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Abstract

This study reports on the change in flammability of cotton fabrics caused by water-insoluble gel
coatings applied from a single bath solution formulated with polymeric micelles and flame
retardant amphiphiles. The flame resistant coatings are made from low concentration aqueous
formulations of polyethylene oxide-polypropylene oxide-polyethylene oxide, and 5 % to 15 %
mass fraction melamine and sodium hexametaphosphate. The coated cotton fabrics were tested
and characterized by a variety of bench-scale tools, such as vertical flame testing, micro-scale
combustion calorimetry, and thermogravimetric analysis. Properties such as increased ignition
resistance, self-extinguishment, and higher decomposition temperatures were measured, relative
to the uncoated cotton.

Keywords : amphiphilic solutions; cotton fabric; flame retardant gel coating; melamine; sodium
hexametaphosphate.
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1. Introduction

Fire is a useful tool throughout human history, but it can bring disasters if not carefully
controlled [, By inhibiting a voluminous fire, there is a better chance for fire-fighters to
extinguish it or for people to escape uncontrolled fires before they cause significant damage.
Cotton is a very important natural textile fiber used to produce clothing, furniture, and industrial
products, but it has a low limiting oxygen index (18 %) [ and thermal decomposition
temperature (360 °C to 425 °C) that makes it very flammable 1. When cotton fabrics are ignited,
the flames spread rapidly potentially causing fatal burns within 15 s of ignition . Various
methods are used to impart flame retardancy to cotton fabrics [>1%. Halogenated and boron
containing additives are widely used that function by liberating large volumes of non-flammable
gases to starve the flames and forming a glass coating, respectively, during thermal
decomposition i . Boron-based flame retardants are quite water soluble and might impart only
momentary flame retardancy on fabrics that undergo numerous washing cycles 2. The
effectiveness of commonly used halogenated flame retardants are compromised by their latent
toxicity concerns linked with bioaccumulation and exposure issues to both humans and aquatic
species in the environment [3, While there are certainly new halogenated chemistries that might
prove somehow better than those compounds with documented concerns, our focus in this
manuscript is the use of phosphorus-based flame retardants, which are used to impart flame
retardancy to cellulosic fabrics ** *°1. Some Phosphorous-based coatings can withstand repeated
wash cycles 32 reduce volatile fuel, lower pyrolysis temperature, increase carbonaceous char,
and decrease afterglow [*4l. Leistner et al. studied the use of chitosan/melamine polyphosphate as
a water-insoluble coating on cotton fabric via layer-by-layer assembly [1°],

Layer-by-layer (LbL) deposition 62! is a common technique for fabricating thinner,
multifunctional flame retardant films/coatings. These coatings are formed by repeatedly
depositing alternating layers of oppositely charged materials. The multilayer assembly of the
coating is self-regulated by electrostatic repulsion within the individual layers and is enabled by
attractive forces; electrostatic 21, van der Waals 2> %1, and Hydrogen bonding 24 %1, LbL
coatings/films can be applied by either dip coating [ 27 or spray coating %% 2°I. They have range
of functionalities that can produce conducting films %32 antireflection films 2334 and oxygen
barriers %381, The downside of LbL is each additional monolayer (ML) requires an additional
deposition and washing step; therefore, 20 or more monolayer coatings required a total of 30 or
more steps in the fabrication process, More recently, researchers have pivoted from layer-by-
layer assembly and are aiming for single bath processes for fabricating a flame retardant coating
on fabrics 71 and polyurethane foams %81 because it can be faster, use less materials, and
generate less waste. In this manuscript, we are reporting on a reduced flammability coat fabric as
result of using a water-insoluble, flame resistant gel coating constructed from melamine, sodium
hexametaphosphate (SHMP), and polyethylene oxide-polypropylene oxide-polyethylene oxide,
PEO-PPO-PEDO, triblock copolymer.

