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Abstract Flame-retardant nanocomposites were prepared

from diglycidylphenylphosphate (DGPP) and modified

montmorillonite (MMT) clay blended with DGEBA in

different ratio. Tg of all formulations increased with

increasing clay content in the respective series while

decreasing with increasing DGPP content. The TGA, LOI,

and UL-94 data of all nanocomposites indicated that the

materials were thermally stable with high flame retardancy

resulting from synergetic effect of phosphorus and inor-

ganic clay. The XRD analysis of the nanocomposites with

1 and 2% of clay indicated the intercalation of clay while

rest of the samples displayed exfoliation at high clay

content. As compared to neat epoxy system, a maximum

increase of 59.3, 45.5, and 93% of tensile, flexural, and

impact strengths were observed for the prepared nano-

composites. The SEM analysis of the failure surfaces of all

DGPP containing samples showed rough with ridge pat-

terns and river markings on the fracture surface that serves

in improving the mechanical properties.

Introduction

Epoxy resins have played an important role in polymer

matrix composite materials because of their superior

mechanical and adhesive properties. They have been used

widely as a matrix to hold high-performance fiber rein-

forcement together in composite materials, as well as

structural adhesives [1–3]. However in many applications,

e.g., structural materials for aircraft, motor vehicle con-

struction, and electronics the common epoxy resin system

cannot satisfy high thermal and flame-retardant require-

ments. Several approaches were attempted to modify these

drawbacks. Among them, halogenation and phosphoryla-

tion methods are commonly applied to improve thermal

and flame-retardant properties of epoxy resins, either by

blending or chemical modification. The halogenated com-

pounds becoming much less favored owing to their toxic

gas emission, while organophosphorus compounds were

found to generate less toxic plumes than halogen-contain-

ing compounds and exhibiting good flame-retardant prop-

erty [4]. Phosphorus-containing oxirane compounds or

curing agents in epoxy resin-based thermosets found to

be more effective for many flame-retardant applications

[5–14]. In our earlier study, we have synthesized, phos-

phorus-containing epoxy resin namely diglycidylphenyl-

phosphate (DGPP) and utilized it for the preparation of

organophosphorus liquid crystalline thermosets [15].

The layered silicates, such as montmorillonite (MMT),

are increasingly being used as reinforcement in polymer

composites owing to their high aspect ratio, platy mor-

phology, and low cost. Especially modified MMT was used

to improve the mechanical properties of epoxy resin ther-

mosetting polymers in many research works [1, 16–29].

The fire retardancy of polymer–clay nanocomposites was

studied by various researchers [30–34]. However, it was

found that such clay additions were not themselves suffi-

ciently effective to be classified as flame retardants. It is

also possible that the combination of inorganic materials

(such as nanoclay) in combination with other forms of

flame-retardant additive may be more effective. In this
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context, we have chosen DGPP as a flame retarding moiety

in combination with modified MMT in varying weight

percentages and blended with DGEBA without sacrificing

the mechanical properties of final cured products. The

aliphatic polyamine (TETA) was used as an ambient tem-

perature hardener. The effect of DGPP and clay content on

thermal and mechanical properties was investigated.

Experimental

Materials

Phosphorus-containing DGPP was synthesized according

to the reported procedure [15]. The surfactant cetyltri-

methylammonium bromide [CH3(CH2)15 N(CH3)3Br] and

NaCl were purchased from SRL chemical company (India).

The MMT was purchased (Aldrich chemicals) and modi-

fied using appropriate procedure [16]. Epoxy resin

(DGEBA; Araldite LY 556) with equivalent weight per

epoxide group of 195 ± 5 and ambient temperature hard-

ener TETA (HY 951) were purchased from Ciba Geigy.

