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Abstract: Different phosphorous hardeners (PHs)
4,4'-diaminodiphenylether (DDE), 4,4'-
diaminodiphenylmethane (DDM) and 4,4'-
diaminodiphenylsulphone (DDS) were successfully
synthesized These PHs could be used as a better
choice of curatives because of their inherent thermal
resistance and better organic solubility characteris-
tics. Using the PHs, a series of unmodified epoxy
(UME) composites and clay modified epoxy (CME)

nanocomposites were prepared. The UME compos-
ites were stable up to 468ºC. The limiting oxygen in-

dex (LOI) of CME was higher than that of UME.
This was due to the flame retardancy obtained through
the synergistic effect of phosphorous and nanoclay in
the CME nanocomposites.

Keywords: Resins; Cure; Thermomechanical;
Thermal properties.
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INTRODUCTION

The area of polymer/clay nanocomposites has re-
ceived widespread interest in the past two decades.
Much effort has been centered on the development
of epoxy/clay nanocomposites using normal and
organomodified clay minerals[1�4]. Epoxy�clay

nanocomposite is one of the most potential materials
that have offered the prospects of emerging new hy-
brid material with desired characteristics using the clay
minerals for numerous applications[5�7]. Chemical
modification of epoxy matrix is a key step in making
nanocomposites for advanced material applications.
One of the main drawbacks hindering these applica-
tions is the low thermal stability of epoxy molecules.
This makes these materials unserviceable at higher
temperatures[8�11]. The incorporation of phosphorous
molecules as a part of the backbone in engineering
plastics have showed increased flame retardation, high
char formation and low rates of heat release prop-
erty[12]. In this paper, we have adopted a unique ap-
proach towards increasing flame retardance and
toughness of epoxy materials by employing newly
synthesised PHs. The PHs having amino group at one
end, aids the crosslink network formation and the ethyl
groups available at the other end is capable of
compatibilizing the hydrophobic segments like
polydimethylsiloxane polymers into DGEBA-epoxy
resins. Thus the enhanced toughness, thermal stability
and bonding strength property of the materials have
been reported by us[13].

The major objective of the present study is to
investigate the effect of PHs primarily on thermal and
mechanical properties in UME and CME materials.
Here, we have reported the synthesis and character-
ization of the PHs prepared using diethylchlorophos-
phate and three diamines (DDE, DDM and DDS).
Series of CME nanocomposites were then prepared
by blending with the clay. The chemical
functionalization of P-hardener with epoxy resins and
montmorillonite was carried out to improve heat re-
sistance property, viscoelastic behavior and flame
retardancy of the CME materials

.
 We have exclusively

studied the thermomechanical and thermal degrada-
tion kinetic mechanisms of UME and CME materi-
als.

EXPERIMENTAL

Materials

Diethylchlorophosphate, diaminodiphenyl-
sulphone, diaminodiphenylmethane, diaminodiphe-
nylether, triethylamine and NANOMER1.30E (MMT
clay surface modified with octadecyl amine, a pri-
mary amine base) was obtained from Aldrich and used
as received. Tetrahydrofuran and ethyl acetate were
supplied by SD fine chem. India. Diglycidylether of
bisphenol A resin (DGEBA, LY556, EEW 180-185,
density 1.23, refractive index 1.57, and viscos-
ity~10,000 CP) was supplied by Ciba specialty
chemicals India.

Characterization

The FTIR spectra were obtained using a Nicolet
(model 20DXB) spectrophotometer with KBr pel-
lets for solid specimens within scanning range of 400-
4000 cm-1. The microstructure and the extent of dis-
persion of the nanoclay particles in the epoxy matrix
were investigated using a wide angle X-ray diffrac-
tion (WXRD). The WXRD measurement of the
samples was performed at the rate of 2°/min with Cu

K
á 
radiation (ë=1.5401 A°) at a generator voltage of

40 kV and current of 100 mA. The thermogravimetric
analyses (TGA) were performed using a TA Instru-
ments Q50 under air atmosphere at a flow rate of 60
mL/min. The samples were heated from 40° to 800°C

at a heating rate of 20°C/min. The storage modulus

and glass transition temperature (Tg) of the
nanocomposites were measured with dynamic me-
chanical analysis (Netzsch proteus) in a 3-point bend-
ing mode. The analyses were performed at a fre-
quency of 1 Hz and a temperature range of 40 - 250°C

at a heating rate of 3°C/min.

