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Abstract A novel cheap macromolecular intumescent

flame retardants (MIFR) was synthesized, and its structure

was a macromolecule containing phosphorus characterized

by IR. Rigid polyurethane foam (PUF) filled with MIFR as

fire retardant additive was prepared. The effects of MIFR

on properties such as density, compressive strength, flame-

retardant behavior, thermal stability, and morphology of

char were studied. The compressive strength of the MIFR-

filled PUF increased initially and then decreased with

further increase of MIFR content while its density

straightly increased. Its flammability and burning behavior

were characterized by UL 94 and limiting oxygen index

(LOI). Twenty five percent of MIFR was doped into PUF

to get 24.5 of LOI and UL 94 V-0. Activation energy for

the decomposition of samples was obtained using Kissinger

equation. The resultant data show that for PUF containing

MIFR, compared with PUF, the mass loss, thermal stabil-

ity, and the decomposition activation energy decreased, the

char yield increased, which shows that MIFR can catalyze

decomposition and carbonization of PUF to form an

effective charring layer to protect the underlying substrate.
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Introduction

Recently, halogen-free intumescent flame retardant (IFR)

is attracting more and more attention from both aca-

demic and industrial communities for their multifold

advantages including low toxic, low smoke, low corro-

sion, no corrosive gas, and so on [1, 2]. Three ingredi-

ents are necessary for IFR: acid source, carbon source,

and gas source. Phosphorus-containing compounds are

often used as an acid source, while nitrogen-containing

compounds are used as a blowing agent. The greatest

benefit to be obtained in this way is a dramatic decrease

in the heat generated due to the exothermic combustion

of polymers. Other advantages include the conservation

of the structural integrity of polymer as a result of the

residue of solid carbon and a decrease of formation of

flammable gaseous products [3]. In the former work of

our group, a novel macromolecular IFR (MIFR) which

contains an acid source, a gas source, and a char source

simultaneously had been synthesized by pentaerythritol,

phosphoric acid, melamine (M), urea (U), and formal-

dehyde (F) [4, 5] and applied to epoxy resin to get good

flame-retardant (FR) efficiency [6]. However, pentae-

rythritol, as an important raw material in MIFR, is

expensive. It is well known that starch could be the

carbon source of IFR instead of pentaerythritol. It was

recently reported that introduction of starch had an

obvious effect on the structure of the intumescent and

charry layers [7].

So in this work, an improved MIFR was firstly synthe-

sized using starch as char source instead of pentaerythritol,

which was applied to rigid polyurethane foams (PUF). The

effects of MIFR on properties such as density, compressive

strength, FR behavior, thermal stability, and morphology of

char were investigated.
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Experimental

Materials

Polymeric methane diphenyl diisocyanate (PMDI, PM-200,

NCO = 30.2–32.0 %) was obtained from Yantai Wanhua

polyurethane Co. Ltd.; poly(ether polyol) (NT-4110,OH

content = 410 mg of KOH g-1) was obtained from LAN-

STAR East Chemical Co. Ltd.; Silicone glycol copolymer

(SGC), a surfactant, was purchased from Shanghai

Chemical Reagent (Shanghai, China). Dibutyltin dilaurate

(DBDT), a tin catalyst with a density of 1.052 g cm-3 and

an Sn content of 18 mass%, and triethylamine, amine cata-

lyst, were purchased from Sichuan Chemical Reagent

NH2

C N

N C

C N

NH2

NH2

H
C

O

H OHCH2

NHC

N

N

C

C

N

NH2

NH2

+

NH2

C
ONH2

NH2

C
O NH

CH2

OH
CH2 O+

OHCH2

NH

C N

N C

C N

NH2

NH2

NH2

C
O NH

CH2

OH

NH
C
H2

NH
C

O

NH

C
NN

CC
NNH2 NH

C
H2

NH
C

O

NH

CH2

2+

(A)

O

OH

O

OH

OH

O

OH

O

OH

OH

n
+ OH

OH

HO

O

P

O

OH

O

OH

O

OH

O

O

OH

O

O

OH

P

(B)

O

OH

O

OH

O

OH

O

O

OH

O

O

OH

P

NH
C
H2

NH
C

O

NH

C
NN

CC
NNH2 NH

C
H2

NH
C

O

NH

CH2

+

O

O

OH

O

OH

O

O

OH

O

O

OH

P

NH
C
H2

NH
C

O

NH

C
NN

CC
NNH NH

C
H2

NH
C

O

NH

CH2

(MIFR)

Scheme 1 Synthesis of MIFR
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(Sichuan, China). Distilled water as blowing agent was

prepared by ion-exchange unit. Starch, 85 % of phosphoric

acid, M, 37 % of formalin as F, and U were received from

Tianjin Fuchen Chemical Reagent Factory.