Fabrication of clay nanocomposites

A known amount of DGEBA and various percentages (5,

10, and 15) of DGPP and modified clay (1, 2, 3, and 4)

were thoroughly mixed at 70 �C by mechanical stirring

followed by ultrasonic mixing for 20 min and cooled to

room temperature. Then a stoichiometric amount of curing

agent was added and mixed mechanically for 5 min, the

mixture was degassed again and poured into a glass mold

covered by Teflon sheet having dimensions of 160 mm x

160 mm x 3 mm. The composites were cured for 48 h at

75 �C and post-cured for 4 h at 135 �C.

Thermal properties

Curing studies and determination of glass transition tem-

perature of the samples were performed on a DSC instru-

ment (DuPont 910) at a heating rate of 10 �C/min, sample

weight of about 3–5 mg, under nitrogen atmosphere in the

temperature range 35–300 �C. Thermogravimetric analysis

was used to analyze the thermal stability of cured com-

posites using a TA 3000 thermal analyzer in a dry nitrogen

atmosphere at a heating rate of 20 �C/min. Sample of

approximately 5 mg was placed in the crucible and heated

from 35–700 �C with constant heating rate of 20 �C.

Mechanical properties

Tensile and flexural tests were carried out on a standard

computerized INSTRON 3369 Universal testing machine.

Tensile test was conducted at a cross-head speed of 5 mm/min

according to ASTM D 3039-76 using 150 mm x 25 mm x

3 mm specimen. The flexural strength of the samples was

measured according to ASTM D5943-96 at a cross-head

speed of 2 mm/min using three-point flexural tests. The

specimen was 100 mm x 15 mm x 3 mm was measured

according to ASTM D5943-96 in the three point loading

mode. The impact test was performed using an Izod impact

testing machine, supplied by International equipments,

Mumbai and India. Rectangular strips of 122 mm 9

13 mm 9 3 mm were used according to ASTM 256-88

specifications. The impact test was carried out at room

temperature and impact energy was reported in Jm-1. Five

test samples were used for each test and average value were

reported. The glass transition temperature (Tg) of the nano-

composites were conformed with dynamic mechanical

analysis (DMA) by DMA 2940 (TA Instruments). The

analyses were performed at a frequency of 1 Hz and a tem-

perature range of 30–250 �C at a heating rate of 5 �C/min.

The Tg value was taken to be the temperature at the max-

imum of the tand peak.

Morphology

Morphology of fractured surface of samples was examined

using a scanning electron microscope (SEM; JEOL JSM

Model 6360). The fractured surface of the samples was

sputter coated with gold (JEOL JFC-1600) an Auto Fine

Coater prior to the fractographic examination.

X-ray diffraction study

X-ray diffraction patterns of powdered samples of neat epoxy

and its nanocomposites were studied using a Philips PW 1820

diffractometer. Nickel-filtered Cu Ka radiation (radiation

wavelength, k = 0.154 nm) was produced by a PW1729

X-ray generator at an operating voltage of 40 kV and a current

of 30 mA. The scanning angle, 2h, for all the experiments was

kept between 0.2� and 10� with a step size 0.5�.

Results and discussion

Sixteen samples were prepared for this investigation

(Scheme 1) and named as A1–A4 (DGEBA–1–4% clay), B1–

B4 (DGEBA–5% DGPP–1–4% clay), C1–C4 (DGEBA–10%

DGPP–1–4% clay) and D1–D4 (DGEBA–15% DGPP–1–4%

clay). These samples were analyzed and discussed.