Synthesis of P-hardeners

Diethylchlorophosphate (34.51g, 0.2mole) dis-
solved in tetrahydrofuran (50 ml) was charged into a
ice cooled 250ml-3-neck round bottom flask
equipped with a magnetic stirrer, thermometer and a
nitrogen inlet. To this, 49.6g (0.210mole) of
diaminodiphenyl-sulphone dissolved in 40ml THF was
added drop wise and stirred. A 37.44g (0.217mole)
of triethylamine was then added slowly and stirred
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continuously for 3h. The triethylammonium bromide
salt as a byproduct was settled to the bottom of the
flask. The liquid phase containing the product was
collected by filtration. The formation of
diaminodiphenylsulphono-diethylphosphate (DDSDP)
product was confirmed by FTIR and 1H spectral
analysis. Yield: 85%; Mol.wt:384. Similarly,
diaminodiphenylmethane-diethylphosphate
(DDMDP) (Yield: 88%; Mol.wt: 335), and
diaminodiphenylether-diethylphosphate (DDEDP)
(Yield: 79%; Mol.wt:337) was synthesized by react-
ing diethylcholorophosphate with diaminodiphenyl-
methane and diaminodiphenylether respectively.

Formulations of UME system

Blends of DGEBA and DDSDP or DDMDP or
DDEDP were made employing the same equivalent ra-
tios. The details of the blends were given in TABLE 1

(Scheme 1).
The blends were thoroughly mixed at 120oC in an

oil bath to get a homogeneous liquid. The reactants, were
melted, homogenized and were transferred to a preheated
open mold that was coated with silicon based sealant.
Silicone based sealant was coated on the mold to ease
releasing the samples from the mold after curing. The
mold was preheated to 120oC before transferring the
reaction mixture. After the material was transferred to
the mold, it was heated to 130oC and deairated under
vacuum for 0.5h to drive the air bubbles in the formula-
tion. All the UME formulations were heated to 140oC
and kept for 3h, 160oC for 2h and 180oC for 3h and
cured. Then the cured laminates were removed from the
mold and curing was continued at 180oC for 2h. The
cured materials obtained were cut to suitable dimension
required for characterization such as physical, chemical,
thermal and mechanical properties.

Formulation of CME systems (Scheme 2)

Fifty parts of each epoxy and P-hardener were
heated at 120oC. Then 5% clay was added to the resin
bath and the mixing was carried out by mechanical shear
mixer. The mixer rotates at 1000 rpm and the mixing
was carried out for another 2h. After uniform mixing of
clay and resin, respective hardener was added in to the
resin- clay solution. All the formulations were prepared
by using similar conditions adopted for preparing UME
cured materials.

Sample Code Epoxies Curing agent MMT (1.30E) clay 

UME-DDSDP DGEBA DDSDP - 

UME-DDMDP DGEBA DDMDP - 

UME-DDEDP DGEBA DDEDP - 

CME-DDSDP DGEBA DDSDP 5% 

CME-DDMDP DGEBA DDMDP 5% 

CME-DDEDP DGEBA DDEDP 5% 

TABLE 1 : The blends of DGEBA/P-hardener alone were
denoted as UME (Unmodified Epoxy) systems and the blends of
DGEBA/P-hardeners with clay were denoted as CME (Clay
modified Epoxy) systems.

Scheme 1 : Reaction of DGEBA epoxy with P-hardeners.