SHMP B melamine 1% and PEO-PPO-PEO triblock copolymers are, in small doses,
non-toxic chemicals. SHMP is used as a sequestrant and as a food additive “*. Melamine is the
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starting material for resins used in the production of a wide variety of thermosetting plastics (421,
When melamine is mixed with SHMP in aqueous solutions, they form the water-insoluble
melamine polyphosphate (MPP), a well-known fire retardant [**. The amphiphilic PEO-PPO-
PEO triblock copolymer Pluronic F127* has surfactant properties that make it useful in industrial
applications such as, drug delivery [3 44, Here, our goal is to move away from LbL coatings and
use the gelation properties of F127 with melamine and SHMP to form a flame resistant coating
on cotton fabrics.

Researchers have attributed the mechanism of gel formation for the aqueous dispersions
of PEO-PPO-PEO triblock copolymers to the close packing and ordering of micelles [*>47, The
PEO-PPO-PEO triblock copolymer F127 (70 % PEO content) has the most pronounced gel
forming abilities of the commercially available polymer surfactants (8. As the temperature of
these solutions is increased, the decreasing aqueous solubility of the PPO causes micelle
formation with the hydrophobic (PPO) cores and hydrophilic (PEO) shells (%1, Lam et al %]
suggested that the micelles grow via Ostwald ripening, and Barba et al 5% suggested that the
volume fraction occupied by the micelles in solution rises with increasing temperature. The
micelles experience repulsive interactions and order into quasicrystalline cubic lattices . The
observed lattice structure for F127 gels are typically face centered cubic or body centered cubic
[52.531 F127°s lattice structure is believed to give micelle materials their gel-like properties [,

This manuscript describes chemical formulations and single bath procedures to yield non-
toxic, flame resistant coatings for cotton fabrics. The coatings were made with the amphiphilic
PEO-PPO-PEO triblock copolymer F127, melamine, and SHMP. The impact of the formulations
on flammability was determined by measuring flame resistance, heat released rate, and thermal
decomposition behavior using vertical flame testing (VFT), micro-scale combustion calorimetry
(MCC), and thermogravimetric analysis (TGA) respectively. Scanning electron microscopy
(SEM) was used to observe surface quality assessments of the coatings on the cotton fabrics.

2. Experimental Materials and Test Methods

2.1. Materials

Unless otherwise indicated, all materials were used as received, all percentage values are
mass fraction percent, and all data is reported with a 2 ¢ standard uncertainty. Polyethylene
oxide-polypropylene oxide-polyethylene oxide, PEO-PPO-PEO Pluronic F127 (12,600 g/mol
molecular mass), SHMP (NasPeO1s, 611.77 g/mol molecular mass), and melamine (CzHsNs,
126.12 g/mol molecular mass) were obtained from Sigma-Aldrich (Milwaukee, W1) and were
used as received. The structures of each are shown in Figure 1. The cotton fabric (James
Thompson & Co. Inc., 228.6 cm Quilter’s Flannel, double-napped 100 % cotton, area density of
102 g/m?) was used as received. All solutions were prepared using deionized water from a
PURELAB Flex (18.2 MQ-cm, ELGA).

1 Certain commercial equipment, instruments, or materials are identified in this paper in order to specify the experimental procedure adequately.
Such identification 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.
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Figure 1. (a) F127 (b) Schematic of PEO-PPO-PEO micelle structure (c) Sodium
hexametaphosphate (d) Melamine.