DSC analysis

The samples were subjected to DSC analysis to identify

the completion of curing process and glass transition
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temperatures, and the data is presented in Table 1. The

representative DSC thermograms are shown in Fig. 1a and

b. The thermograms indicated that no residual peak was

observed after curing the samples at 75 �C for 48 h and

post-curing at 135 �C for 4 h. The data indicates that Tg of

all formulations increased with increasing clay content

from 1 to 4% in the respective series. The Tg of the for-

mulation A1–A4 and B1–B4 are higher than the neat epoxy

resins. The increase in glass transition temperature of

nanocomposite system was attributed the dispersion of

silicate layers of clay and their ability to hinder the motion

of molecular chain and network junctions [35]. It may be

defined that as the clay concentration increased, more

polymer–clay interactions occur, resulting in immobiliza-

tion of part of resin matrix and ultimately reduces the free

volume. These restrictions hinder the relaxation mobility of

polymer segments near the interface, leading to an increase

in Tg [36]. However, when compared with neat epoxy

system, the Tg of formulations of C1–C4 and D1–D4 were

slightly decreased with increasing DGPP content from 10

to 15% attributed to the plasticizing effect of DGPP with

increasing concentration arises by weaker P–O–C bond that

can dominate the clay effect. The low concentration and

good interaction of DGPP with clay and DGEBA, the Tg

values of formulations B1–B4 were reasonably higher than

the neat epoxy system. Further the Tg values obtained by

DSC were conformed with the values obtained by DMA

analysis (Table 1).

Thermal stability and flame-retardant properties

In order to find the effect of addition of phosphorus and

clay, and their combination on thermal stability of cured

nanocomposites, thermogravimetric experiments were

performed and the representative thermograms are shown

in Fig. 2a and b and data is presented in Table 1. The

flame-retardant efficiency of the material can be approxi-

mately identified from the thermograms by their various

stages of decomposition and understanding of char yield

of the material. The temperature corresponding to 5%

weight loss in thermograms was regarded as a minimum

weight loss of the sample. It is inferred from the thermo-

grams that all the samples underwent two-stage decom-

position and data suggests the thermal stability of all

formulations is higher than the neat epoxy system. The

Scheme 1 Synthesis of clay nanocomposites

Table 1 Thermal and flame-retardant properties of cured nanocomposites (A1–A4, B1–B4, C1–C4, and D1–C4)

Formulation Formulation

code

Tg (�C)

(DSC)

Tg (�C)

(DMA)

Weight loss Tmax (�C) Char

yield (%)

UL-94

(mm/min)

LOI

(%)
5% 50% Stage 1 Stage 2

Neat DGEBA – 131 132 292 340 326 – 5 35 19

DGEBA–1% clay A1 135 134 360 412 395 530 8.2 31 21.3

DGEBA–2% clay A2 135 137 344 407 391 540 9.0 31 25.4

DGEBA–3% clay A3 137 136 345 412 393 552 9.5 30 24.3

DGEBA–4% clay A4 140 142 355 415 395 560 10 29 27.2

DGEBA–5% DGPP–1% clay B1 130 131 325 385 372 550 11.2 24 29.6

DGEBA–5% DGPP–2% clay B2 133 133 315 382 370 551 11.6 23 31.2

DGEBA–5% DGPP–3% clay B3 135 133 305 382 368 553 12.3 21 30.6

DGEBA–5% DGPP–4% clay B4 137 136 315 387 372 557 12.5 23 32.0

DGEBA–10% DGPP–1% clay C1 118 120 313 378 360 558 12.2 21 32.1

DGEBA–10% DGPP–2% clay C2 120 122 315 375 356 558 12.7 20 33.2

DGEBA–10% DGPP–3% clay C3 123 124 305 381 361 567 14.5 20 33.6

DGEBA–10% DGPP–4% clay C4 128 130 324 376 357 568 15.2 19 33.9

DGEBA–15% DGPP–1% clay D1 110 111 322 374 358 562 17.4 18 31.2

DGEBA–15% DGPP–2% clay D2 115 113 311 374 355 565 18.6 17 33.3

DGEBA–15% DGPP–3% clay D3 115 114 296 375 357 577 22.1 17 35.1

DGEBA–15% DGPP–4% clay D4 118 119 295 375 357 578 23.5 15 34.5
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increase in thermal stability is ascribed to the presence of

nanoclay layers in the epoxy, which acts as a physical

barrier preventing evolution of volatile degradation prod-

ucts generated during decomposition of the matrix [37].

