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The effects of N-methylol finishing treatments on the
flammability of a range of polyester—cotton biends treated
with a flame retardant, namely diammonium hydrogen
orthophosphate (DAP}, are reported. Of the three resin
systems studied only ureg—formaldehyde (UF) in the
UF—DAP-treated fabrics gives rise to nitrogen—phosphorus
{N—P) synergism. The mechanism for N—P synergism

in this treatment is shown to depend on a dual phase

or (1—>2) Inter Step mode of flame inhibition.

INTRODUCTION

One important feature of the action of phosphaorus-based
flame retardants on textile fabrics is the reported improve-
ment in flame retardancy which occurs in the presence of
compounds containing nitrogen. This is believed to arise as a
result of nitrogen—phosphorus (N—P) synergism. N—P syn-
ergism thus takes place when the combined action of a
nitrogen-containing compound and a phosphorus-based flarne
retardant leads to a markedly improved flame-retardant
performance compared with the performance that would be
expected on a purely additive basis from the contributions of
the individual compounds.

The mechanisms of nitrogen—phosphorus synergism, how-
ever, are as yet not clear, and the occurrence of the
phenomenon of N—P synergism has been the subject of some
debate [1]. What has emerged from this critical review is that
not all combinations of nitrogenous compounds with phos-
pharus-based flame retardants yield synergistic results. Only
highty specific combinations of compounds appear to lead to
N--P synergism.

From both the academic and commercial points of view,
a systematic study of the interaction of nitrogen-based and
phosphorus-based compounds is potentially of great benefit,
provided that the underlying mechanisms are elucidated. For
out of a more rationalized theoretical foundation may
emerge improved flame-retardant finishes based on N—P
synergism which are suitable for flammable fabrics, such as
polyester—cotton blends, without recourse to high add-on
levels of flame retardant that might otherwise impair the
aesthetic properties of the fabric.

The problems of flame retarding polyester—cotton blends
have been well-documented [2], a major difficuity being that
the cotton component generally acts as a scaffold or support
thereby preventing the polyester from extinguishing through
melt dripping. Successful application of flame retardants in
conventional textile finishing operations is rendered difficult,
particularly for polyester-rich fabrics, because of the hydro-
phobic nature and compact physico-chemical structure of
polyester fibres,

The phosphorus-based flame retardants applied via pad—
dry—cure processes are normally deposited in the hydrophilic
cotton component of the blend and function effectively by
promoting condensed ({i.e. solid) phase reactions in the
cellulose, leading to char formation and hence to improved
flame retardancy. However, the most important route to
obtaining flame retardancy in polyester fibres is via the
incorporation of compounds containing phosphorus and/or
halogen, Such reagents are believed to function partly, if not



wholly, in the vapour phase, where they inhibit combustion
of the volatite compounds produced in the initial stages of
pyrolysis [3]. This dichotomy has led to difficulties in
obtaining satisfactory flame-retardant finishes for polyester—
cotton fabrics, particularly for fabrics in which polyester is
the major component of the blend.

This paper is part of a wide-ranging research programme
at Leeds University to establish the effects of finishing
treatments on the flammability of textile fabrics, While much
work has been carried out in the past on the effects of flame
retardants on polyester—cotton and on cotton fabrics, the
effects of applying conventional resin finishes on the
flammability of the fabric are not clearly understood,
although the majority of such fabrics are normally subjected
to easy-care or durable-press finishing processes. Accordingly,
recent work has therefore concentrated on the effects of
N-methylol resin finishing treatments on the flammability of
polyester—cotton fabrics, a subject on which little appears to
have been published with the exception of the recent work
by Reeves and Smitherman [4].

A basic study of the resin—catalyst system, dimethyl-
oldihydroxy ethylene urea (DMDHEU)}—magnesium chloride
hexahydrate, was initiated and the separate effects of the
resin and catalyst determined [5]. This work was extended
to encompass a variety of resin finishes on 67:33 polyester—
cotton fabric [6] and in addition the effects of conditioning
the resin-treated fabrics at different relative humidities have
been evaluated with respect to the flammability performance
(7].

The object of this paper is to report the extension of this
work to a wider range of polyester—cotton fabrics and to
100% cotton fabric in which the flame-retardant effective-
ness of a range of N-methylol resin finishes has been studied
in combination with a model phosphorus-based flame retard-
ant, namely diammonium hydrogen orthophosphate (DAP).
It was considered that a systematic study of these treatments
could vyield valuable information on the flammability of
polyester—cotton blends and might lead to a more funda-
mental view of the participating and interacting roles of
nitrogen- and phosphorus-based compounds in promoting
flame-inhibition processes. Inaddition,a further insight into
the possible mechanisms of nitrogen—phosphorus synergism
might be obtained.

EXPERIMENTAL
Materials

Fabric Composition

The composition of the fabrics used in this work are given in
Table 1. Plain-weave fabrics, composed of intimately blended
staple fibre yarns in warp and weft, were used.

