
 

1 
 

Effect of Fillers on the Mechanical Properties of 

Castor Oil Based Rigid Polyurethane Foams 
Raminder Kaur1* 

 

Department of Polymer Science and Chemical Technology, Delhi Technological University, Delhi 110 042, India 

Email ID: rkwalia14@gmail.com 

Abstract: The present study aims to the development of castor oil based Rigid Polyurethane Foam (RPUF) with enhanced mechanical 

properties. To enrich the mechanical properties of the RPUF, different reinforcing fillers i.e. glass fibre, calcium carbonate, mica, talc 

and fly ash (5%, 10% and 15% w/w of polyols) are incorporated in it. The synthesized foam samples were subjected to tensile and 

compressive testing using Universal Testing Machine and their surface morphology was analysed by using Scanning Electron 

Microscopy. It has been observed that the addition of calcium carbonate, mica, glass fibre in RPUF shows an improvement in 

mechanical properties, whereas in case of fly ash and talc, a decrease in mechanical strength is observed as compared to unreinforced 

RPUF. SEM analysis has revealed that there is decrease in pore size on incorporation of fillers, which increases the cell density and 

thus improves the mechanical properties of the resulted foam. The strength of glass fibre reinforced RPUF is found to be the highest 

amidst all the fillers considered. From the cost point of view, mica is proved to be a good reinforcing filler. In addition to low cost, the 

foams produced are environment friendly because of the derivation of some raw materials from the plant origin. 
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I. INTRODUCTION 

Variety of polymers are reported to be prepared from oils, whether they are of plants origin such as soy, palm, linseed and 

sunflower oils, or of animal origin such as fish oils[1,2]. The oils can be employed as a raw material for the production of 

polymers by partial (or full) replacement of the petroleum sources. Vegetable oils are easily available low cost materials with 

their unique property of biodegradability [3]. As vegetable oil based monomers possess the structural similarities to that of 

petroleum based monomers, therefore, the polymers derived from these possess properties identical to that of petroleum based 

polymers [4-7]. As reported in literature, a variety of polymers such as polyester, polyurethane, polyether and polyolefin has 

been synthesized by using vegetable oils [8-11]. 

Rigid Polyurethane Foams (RPUFs) are one of the commercially important polymeric materials with high dimensional stability, 

low thermal conductivity and low moisture permeability. Due to these properties, RPUFs find applications in different areas 

including construction panel, as thermal insulation of refrigerated vehicles, in ship-building, in false-roofing etc. Due to their 

closed cell structure and low thermal conductivity, RPUFs are one of the high performance insulation materials, permitting 

adequate energy savings while occupying minimum space. Despite these favourable characteristics, RPUF still lacks in thermal 

stability and mechanical strength [12]. Moreover, its higher prices restrict its use in the construction industry on a large scale in 

comparison to other insulating materials such as expanded polystyrene or mineral wool.  Considering these facts, a study has 

been carried out aiming the production of low cost rigid polyurethane foams incorporated with various fillers without much 

compromising on the desired characteristics of foam.  

Fillers are the materials which are added with polymer matrix to reduce the cost of the product without much compromising on 

the properties. By choosing appropriate filler, mechanical, thermal and electrical properties and processability of RPUF may be 

tailored according to the requirements. Foam prices may be reduced by the incorporation of fillers to the reaction mixture, in 

addition to its improved mechanical properties. Commonly reported fillers, which have been used in different studies to enhance 

the properties and to reduce the cost, are calcium carbonate, aluminium trihydrate, talc, kaolin, mica, glass fibre, aramid fibre, 

carbon fibre and carbon black. Amidst these, glass fibers are the most widely used reinforcement material owing to their low 

price, high strength and good temperature and corrosion resistant. In recent years few studies have been performed by different 

researchers on glass fibre reinforced polyurethane. PUF reinforced with chopped E-glass fiber shows good dispersion and 

distribution characteristics [13]. Mica is low cost unique filler having superior thermal, mechanical and electrical properties. It 

contributes towards the reduction in cost as well as eases the processing of the material [14, 15]. Calcium carbonate also has 

unique advantages as filler due to its some favourable properties such as non-toxic, odourless, white, soft and easy mixing into 

formulations. Effects of calcium carbonate and dolomite as fillers on the structural and mechanical properties of the PU has 

been investigated. Properties of polyurethane foam were found to be improved with the reduction in cost [16-18]. Composites 

filled with talc exhibit a higher stiffness and creep resistance [19, 20]. Fly- Ash, a waste material of thermal power plants, has 

also been used as filler material in different composites for the reduction of cost [21]. 