Usually the presence of phosphorus content (DGPP)

reduces thermal stability of neat epoxy resin referable to

the plasticizing effect of DGPP which was also observed in

our recent studies for DGEBA resin, blended with 5, 10,

and 15% DGPP decreasing thermal stability (neat epoxy

292 �C; DGEBA–5% DGPP 288 �C; DGEBA–10% DGPP

274 �C; DGEBA–15% DGPP 268 �C). However, the

incorporation of clay overcomes the effect of DGPP on

thermal stability of DGEBA and no abrupt change was

observed even with 15% addition of DGPP. It was also

observed from the data (Table 1) of thermograms that

thermal stability of all samples decreased slightly in

respective series with increase in clay concentration from 1

to 4% attributed to the decomposition of organic part (alkyl

ammonium chains) of modified clay [38]. The phosphorus–

clay formulations (B1–B4, C1–C4, and D1–D4) were

demonstrated earlier degradation than the formulations

A1–A4 (neat epoxy and clay) with char yields attributed to

earlier decomposition of P–O–C bonds and form a phos-

phorus-rich residue as layer on the material that prevent

further decomposition [39]. The formation of high char

yield during combustion of materials can usually limit the

production of combustible carbon-containing gases and

flow of oxygen and decrease the thermal conductivity of

the burning materials, thus flammability gets reduced.

Hence, the burning rate of DGPP containing formulations

is delayed as the temperature increases while the samples

obtained from neat epoxy–clay undergoes drastic degra-

dation in the first stage [40, 41]. The char yield at 700 �C

are given in Table 1, evidenced that char yield increases

with increasing clay and DGPP content which can increase

flame-retardant property accordingly.

To confirm the flame-retardant efficiency of all the

formulations, UL94 (horizontal burning test) flammability

test (Fig. 3) and limiting oxygen index (Fig. 4) test were

conducted and the data is presented in Table 1. Generally,

the LOI values for polymers should be [26 to meet the

requirements for flame-retardant applications and speci-

mens must not have a horizontal burning rate greater than

37 mm/min for thicknesses between 3 and 12 mm [42]. It

is observed from Table 1 that the LOI values of neat

epoxy–clay (A1–A4) and neat epoxy–phosphorus–clay

(B1–B4, C1–C4, and D1–D4) composites were found to

be 21.3–27.2 and 29.6–34.5 and horizontal burning rate

values were found to be 31–29 and 24–15 mm/min,

respectively. However in our earlier studies, LOI values

for DGEBA–5% DGPP, DGEBA–10% DGPP, DGEBA–

15% DGPP were found in the range 27–30 and

26–20 mm/min which are slightly lower than the present

formulations, thus the data of TGA, LOI, and UL94 tests

suggested that DGEBA–clay–DGPP nanocomposites are

potentially better flame-retardant materials than DGEBA–

clay system.

X-ray diffraction study

X-ray diffraction is the most useful method to evaluate the

d-spacing between the clay layers. The angle and d-spacing

values are related through Bragg’s law, stated in equation

nk = 2dSinh where ‘‘n’’ is an integer, k is the wavelength,

h is the glancing angle of incidence, and d is the interplanar

spacing of the crystal [24, 43].

Figures 5 and 6 show the diffraction pattern of pristine

(MMT) and modified clay and nanocomposites. Table 2

summarizes the results of SAXD analysis for clay and

nanocomposites. The pristine clay (MMT; Fig. 5) for the

reflection peak at 2h = 6.14� (d-spacing, 1.43 nm) is

assigned to the (0 0 1) basal plane, which corresponds to an

Fig. 1 DSC thermograms of cured nanocomposites a A1–A4
(DGEBA–1–4% clay), b C1–C4 (DGEBA–10% DGPP–1–4% clay)
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interlayer spacing of clay. After modification with CTAB,

diffraction peak of the clay shifted to a new position at

4.43� (1.49 nm), corresponded to a peak of modified-

MMT. The increased d-spacing confirmed that intercala-

tion and surface modification of MMT had taken place.