TABLE 1

Fabric Warp Weft

Composition {Tex)
1. 67:33 Polyester—Cotton  26.2 26.2 28 28
2. 50:50 Polyester—Cotton 29.5 29.5 27 27
3. 33:67 Polyester—Cotton 28.5 205 27 27
4, 16:84 Polyester—Cotton 2956 2905 27 27
5. 100% Cotton 295 295 27 27

* Fabric weight measured after conditioning at 65% r.h, and 20°C
for 3 days. Fabrics 2—5 were Kindly supplied in loom state form by
the International Institute for Cotton, Manchester.

Fabric Preparation

All the fabrics used in this study were enzyme desized,
scoured and bleached using alkaline hydrogen peroxide on a
jig. After drying, the polyester—cotton fabrics were heat
set at 180°C on a pin stenter.

Reagents
The reagents employed were kindly supplied as follows:
Resins
UF Urea—formaldehyde -

Kaurit S (BASF), 100% solids content.
DMDHEU Dimethyloldihydroxy ethylene urea —
Fixapret COC {BASF), 50% solids content.
Pentamethylolmelamine —
Kaurit M70 (BASF), 70% solids content.

PMM

Chemicals
Magnesium Chloride hexahydrate,
(BDH Laboratory reagent 98% pure).

MQCIQ 6 H2 0]

DAP Diammonium hydrogen orthophosphate
{(NH4), HPQ4. (BDH Laboratory reagent, 99.9%
pure}.

Methods

Application of N-Methylol Resin Finishes

Dried fabric sampies (20 x 20 cm) prepared as previously
described were immersed in 1 litre of pad-bath solution for
20 minutes at 20°C prior to padding on a 2-bowl pad mangle.
A range of resin finishes at different concentrations up to
600 g/I were prepared together with magnesium chloride
hexahydrate as the catalyst {40 g/l) and fabric sampies after
padding were dried on a pin stenter and cured for 5 minutes
at 150°C in a hot air dryer.

Removal of Unfixed Resin
After curing, the fabric samples were washed for 20 min at
50°C in 150 | aqueous solution containing 2 g/l soda ash and
2 g/t Sandozin NI {Sandoz), (a nonionic detergent) followed
by three cold water rinses (150 | each), After hydroextrac-
tion, the fabric samples were dried in an air oven at 110°C
for 30 min followed by cooling in a desiccator over
phosphorus pentoxide until constant weight was obtained.
The percent add-on of the resin finish was obtained
gravimetrically by the weight uptake of dried fabric samples,
the add-on being expressed as a percentage of the bone-dry
untreated fabric weight,

Application of Diammonium Hydrogen Orthophosphate
{DAP)

The resin-treated and washed fabric samples were padded
with concentrations of DAP ranging from 100 to 500 g/,

Ends/cm Picks/cm Conditioned

weight™
{g/m?)
1114
171
179.9
1764
166.6
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followed by drying for 2 min at 120°C on a pin stenter. The
dried samples were cooled over phosphorus pentoxide in a
desiccator and dried to constant weight. The flame retardant
add-on was calculated as a percentage of the untreated
bone-dry fabric weight.

Conditioning
Prior to flammability testing, all fabric samples were con-
ditioned for at least 3 days at 65% r.h. and 20°C.

Test Procedures

Fabric Flammability

Six samples (15 cm X 5 em) were cut from each of the
various fabrics, three in the warp and three in the weft
direction, for both the Limiting Oxygen Index (LOI} and
Nitrous Oxide Index (NOI) tests, respectively. The results
quoted are thus the mean values of tests on six samples in
each case.

Limiting Oxygen Index (LOI)

The 1.OI values of the samples were determined according to
ASTM D-2863/1974 using a Stanton Redcroft FTA
Flammability Tester which has been described in detail
elsewhere [8]. A 12-s ignition time, using a Ronson
Varaflame blowtorch, was employed, the sample burning in
the normal candle-like manner after top edge ignition. The
LOI value is registered directly on the machine by digita
read-out of the oxygen concentration in the nitrogen—
oxygen atmosphere flowing through the combustion
chamber, Hence, the LOI is defined as the minimum
concentration of oxygen in a mixture of oxygen and nitrogen
expressed as a volume percentage that will just support fabric
combustion under the conditions of the test.

(0,]

Lot = —m8 ——
(021 + [N;]

100%

where [0, ] = volumetric flow of oxygen {l/min)
[N, ] = volumetric flow of nitrogen {I/min},

Nitrous Oxide Index (NO!)

The NOI values were measured in a similar manner to the
LOI) values, using an apparatus in which nitrous oxide and
nitrogen can be metered through two rotameters into the
combustion chamber [9]. The volumetric flows of the gases
were determined from a calibration graph, the nitrous oxide
index being given by

[N, O]

NOl = ———no—
[N, O] + [N;]

X 100%

where [N, O] = volumetric flow of nitrous oxide ({I/min)
[N;1 = volumetric flow of nitrogen (1/min).