In the last few decades, many studies have been conducted for the preparation of PU foam from the polyols derived from 

different vegetable oils and reinforced with different natural and synthetic fillers. Rigid Polyurethane Foam prepared from 

lignin, extracted from the corncob residue using dilute alkaline solution and reinforced with pulp fiber has shown enhanced 

mechanical and thermal properties [22]. In literature, studies have also been reported on palm oil based polyol with cellulose 

nanocrystal as reinforcement [23]. Properties of tung oil based PU foam reinforced with rice husk has been studied and showed 

the improvement in dimensional stability [24, 25]. 
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Although recent studies are reported on the castor oil based polyurethanes reinforced with glass fiber and showed enhanced 

mechanical strength [26], but still the literature is devoid of much data on castor oil based RPUF reinforced with low cost 

fillers. The present study has been conducted as an attempt to overcome these research gaps with an aim to produce low cost, 

environment friendly rigid polyurethane foams with enhanced mechanical and structural properties by using the various fillers. 

For this purpose, five different fillers (Glass Fiber, Calcium Carbonate, Mica, Talc and Fly Ash) are incorporated in the castor 

oil based RPUF and their effect on mechanical properties and morphology of RPUF has been investigated. 

 

II. MATERIALS AND METHODS 

A. Materials 

Castor oil (99.9%) and 4, 4’-diphenylmethane diisocyanate (AR grade) are obtained from Shivathene Linopack Ltd. 

Triethylenetetramine, n-Pentane (99.5%) and Silicon oil are purchased from Standard Chemicals. Glycerol (99%) is supplied by 

Sisco Industries Pvt. Ltd. E-glass fibre (Chopped) is supplied by Guj Wool Glass fibre Pvt. Ltd.. Mica, Talc and Calcium 

Carbonate is supplied by CDH. Fly Ash is obtained from Bathinda Thermal Power Plant. All the reagents are of analytical grade 

and used as supplied. 

B. Methods 

Rigid polyurethane foams are prepared by a two-step method. In the first step, the castor oil is transesterified to get modified 

polyol. The next step is the formation of castor oil based rigid polyurethane foam incorporated with various fillers. The 

procedure is as follows: 

1) Modification of Castor Oil and Formation of Polyol: The modification of castor oil is carried out under the inert 

atmosphere of nitrogen. Polyol is obtained by the modification of the castor oil, as reported in the literature [27, 28]. The 

development of condensation reaction is confirmed by investigating its properties. For this purpose, the samples at regular 

intervals are taken out and checked for hydroxyl value, acid value, viscosity and water content. Table 1 shows the properties of 

modified polyol.  The heating is carried out till a hydroxyl value of 350-410 mg KOH/g is achieved. The prepared modified 

polyol is stored in dark bottles to avoid degradation by sun light. 

 
TABLE I 

PROPERTIES OF MODIFIED POLYOL 

Properties Value 

OH number (mg KOH/g) 386.87 

Viscosity (cP at 25 °C) 900 

Water content (%) 0.01 

Acid number(mg KOH/g) 0.97 

Specific gravity (25 °C) 0.98 

Solid content (%) 98.67 

 

2) Preparation of Castor Oil Based Rigid Polyurethane Foams with Various Fillers: Calculated amount of modified 

polyol is added with other ingredients such as catalyst (Triethylenetetramine), surfactant (Silicon Oil), blowing agent (n-

Pentane) in a beaker and thoroughly mixed under controlled temperature conditions at 35±2°C to form polyol-premix. The 

predetermined quantity of the filler is added to the contents of the beaker. Prior to addition, the fillers have been dehydrated in a 

vacuum oven at 60°C for 4 hours. The heating and mixing is carried out for approximately 5-10 minutes.  A calculated amount 

of MDI is then added to the contents of the beaker. After stirring for approximately two minutes, the viscosity of the reaction 

mixture increases and a cream like formation takes place with a change in color from orange-yellow to pale yellow. The 

resulting reaction mixture is poured into a metal mould (100mm x 100mm x10mm) coated with releasing agent i.e. silicon oil.  