The absence of basal reflection in the samples B1, C1, C2,

and D1 with 1 and 2% clay (Fig. 6) suggests the formation

of an exfoliated clay structure after in situ polymerization.

However, a small peak at 2h = 1.41–3.22� (d-spacing

6.21–4.53 nm) was observed for the samples with 3 and

4% nanoclay composites, respectively, probably indicating

that the clay platelets are not fully exfoliated but interca-

lated throughout the matrix. From the XRD data (Table 2)

Fig. 2 TGA thermograms of cured nanocomposites a A1–A4
(DGEBA–1–4% clay), b C1–C4 (DGEBA–5% DGPP–1–4% clay)

Fig. 3 Horizontal burning rate of cured nanocomposites A1–A4
(DGEBA–1–4% clay), B1–B4 (DGEBA–5% DGPP–1–4% clay), and

C1–C4 (DGEBA–10% DGPP–1–4% clay), and D1–D4 (DGEBA–

15% DGPP–1–4% clay)

Fig. 4 Limiting oxygen index of cured nanocomposites A1–A4
(DGEBA–1–4% clay), B1–B4 (DGEBA–5% DGPP–1–4% clay),

C1–C4 (DGEBA–10% DGPP–1–4% clay), and D1–D4 (DGEBA–

15% DGPP–1–4% clay)

Fig. 5 XRD patterns of the pristine, modified MMT and the

DGEBA–clay nanocomposites A1–A4 (DGEBA–1–4% clay)

2782 J Mater Sci (2011) 46:2778–2788

123



of all formulations, it is concluded that the d-spacing

values of the formulations with DGPP were higher than

the DGEBA–nanoclay composites that indicates good

interaction and dispersion of DGPP in DGEBA–clay

system.

Mechanical properties

Tensile, Flexural, and Impact properties

Table 3 indicates the results of tensile, flexural, and impact

tests and Figs. 7, 8, 9, 10, and 11 depict the tensile strength,

tensile modulus, flexural strength, flexural modulus, and

impact strength versus clay contents, respectively. The data

revealed that except the formulation D4, tensile and flex-

ural strength as well as modulus values of remaining for-

mulations are higher than that of neat epoxy system. When

compared to neat epoxy system, a maximum increase of

59.3% tensile strength for C2, 45.5% flexural strength for

C3, and minimum increase of 4.2% tensile strength and

1.5% flexural strength were observed for D3. The tensile

and flexural properties in the respective series were

increased with increase in clay content from 1 to 3% and

decreased slightly for 4% while increase in modulus. It is

also noted that tensile strain is reduced with an increase of

clay content. The improved modulus, strength, and

decreased strain can be directly ascribed to stiffening effect

as well as higher modulus of the clay than the epoxy resin

and good dispersion of clay in the resin. However, decrease

in tensile and flexural strength could be attributed the

aggregation of some platelets in the nanocomposites. This

allows entrapment of small air voids within the blend and

Fig. 6 XRD patterns of DGEBA–DGPP–clay nanocomposites

B1–B4 (DGEBA–5% DGPP–1–4% clay), C1–C4 (DGEBA–10%

DGPP–1–4% clay), and D1–D4 (DGEBA–15% DGPP–1–4% clay)

Table 2 XRD results of

pristine and modified clays and

(A1–A4), (B1–B4), (C1–C4),

and (D1–D4)