Thermogravimetric Analysis (TGA)
The continuous change in weight of a bone-dry fabric sample
(34 mg) in the temperature range 20—480°C was recorded on
a Stanton TR—O1 Thermal Balance. A constant rate of
heating of 5.5°C/min was emploved in all experiments, each
sample being heated in air in a silica crucible surrounded by
the furnace. The recommended procedure for correction for
the buoyancy effect, and the detailed experimental pro-
cedure followed, are described elsewhere [10]. The results of
the TGA studies are reported as the mean values for
duplicate runs, and are illustrated by thermograms of the
_ percentage residue weight plotted against the temperature in
" the thermal balance.
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Elemental Analysis

Determination of the bound nitrogen content of resin-
finished fabrics

The bound {or fixed) nitrogen content of the various
resin-treated fabrics after washing and drying, as previously
described, was determined as a percentage of the bone-dry
untreated fabric weight by the Kjeldahl method utilizing the
Markham apparatus [11]. The mean values of three deter-
minations on separate 100-mg samples are quoted in each
case and the exact experimental details are given elsewhere
[101}.

Determination of the total phosphorus content in resin—
flame retardant-treated fabrics

The total phosphorus contents of resin—flame retardant-
treated fabrics were determined colorimetrically in acetone
or acetone—water solutions at 430 nm on a Unicam SP 1800
spectrophotometer using the modified ammonium phos-
phomolybdate method previously developed by Berhart and
Wreath [12] and described in detail elsewhere [10]. The
mean values of three determinations on 150-mg fabric
samples are quoted in each case.

Determination of the phosphorus content in the residual char
from TGA studies

The phosphorus content of the residue left at the end of the
TGA studies was determined more appropriately using the
ammonium phosphomolybdate precipitation method
described by Steyermark [13]. The procedure is detailed
elsewhere [10],

RESULTS

Limiting Oxygen Index Measurements, 67:33 Polyester—
Cotton Fabric
The results of the LOI measurements on 67:33 polyester—
cotton fabrics treated with
(i) PMM—DAP {(pentamethylol melamine—diammonium
hydrogen orthophosphate)
(iiy DMDHEU~-DAP (dimethyloldihydroxy ethylene
urea/diammonium hydrogen orthophosphate)
(iii) UF—DAP (urea formaldehyde~diammonium hydro-
gen orthophosphate)

are illustrated in Figures 1—3, where the LOI values are
plotted against the % phosphorus in the fabric.

The individual contributions of the nitrogenous resin
finishes clearly depend upon the amount of resin present. In
the case of PMM—DAP (Figure 1), the incorporation of
nitrogen from the PMM resin leads to a reduction in LOI
compared with the value for treatment with DAP alone.
However, as the nitrogen content reaches 5% and above
contributed by the PMM treatment, there is a small increase
in LOI value at low % phosphorus contents, but overall the
effect is not marked.

In the case of DMDHEU—DAP (Figure 2), the incorpora-
tion of the resin at low nitrogen contents leads to a reduction
in the LOI value compared with DAP, but there is some
improvement in the LOI values as the nitrogen content
contributed by the DMDHEU resin is increased, particularly
at phosphorus contents above 7%. However, it can be clearly
seen from Figure 3 that the introduction of UF resin with
DAP leads to a significant improvement in the LOI values,
the improvement increasing with higher nitrogen and phos-
phorus contents. It is clear that the results expressed in
Figure 3 satisfy the criterion laid down by Weil [1] for
detecting synergism in flame-retardant systems. Thus, the
introduction of a fixed amount of nitrogen from the UF
resin to increasing amounts of DAP leads to a progressive
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Figure 2 — DMDHEU—DAP-treated 67:33 polyester—cotton

increase in the LOI value, indicative of N—P synergism. The
effect is marked at a nitrogen content of about 1.6% o.w.f.
contributed by the UF resin. While these results are only over
a restricted range of values, it is nevertheless believed that
synergistic interaction between the UF resin and phosphorus-
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Figure 3 — UF—-DAP-treated 67:33 polyester—cotton

based flame retardant DAP leads to this improvement in
fabric flame retardancy.

Thus, of the three resin—DAP systems studied, only the
UF—-DAP treatment appears to give a consistent increase in
flame retardancy, while the DMDHEU—-DAP system is only
marginally better than the PMM—DAP treatment, and neither
of these two latter systems satisfy the criterion for N—P
synergism.

Further work was accordingly carried out to evaluate the
effect of the UF—DAP and DMDHEU--DAP treatments on
the flame retardancy of the other polyester—cotton blends
and on 100% cotton fabric studied in this work (see Figures
4—11). The general conclusions that may be drawn from the
alteration of the blend ratio are that the introduction of the
UF resin enhances the flame-retardant effect, but, as the
proportion of cotton increases, the effect of the UF resin
leads to lower vaiues of the LOI than are obtained using DAP
alone (compare Figures 4—7). Clearly, as the cotton percent-
age in the blend increases, the effect of DAP as a flame
retardant is more significant, which is in accord with the
generally accepted view that DAP functions as a condensed
phase flame retardant for cellulose, promoting char forma-
tion [14]. By contrast, while increasing the nitrogen content
in the DMDHEU-DAP treatment increases the LOI values, it
can be clearly seen from Figures 8—11 that the LOI values
for the DMDHEU--DAP treatments are generally lower than
the corresponding values for DAP alone.

