
European Polymer Journal 49 (2013) 3171–3180
Contents lists available at SciVerse ScienceDirect

European Polymer Journal

journal homepage: www.elsevier .com/locate /europol j
Influence of oxidation state of phosphorus on the thermal
and flammability of polyurea and epoxy resin
0014-3057/$ - see front matter � 2013 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.eurpolymj.2013.06.009

⇑ Corresponding author. Tel.: +1 414 288 7239; fax: +1 414 288 7066.
E-mail address: charles.wilkie@marquette.edu (C.A. Wilkie).
Thirumal Mariappan a, Zhou You b, Jianwei Hao b, Charles A. Wilkie a,⇑
a Department of Chemistry and Fire Retardant Research Facility, Marquette University, PO Box 1881, Milwaukee, WI 53201, USA
b School of Material Science and Engineering, Beijing Institute of Technology, Beijing 100081, PR China
a r t i c l e i n f o

Article history:
Received 13 March 2013
Received in revised form 31 May 2013
Accepted 10 June 2013
Available online 25 June 2013

Keywords:
Polyurea
Epoxy resin
Phosphorus flame retardants
Oxidation state
Thermal properties
Cone calorimetry
a b s t r a c t

The focus of this study is an investigation of the effect of oxidation state of phosphorus in
phosphorus-based flame retardants on the thermal and flame retardant properties of poly-
urea and epoxy resin. Three different oxidation states of phosphorus (phosphite, phosphate
and phosphine oxide) additives, with different thermal stabilities at a constant phosphorus
content (1.5 wt.%) have been utilized. Thermal and flame retardant properties were studied
by TGA and cone calorimetry, respectively. The thermal stability of both polymers
decreases upon the incorporation of phosphorus flame retardants irrespective of oxidation
state and a greater amount of residue was observed in the case of phosphite. Phosphate
was found to be better flame retardant in polyurea, whereas phosphite is suitable for epoxy
resin. Phosphite will react with epoxy resin by trans-esterification, which is demonstrated
by FTIR and 31P NMR. Further, TG–FTIR and XPS studies also provide information on flame
retardancy of both polymers with phosphorus flame retardants.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Phosphorus-based flame retardants are widely used as
effective flame retardants in the form of either additives
or reactives and are particularly effective in oxygen
containing polymers [1–4]. There are several forms of
phosphorus-based flame retardants, both organic and
inorganic, and these are available in various oxidation
states, including phosphines (�3), phosphine oxides (�1),
elemental phosphorus (0), phosphinates (+1), phosphites
(+3), phosphonates (+3), phosphates (+5), etc. In addition,
several synergistic combinations are known, including,
phosphorus–halogen, phosphorus–nitrogen, phosphorus-
intumescent, phosphorus–sulfur and phosphorus-inor-
ganic nano-dimensional materials [5]. Due to environmen-
tal concerns emanating from halogen-based flame
retardants, more attention has been paid recently to phos-
phorus-based retardants. Generally, phosphorus-contain-
ing flame retardants can act either in the gas phase, by
flame inhibition, or in the condensed phase, to change
the degradation pathway to one in which more char is pro-
duced and, necessarily, less volatiles. In both cases, the
amount of heat released during combustion is reduced by
the addition of the flame retardants [6,7].

Two reports describe the effect of oxidation state of
phosphorus on the properties of carbon fiber reinforced
epoxy composites and rigid polyurethane foam (PUF).
Braun et al. have compared the thermal and fire retardant
properties of carbon fiber reinforced epoxy with phosphine
oxide, phosphinate, phosphonate and phosphate at
2.6 wt.% phosphorus content in the form of organophos-
phorus based curing agent. They found that the higher oxi-
dation state of phosphorus showed poorer flame retardant
properties than the lower oxidation state and with an in-
crease in the oxidation state of phosphorus, the amount
of char formation increases [8]. Lorenzetti et al. have used
a constant (1.2 wt.%) phosphorus content of commercially
available flame retardants (aluminum phosphinate, di-
methyl propane phosphonate, triethylphosphate and
ammonium polyphosphate) and studied the thermal
behavior in rigid PUF. There is no interaction between
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PUF and the flame retardants, irrespective of oxidation
state; the higher oxidation state flame retardants showed
only condensed phase action compared to lower oxidation
state of phosphorus flame retardant, which function in
both the condensed and vapor phases [9]. Unfortunately,
in neither report was phosphite considered.