Formulation Formulation

code

Diffraction

angle

d-Spacing (nm)

by SAXD

Morphology

Pristine clay – 6.14 1.43 –

Modified clay – 4.43 1.99 Intercalated

DGEBA–1% clay A1 2.12 4.16 Intercalated

DGEBA–2% clay A2 2.32 3.80 Intercalated

DGEBA–3% clay A3 2.72 3.25 Intercalated

DGEBA–4% clay A4 3.22 2.74 Intercalated

DGEBA–5% DGPP–1% clay B1 – – Exfoliated

DGEBA–5% DGPP–2% clay B2 1.41 6.21 Intercalated

DGEBA–5% DGPP–3% clay B3 1.89 3.86 Intercalated

DGEBA–5% DGPP–4% clay B4 2.12 4.16 Intercalated

DGEBA–10% DGPP–1% clay C1 – – Exfoliated

DGEBA–10% DGPP–2% clay C2 – – Exfoliated

DGEBA–10% DGPP–3% clay C3 1.62 5.44 Intercalated

DGEBA–10% DGPP–4% clay C4 1.87 4.72 Intercalated

DGEBA–15% DGPP–1% clay D1 – – Exfoliated

DGEBA–15% DGPP–2% clay D2 1.72 5.11 Intercalated

DGEBA–15% DGPP–3% clay D3 2.32 3.78 Intercalated

DGEBA–15% DGPP–4% clay D4 2.95 2.99 Intercalated
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also causes a poor dispersion resulting in the formation of

agglomerates/tactoids in the epoxy matrix [1].

On the other hand, when the addition of DGPP is con-

cerned, the mechanical properties of all the formulations

were affected. The tensile and flexural properties were

improved about 4.2–59.3 and 1.5–45.5%, respectively,

attributed to the –P=O group in DGPP is more polar in

nature and it can form hydrogen bond with residual OH

groups generated in the curing process, this serves in good

compatibility of DGPP resin with DGEBA that in turn act

as crack stoppers and increases tensile and flexural strength

as well as modulus. The tensile and flexural properties of

B1–B4, C1–C4 are increased with increase in DGPP con-

tent; however, their increase slow down as the amount of

DGPP increased to 15%, because of the lower bond

strength of P–O–C bonds in DGPP provide more flexibility

and plasticizing effect to the cured system, thus rigidity of

system will be reduced.

In general, the impact strength decreases with increasing

clay content as observed in Fig. 11 for A1–A4. The

Table 3 Tensile, flexural, and impact properties of cured nanocomposites (A1–A4, B1–B4, C1–C4, and D1–D4)

Formulation Formulation

code

Tensile strength

(MPa)

Tensile modulus

(GPa)

Strain

(%)

Flexural

strength (MPa)

Flexural

modulus (GPa)

Impact

strength (J/m)