These results, taken in combination with those previously
obtained on 67:33 polyester—cotton, indicate that the
UF—-DAP treatment is more effective than either the
DMDHEU~-DAP treatment or the PMM—DAP treatment and
that this state of affairs is most clearly demonstrated as the
polyester content of the blend is increased. This could be
interpreted in terms of some contribution to flame retard-
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Figure 8 — DMDHEU—DAP-treated 50:50 polyester—cotton

Figure 9 — DMDHEU—DAP-treated 33:67 polyester—catton
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ancy via a vapour phase flame-retardation process, for it has
been previously suggested by Pensa and Sello [14] that urea
can function as a vapour phase additive in the urea—
diammonium phosphate treatment of polyester—cotton
blends, This interpretation has been examined in greater
detail using a variety of techniques which will now be
discussed,

The Variation in the LOI Value with Increase in the N:P
Atom Ratio

The changes in the LOI values for UF—DAP and DMDHEU—
DAP treatments are plotted against the N:P atom ratios (i.e.
total nitrogen:total phosphorus) of the treatments in Figures
12 and 13, respectively, For convenience and clarity, the LOI
results for approximately the same % phosphorus content in
each treatment are plotted to demonstrate the progressive
changes that occur as the polyester content in the blend
decreases. In both Figures 12 and 13, over the same range of
N:P atom ratios, the UF—DAP treatment is clearly more
effective in increasing the LOI value, and the divergent
nature of the curves at 50% and 33% polyester content,
respectively, is indicative of the greater nitrogen—phosphorus
interaction. For the lower {16%) polyester content fabrics
and for 100% cotton fabric the relationship between LLQI and
N:P atom ratio appears to be almost linear for both
resin—DAP systems, although the UF—DAP results are still
consistently higher in LOIl value, The closer grouping and
more parallel nature of the relationships observed in Figures
12 and 13 are in accord with the view that, as the cotton
content of the polyester—cotton blend is progressively
increased, the flame retardant action of DAP is more
predeminantly effective in the condensed phase, and hence
there is a progressive increase in the LOI value with
increasing cotton content.

Thermaogravimetric Analysis Studies of Resin—DAP-treated
Fabrics

It is accepted that the rate of heating during thermogravi-
metric analysis does not compare with the very high rates of
thermal transfer involved in the flammability of textile
fabrics. Nevertheless, useful comparable results may be
obtained using TGA and in this study the changes in the
thermograms for various samples of 67:33 polyester—cotton
are presented in Figure 14,

It can be clearly seen that all the three resin—DAP
treatments studied significantly alter the shape of the
thermogram, particularly above 160°C. More specifically, the
UF—-DAP treatment leads to the highest weight losses
recorded below 350°C, and this rate of weight loss has been
shown to increase with the amount of UF—DAP present
[10]. The changes recorded appear to be greater in the
UF—DAP treatment than in the DAP treatment alone in
agreement with the greater interaction of nitrogen and
phosphorus previously demonstrated in the flammability
results in Figure 3.

The more rapid thermal decomposition of UF—DAP-
treated fabrics is not altogether unexpected in view of the
gererally accepted lower thermal stability of UF resins
compared with other resin systems. Pyrolysis of urea—
formaldehyde resin at 150—-300°C in an inert atmosphere
(nitrogen) has been shown to take place with the formation
of numerocus pyrolysis products including ammonia, methyl-
amine, hydrogen cyanide, water and carbon dioxide [15].

While the detailed thermal decomposition products of
the UF—DAP system have not been studied, the production
of nitrogen-containing pyrolysis products which could lead
to the formation of P—N bonds, particularly in the vapour
phase, might well be an important contribution to the
synergistic improvement in flame retardancy observed for
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UF—DAP-treated fabrics in the current work, The formation
of P—N bonding has been claimed to result in a significant
enhancement of the flame-retardant activity in other nitro-
gen—phosphorus systems {16},

The results for DMDHEU--DAP and PMM—DAP treat-
ments are however not markedly dissimilar to the results
obtained using DAP alone, again suggesting that these two
resins do not markedly interfere with the normal condensed
phase mode of action of DAP. It is noticeable that the
UF—DAP treatment leads to lower levels of residual char and
this has been investigated along the lines originally suggested
by Pensa and Selio [14] using the residue number (N,)
concept,

Pensa and Selio have described the residue number
concept as a useful tool for studying the operating mech-
anism of flame-retardant action directly from TGA data
[14]. Thus N, represents the ratio of the final residual char
weights obtained at 406°C in the TGA experiments where

RelF
Ry

r

Here Rf=% residue weight of the flame-retardant treated
fibre system
F = fibre fraction in the flame-retardant treated or
resin—flame retardant-treated fibre system
R, = % residue weight of the untreated fabric

Thus, itis suggested that for a flame retardant which operates
mainly in the condensed phase, the values of N, tend to
increase with higher chemical add-on and higher LOI values.
On the other hand, a predominantly vapour phase mode of
action would be associated with relative constancy of the N,
values with increase in chemical add-on or LOI value.