Triphenylphosphate is a classic example of a gas phase
fire retardant and has been investigated by Hastie [10]. The
Schartel group has compared triphenylphosphate with
larger arylphosphates and found that there is more con-
densed phase action when the decomposition temperature
increases [11,12].

In this paper, three different oxidation states of phos-
phorus, triphenylphosphite (+3), triphenylphosphate (+5),
and triphenylphosphine oxide (�1), all with similar sub-
stituents, are studied in both polyurea and epoxy resin at
1.5 wt.% phosphorus using commercially available flame
retardants.
2. Experimental

2.1. Materials

The components for polyurea preparation involve part
A, diisocyanate (polycarbodiimide modified diphenylme-
thane diisocyanate/Isonate 143L, Dow Chemical Company)
and part B, diamine (poly(tetramethyleneoxide-di-p-ami-
nobenzoate)/Versalink P1000, Air Products). These are
mixed in the stoichiometric equivalent ratio of 1:4 w/w.
The epoxy resin was based on the diglycidyl ether of
bisphenol-A (Araldite GY6010) and aliphatic polyether
amine (Jeffamine T403) as curing agents; both are obtained
from Huntsman Advanced Materials. Triphenylphosphite
(Doverphos 10, P content 10%), triphenylphosphate (Reofos
TPP, P content 9.5%) and triphenylphosphine oxide (P con-
tent 10%) were used as flame retardants and were received
from Dover Chemicals, Chemtura and Sigma Aldrich,
respectively. Benzyl dimethyl amine (BDMA), CDCl3 and
86% phosphoric acid were obtained from Sigma Aldrich
as reagent grade. All chemicals were used as received.

2.2. Preparation of sample

The flame retardant polyurea and epoxy resin were pre-
pared by a two-step method. At first the calculated quantity
of diamine or epoxy oligomer and flame retardants (1.5 wt.%
phosphorus content) were homogenously mixed with a
mechanical stirrer and then the stoichiometric amount of
curatives (diisocyanate for polyurea and diamine for epoxy)
was added. Finally, the resultant mixture was poured into
the aluminum mold, allowed to cure at room temperature
for 12 h and then post cured (70 �C/24 h for polyurea, and
80 �C/2 h, 125 �C/3 h for epoxy resin). DSC analysis confirms
the complete curing (disappearance of peak exotherm) of
both polymers filled with phosphorus-based flame retardants.

2.3. Measurements

Fourier transform infrared (FTIR) spectra were per-
formed on a Bruker TENSOR 27 spectrophotometer from
4000 to 600 cm�1 using ATR mode. 31P NMR spectra were
obtained using 10–25% solutions in deuterochlorform
(CDCl3) on a Varian 400 NMR (400 MHz) spectrometer.
The phosphorus chemical shifts are relative to an external
86% aqueous phosphoric acid solution as reference.

The thermal stability of sample was measured on a SDT
Q600, (TA Instruments) under a nitrogen (gas flow of
100 mL/min) atmosphere at a scan rate of 20 �C/min over
a temperature range of 50–800 �C. Typical sample weights
of 5–10 mg were employed. All samples were run at least
in duplicate; temperature is reproducible to about ± 2 �C
and mass to 0.2%.

The TGA–FTIR analysis was performed using a Netzsch
TG 209 F1 Iris coupled to a Bruker Tensor 27 FTIR to study
the thermal decomposition of the flame retarded samples.
The analyses were conducted under a nitrogen atmosphere
(flow rate 20 mL/min) at a heating rate of 20 �C/min over a
temperature range of 30–700 �C. The sample weight was
around 5 mg. The coupling system between the TG and
FTIR was maintained at 200 �C to prevent condensation
of the evolved gases.

The flame retardant properties were measured using a
cone calorimeter (Atlas Cone 2) according to ASTM E1352
at a heat flux of 50 kW/m2. The specimens for the cone
calorimetric analysis were 100 mm � 100 mm � 6 mm
(length �width � thickness) and three specimens per
sample were measured and average values are reported.
The results from cone calorimeter are generally considered
to be reproducible to ±10%.