Neat DGEBA – 40.6 2.00 2.62 74.5 2.61 46

DGEBA–1% clay A1 50.3 2.603 2.60 76.2 2.71 38.12

DGEBA–2% clay A2 53.1 2.622 2.217 78.5 2.76 35.32

DGEBA–3% clay A3 53.8 2.934 2.33 81.3 2.957 31.311

DGEBA–4% clay A4 48.2 3.287 1.812 75.8 3.61 30.61

DGEBA–5% DGPP–1% clay B1 55.4 2.522 2.51 88.2 2.32 49.31

DGEBA–5% DGPP–2% clay B2 56.2 2.811 2.48 95.4 2.58 49.94

DGEBA–5% DGPP–3% clay B3 57.1 2.84 2.24 97.6 2.812 48.33

DGEBA–5% DGPP–4% clay B4 56.4 2.95 2.21 90.4 2.91 47.95

DGEBA–10% DGPP–1% clay C1 62.4 2.67 2.91 102.2 2.561 58.71

DGEBA–10% DGPP–2% clay C2 64.7 2.69 2.65 104.1 2.387 54.23

DGEBA–10% DGPP–3% clay C3 62.8 2.718 2.11 108.5 2.733 54.56

DGEBA–10% DGPP–4% clay C4 59.1 2.91 2.12 94.2 2.63 52.87

DGEBA–15% DGPP–1% clay D1 52.4 2.092 3.52 78.9 2.231 57.45

DGEBA–15% DGPP–2% clay D2 47.1 2.214 3.45 83.2 2.35 58.92

DGEBA–15% DGPP–3% clay D3 42.3 2.42 2.84 75.6 2.421 50.31

DGEBA–15% DGPP–4% clay D4 40.1 2.453 2.73 69.2 2.456 48.65

Fig. 7 Tensile strength versus clay content of cured nanocomposites

A1–A4 (DGEBA–1–4% clay), B1–B4 (DGEBA–5% DGPP–1–4%

clay), C1–C4 (DGEBA–10% DGPP–1–4% clay), and D1–D4
(DGEBA–15% DGPP–1–4% clay)

Fig. 8 Tensile modulus versus clay content of cured nanocomposites

A1–A4 (DGEBA–1–4% clay), B1–B4 (DGEBA–5% DGPP–1–4%

clay), C1–C4 (DGEBA–10% DGPP–1–4% clay), and D1–D4
(DGEBA–15% DGPP–1–4% clay)
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addition of phosphorus resin (DGPP) into DGEBA and

clay system greatly increases the impact strength of B1–

B4, C1–C4, and D1–D4, in comparison to impact strength

of the samples containing neat epoxy and clay content of

1–4% (A1–A4) and moderate increase as compared to neat

epoxy resin system. Among the three series (B1–B4,

C1–C4, and D1–D4), the formulations of the C1–C4 and

D1–D4 series exhibited good impact strength resulting

from toughening effect with increasing amount of DGPP.

SEM analysis

Morphologies of fractured surfaces of tensile tested nano-

composites were studied under scanning electron micros-

copy (SEM) and the representative SEM photographs

depicted in Fig. 12a–h. An uniform distribution of clay in

DGEBA and homogeneous fractured surface of A1 with

1% clay indicated Fig. 12a. The homogenous distribution

of clay helps as a good reinforcement, hence tensile and

flexural strength as well as modulus of the material

increased while impact strength decreased compared to

neat epoxy system as showed in Table 2. Figure 12b evi-

dences the fracture surface of A4 in which the clay parti-

cles agglomerate as the clay concentration increases and

act as stress concentrators while decreasing impact

strength. When the micrographs of nanocomposites with

clay 1, and 2% (Fig. 12a, e, c, g) and with clay 4%

(Fig. 12a, h) are compared, it can be seen that at the 1, 2,

and 3% clay content exhibit better dispersion and a lower

degree of agglomeration than nanocomposites with 4%

clay. Agglomerates give rise to lower clay–polymer surface

interactions and higher stress concentrations. In general,

both of these factors lead to lower mechanical properties of

the nanocomposites. On the other hand, smaller agglom-

erates and higher exfoliation of the clay result in highly

improved mechanical properties.

Since the compatibility can be increased by hydrogen

bonding between DGPP and DGEBA phases, distribution

of DGPP network becomes more homogeneous, resulting

in well-dispersed domains leads to improve the mechanical

properties of all the DGPP-containing nanocomposites

(B1–B4, C1–C4, and D1–D4). The failure surface of all

DGPP-containing samples exhibit rough with ridge pat-

terns, and river markings could also be seen on the fracture

surface. As it can be observed from Fig. 12c–h, the

roughness of the samples was increased with increasing

DGPP content. The roughness of the fracture surface was

ascribable to two reasons. First, it is an indication of crack

path deflection. Second, the roughness indicated the ductile

Fig. 9 Flexural strength versus clay content of cured nanocomposites

A1–A4 (DGEBA–1–4% clay), B1–B4 (DGEBA–5% DGPP–1–4%

clay), C1–C4 (DGEBA–10% DGPP–1–4% clay), and D1–D4
(DGEBA–15% DGPP–1–4% clay)