2.2. Coating Procedure

Aqueous solutions of F127 were prepared according to “cold” processing methods 8
and formulated in varying concentrations (10 % to 20 %) to probe its flame retarding properties.
Concentrations of melamine (5 % to 15 %) were mixed in aqueous solutions of F127. Lastly,
SHMP (5 % to 15 %) was added at varying concentrations. The total volume of the mixtures
during treatment was held constant as an attempt to control the thickness of the coatings. After
several hours of mixing at room temperature, the coating gel formed. The white gel was coated
onto the backside of the cotton fabric (10cm x 10cm) using a stainless-steel laboratory spatula.
The coated cotton fabric was placed in an oven for at least 12 h at 70 °C. When the fabric still
felt damp to the touch after 12 h, it was placed back in the oven at 70 °C until moisture was no
longer present. Two types of coating protocols were followed. One was for melamine, SHMP,
and F127. The other was for just melamine and SHMP (no F127). The protocol without F127
used aqueous solutions of melamine (5 %) and SHMP (5 %) all mixed into a single bath. The
cotton fabric was manually dipped into the solution and soaked for 10 min to allow complete
wetting and good adhesion of the coating to the substrate. The coated cotton fabric was then
placed in an oven at 70 °C for a minimum of 12 h. The resulting color of the cotton fabric turned
white due to the melamine polyphosphate. Post coating, the overall feel of the fabric felt stiffer
and heavier.

Core of hydrophobic block (-PPO-)

Shell of hydrophilic tails (PEQ-)



2.3. Flammability Testing

Vertical flame testing (VFT) was used as a screening process to identify potential flame
resistant coating formulations (3 replicates each). The potential formulations were reproduced,
and their combustion behavior was measured using micro-scale combustion calorimetry (MCC).
MCC tests were conducted from 100 °C to 750 °C under an environment of 20 % oxygen and 80
% nitrogen with a heating rate of 1 °C/s and a sample mass of 5mg; using a ASTM D7309
compliant test apparatus (Concept Equipment). MCC tests revealed the influence of the coating
on the fabric’s heat release. Thermogravimetric analysis (TGA) was performed to understand the
mass loss of the coated sample due to non-oxidative thermal decomposition. TGA tests were
conducted from 90 °C to 850 °C under nitrogen with a constant heating rate of 20 °C/min and a
sample mass of 10 mg, using a NETZSCH STA 449 F1 instrument (Germany).

No conditioning was performed prior to testing. The vertical flame test was setup as
shown in Figure 2. The VFT used was for screening purposes only and does not follow NFPA
701: Standard Methods of Fire Tests for Flame Propagation of Textiles and Films protocol. The
ignition process was to apply a butane micro torch (= 1430 °C) to the middle, bottom edge of the
sample (10 cm x 10 cm) for 5 s. If the sample failed to ignite or it self-extinguished, the torch
was applied again at the same place on the fabric for another 5 s. This ignition process was
repeated no more than three times on the same specimen. The test was complete when no flames
were visible or when the specimen was completely consumed during combustion. The 100 %
cotton fabric was used as a control to qualitatively rank the formulations. Ignitibility and flame
spread was characterized based on the following: number of applications of the torch before
ignition, time until flames extinguished, and extent of flame propagation upwards and across the
cotton surface. The results of these tests are shown in Table 1.

2.4 Morphological Characterization

A Ziess Ultra 60 Field Emission-Scanning Electron Microscope (FE-SEM, Carl Zeiss
Inc., Thornwood, NY) was used to acquire surface images of the coatings on the cotton fabrics
under a 5 kV accelerating voltage. All SEM samples were sputter-coated with 8 nm of
gold/platinum (60 % / 40 % by mass) prior to imaging.
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Figure 2. Schematic of vertical flame test (VFT) setup. Note: Drawing not to scale.

3. Results and Discussion

In a single step coating process, PEO-PPO-PEO (F127), co-formulated with melamine
and sodium hexametaphosphate (SHMP) were deposited as gel coatings on cotton fabrics. The
gel coatings were characterized to determine coating morphology (SEM) and flame resistance
(vertical flame testing). Only the coatings that did not ignite were evaluated using MCC, TGA,
and SEM.

3.1. Fabrication and Flammability Screening

Nine flame resistant-coated cotton fabric combinations were produced by applying gel
coating solutions containing F127 (0 %, 15 %, and 20 %), melamine (0 %, 5 %, 10 %, and 15
%), and SHMP (0 %, 5 %, 10 %, 15 %). The cotton control, coating compositions, mass gain
percent (percentage of mass increase after coating is applied), and flammability results are
provided below in Table 1. The data in Table 1 reflects the averages of at least three specimens
for each formulation.

