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Abstract

A fire retardant composition was prepared from phosphorus-nitrogen (P-N) based
additives. The fire redundancy of rigid polyurethane foam (RPUF) was studied by
impregnating it with various concentrations of P-N based additives composition.
Optimum impregnation time, retention and density of RPUF samples with P-N
composition were also studied. The morphology and fire performance of RPUF
and RPUF-P-N samples were investigated using scanning electron microscopy
(SEM) and BS: 4735 respectively. The results showed that phosphorus-nitrogen
additives composition enhances the fire retardancy of RPUF samples.

INTRODUCTION

Rigid polyurethane foam (RPUF) is produced in lower volume (28%) than
flexible polyurethane foam (48%). The excellent thermal insulation
properties of RPUF makes it a versatile and very important material than the
rest of the insulation materials (Oertel, 1986). Some of the important
engineering applications are building construction industry, domestic and
commercial refrigeration, transportation, automotive industry, packaging,
carpet underlay, sporting goods, furniture components and decorative
paneling, due to their superior heat insulation value resulted from closed cell
structure (Szycher, 1999). However, RPUF has low thermal stability and
high flammability, primarily due to the presence of biuret, allophanate,
urethane and urea groups into his structure. Biuret and allophanate are the
most thermally unstable groups in the RPUF backbone, and on exposure to
fire immediately decompose to diisocyanate, urea and urethane precursors.
These precursors are again thermally unstable. During RPUF burning
diisocyanate converts into yellow smoke containing HCN, and rest of the
other groups convert to white smoke containing CO, and CO. HCN and CO
are the prominent toxicant gases which on inhalation lead to death (Singh,
2005 and Levchik, 2004). Various fire retardants such as phosphorus-
halogen mixture, ammonium polyphosphate (APP) and organophosphorus
compounds either alone or in combination with nitrogen or silicone have
been used to impart fire retardancy to RPUF (Leu, 2004). Modesti et al.
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were recently reported the successful incorporation of various
combinations of halogen free fire retardants such as APP with melamine,
Expandable graphite with triethyl phosphate and red phosphorus, and
expanded graphite with melamine into the RPUF formulations (Modesti,
2003). As phosphorus and other halogen free fire retardants containing
RPUF give off non-toxic combustion products, thus they are preferred over
halogen containing fire retardants (Singh, 2008). On exposure to heat,
phosphorus compound decomposes at lower temperature than polyurethane
foams to produce phosphoric or polyphosphoric acids. These acids catalyse
the char formation in the condensed phase. This phosphorus rich char
prevents heat transfer by reducing the production of combustible gases
(Singh, 2009). The main objective of this study is the preparation of
phosphorus-nitrogen additives based composition and to investigate the
effect on the fire retardancy of RPUF impregnated with P-N composition.
Earlier such fire retardant compositions have been studied in cellulosic
paper and wood (Juneja, 1972) but never in RPUF to the best of our
knowledge. RPUF impregnated with P-N composition was prepared in our
own laboratory and the results are reported (Singh, 2007). RPUF samples of
similar density were impregnated with different concentrations of P-N
composition. The density of RPUF samples impregnated with P-N was
measured as per ASTM D1622. The morphology and fire performance of
RPUF and RPUF-P-N samples were investigated using scanning electron
microscopy (SEM) and BS: 4735 respectively.

EXPERIMENTAL

Preparation of P-N additives Composition

An aldehyde solution mixed with distilled water was charged in a 1000 ml three-
neck round bottom flask equipped with thermometer, stirrer and reflux condenser.
The medium of the solution was adjusted to alkaline by adding a few drops of an
alkali solution. The solution was then heated over water bath until it attains the
temperature of 80-90°C. A mixture of nitrogen additives was then added
incrementally with constant stirring over 20 min. Upon the completion of the
addition, the reaction mixture was allowed to reflux for 10 min. The resulting
solution was cooled to ambient temperature by putting the flask under cold-water
stream. Phosphorus additive was then added slowly with constant stirring. During
the addition of phosphorus additive, the whole assembly was continuously kept
under cold-water stream to avoid the heat up of flask due to the heat generated by
the reaction of phosphorus additive and mixture solution. The final product was a
colourless viscous liquid mixture of phosphorus-nitrogen additives. This viscous
mixture was designated as P-N additives. The basic formulation used for the P-N
additives preparation is presented in Table 1.
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Sample Preparation

