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ABSTRACT 

The concept of IPN has greatly expanded in the last decade, particularly with the discovery of so many different 

types of IPN based  materials with different nanocomposites and has drawn a great deal of research interest. In 

present research work, factors that affect interpenetrating polymer network with clay nanoparticles dispersion during 

synthesis, processing and properties resulting from different clay dispersions were investigated. Interpenetrating 

polymer network with filled clay has been chosen to study the particle dispersion and properties of interpenetrating 

polymer network. To prepare polyurethane (PU) / PolyMethylMethacrylate (PMMA) based interpenetrating 

polymer network by sequential polymerization filled with Montmorillonite (MMT, K-10). The polyurethane prepare 

with help of the natural source like castor oil.   The effect of different amount of clay varies up to 5% on the 

properties of PU/PMMA IPNs were studied.Results revealed that the additionof montmorillonite can significantly 

improve properties of PU/PMMA IPN, Mechanical tests showed that the tensilestrength of the IPN composites was 

improved after the incorporation of montmorillonite. The MMT(k-10) Clay  filled PU/PMMA based  IPNs have 

beencharacterized by using some sophisticated methods likeFourier Transform Infrared Spectroscopy(FTIR), 

Atomic force microscopy (AFM),transmission electron microscopy (TEM), scanning electron microscopy (SEM) 

and mechanical testing. Mechanical tests showed that the tensilestrength of the IPN composites was improved after 

exfoliation nanocomposites. 

1. INTRODUTION  

Vegetable oils are one of the most abundant biological sources and important raw materials for the production of 

bio-based polyurethanes because of their numerous advantages: low toxicity, inherent biodegradability, and high 

purity [1]. As a result of the hydrophobic nature of triglycerides, vegetable oils produce polyurethanes that have 

excellent chemical and physical properties such as enhanced hydrolytic tendencies, high tensile strength and 

elongation, high tear strength, and thermal stability [2] & [3]. 



IJRIT International Journal of Research in Information Technology, Volume 2, Issue 3, March 2014, Pg: 242-255 

Simranjit Kaur, IJRIT  243 
 

Castor oil hydroxyl groups can be easily reacted with either isocyanategroups to form polyurethanes .Polyurethanes 

(PU) are unique polymer materials with a wide range of physical and chemical properties. With well-designed 

combinations of monomeric materials, PUs can be tailored to meet diversified demands of various applications such 

as coatings, adhesives, fibers, thermoplastic elastomers, and foams. However, PUs also has some disadvantages, 

such as low thermal stability and low mechanical strength [4]. 

To integrate the advantages of two or more polymers, interpenetrating polymer networks(IPNs) have been 

developed, in which the individual polymers are held togetherby permanent entanglements with only occasional 

covalent bonds between the chains of the two different types of polymers [5]. Because of the synergistic effect 

induced by forcedcompatibility of individual components, IPN composites show excellent thermal stabilityand 

mechanical properties compared with those of the individual components [6]. To furtherimprove the integrated 

performance of IPN composites, much attention has been paidto the modification of IPNs by many researchers. The 

modification of IPNs could be byuse of either organic or inorganic modifiers. The properties based on the use of 

organicmodifiers such as polyaniline [7] hydroxylterminate polydimethylsiloxane (HTPDMS) [8],short carbon fiber 

(CF) and nano-SiO2 [9] and granite powder[10] filled IPN composites were researched.  Without filled IPN based 

Polyurethane with poly methyl methacrylate (PMMA) [11-12], poly (butyl methacrylate) (PBMA) [13], 

polydimethylsiloxanehave been studied. 

Rehab et al. [14] studied the fracture toughness of natural fibers/castor oil polyurethane Composites. Both fibers and 

matrix are derived from renewable resources. Sisal and coconut short fibers and woven sisal fabric were used with 

and without sodium hydroxide treatment. The best fracture toughness performance was displayed by the sisal fabric 

composite. The alkaline treatment showed to be harmful for fracture toughness. 