Flammability of a material is defined by a number of factors, including its flame
resistance and the rate of heat generated by fire. When screening various formulations of
coatings on fabrics, flame resistance was prioritized. Therefore, in this study, flame resistance
tests were used as initial screens of fabric flammability.

Based on the flame test (Table 1), all the formulations increased the flame resistance of
cotton. The control and 20 % F127 gel coated cotton fabrics ignited as soon as the flame was
applied. Within 60 s the fabrics were completely engulfed in flames. The best performing
coatings (no ignition, Table 1) were the 5 % melamine/5 % SHMP, 20 % F127/15 %
melamine/15 % SHMP, and 15 % F127/15 % melamine/15 % SHMP formulations. Depending
on the coating formulation, the overall mass gain of cotton fabric is dramatically affected.
Therefore, the 20 % F127/15 % melamine/15 % SHMP coating on cotton was no longer explored
as the 15 % F127/15 % melamine/15 % SHMP coating on cotton produced a lower mass gain
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with no ignition. The lower overall mass gain also attributed to a more flexible and softer fabric
compared to the higher mass gains. Based on these observations, we attempted to produce a 10
% F127/15 % melamine/15 % SHMP coating. However, a coating gel did not form because the
concentration of F127 was well below the critical gel formation concentration (typically =~ 20 %
mass fraction [“8). In this case, adding melamine and SHMP was not a strong enough driving
force to form a gel at 10 % F127. In order to compare the combustion behavior and thermal
decomposition of the coating itself before applying it onto cotton fabrics to the coated fabrics, a
20 % F127/15 % melamine/15 % SHMP coating was also analyzed using MCC and TGA.

Table 1. Coating composition, mass gain percent (%), and open flame screening for flame
retardant-coated cotton fabrics. Mass gain is reported with a 2 ¢ standard uncertainty.

Coating Composition (%)

F107 Melamine SHMP Mass Gain (%) Flammability Observations
25 10 10 143+ 10 Ignition, slow flame spread
20 15 15 238 £ 10 No ignition
20 15 = 143+ 10 Ignition, slow flame spread
20 - 15 137 £ 10 Ignition, charred
20 - - 105+ 10 Complete combustion
15 15 15 220+ 10 No ignition
- 5 5 54 +10 No ignition
- 5 - 30+ 10 Extensive combustion
- - 3] 10+ 10 Ignition, charred

- - - - Complete combustion

3.2. Thermal Analysis

As shown in Figure 3 and Table 2, TGA results on untreated cotton show mass loss
below 225 °C and a rapid decline in residual mass with rising temperature above 225 °C. The
lower and higher temperature decompositions can be interpreted as a two-stage decomposition
process with slopes of percent mass loss/ °C summarized in Table 2. The slopes were calculated
using m = (y2-y1)/(x2-X1). Coating cotton with the SHMP/melamine mixtures led to TGA results
that show some intermediate plateau of mass stability with increasing temperature (see Table 2).
The mass loss at lower temperatures for the coated fabrics is due to the thermal decomposition of
melamine and SHMP. Both the coating and the cotton contribute to the mass loss of the coated
fabrics. Despite the 15 % F127/15 % melamine/15 % SHMP coating losing mass at lower
temperatures than the cotton control, the mass above 400 °C for cotton is less than 5 % while that
for the coated cotton is about 15 % or less.

The 5 % melamine/5 % SHMP, 15 % F127/15 % melamine/15 % SHMP coated cotton,
and the 20 % F127/15 % melamine/15 % SHMP coating exhibited similar TGA profiles, except
the coatings had higher mass residues at the end of the test compared to cotton. For cotton



control fabric, thermal decomposition ended at ~ 375 °C with 5 % +1 % of the original mass as
char residue.