The mould is thus closed and kept under a load of about 10 kN.  To ensure complete curing, the moulds are left for 24 hours.  

After demoulding, the resulting RPUF is cut into desired dimensions and tested for its tensile strength, compressive strength and 

morphology. Different fillers (glass fiber, calcium carbonate, mica, talc and fly-ash) in various proportions are used to examine 

the effect on various properties of RPUFs. Table 2 shows the formulation of rigid castor oil based polyurethane foams modified 

with different fillers. 

 
TABLE II 

 FOAMING FORMULATION OF RIGID CASTOR OIL-BASED POLYURETHANE FOAMS MODIFIED WITH FILLERS 

Material Amount 

Modified Polyol 20 gm 

Triethylenetetramine (catalyst) 2pbw 

n-Pentane (blowing agent) 10-15pbw 

Silicone oil (surfactant) 3pbw 
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fillers 5pbw,10pbw,15 pbw 

MDI 25 gm 

Pbw = parts by weight of Polyol 

 

III. CHARACTERIZATION 

Castor oil based rigid polyurethane foams incorporated with various fillers in varied concentration are subjected to the physical, 

morphological and mechanical analysis to verify the alterations induced by the progressive incorporation of the fillers. Various 

characterization techniques used are as below: 

A.  Scanning Electron Microscopy 

The cell structures of the samples are characterized with a Hitachi S3700 SEM (Scanning Electron Microscope). Samples are 

cut in foam rise direction and then gold-sputter coated to render them electrically conductive and cross section of foam samples 

are scanned at an accelerating voltage of 15 kV.  

B. Mechanical Properties 

The mechanical properties of the castor oil based rigid polyurethane samples have been determined according to the standard 

procedures. Three specimens are used for each testing and the average is reported. Tensile and compressive properties of the 

foam samples are measured at room temperature using Instron (model No. 3369) universal testing machine (UTM). For 

mechanical testing, the samples are cut to the required dimensions. Tensile tests are performed according to the ASTM D-638 

using specimen with dimensions 165 mm x 19 mm x 13 mm. Length of the specimen lies along the in-plane direction of the 

foam and specimens are prepared to form a dog bone shape. The compression tests are performed according to the ASTM D-

695. Specimens of dimensions 25mm x 25mm x 25mm are cut from foam in the in-plain direction and tested for 10% 

compression. The rate of crosshead movement is fixed at 2 mm/min for each sample. 

 

IV. RESULTS AND DISCUSSION 

Fillers are added to polyurethane foam in order to reduce cost and provide desired structural and mechanical properties. The 

foam architecture depends on the particle size and the dispersion of filler in the reacting mixture [29]. Moreover, the type and 

surface state of the filler and the interaction between the filler and polymer matrix are the important parameters governing the 

mechanical properties of reinforced PU foam [30, 31]. The fillers studied in the present investigation are also found to 

significantly contributing towards the improvement of the properties of the RPUFs. 

 
Fig.1. SEM images of RPUF reinforced with (a) 0%, (b) 5%, (c) 10%, (d) 15% mica, Glass fibre and Calcium carbonate. 

 

A. Scanning Electron Microscopy 

The physical properties of foams depend largely upon the structure of the foam cell along with the rigidity of the polymer 

matrix. Thus, we may predict the physical properties of the foam by observing the structure of the foam specimen using 

Scanning Electron Microscope (SEM). Figures 1 and 2 show the SEM images of RPUF incorporated with different fillers. The 

unreinforced foam shows a smaller cell density with a higher pore size. The size of pores is mostly in range of 847±5 μm and  a 

few are in the range of 1.03 to1.06 mm, whereas after reinforcement with the glass fibre the cell density increases and pore size 

reduces appreciably. 
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Fig.2. SEM images of RPUF reinforced with (a) 0%, (b) 5%, (c) 10%, (d) 15% talc and Fly ash. 