RESULTS AND DISCUSSION

Spectroscopic analysis

The FTIR spectrum of all P�hardener was shown

in Figure 1. The absorption bands of NH stretching
vibration of primary amine groups (DDSDP, DDMDP
and DDEDP) were observed at 3439, 3407 and
3269cm-1, and NH bending vibrations at 1629, 1603
and 1675 cm-1 respectively. The characteristic band for
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sulphone group of DDSDP was observed at 1144 cm-

1. The band at 2922 cm-1 of methylene group of
DDMDP and the band at 1244 cm-1 corresponding to
asymmetric stretch of aromatic ether group of DDEDP

was observed. The presence of bands at 1200cm-1 of
P=O group showed that the DECP had been grafted
to the amine. The broad peak around 1428�1603 cm-

1 represents C=C stretch in benzene rings.

Scheme 2 : Epoxy cured networks with nanoclay with the representation of well intercalated structure formations.

Figure 1 : FT-IR spectra of DDSDP, DDMDP and DDEDP hardeners.

The proton NMR spectra of three PHs were
shown in Figure 2. The NH protons and primary amine
protons attached to the aromatic ring for DDSDP,
DDMDP and DDEDP were observed at 2.9, 2.6 and
2.5, and at 2.4, 2.2 and 2.4ppm respectively. The
shift corresponding to methylene protons at 3.7-4.9,
3.7-4.2 and 3.5-3.9, and methyl group protons at
1.0-1.3, 1.2-2.0 and 1.1-2.0, and aromatic protons

at 6.5-8.2, 6.5-7.2 and 6.4-7.8 respectively for
DDSDP, DDMDP and DDEDP were confirmed the
P-hardener structures.

X-ray diffraction (XRD)

Figure 3 shows the XRD pattern of clay modified
epoxy systems of DDSDP, DDMDP, and DDEDP.

These epoxy filled with organically modified clay
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particles did not show the reflection peaks for the d
(001) plane due to the stacked clay layer arrange-
ment. This indicated that the clay has moved to a well
intercalated region and/or exfoliated region, where the
interlayer spacing distance of the clay layers has been
increased above 75 nm in which Bragg�s law does

not obey[14]. Nevertheless, the d (110) plane orienta-
tion pertained to the MMT was found around 2=20°

whose reflections were not dependant on the distance
between the layers. The loss of orientation of the d
(001) plane confirms the complete exfoliation of the
clay platelets within the epoxy systems.

tactoids were found to be in the range of 10 nm. The
TEM picture captured at 100nm magnification was
shown in Figure 4.

This TEM morphological observation was in con-
sistent with the XRD analysis which showed the ab-
sence of ordered structural patterns.

Thermogravimetric analysis

Figure 5A and 5B represented the TGA curves
of UME and CME systems. The UME systems have
undergone single stage thermal degradation process
and similar IDT behaviour around 319-365C.

Figure 2 : 1H-NMR spectra of DDSDP, DDMDP and
DDEDP.

Figure 3 : XRD patterns of CME systems DDSDP, DDMDP
and DDEDP hardeners.

TEM analysis of 1.30E nanoclay dispersion

The clay layers have dispersed into the nanosize
was studied using transmission electron microscopy
(TEM). The 1.30E nanoclay dispersed in acetone was
found to be fully delaminated and well dispersed in
the acetone solvent. The widths of the exfoliated

Figure 4 : TEM picture of nanoclay (1.30E, Nanomer)
dispersion at 100 nm magnification.

(A)

(B)

Figure 5 : TGA plots for (A) UME and (B) CME
nanocomposites.
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This was attributed to the homogeneity achieved
between DGEBA and PHs. The degradation occurred
around 350C was due to the degradation of chemi-
cal bonds of epoxy networks[15]. The relative thermal
stability of UME composites and CME
nanocomposites was compared by their initial decom-
position temperatures (TABLE 2). In the case of
UME-DDSDP, the decomposition starts at 365C.
Similarly for UME-DDMDP and UME-DDEDP the
decomposition starts at 337C at 319C respectively.
The presence of sulphone groups in UME-DDSDP
seems to give higher initial decomposition tempera-
ture over other systems. The lowest IDT value of the
UME-DDEDP was due to the presence of the flex-
ible ether groups.

present in the P-hardener was responsible for the
enhanced thermal stability of the nanocomposites. The
char yield values of the UME and CME systems were
very much high due to the presence of phosphorous
molecules.