The results for the various polyester—cotton blends and

-

4 2 3 4 2 3 4

N:P atom ratio

100% cotton fabric studied in this work are given in Tables 2
and 3 for both the UF--DAP and DMDHEU-DAP treat-
ments. It is concluded that the progressive increase in the A,
value with increase in LOI value or % chemical add-on as the
percentage cotton in the fabric is increased, is indicative of
increased condensed phase activity in both the UF—DAP and
DMDHEU--DAP systems. However, the N, values for UF—
DAP increase only slightly and, as the polyester content in
the fabric is increased, the N, values vary within only a
narrow band. While therefore there is no evidence for a
vapour phase contribution to flame retardancy in the
DMDHEU—DAP system, this appears to be a definite
possibility in the UF--DAP treatments, particularly at high
polyester contents.

Analysis of the Phosphorus Content of the Residual Char
from TGA

If a phosphorus-based flame retardant, like DAP, functions
via the condensed phase mode of flame inhibition, then it
would be expected that high levels of phosphorus would be
retained in the residual char from the TGA. Low values of %
phosphorus retained in the residual char have been proposed
as evidence for vapour phase activity [17]1. Accordingly, the
% phosphorus content was determined using the ammonium
phosphomolybdate precipitation method, and the results are
illustrated for the various UF—DAP-and DMDHEU-—DAP-
treated fabrics in Figure 15.

The % decrease in the phosphorus content of the residual
char from the TGA studies is plotted against the % chemical
add-on of the treatment (see Figure 16). It is immediately
apparent that there are distinct differences between the two
treatments which are more evident as the polyester content
in the fabric is increased. At the other end of the scale, there
is little difference observed between the two treatments on
100% cotton fabric. The UF—DAP treatment leads to a
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TABLE 2
UF--DAP Treatment of Polyester—Cotton and Cotton Fab-
rics
Fabric % Nitrogen % Phosphorus Residue
Number N,
67:33 Polyester— b.23 4.72 1.67
Cotton 7.32 4.69 1.78
7.27 6.84 1.91
9.14 6.563 1.92
50:50 Polyester— 2.69 1.45 1.82
Cotton 3.40 1.62 1.84
6.59 4.85 1.98
7.23 4,98 2.1
33:67 Polyester— 2.68 1.10 1.86
Cotton 3.07 1.10 1.82
5.82 4.23 2.16
6.50 4.31 2.20
16:84 Polyester— 3.32 2.33 2.66
Cotton 4.47 2.22 2.89
6.81 b.64 3.06
7.23 5.36 3.21
100% Cotton 3.37 2.26 2.54
6.58 5.31 3.30
TABLE 3
DMDHEU—-DAP Treatment of Polyester —Cotton and Cotton
Fabrics
Fabric % Nitrogen % Phosphorus  Residue
Number N,
67:33 Polyester— 4.15 1.70 1.45
Cotton 5.73 4.88 2.09
8.12 7.20 2.31
10.23 8.56 2.66
50:50 Polyester— 2.70 1.60 2.43
Cotton 3.17 1.63 2.41
6.29 4,78 2.75
7.46 4.83 3.06
33:67 Polyester— 2.69 1.44 1.98
Cotton 3.17 1.53 2.07
5.98 4.92 2.57
6.27 4.64 2.89
16:84 Polyester— 2.81 1.43 2.67
Cotton 4,11 1.63 2.69
6.77 4.74 3.79
7.43 4.89 3.89
100% Cotton 3.63 1.80 2.74
7.04 5.26 4,08
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Figure 15 — 67:33 polyester—cotton fabric

232 ]SDC Volume 96 May 1980

dramatically higher decrease in phosphorus content in 67:33
polyester—cotton fabric compared with the DMDHEU—DAP
or PMM—DAP treatments {see Figure 15).

These results are consistent with the view that DAP
normally functions via a condensed phase mode of flame
inhibition, which is predominantly that occurring in the
DMDHEU-DAP and PMM-—DAP treatments. However, in
the case of UF—DAP treatments, all the results are in accord
with a contribution to a vapour phase mode of flame
inhibition for, as the per cent chemical add-on is increased
the decrease in phosphorus content increases and the values
are consistently higher than the levels reached by the other
treatments.
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Figure 16 — Resin—DAP-treated polyester—cotton fabrics

As the percentage of cotton in the fabric increases so the
extent of the vapour phase contribution appears to diminish
and approaches more closely the mode of action of the other
condensed phase flame-retardant treatments. It is also note-
worthy that the DMDHEU—DAP treatment leads to lower
values of % decrease in phosphorus content as the polyester
content is increased, in favour of a condensed phase
flame-retardant mechanism.

Nitrous Oxide Index Measurements

The results of nitrous oxide index {NOI) measurements are
illustrated in Figure 17, where the changes in NOI against
N:P atom ratio mirror those oceurring in the LOI series of
results {see Figures 12 and 13), In agreement with the lower
oxidizing power of nitrous oxide, the NOI values are higher

than the LOI values on comparable treated fabric samples.

Again, the UF—DAP resuits exhibit greater changes between

the slopes of the NQI and LOI relationship with N:P atom
ratio, particularly at the higher polyester contents, Convers-
ely, the shapes of the NOI and LO| curves are very similar for
the DMDHEU—-DAP treatments.