RPUF samples of 49.19-kg/m* densities were used for impregnation with P-N
additives composition. P-N additives composition concentration, impregnation
time, retention and density are considered to be the most important parameters
during the preparation of RPUF samples. A P-N additive is water based
composition, thus its various concentrations ranging from 10-100% were prepared
by mixing it with water. Optimum impregnation is the time at which RPUF
samples retain the maximum quantity of P-N additives with optimum time period.
Optimum impregnation time was investigated by impregnating the RPUF samples
with 100% P-N additives solution concentration from 10-60 min. with an
increment of 10 min. at the ambient conditions. Retention is the quantity of P-N
additives solution concentration absorbed by the RPUF samples and subsequently
retained in it. Retention of RPUF samples was investigated by impregnating the 30
samples for optimum time with 10-100% P-N additives concentrations with an
increment of 10%. The effects of P-N additives concentration and impregnation
time on retention were studied by impregnating the 180 RPUF samples into the P-
N additives solution concentration ranging from 10-100% and every three samples
were removed from the solution at an interval of 10 min. The effect on the density
of RPUF samples was observed by impregnating the samples for optimum time
with 10-100% P-N additives concentrations with an increment of 10%. After
complete impregnation, RPUF samples were removed from their respective P-N
additives solution concentration and allowed to dry for 24 hours at room
temperature. P-N additives solution concentration and optimum impregnation time
of RPUF samples (RPUF-P-N) are shown in Table 2. In the sample code, P-N
denotes the phosphorus-nitrogen additives composition concentrations used for
impregnation. RPUF samples impregnated with P-N additives are shown in Figure
1(a). RPUF and RPUF-P-N samples with maximum retention were prepared for
SEM. The flammability characteristics of RPUF and RPUF-P-N samples of
dimensions 150x50x13 mm were investigated by impregnating the three samples
with each P-N additives composition concentrations ranging from 0-100% with an
increment of 10%. After impregnation the RPUF samples were removed from the
solution and dried for 24 hours at room temperature. Dried RPUF samples were
marked across their width by a line (gauge mark) 25 mm from one end.

Characterizations

P-N additives impregnation extent to the RPUF samples mainly depends upon the
concentration, impregnation time and retention. These three parameters are linked
to each other in which impregnation time depends upon the maximum retention,
and retention depends on both concentration and impregnation time. Optimum
impregnation time was measured on the basis of maximum P-N additives retention
attained by the RPUF samples with respect to time. Further, optimum impregnation
time on the basis of maximum retention of every three RPUF-P-N samples was
calculated and averaged. Retention on each P-N additives concentrations were also
calculated and averaged. The density of conventional RPUF and RPUF-P-N
samples was measured according to ASTM D1622. The size
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(lengthxwidthxthickness) of the specimen was 30x30x30 mm respectively. RPUF
and RPUF-P-N specimens were conditioned at 25°C and 55% relative humidity for
48 hours prior to their density measurement. The density of five specimens per
sample were measured and averaged. The morphology of RPUF and RPUF-P-N
samples was observed with LEO (438 VP, UK) scanning electron microscopy
(SEM). The samples were cryogenically fractured and gold coated to render them
conductive prior putting under scanning observation. During scanning 15 KV
accelerating voltage was used. The SEM was used to observe the P-N additives
deposition on the cell walls, surfaces and the difference in the shape and size of the
cells between RPUF and RPUF-P-N samples. To define the cell size, measured cell
sizes were averaged except the sizes for the largest and smallest cells. Flammability
characteristics of RPUF and RPUF-P-N samples were evaluated according to BS:
4735. The specimens were weighed before placing horizontally on support gauge
inside the non-combustible chamber. The farthest end away from gauge mark of
the specimen was exposed for 60s to 10 mm diameter wing top fitted LPG burner
of 38 mm non-luminous flame height. Exposed RPUF-P-N samples are shown in
Figure 1 (b). After complete fire exposure extent burnt, burning rate, percent mass
loss (PML) and extinction time of three specimens per sample were measured and
averaged for analysis.