The elemental composition of the decomposed residue
was analyzed using X-ray photoelectron spectroscopy
(XPS), carried out on a PHI Quantera-II SXM (Ulvac-PHI,
Inc.) using Al Ka radiation and an X-ray power of 2.5 kW
under a vacuum of 2.6 � 10�7 Pa. The pass energy is
280 eV and the step length is 1 eV with a takeoff angle
at 45�.
3. Results and discussion

The rapid linear polycondensation (without removal of
by-products) of elastomeric polyurea (PU) without exter-
nal catalyst and the ring opening condensation polymeri-
zation (without removal of by-products) of amine cured
epoxy resin (EP) formation (a) and the chemical structure
of different oxidation state of commercially available phos-
phorus flame retardants include triphenylphosphite [TPPi,
(b)], triphenylphosphate [TPPa, (c)] and triphenylphos-
phine oxide [TPPO, (d)] are shown in Fig. 1. In the case of
PU, the molecular chains are physically cross-linked
microphase separated block copolymers of dispersed short
oligomeric MDI hard segments aggregated through hydro-
gen bonds in the continuous long amorphous matrix of
flexible (soft) segments, made of the high molecular
weight diamine, that give extensibility to the PU. Interac-
tions between chains, mainly hydrogen bonds between
hard segments acting as a reinforcing filler, contribute to
the properties of PU [13]. For EP, the hard and three-
dimensional network structure is formed after chemical
(amine) crosslinking at elevated temperature.



(a)

(b) (c) (d)

Fig. 1. Chemical structure of compounds: (a) preparation of polyurea and epoxy resin; (b) triphenylphosphite (TPPi); (c) triphenylphosphate (TPPa);
(d) triphenylphosphine oxide (TPPO).
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3.1. Thermal analysis

The thermal stability of flame retardants is important
for processing, thermal stability, flame retardant proper-
ties and the end use polymer product applications. Fig. 2
shows the TG/DTG profiles of phosphorus flame retardants
under inert conditions, i.e., in nitrogen. Although the
amount of phosphorus present in the flame retardants is
almost equal, TPPO showed slightly higher thermal stabil-
ity (T5% = 272 �C) compared to TPPa (T5% = 242 �C) and TPPi

(T5% = 211 �C). This is likely due to the absence of the ther-
mally weak link (CAOAP) in TPPO. All three phosphorus
flame retardants display a single, rapid degradation with
high Tmax (maximum degradation temperature) values for
TPPO (358 �C) than TPPa (313 �C) and TPPi (292 �C). All
three flame retardants are completely volatilized at partic-
ularly 300, 325 and 365 �C for TPPi, TPPa and TPPO,
respectively.

Fig. 3 shows the TG/DTG profile of both PU and EP filled
with different oxidation state phosphorus flame retardant
additives. Neat PU shows a two step degradation processes
while rapid single step decomposition takes place at about
400 �C in EP under a nitrogen atmosphere. The first and
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Fig. 2. TG/DTG of phosphorus flame retardants.
second degradation steps of PU take place in the tempera-
ture ranges 250–380 �C and 380–580 �C and the corre-
sponding weight losses are 20 and 72 wt.%, respectively.
The first step of degradation is mainly due to the degrada-
tion of the hard or urea segment because of its relatively
low thermal stability. The second step can be attributed
to the degradation of the soft segment [14]. The mass
losses in the first and second degradations are in good
agreement with the initial stoichiometry of the reactants.
At higher temperatures, a small amount of residue (�7%)
is retained in both polymers. Irrespective of the oxidation
state of phosphorus, the thermal stability of both polymers
decreases with the addition of phosphorus flame retar-
dants. Moreover, the triphenylphosphite filled samples
show poorer thermal stability than TPPa and TPPO. This
may be due to the lower thermal stability of TPPi compared
to the pristine polymers (T5% = 319 �C for PU and EP,
372 �C). Both TPPa and TPPO provide almost the same ther-
mal stability (onset and Tmax) in PU, whereas in EP, nearly
identical Tmax values for both TPPi and TPPa are observed.
There is no change in Tmax of both polymers filled with
TPPO. Despite the lower thermal stability of TPPi, it shows
a greater amount of residue in both polymers at high tem-
perature compared to the other flame retardants which
implies an interaction between the degradation products
of the polymer with TPPi during pyrolysis. Compared to
the pristine polymer, there is not much residue observed
in the TPPO filled system, indicating that TPPO acts in the
vapor phase and there are no chemical reactions occurring
between degrading polymer and the additive.