 

The average cell size of glass fibre reinforced rigid polyurethane foam reduces linearly with the increase of filler content and 

minimum cell size is 84.66±2 µm as compare to 847±5 µm of neat sample, thus there is nearly 90% reduction in cell size after 

the glass fibre reinforcement. The reduced pore size indicates that the 3-D structure of foam was more packed and consequently 

resulted in increased density and consequently have increased mechanical strength. Similar results are obtained in case of mica 

filled RPUF with minimum cell size 99.96±2 µm as compared to 847±5 µm of neat sample, thus there is nearly 88% reduction 

in average pore size after the mica reinforcement.  

SEM results of calcium carbonate filled rigid polyurethane foam are slightly different and comparatively larger cell size is 

observed up to 10% of filler incorporation, then the average cell size decreases on increasing filler content and found to be 

121.66±3 µm as compared to 847±5 µm of neat sample, thus there is nearly 85% reduction in pore size after the calcium 

carbonate reinforcement. The average pore size of Fly-ash and talc reinforced rigid polyurethane foam is 173±3 µm and 249±3 

µm respectively. Therefore, there is nearly 80% and 70% reduction in pore size after the fly-ash and talc reinforcement 

respectively.  

B. Tensile Test 

Figure 3 shows graphs of change in tensile modulus with concentration of fillers. By reinforcing rigid polyurethane foam with 

glass fibre, mica and calcium carbonate, there is an increase in tensile modulus but on reinforcing with talc and fly ash, a 

decrease in tensile modulus is observed. Upon reinforcing rigid polyurethane foam with glass fibre tensile modulus increases up 

to 347.59 MPa as compared to 209.45 MPa of unreinforced polyurethane foam, while with mica tensile modulus reaches up to 

the value 263.92 MPa. So, percentage increase in tensile modulus is 66% with glass fibre, while 26% with mica reinforcement. 

It concludes that glass fibre reinforced PU foam shows maximum increase in tensile modulus while mica also shows good 

improvement in mechanical strength. Similar results are obtained by Yu et. al. while using glass fibre as reinforcement.10 
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Fig. 3. Plots of tensile modulus vs. concentration of filler. 

 

Calcium carbonate reinforced PU foam also shows an increase in tensile modulus but the trends are different. As introduction of 

5% and 10% amount of filler increases tensile modulus slightly, while with 15% reinforcement tensile modulus reaches up to 

271.49 MPa as compare to 209.45 MPa of unreinforced foam. So the percentage increase recorded in tensile modulus is 29%. 

This behaviour of filler reinforced foams may be attributed to the fact that the mechanical properties of PU foam are dominated 

by numerous factors such as density of foam, cell geometry as well as number and size of cells. Highly dense foams are 

expected to be more rigid which in turn exhibit higher mechanical strength [29]. As clearly evident by the SEM images, PU 

foam without fillers exhibit more number of cells which have comparatively larger pore size with irregular polyhedron shape. 

But when fillers are incorporated and their concentration is increased subsequently, foam cell size decreased progressively, 

which, is more pronounced in the case of the foam reinforced with glass fibre and mica. Both decrease in cell size and increase 

in cell number (because of enhanced nucleation sites) contribute to a higher mechanical strength, as increase in the number of 

cell walls and struts in a fixed area of PU foams increases the load carried by the foam. In addition, incorporation of filler 

increases the viscosity of reaction mixture, which prevents the bubble from being coalesced leading to decrease in cell size. A 

similar decrease in cell size has been reported for the addition of carbon nanotubes to the polyurethane foams [32]. 

In contrast with the above results, in case of calcium carbonate reinforced foams, also apparent from SEM images, that initially 

cell size is comparatively higher up to 10% of filler loading, while on increasing filler concentration up to 15% cell size 

decreases, leading to an increase in mechanical strength. This effect may be associated to comparatively poor dispersion of filler 

in the reaction mixture, so the observed cell size is larger compared to glass fibre and mica, but, good interfacial adhesion 

increases the mechanical strength. While at higher concentration of filler, higher viscosity leads to smaller cell size due to non-

coalescence of bubbles [29]. From the results obtained in case of fly-ash and talc reinforced PU foam, it is observed that the 

tensile modulus decreases initially and then increases on increase in filler concentration, up to 180.30 MPa and 138.98 MPa for 

fly ash and talc respectively. But it still remains lower in comparison to unreinforced rigid foam. The decrease in tensile 