RESULTS AND DISCUSSION

P-N Additives Composition

Chemical reactions involved in the preparation of P-N additives composition were
already studied. It was found that one mole of nitrogen additive in alkaline medium
reacts with one mole of aldehyde to form monomethylol product. Similarly to
nitrogen additive-1, nitrogen additive-2 in alkaline medium reacts with aldehyde to
yield monomethylolated product. When the amount of aldehyde is increased to two
moles, the dimethylolated product is formed. The rate of dimethylolated product
formation is very slow at room temperature. When the temperature is raised in the
range of 80-90°C, the end product was dimethylol and no monomethylol product
was formed. Thus the major intermediates in the P-N additives composition are N,
N’-dimethylolated nitrogen additive-1 and N, N’-dimethylolated nitrogen additive-
2. These dimethylolated products react with phosphorus additive to give 6-
membered ring compound which acts as fire retardant by polymerization (Juneja,
1972).

Concentration, Impregnation, Retention and Density

The add-on of phosphorus-nitrogen (P-N) additives composition to the RPUF
samples was mainly measured from P-N concentration, impregnation time and
retention. Results presented in Figure 2 show that the retention of RPUF samples
was ranged from 1.98 to 64.29% when they were impregnated with 10 to 100% P-
N additives concentration for 10 to 60 min. respectively. After 20 min.
impregnation the retention of RPUF samples were ranged from 1.98 to 62.98%
with 10 to 100% P-N additives concentration respectively, and further up to 60
min. impregnation only 1.09% average increase in the retention was observed. This
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may be possible due to the fact that the vacant cell space was fully occupied by P-N
additive composition after 20 min. of impregnation, and no enough space was left
for further impregnation at the same rate. Thus after 20 min. and up to 60 min., no
appreciable increase in the retention was observed. Therefore, 20 min. is
considered as the optimum impregnation time of RPUF samples. The retention and
density of RPUF and RPUF-P-N samples impregnated for optimum time are shown
in Figure 3. As shown in Figure 3, the density increases as the retention of RPUF-
P-N samples increases. When retention of RPUF samples increases from 2.49 to
62.98%, the density increases from 50.42 to 80.17 kg/m® respectively. Thus the
impregnation of RPUF samples with P-N additives composition increases their
densities up to 62.98%.

Morphology

The cross-sectional surfaces of RPUF and RPUF-P-N samples were observed at the
similar magpnification under SEM. Micrographs of the RPUF and RPUF-P-N
samples are shown in Figure 4 (a,b). As shown in Figure 4 (a), RPUF sample has
the polyhedral and spherical cell structure of 357 um average cell size. Figure 4 (b)
shows the deposition of P-N additives on the cell surfaces in addition to the
polyhedral and spherical cell structure of RPUF. The average cell size of RPUF-P-
N sample was reduced to 285 pum. This suggests that the decrease in the cell size
may be due to the deposition of P-N additives on the cell walls also. The P-N
additives deposition on the RPUF skeleton is further confirmed by the fact that
polyurethane phase is optically transparent (Kageoka, 1997). Thus P-N additives
were deposited on the cell surfaces and walls of impregnated RPUF sample.