Synthesis of MIFR

MIFR was synthesized as Ref. [4], firstly, amino resins

prepolymer was prepared, then the amino resins pre-

polymer was polycondensated under acidic starch phos-

phate, the reaction is complicated, one of the possible

reaction is to see Scheme 1. Thirty seven percent of

formalin as F 1 mol was brought to pH 8–8.5 with NaOH

and heated. Then, M 0.2 mol and U 0.5 mol were added

to the above solution, stirred until dissolved, and heated

under reflux for 50 min. Heating was stopped, and the

solution was allowed to cool to get MUF prepolymer A.

10 mL of 85% phosphoric acid and 25 g of starch were

mixed, heated to 373 K for 30 min, added 15 mL phos-

phoric acid after cooled to 343–353 K, reacted for 30 min

to get an acidic starch phosphate B. B was added slowly

into A under stirring to obtain MIFR. The synthesis route

is shown in Scheme 1.

Preparation of the foam

Polyols 4110, distilled water, catalysts (DBDT and trieth-

ylamine), surfactant (SGC), and flame retardant (MIFR)

were well mixed in a 1 L beaker. Next, PMDI was added

into the beaker with vigorous stirring for 10 s. The mixture

was immediately poured into an open mold (300 9 250 9

150 mm3) to produce free-rise foam. Foam blocks so

obtained were kept in an oven at 343 K for 24 h to com-

plete the polymerization reaction. Samples were cut into

the desired shape and size by rubbing with fine emery

paper, and these test species were used for the evaluation of

different properties. The formulations of PUF are shown in

Table 1.

Characterization

Mechanical properties

The compressive properties were tested with a CMT4204

universal testing machine (Meitesi, USA) according to GB/

T 8813-2008. The apparent density of the PUF samples

was measured as ASTM D 1622-03. At least three samples

were tested to obtain average values.

Vertical burning tests

The vertical burning test was conducted by a CZF-II hor-

izontal and vertical burning tester (Jiang Ning Analysis

Instrument Company, China). The specimens which used

were 130 9 12.7 9 3 mm3 according to UL94 test ASTM

D3801 standard. The procedures of the standard vertical

burning test as well as the definitions and units of Vertical

burning rate were referred to what were expatiated in the

literature [8].

Limiting oxygen index test

The limiting oxygen index (LOI) test was performed with a

JF-3 oxygen index test instrument (Jiangning, China) in

terms of the standard LOI test, ASTM D 2863-97. The

specimen size for the LOI measurement was

127 9 10 9 10 mm3.

Scanning electron microscope (SEM) analysis

The char residues after LOI test were studied with a

scanning electron microscope (SEM) (KYKYEM-3200,

China) SEM. The samples were gold-coated before scan-

ning to provide an electrically conductive surface. An

accelerating voltage of 22 kV was used, while we recorded

the scanning electron micrograms.

Thermogravimetry analysis

Thermogravimetry (TG) was carried out on a HCT-2

thermal analyzer (Beijing Hengjiu Scientific Instrument

Factory) under a dynamic nitrogen (dried) atmosphere at a

heating rate of 10 K min-1, and 4 mg samples were heated

from room temperature to 1023 K.

IR spectra

The IR spectra were measured on an IS5 (Nicolet) spec-

trophotometer in the range of 4,000–600 cm-1 at a reso-

lution of 0.5 cm-1. Samples were ground and mixed with

KBr to form pellets.

Table 1 Formulations of flame-retardant RPUF containing different

MIFR contents

Material phpa

Polyols 4110 100

DBDT 0.26

Triethylamine 0.46

SGC 2.0

Distilled water 0.4

MIFR 0–25

PMDI 150

a Parts per hundred of polyol by mass
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Characterization of MIFR

IR (KBr) to see Fig. 1 (cm-1) is 3094 (–OH, NH), 2949,

2877 (w, CH2), 1254 (P=O), 1506, 814 (C=N), 1127, 982,

618 (P–O–C).