3.2. Cone calorimetric analysis

Cone calorimetry is used to evaluate the fire retardant
properties of both PU and EP; this technique is frequently
considered to be the best indicator of performance in a
full-scale fire. This provides information on the heat re-
lease rate (HRR) and especially its maximum value (PHRR);
ignition time (tign); total heat released (THR); average mass
loss rate (AMLR) and average specific extinction area
(ASEA), a measure of smoke. Fig. 4 shows the heat release
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Fig. 3. TG/DTG of PU and EP filled different phosphorus compounds.
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Fig. 4. Heat release curves of PU and EP filled with phosphorus compounds.
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rate (HRR) curves of control and flame retarded PU and EP
filled with different phosphorus flame retardant additives
and the corresponding cone data are presented in Table 1.
Both flame retarded samples showed prior and lower HRR
compared to the controls. The earlier HRR of flame re-
tarded samples is due to the lower thermal stability of
the flame retardants. The HRR of PU is significantly de-
creased upon addition of TPPa but, for EP, the change oc-
curs for TPPi. It is likely that the formation of a large
amount of char residue (intumescent) during burning, as
shown in Fig. 5f, accounts for the greater flame resistance
of EP [15]. Both TPPa/PU and TPPi/EP samples show lower
HRR with prolonged burning behavior as compared to
the other flame retardants and the control sample. The
TPPO containing samples show the almost same time to
peak HRR as samples filled with other flame retardants.

The time to ignition of PU increases with the addition of
TPPa and TPPO, whereas higher ignition time is observed
with TPPO filled EP. The higher ignition time of filled sam-
ples is due the gas phase action of the flame retardants.
TPPi displays greater reduction of peak HRR of EP com-
pared to other flame retardants, but the lower flame resis-
tance of PU was observed with the addition of TPPi. Likely
the liquid TPPi plasticizes the PU matrix or hinders the PU
formation reaction (cracks on the surface of the sample)
and thus decreases the cross-link density of PU. Also, there
is no interaction between TPPi and PU during combustion
so less char formation occurs during combustion, as shown
in Fig. 5b. In addition, at room temperature (25 �C) in the
absence of sun light, the surface of the TPPi filled PU sam-
ple undergoes a color change within one month, indicating
that the physically blended liquid TPPi may possibly mi-
grate towards the surface of the sample. TPPa shows better
flame resistance and lower AMLR with PU compared to EP.
All filled samples show low THR and higher smoke evolu-
tion compared to the control sample.

It is well known that TPPi act as a reactive diluent and
Barnstorff et al. demonstrated that TPPi enters a polyamine
cured EP through a trans-esterification reaction between
the phosphite ester and the hydroxyl group present in
the EP to form alkyl phenylphosphite derivatives, as shown
in Fig. 6. It is apparent that the formation of the trans-
esterification products (mono-, di- and tri alkyl phenyl
phosphite) depends on the amount of free hydroxyl group
[16].

The reaction between TPPi and hydroxyl group in the
resin is examined through the measurement of gel time,
FTIR and 31P NMR spectroscopy. Table 2 shows the gel time
of EP as it reacts with TPPi, amine curing agent (Jeffamine
T403) and the catalytically accelerated system. At constant



Table 1
Cone calorimetric data for PU and EP filled with phosphorus compounds.

Sample tign (s) PHRR (kW/m2) (% reduction) THR (MJ/m2) AMLR (g/m2 s) ASEA (m2/kg)

Polyurea 12 ± 4 1854 ± 65 160 ± 7 44 ± 5 452 ± 18
PU + 15% TPPi 7 ± 1 1255 ± 63 (32) 116 ± 19 29 ± 11 525 ± 36
PU + 15% TPPa 18 ± 3 637 ± 149 (66) 169 ± 23 15 ± 1 632 ± 11
PU + 15% TPPO 16 ± 1 1324 ± 23 (29) 130 ± 9 24 ± 3 999 ± 31
Epoxy resin 29 ± 3 2467 ± 150 164 ± 9 47 ± 2 753 ± 34
EP + 15% TPPi 21 ± 1 504 ± 128 (80) 114 ± 5 18 ± 9 783 ± 163
EP + 15% TPPa 12 ± 2 1959 ± 101 (21) 128 ± 1 52 ± 1 971 ± 111
EP + 15% TPPO 34 ± 1 1310 ± 63 (47) 126 ± 2 40 ± 5 845 ± 85

tign, Time to ignition; PHRR, peak heat release rate; THR, total heat released; AMLR, average mass loss rate; ASEA, average specific extinction area, a measure
of smoke.

Fig. 5. Char images of flame retarded PU and EP after cone: (a) PU; (b) PU + TPPi; (c) PU + TPPa; (d) PU + TPPO; (e) EP; (f) EP + TPPi; (g) EP + TPPa;
(h) EP + TPPO.