Siddaramaiah et al. [15] synthesized the two component polymer networks (IPNs) of castor oil based polyurethane 

(PU) and polystyrene (PS) were prepared by sequential polymerization. Polyurethane based on castor oil and MDI, 

was swollen in polystyrene monomer and subsequently polymerized byredical polymerization initiated with benzoyl 

peroxide in the presence of cross linking agent divinyl benzene (DVB). A series of PU/PS IPNs were obtained as 

tough films by casting in glass moulds. The characteristics of these films were de termined are resistance to 

chemical regents, thermal behavior (TGA), and the mechanical properties. The morphology was determined by SEM 

that indicates that incorporation of plastic polystyrene component into elastomeric polyurethane, improves the 

tensile strength. 

Chen et al. [16] reported prepared a series of polyurethane (PU)/epoxy resin (EP) graft interpenetrating polymer 

network (IPN) composites by a high molecular weight hydroxyl-terminated polydimethylsiloxane (HTPDMS). The 

effects of HTPDMS content on the phase structure, damping properties and the glass transition temperature (Tg) of 

the HTPDMS-modified PU/EP IPN composites were studied by scanning electron microscopy (SEM) and dynamic 

mechanical analysis (DMA). Thermo gravimetric analysis (TGA) showed that the thermal decomposition 

temperature of the composites increased with the increase of HTPDMS content. The tensile strength and impact 

strength of the IPN composites were also significantly improved. 
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Yao et al. [17]  have synthesized novel Polyurethane/Na+- montmorillonite nanocomposites using modified 4,4’-di-

phenmethylate diisocyanate (M-MDI), modified polyether polyol  (MPP) and Na+- montmorillonite (layered clay). It 

was reported by them that the layered clay had an important influence on thermal and mechanical properties of 

Polyurethane. By increasing the amount of layered clay, the strength and strain at break was increased. Storage 

modulus below the glass transition temperature of soft segments in the polyurethane was increased by more than 

350%. Thermal conductivity decreased slightly with an increase in clay loading. 

In the present study, Montmorillonite (k-10) clay filled PU/PMMA IPNs nanocomposites were prepared. The 

mechanical properties, like tensile strength, hardness and the fracture surfaces of nanocomposites were examined. 

The purpose of this study was to investigate the effects of montmorillonite (k-10) clay on the mechanical properties 

of the IPN nanocomposites and main object of improve the property 

2. Experimental 

This paper consists of studies carried out on clay Montmorillonite (K-10) filled polyurethane / Polymetheyl 

methacrylate Interpenetrating Polymer Network (IPNs) nanocomposites   synthesized.  PU/ PMMA IPNs 

Nanocomposites fill clay per weight    from 1%   to   5% and characterized by using different techniques.     

2.1. Material Used 

Dehydrated castor oil andMethyl Diphenyl diisocyanate(MDI) will be taken in NCO/OH equivalent ratio of 

1:1,Methyl methacrylate (monomer) 40% of weight and two initiators      Benzoyl peroxide (BPO) and N, N 

dimethylanilinewere purchased from Shivalik Agro poly products. Lt., Parwanoo, HP. Montmorillonite (K- 10) was 

purchased from Shivalik Agro poly products. Lt., Parwanoo. 

2.2. Sample Preparation  

First the castor was dehydrated at temperature 105 ⁰C and then put in molecular sieves to avoid further hydration.  

Take castor oil and Diphenyl diisocyanate in 1:1 ratio by weight and Stirred At 45⁰c and then add MMA and 0.5% 

BPO and 1% N, N dimethyl aniline and stirred for 45 min and then put the whole in mold and kept mold at 60⁰c for 

24h and then at 120⁰c for 4h and finally yellow color sheet was obtained.  

The mixing of the clay in castor oil was done with the help of high shearing mixer and sonicator. The clay plus 

castor oil mixture was kept in the sonicator for four to five hours and after that a high shearing mixing was done for 

two to three minutes and then again put the mixture in sonicator. 

 

3. Characterization Techniques 

Structural Analysis of the IPNs. The structure of the IPNs was analyzed by using Fouriertransform infrared (FTIR) 

spectra, which was recorded on a Perkin Elmer (Rx 1) Infrared spectrophotometer. 