Fig. 10 Flexural modulus versus clay content of cured nanocompos-

ites A1–A4 (DGEBA–1–4% clay), B1–B4 (DGEBA–5% DGPP–1–4%

clay), C1–C4 (DGEBA–10% DGPP–1–4% clay), and D1–D4
(DGEBA–15% DGPP–1–4% clay)

Fig. 11 Impact strength versus clay content of cured nanocomposites

A1–A4 (DGEBA–1–4% clay), B1–B4 (DGEBA–5% DGPP–1–4%

clay), C1–C4 (DGEBA–10% DGPP–1–4% clay), and D1–D4
(DGEBA–15% DGPP–1–4% clay)
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nature of the crack [27]. The matrix became less brittle in

comparison with the DGEBA–clay (A1–A4) formulations

because of the flexible nature of DGPP. Another factor

responsible for improved mechanical properties with

addition of DGPP was local plastic deformation of the

matrix. The dispersed domains were acted as stress con-

centrators, and this led to the plastic deformation of the

matrix surrounding the domains. As reported by Hedrick

et al. [44], river markings on the fracture surface were an

indication of plastic deformation of the matrix.

Fig. 12 SEM photographs of a A1 (DGEBA–1% clay), b A4
(DGEBA–4% clay), c B2 (DGEBA–5% DGPP–2% clay), d B3
(DGEBA–5% DGPP–3% clay), e C1 (DGEBA–10% DGPP–1%

clay), f C3 (DGEBA–10% DGPP–3% clay), g D2 (DGEBA–15%

DGPP–2% clay), h D4 (DGEBA–15% DGPP–4% clay)
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Conclusions

The flame-retardant nanocomposites by utilizing syner-

getic effect of phosphorus from diglycidylphenylpho-

sphate (DGPP) and modified-MMT mixing with DGEBA

in various ratios were developed. Sixteen formulations

were prepared and named as A1–A4 (DGEBA-1–4%

clay), B1–B4 (DGEBA–5% DGPP–1–4% clay), C1–C4

(DGEBA–10% DGPP–1–4% clay) and D1–D4 (DGEBA–

15% DGPP–1–4% clay) and tested their properties. The

Tg of all formulations increased with increasing clay

content from 1 to 4% in the respective series attributed to

the dispersion of silicate layers of clay and their ability to

hinder the motion of molecular chains and network

junctions. On the other hand, the Tg was decreased with

increasing DGPP content from 10 to 15% due to the

plasticizing effect of P–O–C. The thermal stability of

nanocomposites (360–295 �C) was greatly improved by

addition of nanoclay and DGPP in comparison with neat

epoxy system (292 �C). The LOI and horizontal burning

rate values of all the DGEBA–DGPP–clay nanocompos-

ites were found to be 29.6–34.5 and 24–15 mm/min,

respectively, indicate good flame-retardant efficiency of

the prepared nanocomposites. XRD analysis revealed that

nanocomposites with 1–2% of clay exhibited exfoliation

of clay while the rest of the samples evidence intercala-

tion at higher clay content.

The tensile and flexural properties in respective series

were increased with increase in clay content from 1 to 3%

and decreased slightly for 4% while increase the modulus,

tensile strain gets reduced with an increase of clay content.

When compared to neat epoxy system, a maximum

increase of 59.3, 45.5, and 93% of tensile, flexural, and

impact strengths were observed for the nanocomposites.

The formulations C1–C4 and D1–D4 with 10 and 15%

DGPP were displayed good impact properties resulting

from toughening effect with increasing amount of DGPP.

SEM analysis indicates that failure surface of all DGPP-

containing samples designate rough with ridge patterns and

river markings on the fracture surface that helps in

improving the mechanical properties. Finally, it is con-

cluded that the results obtained by various characterization

methods suggest that these nano composites are good

flame-retardant material possessing superior mechanical

and thermal properties.
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