Results and discussion

Mechanical properties

The mechanical properties of PUF are important parame-

ters that determine its applications, such as in load bearing

and as packaging materials. Foam density is a very

important parameter that affects the mechanical properties

of PUFs [9]. In general, the foam density is dependent on

the degree of foaming, which in turn depends in part on the

type and amount of blowing agent. In this study, the

amount of chemical blowing agent was kept constant.

Figure 2 shows the density of PUFs filled with MIFR at

different loadings. It indicates that the density increased

with the increasing MIFR loading. This was due to a

decrease in the cell size and to the higher density of MIFR

than that of neat PUF.

To study the effect of MIFR loading on the compressive

properties of PUFs, the compressive strength of the foams

containing different MIFR loadings was determined and

shown in Fig. 3. Figure 3 shows the effects on the com-

pressive strength of the PUFs filled with the increasing

loading of MIFR. Figure 3 indicates that the compressive

strength initially increased and then decreased with further

increases in the MIFR loading. The initial increase in

properties was due to an increase in the cell wall thickness

and also an increase in the density. It is known that the degree

of foaming of PUFs depends on the viscosity and surface

tension of the particular formulation [10]. Addition of MIFR

resulted in an increase in the viscosity, and this led to a

decrease in the blowing or expansion of the PUFs and an

increase in the density. The mechanical properties of PUF

filled with higher loadings of MIFR (above 20 %) were

decreased. This decrease in the mechanical properties was

due to its poor wetting or adhesion with the polymer matrix,

and also, with inclusion of higher amounts, and leads to

agglomeration because the filler–filler interaction becomes

more pronounced, which agrees with the reports [11].

Flame retardancy of rigid polyurethane foams

LOI is a fundamental tool in basic research on polymer

combustion and mechanism of fire retardancy. LOI also

provides an evaluation of intrinsic flammability of the

polymeric materials [12]. Thus, flammability of PUF sam-

ples containing different MIFR is evaluated by determining

their LOIs, and the values are presented in Table 2. LOI of
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PUF is 18.1 which increases from 20.5 to 24.5 % as the

MIFR content is increased from 10 to 25 %. A LOI of PUF

containing different MIFR is increased due to the presence

of phosphorus and nitrogen in MIFR. Phosphorus and

nitrogen have synergistic effect between them which

enhances the LOI of PUF. The trend of these data shows

that LOI increases with the increasing concent of MIFR.

The rigid PUF obtained qualified for the UL 94 V-0 rating at

low phosphorus contents of 3.60 % phosphorus with 25 %

mass of MIFR.

Degradation of rigid polyurethane foams

The simultaneous DTG and TG curves of PUF-1 and PUF-

5 were carried out in dynamic nitrogen from ambient

temperature to 1023 K and are shown in Fig. 4. The initial

decomposition temperature (IDT) determined by 5 % of

mass loss, integral procedure decomposition temperature

(IPDT) determined by 50 % of mass loss, and char yield at

973 K were measured, listed in Table 3.

When the FR elements are incorporated into polymeric

materials, the mass loss pattern of the polymers is altered.

Phosphorus groups decompose at relatively low tempera-

ture to form a heat-resistant char, to retard the mass loss rate

of the polymers at high temperatures [13]. Nitrogen-con-

taining compounds produce incombustible gases when they

degrade. The heat gases can swell the just formed char. The

swollen char can isolate the transfer of mass and heat

between the materials and the flame in a fire. That protects

the unburned materials. The actions play some critical roles

in flame retarding polymeric materials through condensed-

phase mechanisms as well as gas-phase mechanism.

From Fig. 4, it can be seen that there is a main and quick

decomposition stage, and the mass loss behavior of PUF

containing MIFR is found to follow the patterns discussed

above. From Table 3, For PUF containing MIFR (PUF-5),

compared with PUF-1, char yields (39.1 %) are increased.

The decrease significantly of mass loss rates lowers the

amount and rate of release of combustible products from

the rigid PUF’ decomposition, consequently depressing the

resins’ flammability. The increase of char yields agrees

with mechanism of FR [14]. Introduction of FRs leads to

more char formed at the expense of flammable volatile

products of thermal degradation, thus suppressing com-

bustion and increasing the LOI.