1t may be concluded therefore, that all the evidence in
this experimental study points to the existence of a vapour
phase contribution to flame retardancy in the UF—-DAP
treatments, particularly where high chemical add-on values
are employed and where there is a high percentage of
polyester fibre in the blend. However, it appears equally ctear
that a condensed phase mode of flame inhibition operates in
the cotton component of the blend at the same time as the
vapour phase mode of flame inhibition is operative, and the
extent of this condensed phase activity increases as the
percentage of cotton in the blend increases.
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DISCUSSION

Materials such as textile fibres are believed to burn according
to the burning cycle originally proposed by Fenimore and
Martin [18] and illustrated by Beck et al [20] as in Figure
18. Thus, the effect of heat on the polymer gives rise to
thermal decomposition (step 1) which leads to the formation
of relatively low-molecular-weight volatile pyrolysis prod-
ucts, These pyrolysis products are given off to the gaseous
phase where it is believed oxidation reactions involving free
radical processes take place in the presence of a suitable
oxidizing atmosphere, e,g. air, oxygen or nitrous oxide. The
oxidation of the pyrolysis products (step 2) leads to the
production of heat, as the reactions are exothermic, and this
heat is transferred back to the polymer surface (step 3)
which leads to further thermal decomposition of the poly-
mer. It is well-established that for a compound to act as a
flame retardant it must inhibit one or more of these steps
and thus interrupt the burning cycle [19,20].

Oxidation
products

Step 2
(vapour phase}

“
Polymer

Step 1
{Condensed or
solid phase)

Relatively
low-molecular-weight
pyrolysis products

A mechanism has recently been proposed to explain the
phenomena of additivity, synergism and antagonism in the
flame-retardation processes observed with polymeric materi-
als [1]. An additive effect is obtained where the combined
effect of using two compounds leads to the same result as
that obtained by adding the separate results obtained by
using the individual compounds. Antagonism results if the
combined effect is less than the additive effect, and
synergism is observed where the combined effect of the two
compounds is greater than that expected on the basis of the
additive effect.

The concept of synergism may thus be extended by
considering the action of two different compounds A and B
on the burning cycle [21]. It is clear that the mode of action
of A and B may vary, for each compound may function
separately as a flame retardant by inhibiting steps 1-3 of the
burning cycle. A consideration of the combined action of the
two compounds suggests that these may function via either a

(i) Single Phase {or INTRA STEP) process i.e. function
within the same phase

or Dual Phase (or INTER STEP) process i.e. function

(i) within different phases.

This does not exclude the possibility of more complex
synergistic mechanisms occurring which involve all three
steps of the burning cycle, but this situation is considered to
be less likely to occur in practice. Equally well, compound A
may function solely within step 1 and compound B within
step 2, giving rise to a {1+ 2) Intra Step type process, but
this independence within separate steps is less likely to yield
synergistic results, Thus, a consideration of the potential
intra step and inter step processes yieids the following
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INTRA STEP PROCESSES INTER STEP PROCESSES
Functional Steps Involved Functional Steps Involved
A 1 2 3 1 2 3
B 1 2 3 2 3 1

Thus the combined interaction of the compounds either
within the same step, or within different steps, of the
burning cycle may lead to synergistic improvement in
flame-retardant performance.

For apparel purposes, flame retardants utilizing the step
3 mode of flame inhibition are not likely to be commercially
acceptable because of the high add-on levels required and the
deleterious effects upon the fabric aesthetics.

Accordingly, it is considered that flame-retardant pro-
cesses involving

Intra Step {1 + 1)
Intra Step {2 + 2)
or Inter Step {1—>2)

modes of flame inhibition are most likely to lead to the
introduction of low add-on flame retardants with satisfactory
performance on fabrics for apparel end-uses, for in these
processes, synergism (as indicated by the interaction of the
reaction sequences within or between steps of the burning
cycle} is possible leading to improved flame-retardant perfor-
mance. This is shown schematically in Figure 19 for Intra
Step (single phase) and Inter Step (dual phase) processes,
respectively.

Oxidation

Oxidation
fntra Step products products
(3+3) ’

Intra Step
(2+72)
Inter
Polymer x Polymer 52
Intra Step
(1+1) Pyrolysis )
products Pyrolysis
products

Figure 19 — Intra Step and Inter Step flame-inhibition
processes

The phenomenon of N—P synergism observed in the
present work in UF-DAP treatments appears to arise as a
result of the more rapid decomposition of the urea-formalde-
hyde resin, thereby promoting the movement of more of the
phosphorus (from DAP) into the vapour phase. Diammonium
hydrogen orthophosphate is known [14] to function in the
condensed phase (step 1) on cotton, and phosphorus in the
vapour phase (step 2} is an effective flame retardant for
polyester fibres. There is, in addition, the increased probabil-
ity of P—N bond formation, which has been claimed to be
particularly effective in improving flame retardancy [16].
The UF—DAP system is thus considered to be one case of
N—P synergism that arises as a result of a dual phase or (1-22)
Inter Step process. Other examples of Intra Step and Inter
Step processes involving nitrogen and phosphorus comp-
ounds will no doubt be found in future work, and the
concept may equally well be extended to other combinations
of flame retardants and other fibre systems, particularly
blends, in which the phenomenon of synergism is observed.

