by the FR-wool.

Compared to these competitor flame retardant (FR) systems, the
CNF coatings developed in this project delivered a 14%e65% larger
reduction in PHRR and THR using 46%e95% less FR [34,35].
Normalizing based on FR content, the per mass fraction % FR
reduction in HRR was larger for the CNF coating by

� 38% compared to CNF embedded,
� 288% compared to halogen FRs,
� 158% compared to non-halogen FRs, and
� 1138% larger compared to halogen-phosphorous FRs.

The 20% larger reduction as compared to FR-wool barrier
fabric system was not normalized because the FR content was not
reported.
4. Conclusions

For the first time, LbL assemblies made with CNFs are shown to
improve the fire performance of polyurethane foam. The process
described here generates thin film coatings that completely cover
all internal and external surfaces of the porous polyurethane foam.
Even though the CNF distribution is not completely uniform, and
the CNFs are not completely embedded in the polymer coating, the
coating significantly reduces the flammability of foam. This LbL
coating significantly reduces the heat release rate, total heat
release, and total burn time of the PUF with just four bilayers (e.g.,
40% � 3% reduction in PHRR). Compared to FR systems currently
used to reduce PUF flammability, and embedding the CNFs directly
into PUF, these CNF-based coatings yield a significantly greater
reduction in PUF flammability at a significantly lower additive
concentration (e.g., 1.6 mass fraction % CNF coating on PUF yields
a 23% lower PHRR than a 20 mass fraction % brominated FR in PUF).
Normalizing according to FR content, the reduction in foam HRR is
38%e1138% greater for these CNF coatings than these alternatives
FR systems. The CNF coating also prevents 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 resi-
dential homes. This research lays the foundation for using LbL to
fabricate coatings on foam and barrier fabrics using a range of
nanoparticles and other performance-enhancing additives. Multi-
walled carbon nanotubes, clay, cellulosic fibers, and mixed addi-
tive coatings are currently being investigated on both foam and
barrier fabrics. Additionally, the release of nanoparticles during
aging and the change in fire performance due to aging are currently
being measured.
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