Thermal stability of rigid polyurethane foams

The thermal stability of the rigid PUF is assessed with two

parameters: IDT and IPDT. IDT indicates the apparent

thermal stability of the rigid PUF, i.e., the failure temper-

atures of the resins in processing and molding. On the other

hand, IPDT exhibits the resins’ inherent thermal stability,

i.e., the decomposition characteristics of the resins’ volatile

composition. From Table 3, phosphorus-containing rigid

PUF (PUF-5) shows relatively lower IDT than do the

phosphorus-free resin (PUF-1), since phosphorus groups

decompose at low temperatures. On the other hand, the

existence of MIFR (PUF-5) exhibits higher IPDT than the

PUF-1, retarding the mass loss rate of the polymers at high

temperatures. The high IPDT (729 K) implies the rigid

PUF’ potential application in highly anti-thermal coatings

and thermal insulating materials.

The decomposition activity energies

The decomposition activity energies of PUF-1 and PUF-5

were studied by the equation of Kissinger [15]. The

equation is as follows:

Table 2 Flame-retardant properties of PUF containing different

contents of MIFR

No. MIFR/% P, Mass/% N, Mass/% LOI/% UL 94

PUF-1 0 – – 18.1 Not rated

PUF-2 10 1.44 1.43 20.5 Not rated

PUF-3 15 2.16 2.15 21.7 Not rated

PUF-4 20 2.88 2.86 23.0 V-1

PUF-5 25 3.60 3.58 24.5 V-0
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Fig. 4 TG curves of PUF-1 and PUF-5

Table 3 Thermal data of the rigid polyurethane foams from ther-

mogravimetrtic analysis in nitrogen

No. MIFR/% IDT/K IPDT/K Char yield/% Ea/kJ mol-1

PUF-1 – 474 680 27.5 205

PUF-5 25 420 729 39.1 162
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d lnðU=T2
mÞ

dð1=TmÞ
¼ �Ea

R

where U is the rate of temperature increase in K min-1

(U = 2, 5, 10, 20), Tm is the maximum temperature at the

peak position in K, Ea is the decomposition activity energy,

and R is the gas constant (8.314 J mol-1 K-1). From the

slope of the plot of ln(U/Tm
2 ) versus 1/Tm, Ea can be cal-

culated, i.e., E = R 9 slope. Table 3 presents the activa-

tion energies (Ea) for PUF-1 and PUF-5.

Ea for the decomposition of PUF is 205 kJ mol-1, while

it becomes 162 kJ mol-1 when MIFR is doped into,

decreased by 43 kJ mol-1, which shows that MIFR can

catalyze decomposition and carbonization of PUF. It is

supported by the lower IDT (420 K).

Figures 5 and 6 present the SEM photographs of the

surface of char of the PUF composites (PUF-1, PUF-5).

From Fig. 5, it can be observed that the char is very slight,

loose, and soft, which could not protect the underlying

material from fire. Contrarily, Fig. 6 shows that the char is

compact, tough, and hard though there are some holes on

the surface. It is possible that the MIFR could promote the

formation of effective charring layer. The structure of the

intumescent charring layer may increase the efficiency of

the flame retardancy, act as heat insulation, and protect

inner matrix materials.

Conclusions

We succeed in synthesizing a novel cheap macromolecular

MIFR with a structure of a starch diphosphonate. The

compressive strength of the MIFR-filled PUF increased

initially and then decreased with further increase in MIFR

content, while its density straightly increased. Twenty five

percent of the MIFR is doped into PUF to get 24.5 of LOI

and UL 94 V-0. For PUF containing MIFR, compared with

PUF, incorporating MIFR into rigid PUF alters degradation

characteristics, which decreases mass loss, increases the

char yield. However, for PUF containing MIFR, the IDT

and activation energy are decreased, which shows that the

stability was decreased. Ea for the decomposition of PUF is

205 kJ mol-1, while it becomes 162 kJ mol-1 for PUF

containing MIFR, decreased by 42 kJ mol-1, which shows

that IFR can catalyze decomposition and carbonization of

PUF to form an effective charring layer. In the thermal

degradation of PUF containing MIFR, phosphorus groups

decompose at relatively low temperature, then catalyzing

decomposition and carbonization of PUF to form a heat-

resistant char, retarding the mass loss rate of the PUF at

high temperatures. Nitrogen serving as blowing agents and

char-reinforcing components leads to the production of

intumescent chars, which protects the underlying com-

bustible substrate to get good flame retardancy.
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