The results of this work have demonstrated conclusively
that only specific combinations of nitrogen and phosphorus
lead 10 N—P synergism. In accord with other studies {22], it
has been shown that melamine-based derivatives lead to
better flame-retardant efficiency on cotton fabrics than when



the nitrogen is in the form of urea derivatives. Further, the
DMDHEU-DAP and PMM—DAP treatments appear to lead
to antagonism as defined by Weil [1], since the introduction
of nitrogen in this case generally leads to a reduction in the
LO1 value, whereas the individual resins applied separately in
the absence of DAP are known to yield a small increase in
LOI vaiue [6].

In support of this mechanism it has been demonstrated
that phosphoramides, when crosslinked with a melamine
resin, lead to synergism in the flame retardancy of cotton
fabrics, Drews, Yeh and Barker [16] postulated that the
mechanism involved was physical in nature, for the presence
of the melamine resin drastically reduced the volatility of the
phosphoramide, leading to higher phosphorus contents in the
residual chars from burning fabrics, compared with phos-
phoramide-treated fabric alone, It was considered that the
chemical action of the cellulose substrate was probably the
same, whether the melamine resin was present or not, but
that more of the phosphoramide would be in contact with
the celiulose at the time of pyrolysis in the presence of the
melamine resin.

It is generally accepted that urea—formaldehyde resins
are predominantly self-crosslinking resins, i.e. polymer form-
ers, in contrast to the cyclic reactant resins such as DMDHEU
which form covalent crosslinkages with cellulose [23,24].
Clearly, the results of this study on polyester—cotton blends
are in accord with the previous findings that higher levels of
phosphorus are retained in the residual char from the TGA
experiments in those treatments in which the resin can take
part in crosslinking reactions. In addition, the higher thermal
stability of the PMM- and DMDHEU-treated fabrics, comp-
ared with the UF treatments, could well contribute to a
lower volatility of the phosphorus-based flame-retardant
species.

Further evidence in support of this mechanism is
suggested by the fact that urea has been proposed to act as a
vapour phase additive in the urea—DAP treatment of
polyester—cotton fabrics [14]. The TGA studies have also
confirmed that the thermal decomposition of UF—DAP-
treated fabrics takes place at lower temperatures than the
other treatments studied, and in the absence of crosslinking
reactions as a restraining influence, the movement of the
phosphorus-based flame-retardant species into the vapour
phase will be actively promoted over a particularly advant-
ageous temperature range. Indeed, the temperature range
over which the greatest loss in weight is observed corresponds
to the thermal decomposition range for cotton and for
polyester fibres and the weight loss is considerably greater
than those observed in the other treatments [25].

Thus, flame retardants that volatilize in the most approp-
riate temperature range are more likely to prove effective as
flame retardants for polyester-rich blends with cotton. It
has, for example, been demonstrated that the introduction of
phosphorus-based flame retardants into the vapour phase is
most effective with poiyester—cotten fabrics if the temperat-
ure at which the flame retardant is introduced is around the
thermal decomposition temperature of the fibres [26]. In
addition, it has been shown [27] for brominated flame
retardants that the major activity is in the vapour phase,
while the temperature at which the inhibiting species entered
the vapour phase was found to be more important in
controlling the flame-retardant efficiency of a compound
than the chemical structure of the volatilizing species. This
temperature-dependence is to be expected in view of the
rapid escalating nature of the free-radical reactions during
oxidation of the pyrolysis products in the vapour phase,
which are markedly temperature-dependent. Thus, if the
inhibiting species can be introduced into the vapour phase at
a lower temperature, the escalating nature of the oxidation
reactions may be more rapidly and effectively terminated,

The proposed (1—2) Inter Step or dual phase mechanism
of flame-retardant action in the UF~DAP-treated poly-
ester—cotton fabrics will thus be most effective on poly-
ester-rich blends in which the greater volatility of the
phosphorus-based flame-retardant species leads to effective
vapour phase flame-inhibition processes. However, the chemi-
cal nature of the flame-inhibiting species, and whether P—N
bonding is involved must remain, as yet, speculative,

The extension of the principles described in this work to
other combinations of compounds based on nitrogen and on
phosphorus, particularly organo-phosphorus, could lead to
the synthesis of more satisfactory low add-on flame retard-
ants for polyester—cotton apparel fabrics. Detailed evalua-
tion of the durability of such treatments to laundering, etc.,
and of their overall effects upon the physical and aesthetic
properties of the fabric, will, however, be essential for
satisfactory exploitation in commercial flame-retardant
processes,

CONCLUSIONS

The phenomenon of nitrogen—phosphorus synergism has
been observed in the UF—DAP treatment of polyester—
cotton blends, but not in the DMDHEU—DAP or PMM-—DAP
treatments, The results of LOl and NOI studies, together
with TGA studies, are in accord with the changes observed in
the phosphorus contents of the residual char from TGA.