The flame retardant property was found out from
the limiting oxygen index (LOI) value, using the em-
pirical formulae by Krevelen et al[16]. The LOI method
helps in determining the relative flammability of poly-
meric materials. A numerical index, the �LOI�, was

representing the minimum concentration of oxygen re-
quired to just support burning of a polymer in the air
mixture. The higher LOI values represent better flame
retardancy.
OI  100 = 17.5 + 0.4 CR (1)

Where, OI = Oxygen index, and CR = Char residue
in weight

The LOI values obtained were increasing with
increase in the char yield. The UME-DDMDP and
CME-DDMDP showed high OI values. The thermal
stability of the systems was further established with
the integral procedural temperature (IPDT) studies
(TABLE 3). The IPDT[17,18] proposed by Doyle[19]

was calculated using Eq. (2)
IPDT (°C) = A* K* (T

f 
� T

i
) + T

i
(2)

Where, A* represents the area ratio of total experi-
mental curve divided by total TGA thermogram, K*
is the coefficient of A*, T

i
 is the initial experimental

temperature, and T
f
 is the final experimental tempera-

ture. The high IPDT values of 552 to 570C were
observed in unmodified systems when compared to
532 to 535C in the case of modified systems. Thus,
the UME systems have exhibited superior thermal sta-
bility over the CME systems due to the presence of
higher concentration of phosphorous in the crosslinked
structures.

Weight loss (%) 
Sample Onset 

(°C) 5% 15% 30% 45% 60% 

MDT 
(°C) 

%Char 
yield 

Oxygen
index 

UME-DDSDP 365 375 398 418 432 440 425 21.3 26.0 

UME-DDMDP 337 363 388 403 415 446 355 26.9 26.3 

UME-DDEDP 319 325 368 377 399 428 345 23.7 28.3 

CME-DDSDP 346 351 385 495 430 442 420 22.0 28.7 

CME-DDMDP 327 296 385 403 413 430 355 28.9 27.7 

CME-DDEDP 315 330 370 394 411 448 403 25.5 27.9 

TABLE 2 : TGA property of the UME and CME systems.

Note: IDT: Initial decomposition temperature; % Weight
loss during heating under non isothermal mode; MDT:
Maximum decomposition temperature; % Char: Char
residue formed at 800 ºC; LOI: Limiting oxygen index

obtained through the correlation studies with the char yield
quantity formed.

The addition of organoclay to the epoxies shifted
the decomposition temperature towards lower tem-
peratures. The initial decomposition temperatures
(IDT) observed were 346C for CME-DDSDP,
327°C for CME-DDMDP and 315C for CME-
DDEDP. The IDT and char yields were high in the
case of UME was could be attributed due to the pro-
tection of phosphorous molecules present in the hard-
ener that acted as a barrier protecting from volatiliz-
ing the epoxy polymer matrix. Similarly the higher char
yields obtained in the CME confirmed the presence
of inorganic phases like SiO

2
, Al

2
O

3
 and MgO that

dominate in the nanocomposites caused such en-
hanced thermal stability. Further, the presence of,
phenyl units in the epoxy and the phosphorous units

Systems A* K* A*K* IPDT Temp. 

UME-DDSDP 0.7064 2.4066 1.7000 548 

UME-DDMDP 0.7148 2.5070 1.7920 570 

UME-DDEDP 0.7046 2.4496 1.7259 552 

CME-DDSDP 0.7067 2.4105 1.7035 532 

CME-DDMDP 0.7084 2.4125 1.7090 535 

CME-DDEDP 0.7172 2.5362 1.8189 555 

TABLE 3 : Determination of IPDT values of UME and CME
systems.
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Kinetics of the thermal degradation[20]

The basic equation used to describe decomposi-
tion reactions is

(3)

T rate constant k(T) and f() were functions of tem-
perature, and conversion respectively was defined as

(4)

Where, M
0
: initial sample weight, M

t
 and M

f
 were the

weight at time t and final sample weight respectively.
Usually k is assumed to follow Arrhenius relationship:

(5)

Where A is the pre-exponential factor, R is the uni-
versal gas constant, T is the temperature and E is the
activation energy. Several models have been proposed
to solve the integration of the rate equation. The mod-
els selected in this study were Broido[21], Coats-
Redfern (C-R)[22] and Horowitz-Metzger�s (H-M)[23].