Significant mass changes in the TGA residue occurred when the cotton fabric was coated
with 15 % F127/15 % melamine/15 % SHMP and 5 % melamine/5 % SHMP. The onset
degradation temperature occurred at 150 °C and 185 °C for 15 % F127/15 % melamine/15 %
SHMP and 5 % melamine/5 % SHMP, respectively. For comparison, this was observed at 75 °C
for the cotton control. In addition, the char yield increased from 5 % + 1 % for cotton control at
375°Ct0 10 % + 2 % (= 100 % increase) at 450 °C for 15 % F127/15 % melamine/15 % SHMP
coating. The percent mass loss for 20 % F127/15 % melamine/15 % SHMP coating is lower than
the percent mass loss for cotton control, which suggests the coating is more thermally stable than
cotton. The 15 % F127/15 % melamine/15 % SHMP coating on cotton fabric has a lower percent
mass loss than the cotton control, which suggests this coating on cotton lowers the thermal
decomposition behavior. The mass loss behavior for 15 % F127/15 % melamine/15 % SHMP is
similar to that for flame retardant agent CFR-201 (an organophosphorus nitrogen containing
compound) reported by Zhu et al 4. Zhu et al 54 also divided the pyrolysis process of cellulose
fiber into an initial pyrolysis stage, main pyrolysis stage, and char pyrolysis stage with
temperature ranges of 80 °C to 300 °C, 300 °C to 400 °C, and 400 °C respectively. Their flame
retardant fibers also decomposed at lower corresponding temperatures but formed higher residue
than that of the untreated cotton.

MCC was used to study the combustion behavior of the same formulations analyzed by
TGA. Figure 4 shows the heat release rate (HRR) of coated and uncoated cotton with
temperature (°C). Heat release properties from MCC analysis are shown in Table 3.

As shown in Figure 4 and Table 3, relative to the cotton control, 5 % melamine/5 %
SHMP and 15 % F127/15 % melamine/15 % SHMP both show lower heat release rates, THR,
PHRR, and higher residue mass values. For cotton, thermal decomposition began at
approximately 300 °C. The thermal decomposition, as indicated by rising HRR, intensified as the
temperature rose. The average maximum HRR at 400 °C was 178 W/g + 7 W/g, which was
identified as the peak heat release rate (PHRR). The thermal decomposition was complete at 550
°C with an average of 12 % + 1 % of the original mass as char residue.

As a percentage basis, the reduction in PHRR is more significant by coating (reductions
as much as 2/3 of PHRR cotton) whereas the total heat release was only ~ 16 % lower on
average overall with the same coating conditions. The released energy measurements compare
favorably with other MCC type measurements on other cotton coatings shown in Figure 4 10371,

As shown in Figure 4, the HRR curve for cotton control has one peak and F127 coated-
cotton fabrics have 3 peaks. The first peak of cotton’s thermal decomposition (temperature range
300°C to 325°C) is due to the thermal decomposition of melamine and SHMP (see Figure 4a).
The second peak (temperature range 325°C to 425°C) is due to the decomposition of the cotton
fabric. The third peak (temperature range 400°C to 450°C) is due to the decomposition of the
F127 gel (see Figure 4c) which contains no cotton fabric and displays a peak in the same
temperature range. Early thermal decomposition of a flame retardant could reduce its



effectiveness on the coated cotton fabric. Therefore, identifying even more effective flame
retardants packaged within a gel deserves to be probed more. SEM images observed the coating
quality (surface morphology) of the coated samples. SEM images for 15 % F127/15 %
melamine/15 % SHMP, 5 % melamine/5 % SHMP, and cotton control are provided in Figure 5.

5% Mel 5% SHMP (wiw)
[= == "20% F127 15% Mel 15% SHMP coating (wiw)
[-----15% F127 15% Mel 15% SHMP (wiw) |

Mass Loss (%)

[---- - Cotton Co nlrol]

T T T T T T T T T T T T T T T T T T T 1

T T
75 150 225 300 375 450 525 600 675 750 825 900
Temperature (°C)

Figure 3. TGA data for F127/melamine/SHMP gel coating on cotton fabric (blue dots),
melamine/SHMP (red solid line), uncoated cotton fabric (black dash-dots), and coating itself
without cotton fabric (green dashes).