Tensile Strength and Hardness. Tensile properties were measured on INSTRON 30 and hardness were measured 

on shore A.Six specimens were tested for each sample. 
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Surface Morphologies of Fractured Surfaces. The surface morphologies of fractured surfaces 

were observed on carl zeiss supra 55 scanning electron microscopes (SEM). For PU/PMMA IPN, the SEM samples 

were obtained from liquid nitrogenfractured IPNs, while impact fractured IPN composites were used for modified 

PU/PMMA IPNcomposites.Scanning Electron Microscope (SEM)used to see the surface morphology and 

microstructure of the sample. Atomic Force Microscope used to study the 3D surface morphology.The 3Dsurface 

morphologies were observed on Park Xe 70 Atomic Force Microscope. 

TEM:Transmission Electron Microscope used to study the structure and orientation.In present work, Transmission 

Electron Microscope, Hitachi (H-7650) 120 kV is equipped with CCD Camera This instrument has the resolution of 

0.36 nm(point to point) with 40-120 kV operating voltage and can magnify object up to 6 lakh times in High 

Resolution mode. 

4. Results and discussion 

Tensile Strength  

The Tensile Strength and Elongation at break of polyurethane polymethylmethylacryalate IPNs and polyurethane-

polymethylmethacrylate clay nanocomposites are shown in table 1.1 and fig. 1.1. There is trend of increase in the 

Elongation at break from 61% to 69% from nanocomposites without clay and nanocomposites with 3% clay by 

weight and then there is the decrease in the Elongation at break. The similar trend is shown in Tensile Strength from 

29 to 75 from nanocomposites without clay and nanocomposites with 3% clay by weight. The reason for increase in 

tensile strength and Elongation at break can be due to the exfoliation of clay platelets in nanocomposites and chain 

interconnectivity generated by clay platelets and further decrease in tensile strength and elongation at break with 

further increase in clay weight percentage indicates the plastic deformation of matrix and due to agglomeration of 

clay platelets.The non-homogeneous mixing due to increase of the viscosity of polymer matrix can also be the one 

of the reason for decreases in the tensile strength and elongation at break for increase in clay percentage by weight. 

With the help of figure 1.1 and table 1.1, we can analyze the tensile strength, elongation at break. From above it is 

clear that Tensile Strength, Elongation at break increases with increases with clay content but then there is slight 

decrease in Tensile Strength with further increase in clay content from 3wt% clay content. The reason for this is that 

there may be the agglomeration. 

Table 1.1 Variation of Tensile Strength with clay 

CLAY % THICKNESS ELONGATION AT 

BREAK (%) 

TENSILE 

STRENGTH(Kg/cm2

) 

0 2.8 61.8 18 

1 3.5 58 20 
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2 4.2 69 29 

3 3.8 72 75 

4 4.0 25 63 

5 2.75 19 46 

6 4.0 24 23 

 

 

 

Fig 1.1 Variation of Tensile Strength with Clay 

 Hardness 

Surface hardness is a measure of   resistance of indentation. Surface hardness indicates the degree of compatibility 

and cross linking density. The increase in the hardness by nano or micro fillers can be due to random dispersion of 

filler in polymer matrix and interaction between the filler particles and polymer matrix results in insertion of 

polymer chain into filler galleries influences the chemical structure of polymer chains. From table 1.2 and fig. 1.2, it 

seems that there is increase in surface hardness from 48-90 shore A after the dispersion of MMT clay by weight 

percentage from 1%-5%.  The clay strictly restricts the indentation and increases the surfaces hardness of 

composites [18].                   

 

Table 1.2 Variation of Hardness with clay 

CLAY % Shore A Hardness No 

0 40 

1 58 

0

50

100

0 1 2 3 4 5 6 7

T
e

n
si

le
 S

tr
e

n
g

th
 

% clay 

Tensile Strength 



IJRIT International Journal of Research in Information Technology, Volume 2, Issue 3, March 2014, Pg: 242-255 

Simranjit Kaur, IJRIT  247 
 

2 68 

3 80 

4 85 

5 90 

 

 

Fig 1.2 Variation graph of hardness with increasing % of clay 

 

TEM 

TEM confirm the proper dispersion of clay platelets in the Nano composites, the TEM images were taken. The 

pictures given below are the TEM images 3wt% of clay platelets.  