These methods involve TGA curves to find out
the kinetics involved in the thermal degradation reac-
tions of the epoxy/P-hardener nanocomposites. These
models assume a first order decomposition reaction.

Broido�s Method

(6)

Coats-Redfern Method relates the á with T.

(7)

Horowitz-Metzger method

(8)

Where, T is the absolute temperature, á is the con-
version at temperature T, y is the fraction of initial
molecules and not yet decomposed, T

max
 the absolute

temperature of maximum reaction rate, â is the rate

of heating, A is the frequency factor, DT
max

 is the maxi-
mum decomposition temperature and è = T- DT

max
,

R is the gas constant and E
a
 is the activation energy.

E
a
 can be determined from the plot of left hand side

of each of the equation 6, 7 and 8 versus 1000/T[24,25].

The activation energy data was given in TABLE 4.

Models 

Kinetic parameters 

Broido Horowitz-Metzger Coats-Redfern 
Sample 

Ea R2 Ea R2 Ea R2 

UME-DDSDP 281 0.981 295 0.990 278 0.995 

UME-DDMDP 152 0.933 192 0.972 163 0.869 

UME-DDEDP 171 0.962 171 0.997 192 0.975 

CME-DDSDP 235 0.993 216 0.998 226 0.983 

CME-DDMDP 123 0.976 130 0.973 160 0.897 

CME-DDEDP 166 0.972 171 0.995 175 0.973 

TABLE 4 : Determination of activation energies of UME
and CME systems.

Figure 6A-F showed the plots for determining
the activation energy of the cured materials degrada-
tion. The regression coefficient (R2) of the each curve
and the activation energy (E

a
) were obtained from the

plot and the slope.
The activation energies of the UME were higher

than the CME and they seemed to show similar acti-
vation energies as far as the different models are con-
cerned. In the case of UME the increased energy de-
mand for thermal degradation confirmed the enhanced
thermal resistance effect of highly crosslinked struc-
ture formed in the cured materials. Amongst the UME
system, the low activation energy of the DDMDP
cured resin was due to the presence of aliphatic me-
thylene bonds. The higher activation energy of DDSDP
might be owing to the presence of sulphone atom
which has relatively higher thermal-oxidative stability.
Further, introducing nanoclay layers have decreased
their activation energies of degradation because of
the flexibilising effect of the nanoclay which has re-
flected in lower IDT values.

Dynamic mechanical analysis

The dynamic mechanical analysis measures the
storage modulus property (E�) that deals in assessing

the ability of the materials to store the energy. The
storage modulus of UME systems such as UME-
DDSDP, UME-DDMDP and UME-DDEDP were
found to be 2672, 2708 and 2759 MPa respectively
(Figure 7A and B).

While, the storage modulus value (E�) observed

were 1730 for CME-DDSDP, 2501 for CME-
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DDMDP and 4240 Mpa for CME-DDEDP (Figure 8A and B).

Figure 6 : Activation energy plots of broido, coats-redfern and horowitz metzger models for UME and CME systems.

The storage modulus decreased in the present study
compared to the conventional DGEBA/DDS epoxy sys-
tem[26] was due to the introduction of P-hardener and
clay to the resin. This decreased the stiffness due to the
flexibility and mobility of chain molecules. Further, the
effect of P-hardener or clay on the Tg (relaxation behav-
ior was seen by the decrease in the value of tan ä. The
broadening of the curves indicates the restricted segmental
motion. The á-transition was related to the Brownian
motion of the main chain. The ratio of energy dissipated
to energy stored (tan ä), shows a maximum and pro-

vides a very sensitive means of analyzing the á-relax-
ation. It was observed that the Tg values have decreased
upon the incorporation of organoclay[27].