Fig. 6. The chemical interaction of epoxy resin with triphenyl phosphite.
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temperature, the gel time decreases with the addition of
TPPi (4 h) compared to the same amount of EP and curing
agent (5 h) mixture. In the presence of BDMA, the gel time
decreases for the TPPi/EP mixture (54 h), whereas a pro-
longed gel time (72 h) and completely tack-free solid was
observed after 92 h without amine curing agent, which im-
plies that TPPi accelerates the curing reaction and is also
involved in the cross-linking reaction to give a three-
dimensional rigid network structure. As gel time increases
the viscosity of resin mixture increases because of chain
extension reactions. There is no change in viscosity of the
reaction mixture containing diamine with TPPi, TPPa and
TPPO. A similar observation is also noted for the EP con-
taining TPPa and TPPO (also confirmed with FTIR, not
shown here), which indicates that all phosphorus flame
retardants are physically blended into both PU and EP, ex-
cept TPPi with epoxy resin. TPPi is slowly oxidized to tri-
phenylphosphate at RT, 59% conversion within 32 h [17].
To avoid this conversion, 0.1% of benzyl dimethyl amine
(BDMA) accelerator was incorporated into TPPi containing
EP and curing agent. The accelerated system shows 2 h
gelation time at RT.



Table 2
31P NMR chemical shifts (relative to 86% H3PO4, d = 1.97 ppm) of phosphorus compounds and their reaction with diamine and epoxy oligomer.

Sample Chemical shifts (ppm) Gel time (h)

TPPi 126.1 –
TPPa �14.6 –
TPPO 33.1 –
Diamine + TPPi 126.0, �14.6 –
Diamine + TPPa �14.6 –
Diamine + TPPO 31.3 –
DGEBA + TPPa �14.6 –
DGEBA + TPPO 30.8 –
DGEBA + TPPi 126.0, �14.6 (5 h) 72
DGEBA + TPPi + T403 126.0, 128.6 (4 h), 132.0, �14.6 4
DGEBA + TPPi + BDMA + T403 – 1 h 126.1, 129.3, 128.6, �14.6 2
DGEBA + TPPi + BDMA + T403 – 2 h 126.1, 128.6, �14.6 2
DGEBA + T403 – 5
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Fig. 7 shows the FTIR spectrum of uncured epoxy resin
(DGEBA), triphenyl phosphite (TPPi) and the accelerated
reaction mixture (DGEBA + TPPi + T403 + BDMA). The un-
cured EP displays a prominent broad hydroxyl peak at
3500 cm�1, which disappears after 2 h when TPPi is pres-
ent and at the same time there is no change in the epoxy
group at 912 cm�1. The new band at 692 cm�1 corresponds
to the PAC and the peak at 1486 cm�1 and 1592 cm�1 are
assigned to Ph-P, both deriving from the phosphorus flame
retardants, indicates that TPPi reacts with the hydroxyl
group of the epoxy resin.

Phosphorus nuclear magnetic resonance spectroscopy
easily detects the interaction of phosphorus flame retar-
dants with diamine (for PU) and DGEBA. Table 2 shows
the characteristic chemical shift (d) of different oxidation
states of phosphorus flame retardants and the phosphorus
FR mixed with diamine and epoxy resin. All three phospho-
rus flame retardants show a single sharp peak in addition
to the reference peak [18]. No additional peaks are ob-
served from the mixture containing diamine/DGEBA with
phosphorus flame retardants, except in the case of epoxy
with TPPi, where the additional resonance peaks at 128.6,
129.3 and 132 ppm are attributed to the formation of alkyl
phenyl phosphites13. At the same time, a very small peak,
due to TPPa at �14.6 ppm was observed in mixture
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Fig. 7. FTIR of reaction between triphenyl ph
containing TPPi and both diamine and epoxy resin, which
indicates that both trans-esterification and oxidation of
TPPi (for PU) occur simultaneously during curing of epoxy
resin.
3.3. TG/FTIR analysis

In general, thermogravimetric analysis (TG) coupled
with Fourier transform infrared spectroscopy (FTIR) is used
to analyze the gaseous products during a thermal degrada-
tion process and also probe the degradation mechanism of
polymeric materials [19]. All three phosphorus flame retar-
dants were subjected to TG–FTIR analysis under inert con-
dition. Phenol is the main decomposition product formed
for all three materials, but at varying temperature and
time. For instance, the maximum degradation of TPPi takes
place rapidly (13 min) at lower temperature compared to
TPPa (14 min) and TPPO (16 min).