Table 2. TGA properties of uncoated cotton fabric, melamine/SHMP on cotton,
F127/melamine/SHMP gel coating on cotton, and F127/melamine/SHMP coating itself. Data is
reported with a 2 ¢ standard uncertainty. The slopes correspond to the dehydration of the coated
fabric (1) followed by the active combustion of the dehydrated composite (2).

Sample ID 15t Slope 2"d Slope Intermediate Plateau Residue
(%/°C)(R?) (% /°C)(R?) Temperature Range (°C) (%)
Cotton Control -0.07 -0.5 - 51
(0.86) (0.95)
5 % Melamine -0.05 -0.3 27510 375 20+ 2
5 % SHMP (0.97) (0.94)
15 % F127 -0.08 -0.5 300 to 375 10£2
15 % Melamine (0.99) (0.97)
15 % SHMP
20 % F127 -0.04 -0.6 325 to 425 15+2
15 % Melamine (0.93) (0.97)
15 % SHMP coating
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Figure 4. MCC results of (a) uncoated cotton fabric (black dash-dots) and melamine/SHMP (red
solid line) (b) uncoated cotton fabric (black dash-dots) and F127/melamine/SHMP gel coating on
cotton fabric (blue dots) (c) uncoated cotton fabric (black dash-dots) and F127/melamine/SHMP
coating itself without cotton fabric (green dashes). Each curve represents the average of 3
replicates.
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Table 3. Heat release properties of uncoated cotton fabric, melamine/SHMP on cotton,
F127/melamine/SHMP gel coating on cotton, and F127/melamine/SHMP coating itself. Data
represents the average of 3 replicates and is reported with a 2 o standard uncertainty.

Sample ID Residue (%) THR (kJ/g) PHRR (WI/g)
(% increased) (% reduction) (% reduction)
Cotton Control 12+1 11+0.1 178 + 7
5 % Melamine 44 +5 4+1 55+14
5 % SHMP (267 £ 5) (68 £ 1) (69 + 14)
15 % F127 25+6 9+1 69+5
15 % Melamine (108 + 6) (16 1) (61 £5)
15 % SHMP
20 % F127 1947 9+2 166 + 45
15 % Melamine
15 % SHMP coating

Figure 5. SEM images (a) cotton control (b) 15 % F127/15 % melamine/15 % SHMP on cotton
fabric (c) 5 % melamine/5 % SHMP on cotton fabric. The 5 % melamine/5 % SHMP coating is
not very uniform on the cotton fibers and is randomly dispersed. The 15 % F127/15 %
melamine/15 % SHMP coating shows a more uniform back-coating on the cotton fibers but there
are noticeable cracks which indicates insufficient adhesion of the coating onto the cotton fabric.
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Some coating was observed on the 5 % melamine/5 % SHMP, but the coating is
randomly dispersed as some fibers have more coating on them than others. For the 15 % F127/15
% melamine/15 % SHMP coating on cotton fabric, it shows a more uniform mixture of back-
coating on the cotton fibers with all of the fibers coated. There are some noticeable cracks that
appear in the image which indicates insufficient adhesion of the back-coating on the cotton
fabric. A more uniform and thinner back-coating is required to ensure the flame does not touch
the fabric directly without dramatically adding to the cotton mass. The back-coating acts as a
protective layer for the fabric so the flame will contact the coating first, causing no ignition of
the fabric. This was a proof in concept and more work is needed to explore a more uniform back-
coating thickness.