Fire Performance

Fire performance of RPUF and RPUF-P-N samples and their comparison is mainly
measured from extent burnt, burning rate, percent mass loss (PML) and extinction
time obtained during the fire test. All these parameters are expressed in terms of
average values. The variations of extent burnt and burning rate, PML and
extinction time of RPUF and RPUF-P-N samples with respect to P-N
concentrations are shown in Figures 5 and 6 respectively. Figure 5 presents the
results as expected with an increasing concentration of P-N from 0 to 100%, the
extent burnt and burning rate were decreased from 125 to 27 mm and 2.23 to 0.44
mm/s respectively. However, exponential difference was observed between RPUF
and RPUF samples impregnated with minimum (10%) P-N concentration in their
extent burnt and burning rate which were 125 mm, 2.23 mm/s and 45 mm, 1.07
mm/s respectively. The rates of decrease of extent burnt and burning rate are
almost linear with the increase of P-N concentration. However, when P-N
concentration increases over 90% up to 100%, there is an increase of 16.39% in the
retention of RPUF-P-N, whereas, extent burnt and burning rate are decreased only
by 4 mm and 0.05 mm/s respectively. Thus there is no appreciable decrease in the
rate of extent burnt and burning rate, at the increasing rate of P-N concentration. As
shown in Figure 6, the increasing concentration of P-N from 0 to 100% reduces the
PML from 100 to 8.82%, but extinction time increases slightly from 56s to 60s
respectively. RPUF and RPUF samples impregnated with minimum (10%) P-N
concentration show great difference in their PML and extinction time which are
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100%, 56s and 16.92%, 40s respectively. The rate of PML reduction is almost
linear to 90% P-N concentration and above this PML reduces slightly as the
concentration increases to 100%. RPUF samples in flammability test are consumed
up to gauge mark (125 mm) in 56s. For comparison, 56s is considered as extinction
time of RPUF. The extinction time of RPUF sample reduces to 42s with minimum
P-N concentration, however, increases to 61s with maximum concentration. This
slightly different flame extinction behaviour of RPUF-P-N samples can be
explained by considering the fire retardant action of phosphorus-nitrogen additive.
During flammability test the presence of phosphorus-nitrogen additive accelerates
the decomposition of foam at lower temperature which leads to an increase in the
amount of high temperature stable char residue (Leu, 2004). Flame extinction time
is increased slightly with the increase of P-N concentration and the combined effect
of these two resulted into the formation of large amount of stable char residue. The
stabilized char residue acts as protective thermal barrier which does not allow
further flame spread. This may leads to reduced burning rate which resulted into
enhanced fire retardancy. Thus depending upon the decrease 24.8% in extent burnt,
21.9% in burning rate and 89.7% in PML and, 46.59% increase in the density of
RPUF-P-N samples, P-N additives concentration of 90% can be considered as
optimum,

CONCLUSIONS

In order to understand the effect of P-N composition on the structure and
flammability characteristics of RPUF, large number of RPUF samples impregnated
with various concentrations of P-N were investigated using SEM, and BS: 4735.
Fire retardant chemical composition was prepared from phosphorus-nitrogen
additives. P-N additives composition was a colorless viscous liquid miscible with
water. P-N concentrations were decreased with the increasing water content.
Retention and density of RPUF-P-N samples were increased with the increased
concentration of P-N for optimum impregnation time of 20 min. Retention and
density of RPUF samples with optimum impregnation time were increased up to
62.98% and 80.17 kg/m? respectively. The results of morphology show that the cell
size of impregnated RPUF samples was decreased from 357 to 285 um. The cell
size was decreased by the increased thickness of cell wall which may be due to the
deposition of P-N on the cell walls and surfaces. The results of extent burnt,
burning rate and PML under flammability test indicate that an optimum 90% P-N
concentration is adequate to render RPUF fire retardant. RPUF samples containing
46.59% P-N retention exhibit 46.6% increase in the density, however, remarkable
decrease in extent burnt (66.25%), burning rate (90.19%) and PML (91.18%) were
observed under flammability test. Thus phosphorus-nitrogen additives
impregnation enhances the fire retardancy of RPUF which can be used for
buildings insulation with added advantage of total safety from fire.

The author is grateful to the Director, Central Building Research Institute for his
encouragement and kind support.
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Table 1: Basic Chemical Formulation of P-N Additives Composition

Chemical
Phosphorus additive
Nitrogen additive-1
Nitrogen additive-2
Aldehyde solution

Water

Quantity per mole

1.0

0.25

1.0
3.0
8.0

Table 2: Rigid Polyurethane Foam samples (RPUF-P-N)* impregnated with

Phosphorus-Nitrogen additives based composition

Sample codes P-N Concentration Water Impregnation time
(RPUF-P-N) (%) (%) (min)
RPUF-0.0 0.0 0.0 0.0
RPUF-P-N 10 90 20
RPUF-P-N 20 80 20
RPUF-P-N 30 70 20
RPUF-P-N 40 60 20
RPUF-P-N 50 50 20
RPUF-P-N 60 40 20
RPUF-P-N 70 30 20
RPUF-P-N 80 20 20
RPUF-P-N 90 10 20
RPUF-P-N 100 0.0 20

(@) (b)

Figure 1.  Photographs of RPUF-P-N samples: (a) before

flammability test and (b) after flammability test
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Figure 4. Scanning electron micrographs of RPUF samples: (a)
conventional RPUF and (b) RPUF-P-N impregnated
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Figure 5. Extent burnt and burning rate of RPUF and RPUF-P-N samples
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Figure 6. PML and extinction time of RPUF and RPUF-P-N samples
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