Fig. 8 shows the 3D patterns of neat (a) and flame re-
tarded PU (c and d) filled with phosphorus compounds in
different oxidation states. Both neat and flame retarded
PU samples show a two-step degradation with different
evolution time of the decomposition products. As shown
in Fig. 8a, the first maximum degradation of PU takes place
 DGEBA
 TPPi

 DGEBA+TPPi+T403+BDMA - 2h

2500 2750 3000 3250 3500 3750 4000
Wave number (cm-1)

osphite with hydroxyl group of epoxy.



Fig. 8. 3D images of degradation of polyurea filled with phosphorus compounds; (a) PU; (b) PU + TPPi; (c) PU + TPPa; (d) PU + TPPO.
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at 322 �C (15 min) and the second maximum degradation
occurs at 419 �C (20 min). The first (250 �C) and second
maximum degradation temperature (364 �C) and their cor-
responding times (10 and 17 min) decrease with addition
of TPPi compared to TPPa and TPPO, which are almost iden-
tical with the neat sample.
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The decomposition products of PU are identified unam-
biguously by matching the FTIR peaks with standards using
the OMNIC software library search and the characteristic
strong FTIR signals. The first step degradation products of
PU include isocyanate, hydrocarbons (diamine compo-
nents), CO2, and CO and while in the second step, one finds
1000 2000 3000 4000

428 oC / 20 min

423 oC / 20 min

364 oC / 17 min

419 oC / 20 min

Wave number (cm-1)

A
bs

or
ba

nc
e 

(a
.u

) 

PU

PU + TPP
i

PU + TPP
a

PU + TPPO

(b)

t (a) and second (b) degradation maximum rate of weight loss.



1000 2000 3000 4000

A
bs

or
ba

nc
e 

(a
.u

) 387 οC / 18 min

377 οC / 18 min

335 οC / 15 min

220 οC / 10 min

382 οC / 18 min

EP + TPPO

EP + TPPa

EP + TPPi-2

EP + TPPi-1

EP

Wave number (cm-1)

Fig. 11. FTIR of the pyrolysis of EP and flame retarded EP at the maximum
rate of weight loss.

3178 T. Mariappan et al. / European Polymer Journal 49 (2013) 3171–3180
propyl and butyl ether, CO2, and CO; the FTIR spectra are
shown in Fig. 9. In the first step, peaks due to urea groups
(1511, 1592, 1644 cm�1), isocyanates (2273 cm�1), ether
(1177, 1117 cm�1), CAH aliphatic (2981, 2868 cm�1) (de-
rived from diamine fragments), H2O (3733, 3705,
1305 cm�1) and CO2 (2359 cm�1) can be found. In the sec-
ond step, the absorbance of ether (1262, 1174, 1111 cm�1),
aromatic (1604, 1510 cm�1), C@O (1725 cm�1), aliphatic
hydrocarbons (2942, 2866 cm�1), CO2 (2359 cm�1), and
CO (2177 cm�1) are identified. The breaking of the urea link-
age takes place in the first stage and then hydrocarbon scis-
sion occurs in the second stage during decomposition of PU.

There is little change in the degradation mechanism of
PU upon the addition of the phosphorus flame retardants.
In the second stage, the decomposition products of PU differ
when TPPi is added compared to TPPa and TPPO. For exam-
ple, tetrahydrofuran (THF) is formed in the second stage of
decomposition of TPPi filled PU. As shown in Fig. 9, the addi-
tion of TPPi reduces the amount of early decomposition
products formed in the first stage (a) whereas in the second
stage (b), there seems to be a greater amount of phosphates
(PAOAC; 918, 1080 cm�1) and hydrocarbons (CAH ali-
phatic; 2979, 2875 cm�1). In addition, the disappearance
of the carbonyl group (1725 cm�1) is observed in the second
stage of decomposition of PU filled with TPPi. Apparently,
Fig. 10. 3D diagram of degradation of epoxy filled with phosphorus
TPPi modifies the degradation products of PU and also pro-
motes the formation of more fuel (hydrocarbons) during
pyrolysis. This result corroborated with flame resistance
measured by cone calorimetry, as shown in Table 1.
compounds; (a) EP; (b) EP + TPPi; (c) EP + TPPa; (d) EP + TPPO.
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The 3D profiles of the decomposition of EP and flame re-
tarded EP are shown in Fig. 10. The main decomposition
products of epoxy resin are acetone, alcohol (bisphenol-A,
allyl alcohol, phenol, and amino alcohol), ether, various
hydrocarbons, CO2, CO and H2O [20]; the analogous FTIR
are shown in Fig. 11. The absorbance peaks of acetone
(1731 cm�1) phenol/bisphenol-A (3654 cm�1), hydrocar-
bons (CAH aliphatic, 2971 cm�1), ether groups (1259,
1177, 1105 cm�1), aromatic (1509 cm�1), CO (2187 cm�1),
CO2 (2358 cm�1) and H2O (3726, 1373 cm�1) are clearly
present. There is no change in degradation products of
epoxy with incorporation of phosphorus flame retardants.
However, prompt degradation occurs in accordance with
the thermal stability of the flame retardants. As shown in
Table 3
XPS analysis of atomic concentration of the phosphorus filled polyurea samples a