From TEM images we also analyzed the particle size of clay and the size of single clay platelets is also determined. 

The TEM images also showed that the dispersion clay platelets are exfoliation or not. 

Ultrasonication facilitated the breaking of clay aggregates into fine clay particles and high Shear impact of 

homogenizer helped to disperse the clay platelets homogeneously throughout the composite matrix. The effect of the 

above treatments can be seen in the TEM images that have shown that the dispersion of the clay platelets into the 

nanocomposites is up to exfoliation level.  The white lines in the TEM images are clay platelets and thickness of 

these clay platelets as depicted by TEM is ranging from 1-10nm. The spaces between the platelets can be seen in the 

TEM images that represent the inter planner spaces between clay platelets. Tactoids consisting of the few platelets 

aggregates have also seen in the TEM images as black clouds. There are also some single as well as stacked clay 

platelets in the figure 1.3.  The dispersion of the clay platelets in the Nano composites are the evidence that the clay 

is exfoliated in the composites. The figure 1.3 represents the random orientation of the clay platelets of MMT clay 

platelets. 
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Fig 1.3TEM result of PU/PMMA nanocomposites filled MMT clay (3wt %) 

Transport Properties:    PU/PMMA clay nanocomposites are very well known for their excellent barrier properties 

with reduced permeability resistance towards moisture, solvent and gases. From the above observation we calculated 

the diffusivity, sorption and permeability using Fick’s law of diffusion.  The mass transport mechanism of gases 

permeating a nanocomposites filled with nano fillers is similar to that in a semi crystalline polymer.  There are three 

factors that influenced the permeability of nanocomposites are  

• The volume fraction of nano platelets 

• Their orientation relative to the diffusion direction  

• Their aspect ratio 

Table 1.3 Values of diffusivity coefficient (D), sorption coefficient(S) and permeability (P) 

S.NO. SAMPLE Slope D*10 8(cm2/s)      Sorption(g/g) P*108 (cm2/s) 

1 1% 2.7 1.04 0.03676 0.03744 

2 2% 1.5 0.643 0.03598 0.0231 

3 3% 2.1 0.54 0.02347 0.0126 

4 4% 2.6 0.433 0.02645 0.0114 

5 5% 4.1 0.416 0.02454 0.0102 
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From the table 1.3 it is clearly seen that with increase in the clay content the barrier properties increases which is 

due to the tortuous zigzag path. The decrease in diffusivity with increase in clay is due to the aspect ratio of clay 

which is also the one of the important reason for improved barrier properties. 

The presence of clay platelets are like aligned impermeable flakes acting as barriers increases the tortuosity of 

diffusion and decreases the water vapors and gas permeation through the polymeric membrane. The dispersion level 

had an important effect on these barrier properties. That is tortuosity is a function of clay content and degree of 

exfoliation. The zigzag path formed due to the good exfoliation level can be the reason for decrease in diffusivity 

(D), sorption(S) and permeability (P). 

 FTIR 

The fig 1.4 shows the FTIR spectra of NEAT PU/PMMA .The peaks ranging from 2963.62-2926.59 cm¯¹ are due to 

the –NH stretching without H-bonding. The band at 2855.66-2854.59 cm̄¹ range due to asymmetric and symmetric 

vibration of methylene group (CH₂) of the aliphatic carbon chains. The peaks of the range 1740.76-1728.02 are due 

to free urethane carbonyl C=O stretching. The bands ranging from 1360-1180 are due to the presence of C-N 

stretching. The band at 1047.2-1050.2 corresponds to Si-O-Si stretching   

 

Fig 1.4 FTIR spectra of NEAT PU/PMMA IPNs 

The fig 1.5given is the overlapped structure of PU/PMMA with clay composite. The band at 4000-3500 cm¯¹ range 

corresponds to –OH stretching vibration from either water or hydroxyl terminated compounds and silicates and –NH 

stretching vibration either from urea or amine group. The absorption peaks in FTIR spectra at band range from 

3633.1-3394 are due to the Si-O and-OH stretching. 
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Fig 1.5 FTIR spectra of PU/PMMA nanocomposite with clay 