3.3. Comparison to other technologies

Previously reported flame retardant strategies, incorporated in or applied onto cotton
fabrics [0 1537 gre shown in Figure 6. These flame retardants were deposited using single bath
and LbL assembly protocols and constructed using N-methylol dimethylphosphonopropionamide
(MDPA) and trimethylol melamine (TMM) 291 soaked in a polyethylenimine
(PEI)/poly(phosphate sodium salt) (PSP) complex 7, polyallylamine/poly(phosphate sodium
salt) (PAAM/PSP) 71 and PA/CH at PH 4 I¥], The LbL coatings ranged from 10 monolayers
(ML) to 64 monolayers and resulted in a mass increase of 2 % to 18 %. These deposited
coatings yielded heat release reductions of 42 % to 61 % (PHRR) and 54 % to 76 % (THR).

All coatings reduce the cotton flammability as assessed by MCC. In terms of total energy
of combustion, the gel-coating has lower energy released relative to any of the other coatings.
That improvement comes at the cost of a huge increase in coating thickness, primarily consisting
of amphiphilic copolymer. The amphiphile is still hydrophilic even after the drying process. The
low THR can be attributed to the gel absorbing energy during the combustion process. Of course,
if the coating thickness could be optimized to not triple the mass of the fabric, the effectiveness
of the coating might be diminished. The coating thickness could also be affected if the
amphiphiles were extracted from the gel coating with subsequent washings. In terms of a peak
combustion rate, there is little difference between the formulations except the MDPA/TMM
coating which statistically produced the lowest PHRR. It is also interesting to note that the
presence of more LbL layers adds to the mass but does not improve the residue or the energy of
combustion, which suggests the thinnest LbL coatings are more efficient in enhancing flame
retardancy.
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Figure 6. Comparison of MCC data for F127, melamine, and SHMP coatings to the previously
reported single bath 1, LbL B71 and MDPA/TMM [19 coatings on or deposits within cotton
fabrics. Mass gain % (blue), residue % (orange), THR (kJ/g) % reduction (grey), and PHRR
(W/qg) % reduction (yellow) for each formulation is compared. Data is reported witha 2 o
standard uncertainty.

3.4. Experimental Uncertainty

There are different components of uncertainty in the mass, char yield, temperature, HRR,
THR, and PHRR reported here. Uncertainties are grouped into two categories according to the
method used to estimate them. Type A uncertainties are those which are evaluated by statistical
methods, and Type B are those which are evaluated by other means [55]. Type B analysis of
systematic uncertainties involves estimating the upper (+ a) and lower (- a) limits for the quantity
in question such that the probability that the value would be in the interval (z a) is essentially
100 %. After estimating uncertainties by either Type A or B analysis, the uncertainties are
combined in quadrature to yield the combined standard uncertainty. Multiplying the combined
standard uncertainty by a coverage factor of two results in the expanded uncertainty which
corresponds to a 95 % confidence interval (2 o).

Components of uncertainty are tabulated in Table 4. Some of these components, such as
the balance drift, temperature, and heat release measurements are derived from instrument
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specifications. Other components, such as coating composition include past experience with
coatings.

The best single predictor of the fire hazard of a material is its heat release rate in flaming
combustion. However, heat release rate is difficult to quantify because is depends on fire size
(heating rate), sample thickness, and the amount of oxygen available for combustion. The MCC
and TGA instruments eliminate this uncertainty by using controlled heating and excess oxygen
to measure a specific heat release rate (watts per gram) that depends only on the material being
tested and the heating rate. Dividing the specific heat release rate of the material by the heating
rate used in the test (Kelvin per second) gives a flammability parameter with the units (J/g* K)
and significance of a heat release capacity (HRC), which is a good predictor of flammability.
Calibration data was obtained from the manufacturer for the MCC and TGA and the
measurements were very repeatable. This resulted in an estimate of £ 11 % and + 11 % total
expanded uncertainty for the MCC and TGA respectively. However, the repeatability of the
residue and PHRR measurements for the MCC was less accurate per sample which resulted in a
total expanded uncertainty of + 15 % and £ 91 % respectively.