It is concluded that crosslinking resins, such as
DMDHEU, essentially function by promoting condensed
phase reactions within the cotton component of the fabric.
Urea—formaidehyde treatments, on the other hand, in which
crosslinking reactions are less probable, decompose within a
low and advantageous temperature range, thereby promoting
increased volatilization of phosphorus-based flame-inhibiting
species, The flame-retardant species, which may contain P-—-N
bonding, thus lead to a small, but nevertheless significant,
vapour phase contribution to the flame-inhibition processes
for polyester fibres. This phenomenon occurs concomitantly
with the normal condensed phase mode of action of
diammonium hydrogen orthophosphate on the cotton
component, promoting char formation and the production of
incombustible volatiles.

This dual phase action has been defined as an example of
a {122) Inter Step flame-inhibition process and leads to N—P
synergism being observed in UF—DAP-treated polyester—
cotton blends, the magnitude of the effect diminishing as the
polyester content of the blend decreases.

This work indicates one avenue of approach to the
problem of reducing the flammability of polyester-rich
blends, which could lead to the synthesis of novel! low add-on
finishes by exploiting N—P synergism. The extension of this
work to other organophasphorus-based flame retardants
should lead to improved durability of such treatments to the
agencies to which apparel fabrics are normally subjected
during fabric care processes and during wear,
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DISCUSSION

Dr K Silkstone — Marks & Spencer Ltd

Have the treated fabrics, particularly the 67:33 polyester—
cotton, been tested to the standards demanded for children’s
nightwear, such as BS 54387

Dr Holme:

As discussed in the paper, the fabric samples after resin
treatment were subjected to an afterwash to remove unfixed
resin, Apart from this washing treatment no attempt was
made to test the diammonium hydrogen phosphate-treated
fabrics to the standards demanded in BS 5438, for this
particular flame retardant is soluble in water.

Mr S M Jaeckel — Hatra

Dr Holme’s strictures on vertical strip tests are perhaps more
relevant with regard to the 20 year old narrow unsupported
strip tests, which the newer BS b5438: 1976 tests were
developed to replace. These are more suited to a variety of
progressive measurements, although, of course, with very
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successful flame-retardant treatment no flaming may take
place, and are not necessarily simply or only pass/fail. Dr
Silkstone’s question has already made the point: relevant UK
standards are not based on LOI and another look at its
correlation, where possible, with the newer vertical tests
should be considered.

If top ignition is conservative, middle liberal, and bottom
radical, the 1976 BS test is apolitical, since it avoids the
unrealistic bottom cut-edge ignition, and applies the igniting
source a little way above this.

Regarding top ignition, and fatalities involving apparel
fabrics, | believe very few indeed start with ignition at the
top!

Dr Holme:

It is generally agreed that the newer BS 5438 : 1976
flammability test is more informative than the older vertical
strip tests, yet essentially all these tests were laid down to
provide a standard for pass/fail criteria. From the research
and development viewpoint the use of each test is limited in
scope, for once a number of samples under test do not burn
there is no way in which the samples may be ranked further
in order of their flame retardancy using these particular
methods. The Limiting Oxygen Index test is intrinsically a
research and development test method which overcomes the
problem of how to rank the flame retardancy of a fabric
which does not burn in air at 21% oxygen content, The LOI
equipment is even more expensive than that specified in BS
5438 : 1976 so that its use for industrial pass/fail ratings is
unlikely, and top edge ignition, as you succinctly pecint out,
bears little resemblance to practical fire hazards in apparel
fabrics.

In this work, the LOI test was employed specifically to
test for the presence of nitrogen—phosphorus synergism,
using the criterion discussed by Weil (see Reference 1), and
has been proved to be successful in detecting this in
UF—-DAP-treated polyester—cotton fabrics. Unpublished
work at Leeds University has demonstrated that, for flame-
retardant-treated Evlan needle-punched fabrics, similar rank-
ings could be observed within a limited range using the
increase in fabric burning time observed using the BS
3119 : 1959 and BS 2963 : 1958 Method B (45°) tests and
correlating these against the LOI values. This gave us
confidence initially in the LOI test method visa vis other
methods, and in any event we had no facilities for testing
under BS 5438 : 1976 conditions. It would indeed be useful
to conduct tests correlating results on BS 5438: 1976
against LOIl using top and bottom edge ignition to establish
your point regarding the position of the igniting source, and
this could be quite important.

We too share the view that fatalities are not believed to
be associated with top edge ignition and have conducted
bottom edge ignition tests on the LO{, primarily because it
was considered that a greater degree of nitrogen—phosphorus
synergism would be observed if a {1>2) Inter Step flame-
inhibition process were operative in the UF—DAP system. In
work to be published this has been strikingly confirmed for
the treated polyester—cotton fabrics studied in this work,
greater volatilization of the flame retardant occurring with
the bottom edge method of ignition.

While we definitely appreciate the need to simulate
actual fire hazards, we understand that a number of apparel
fires are concerned with fabrics soaked with flammable
liquids, such as petrol. We have no intention of simulating
this test as we might well lose more research students than by
Government action, or at least get our fingers burned!

Dr J V Butcher — Carrington Viyella Ltd
Were the UF and DHDMEU resins used by Dr Holme and Dr
Patel commercial products, and if so was due account taken



of the free formaldehyde contents of these raw materials in Dr Patel:

their studies? All the resins used in the work were commercial products,
but no attempt was made to measure the free formaldehyde
contents.