 

 SEM Micrograph 

 

Fig 1.6 (a)SEM morphology of PU/ PMMA nanocomposite with 1 wt. %                                                                         
MMT (k 10) clay, showing the dispersion of the nanoparticles (white dots) 
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Fig 1.6 (b)SEM morphology of PU/ PMMA nanocomposite with 2 wt. %                                                                         
MMT (k 10) clay, showing the dispersion of the nanoparticles (white dots) 
 

 

Fig 1.6 (c)SEM morphology of PU/ PMMA nanocomposite with 3 wt. %                                                                         

MMT clay, showing the dispersion of the nanoparticles (white dots) 

 

Fig 1.6 (d)SEM morphology of PU/ PMMA nanocomposite with 4 wt. %                                                                         
MMT (k 10) clay, showing the dispersion of the nanoparticles (white dots) 
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Fig 1.6 (e)SEM morphology of PU/ PMMA nanocomposite with 5 wt. %                                                                         

MMT (k 10) clay, showing the dispersion of the nanoparticles (white dots) 

The morphology of PU-PMMA IPNs clay composites are shown in fig1.6 (a-e). The micrographs clearly shows that 

the phase of clay is appears more uniformly distributed throughout .The formation of IPNs clay composites  is 

clearly seen by the existence of finely mixed microstructure of  Polyurethane and Poly Methyl methacrylate and clay 

platelets.The uniformity of the white dots representative of Si, indicates that the mineral domain are submicron and 

are homogenously dispersed in the polymer matrix.SEM examination of the fracture surface of the compression-

molded samples did not reveal the inorganic domains at the maximum possible magnification.It is observed that 

there is no mineral domains could be seen. The search for any aggregation was aided by an energy dispersion X-ray 

probe.The crystal structure of MMT consists of two-dimensional layers formed by fusing two silica tetrahedral 

sheets to an edge-shared octahedral sheet of aluminum hydroxide. Stacking of layers of clay particles are held by 

weak dipolar or Vander Waals forces. 

 

 

 

 

AFM (Atomic Force Microscope) Micrograph 
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(a) 

 

(b) 

 

 

                                                    (c) 

 

                                                            (d) 

Fig 1.7: AFM morphology of PU/ PMMA nanocomposite with (a) 1 wt. % (b) 5 wt. % (c) 3 wt.%  (d) 2 wt. %. 

MMT (k 10) clay, 

AFM was used to examine the dispersion of MO-MMT in polyurethane matrix, as shown in fig. 1.7 (a-d). Cross-

section samples of AFM were obtained by brittle fracture of the nano composites in liquid nitrogen. For the 
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nanocomposites with 1 wt. %, AFM images showed that K-10-MMTswere able to uniformly disperse in the polymer 

matrix without obvious clusters of clay particles observed. Comparisons with the composites at higher clay contents, 

theK-10-MMT in the polymer matrix for the nanocomposite with 3 wt. % clay displayed a relatively uniform 

dispersion and relatively few clusters of clay particles were observed. With an increase of clay content, the MMT 

particles were more prone to aggregate and formed a bigger inorganic phase, meanwhile, the aggregation easily 

resulted in an inhomogeneous dispersion of MMT in the polymer At the lower clay content the sheets of the 

organically modified MMT were easily exfoliated and dispersed in the matrix due to the reaction of K-10-MMT 

with polyurethane pre-polymer. When the clay content reached a high concentration (>3 wt. %), intercalatedMMT 

easily aggregated together due to limited volume space in the matrix, thus resulting in an uneven. 

 

5. Conclusion 

PU/PMMA IPNs filled with MMT K-10 clay 1% to 5% by weight are synthesized successfully. The Tensile strength 

with increasing the clay percentage by weight up to 3% which is due to the complete exfoliation of the clay platelets 

in nanocomposites and then further decrease in tensile strength with increasing clay percentage by weight is due to 

the agglomeration of clay platelets. There is increase in surface hardness after the dispersion of MMT clay by weight 

percentage from 1%-5%. The decrease in diffusivity with increase in clay is due to the aspect ratio of clay which is 

also the one of the important reason for improved barrier properties. 
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