The uncertainty in coating composition includes the concentration of each material that
makes up the total composition of the coating and the resulting mass gain of the substrate the
coating is applied to. Each coating will have uncertainties where the concentrations are estimates
since there will always be byproducts or trace amounts of solvent or unbonded materials. This
resulted in an estimate of = 11 % and + 21 % total expanded uncertainty for coating
concentration and mass gain respectively.

The components of calibration uncertainty for a mass balance include accuracy,
sensitivity, repeatability, rounding error, eccentricity, and temperature characteristics. There is
also random uncertainty due to aging over time of the mass balance and the changing
atmospheric pressure during calibration. Uncertainty is also influenced by the condition of the
electronic balance and the environment during calibration, so it is necessary to estimate the
uncertainty of the actual instrument under the calibration environment. Therefore, the calibration
uncertainties provided by the manufacturer in Table 4 are estimated calibration uncertainties
using the actual instrument and are not guaranteed values. This resulted in an estimate of + 11 %
total expanded uncertainty for the mass balance.
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Table 4: Uncertainty in experimental data.

Instrument Uncertainty Component Standard  Combined Standard Total Expanded
Category Uncertainty Uncertainty Uncertainty
Mass Loss 2%
Repeatability 5% 5% +11%
Random +3%
Temperature 2%
Repeatability +5% +5% +11%
TGA Random +3%
Char Yield +2%
Repeatability +5% +5% +11%
Random +3%
Calibration +1%
Repeatability +5% +5% +11%
Random +3%
HRR +2%
Repeatability 5% 5% +11%
Random +3%
THR 2%
Repeatability +5% +5% +11%
Random +3%
PHRR +2%
Repeatability +45 % +45 % +91 %
Random 3%
MCC Temperature 2%
Repeatability +5% +5% +11%
Random +3%
Residue +2%
Repeatability +7% +7% +15%
Random +3%
Calibration +1%
Repeatability +5% +5% +11%
Random +3%
Concentration +1%
Repeatability +5% +5% +11%
Coating Random +3%
Composition Mass Gain +10%
Repeatability +10% +10% +21%
Random +3%
Zero +1%
Repeatability 5% 5% +11%
Mass Balance Random +3%
Calibration +5%
Repeatability +5% +5% +11%
Random +3%

Notes: 1. Random and repeatability evaluated as Type A, other components as Type B.
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4. Conclusions and Future Work

Aqueous-based amphiphile solutions have been co-formulated with potentially alternative
flame retardants in a single bath process to make flame retardant gel coatings for cotton fabrics.
Coatings containing an amphiphilic block copolymer in aqueous solution and formulated with
melamine and SHMP on cotton fabrics are self-extinguishing as assessed by vertical flame
testing. Coatings with higher compositions (20 % to 25 %) of the amphiphile led to lower flame
resistance hence the 15 % F127 composition was used throughout for the subsequent analyses.
Flame retardant effectiveness of the coatings were probed with micro-scale combustion
calorimetry (MCC) and thermogravimetric analysis (TGA). The most successful performing gel
formulation was 15 % F127/15 % melamine/15 % SHMP which produced 69 W/g + 5 W/g in
PHRR (a 61 % reduction), and 9.0 kJ/g +1 kJ/g in THR (a 16 % reduction) of cotton combustion.
The gel coatings are too thick to be commercially viable. The coated fabric also turned white due
to the formulation of melamine polyphosphate. The overall hand of the fabric after coating felt
stiffer and heavier compared to the soft and stretchy feel prior to coating. SEM imaging showed
a uniform back-coating over all of the cotton fibers for the 15 % F127/15 % melamine/15 %
SHMP coating. The thicker gel coating showed evidence of cracks but that alone could have
been a function of the higher coating film thickness. Future work is needed to explore the
stability and durability of the coating after washing. Overall, the scheme for using precursors that
result in the formation of a solid phase, insoluble flame retardant in a coating seems valid,
although larger amounts of qualification testing and better tools to provide for a thinner and more
controlled thickness are appropriate.
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