Sample Temperature (�C) Carbon (wt.%) Oxyge

Polyurea RT 75.4 ± 0.9 24.2 ±
100 76.1 ± 1.1 23.9 ±
200 76.0 ± 0.1 23.9 ±
300 84.4 ± 1.5 17.4 ±
400 88.2 ± 0.7 11.6 ±

PU + TPPi RT 73.7 ± 1.0 24.4 ±
100 68.0 ± 2.5 28.3 ±
200 – –
300 81.4 ± 2.4 18.3 ±
400 85.5 ± 0.3 14.0 ±

PU + TPPa RT 77.0 ± 0.2 22.0 ±
100 70.4 ± 1.7 27.4 ±
200 75.3 ± 0.6 23.6 ±
300 81.8 ± 0.9 18.0 ±
400 87.3 ± 1.6 12.1 ±

PU + TPPO RT 80.6 ± 0.4 18.8 ±
100 74.3 ± 0.6 25.0 ±
200 76.5 ± 0.2 22.7 ±
300 79.1 ± 0.5 20.8 ±
400 92.0 ± 3.0 8.0 ± 3

Table 4
XPS analysis of atomic concentration of the different temperature of phosphorus

Sample Temperature (�C) Carbon (wt.%) Oxyge

Epoxy RT 82.2 ± 0 17.8 ±
100 73.5 ± 0.6 26.2 ±
200 72.1 ± 0 27.4 ±
300 75.2 ± 0.1 24.4 ±
400 71.3 ± 2.0 25.9 ±

EP + TPPi RT 79.2 ± 2.7 20.3 ±
100 73.0 ± 0.5 25.7 ±
200 77.4 ± 0.2 21.3 ±
300 86.2 ± 0.5 12.8 ±
400 75.5 ± 3.5 23.3 ±

EP + TPPa RT 82.3 ± 0.6 17.0 ±
100 75.7 ± 0.6 23.9 ±
200 75.2 ± 0.4 24.2 ±
300 86.0 ± 0.2 13.0 ±
400 84.0 ± 0.5 14.8 ±

EP + TPPO RT 79.0 ± 0.9 20.6 ±
100 78.9 ± 0.7 20.8 ±
200 77.9 ± 0.8 21.6 ±
300 78.1 ± 0.6 21.4 ±
400 83.7 ± 0.4 15.8 ±
Fig. 10b, the TPPi filled sample shows an early (10 min) re-
lease of degradation products at 220 �C and then the max-
imum degradation occurs at 335 �C (15 min). The
temperature for the maximum release of the degradation
products for neat (382 �C) and TPPa (377 �C) and TPPO
(387 �C) filled EP samples are almost the same.

3.4. XPS analysis

X-ray photoelectron spectroscopy (XPS) is a surface
chemical analysis that is used to measure of elemental
composition of the surface materials (top 1–10 nm) quan-
titatively and also measures the chemical state (valence),
chemical bonding environment, empirical formula and
t different temperature.

n (wt.%) Phosphorus (wt.%) P/C (%) P/O (%)

0.7 0.4 ± 0.4
1.1 0
0 0.1 ± 0.1
1.5 0.1 ± 0
0.7 0.1 ± 0

0.6 1.9 ± 0.5 2.6 7.7
2.1 3.7 ± 0.5 5.4 13.0

– – –
2.0 0.4 ± 0.4 0.4 2.0
0.6 0.5 ± 0.3 0.6 3.7

0.3 1.0 ± 0.1 1.3 4.4
1.3 2.1 ± 0.5 3.0 7.8
0.4 1.1 ± 0.3 1.5 4.9
0.9 0.2 ± 0.1 0.3 1.4
1.6 0.6 ± 0.1 0.6 4.7