The significant decrease in the Tg of the final resin
system was due to the intercalated clay structures
present in the epoxy systems. The nanoclay layers dis-
persed in the epoxy resins have hindered the benzene
ring mobility because of its high exfoliation that was re-
flected in high storage modulus and high damping (tan
ä) properties. Thus, the polymer relaxation motions will
not be constrained because of the presence of clay fill-
ers. Hence, the clay layer acted as a typical toughener.
The lowest storage modulus property of the UME-
DDMDP and CME-DDMDP systems showed rubber
like behaviour due to the methylene links present in the
epoxide. The tan ä and Tg of UME systems were very
similar to CME systems.
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Effect of Crosslink density in UME and CME
systems by dynamic mechanical analysis

The crosslink density and the Tg temperatures
observed in the systems could be explained by con-
sidering the flexibilising effect of the epoxy resins.
The effect of addition of P-hardener and clay fillers
on the Tg temperature of the cured network struc-
ture of the systems were studied. Within both UME
and CME systems, it was observed (TABLE 5) that
when the crosslinking density was decreased, the
glass transition temperature was decreased. The low-
est Tg property exhibited by the UME-DDEDP was
due to the flexible ether group present in the system.
That means the mobility was increased with forma-
tion of more open networks. Further, the molecular
weight between the crosslinks (Mc) estimated was
seemed to be inversely proportional to the Tg and
therefore to the crosslink density of the systems (Fig-
ure 9).

The rise in the molecular weight between the
crosslinking points has increased the spacer length
between the crosslinking points. This has helped to
form loosed network structures which has resulted
into the reduced crosslink density and Tg values. Thus
the Tg property which is proportional to the inverse

of Mc is shown. Crosslink density could be calcu-
lated by using the formula[28].
ñ =G�/RT (9)

Where, ñ =Crosslink density expressed in mol/cm3,
G� =Shear storage modulus of the epoxy systems at a

temperature well above Tg, R=Universal gas con-
stant (8.314472 J K-1 mol-1), T= Absolute tempera-
ture (273.15 K) at which the experimental modulus
was determined.

(B)

(A)

Figure 7(A) : Storage modulus and (B) Tan ä properties of

UME systems.

(B)

(A)

Figure 8(A) : Storage modulus and (B) Tan ä properties of

CME systems.

Systems 
Tg 

(DMA) 
Tan 
ämax Hz 

Storage 
Modulus E' 

Crosslink 
density ñ Mc 

UME-DDSDP 187.5 0.2372 2672 1.1741 322 

UME=DDMDP 201.0 0.2763 2708 2.4211 400 

UME-DDEDP 195.5 0.2561 2759 0.7611 290 

CME-DDSDP 181.0 0.2294 1730 1.8648 346 

CME-DDMDP 194.8 0.2473 2501 1.2132 338 

CME-DDEDP 166.9 0.1781 4240 1.8648 386 

TABLE 5 : DMA properties of UME and CME systems: Tg
data was obtained through DMA analysis.

Note: Tan ämax: The value obtained by the ratio of Storage

modulus Vs Loss modulus which expresses the damping
ability of the materials.; E�: Storage modulus property of
the cured materials.; ñ: Crosslinking density of the materials

obtained from the formula ñ =G�/RT; Mc: Molecular weight

between the crosslinks that helps to find out the kind of
crosslinking formed which reflected in Tg, Tan ämax, E� and

ñ properties.
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CONCLUSIONS

Three kinds of phosphorus hardeners were suc-
cessfully prepared and well characterized. The P-
hardeners were able to disperse better in the epoxy
systems and their amine was expected to link with
clay particles and epoxy blends. They were grafted
onto epoxy/MMT nanoparticles by using hardeners
as compatibilizers and fire retardants in the epoxy for-
mulations. The IDT temperatures of the P-containing
UMEs were significantly higher than the CMEs ow-
ing to the phospshorous linkages and rigid aromatic
substituent that lead to a higher chain stiffness. The
epoxy blends containing phosphorus-units in combi-
nation with the nanoclay layers led to an increased
thermal stability compared to UME systems because
of high char yield formed due to the synergistic effect
of phosphorous and nanoclays.
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