modulus is 14% and 32% in PU foam reinforced with fly ash and talc respectively. This decrease in tensile modulus may be due 

to the poor adhesion between filler and polymer matrix. This result is also evident from the brittle nature of the foam samples in 

case of RPUFs filled with fly ash and talc.  Similar results are reported in literature for the reinforcement of RPUF using 

graphite as a filler [33]. Unlike the results reported in the present study for talc reinforced RPUF, literature studies shows some 

contradiction, as the mechanical strength of talc filled petroleum based PU foam has been reported to be increased [29].This 

effect may be described by the fact that petroleum based polyols have higher reactivity as compared to bio based polyols due to 

the presence of primary hydroxyl group [23].So, while using petroleum based polyols, there may be possibility that dispersion 

does not affect the bonding between filler and polymer matrix. 

 

C. Compression Test 

The compressive modulus at 10% deformation is reported as the compressive modulus of the prepared RPUFs. Figure 4 shows 

the graph of change in compressive modulus with the varying concentration of fillers.  
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Fig.4. Plots of compressive modulus vs. concentration of filler. 

 

Glass fibre reinforced PU foam shows an increase in compressive modulus up to 56.07 MPa as compare to 21.11 MPa for 

unreinforced polyurethane foam before the failure occurs, while mica reinforced foam shows a maximum compressive modulus 

of 40.45 MPa for 15% of filler incorporation. So, increase in the compressive modulus is nearly 165% and 91% for glass fibre 

and mica reinforced RPUF respectively. This behaviour of reinforced foams may be attributed to decrease in cell size due to the 

interaction of filler with polymer matrix, which, consequently increases the mechanical strength [30]. Calcium carbonate filled 

PU foam shows the same trend in compressive modulus as that followed in case of tensile testing i.e. initially there is slight 

increase in compressive modulus followed by a fast increase up to 27.15 MPa on 10% filler incorporation. So the percentage 

increase in compressive modulus is approximately 28%. Reason for this behaviour may be described by the larger cell size at 

low filler loading, as explained earlier. On further loading of filler, the compressive modulus shows a declining trend owing to 

the increased brittleness of the sample. Fly ash and talc reinforced PU foam show continuous decrease in compressive modulus 

upon incorporation of filler. This retardation in mechanical property may be explained by poor dispersion of filler and low 

adhesion between filler and polymer matrix. 

 

V. CONCLUSIONS 

Effect of incorporation of various fillers on the properties of rigid Polyurethane foams has been studied. Castor oil based Rigid 

PU foams are prepared and reinforced with fillers such as glass fibre, calcium carbonate, mica, talc and fly ash. It is observed 

that reinforced foams presented different (enhanced or reduced) characteristics than the neat one. Addition of calcium 

carbonate, mica, glass fibre shows improved properties, whereas in case of fly ash and talc, a decrease in mechanical strength is 

observed as compared to neat unreinforced rigid polyurethane foam. SEM analysis reveals the decrease in pore size, thus 

making pores more compact by reinforcing the PU foam with the fillers. This in turn increases cell density and thus improves 

mechanical properties of the foam. On studying the effect of these fillers on the tensile modulus and compressive modulus, the 

strength of glass fibre reinforced RPUF is found to be highest among all of the samples, which shows 66% increase in tensile 

modulus and 165% increase in compressive modulus. From the economic point of view, as glass fibre is costly, mica may be 

proved to be good reinforcing filler. As reported here, on increasing percentage of mica in the formulation, the tensile modulus 

increases up to 26% and compressive modulus increases up to 91%. Incorporation of talc or fly ash in the foam results in the 

decrement of mechanical properties. Thus, as evident from the present studies, the foam derivatives incorporated with fillers, 

could impart the desired characteristics along with the benefit of reduced cost due to partial replacement of costly polyols.  

Apart from being low cost, the foams produced in this study have partly been derived from the plant origin. Currently, the 

polyurethane industry is entirely dominated by petrochemical based raw materials, and due to the rising environmental concerns 

and apparent scarcity of petroleum, there is a need to identifying new renewable sources based materials. For this purpose, 

polyols derived from vegetable oils seems to as an appealing substitute that may work prominently for the protection of the 

environment.  
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