0.3 0.6 ± 0 0.8 3.3
0.5 0.7 ± 0.2 1.0 2.9
0.1 0.8 ± 0.1 1.0 3.5
0.4 0.1 ± 0.1 0.2 0.7
.0 0.2 ± 0.1 0.2 2.5

compounds filled epoxy samples.

n (wt.%) Phosphorus (wt.%) P/C (%) P/O (%)

0 0
0.6 0.2 ± 0.1
0.2 0.4 ± 0.2
0.2 0.4 ± 0.1
1.7 0

2.5 0.5 ± 0.2 0.6 2.5
0.4 1.0 ± 0.2 1.4 4.0
0.4 1.3 ± 0.1 1.7 6.3
0.6 1.0 ± 0 1.1 7.7
3.4 1.1 ± 0.2 1.5 5.0

0.5 0.6 ± 0.1 0.8 5.9
0.6 0.5 ± 0 0.6 2.0
0.5 0.6 ± 0.1 0.8 2.4
0.3 1.1 ± 0.1 1.3 8.8
0.5 1.3 ± 0.2 1.6 9.1

0.9 0.4 ± 0.1 0.5 1.9
1.1 0.3 ± 0.1 0.4 1.4
0.8 0.6 ± 0 0.7 2.6
0.6 0.5 ± 0.1 0.6 2.2
0.5 0.4 ± 0.1 0.5 2.8
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electronic state (oxidation state) of the elements that ex-
ists within the materials. The XPS technique is very surface
sensitive because only electrons emitted from atoms near
the surface escape without losing energy [21–25,18–22].
In this study, the XPS investigations were performed after
degradation at various temperatures, 25, 100, 200, 300
and 400 �C, and their particular elemental compositions
were measured at three different locations on the sample
surface and the average values are reported.

Tables 3 and 4 shows the different elemental (carbon,
oxygen and phosphorus) compositions present in the sur-
face of neat and flame retarded PU and EP after degrada-
tion at the different temperatures. For neat PU, the
amount of carbon at the surface increases with increasing
temperature and at the same time oxygen depletion is ob-
served. On the other hand, below 400 �C there is no signif-
icant change of composition for neat EP.

Upon incorporation of TPPi, a decreasing amount of
phosphorus is present on the surface of PU as the temper-
ature increases but an almost constant amount of phos-
phorus is present in epoxy. TPPi volatizes at about 200 �C
from PU samples, whereas, due to the trans-esterification
reaction between TPPi and EP, phosphorus builds up in
the main chain of the EP and thus the amount of phospho-
rus is almost constant. Furthermore, because of the plasti-
cizing effect of TPPi, the PU sample becomes liquid at
200 �C. This result is in good agreement with the flame
retardant properties of PU and EP measured by cone calo-
rimetry and shown in Table 1. An almost similar amount of
phosphorus is present on the surface of PU filled with TPPa,
while at high temperature the amount of phosphorus is
slightly increased in epoxy. The smaller amount of phos-
phorus present on the surface of both samples filled with
TPPO as a function of different temperature suggests that
TPPO acts by vapor phase flame retardant action.

4. Conclusion

The oxidation state of phosphorus-based flame retar-
dants, the thermal stability and possible interactions dur-
ing burning are considered for effective flame retardancy
in both PU and EP. Triphenylphosphite shows significant
reduction of the flammability of epoxy resins while triphe-
nylphosphate is more effective for polyurea. A non-con-
ventional intumescent char is formed with addition of
triphenylphosphite in epoxy resin, caused by trans-esteri-
fication reaction between hydroxyl group and trip-
henylphosphite. As a consequence of plasticization, the
PU matrix showed poor flame resistance with incorpora-
tion of triphenylphosphite. The gel time, FTIR, 31P NMR
and XPS analysis confirmed the interaction of epoxy resin
with triphenylphosphite.

In this study, attention has been focused on the oxida-
tion state of the phosphorus-containing additive. It must
be noted here that reactions that occur are the result of
some chemical reactions between the reaction partners.
In many cases, this will be a reaction of degradation prod-
ucts. Thus the identity of the reactants and the kinetics of
their reactions will have great effect and must be consid-
ered. This will be a topic of future investigations.
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