
   IMPACT OF NANOCLAY ON FIRE RETARDANCY 

AND ENVIRONENTAL DURABILITY OF POST 

CONSUMER CARPET COMPOSITES  

 

 

   By 

   SARAT DAS 

   Bachelor of Science in Mechanical Engineering  

   Bangladesh University of Engineering and Technology 

   Dhaka, Bangladesh 

   2009 

 

 

   Submitted to the Faculty of the 

   Graduate College of the 

   Oklahoma State University 

   in partial fulfillment of 

   the requirements for 

   the Degree of 

   MASTER OF SCIENCE  

   December, 2012  



ii 
 

   IMPACT OF NANOCLAY ON FIRE RETARDANCY 

AND ENVIRONENTAL DURABILITY OF POST 

CONSUMER CARPET COMPOSITES 

 

   Thesis  Approved: 

 

   Dr. Raman P. Singh 

 Thesis Adviser 

   Dr. Ranji Vaidyanathan 

 

   Dr. Sandip P. Harimkar 



iii 

Acknowledgements reflect the views of the author and are not endorsed by committee members 

or Oklahoma State University. 
 

ACKNOWLEDGEMENTS  

 

 

 

At first, I would like to thank my advisor Dr. Ranji Vaidyanathan for his support, guidance and 

patience throughout my entire thesis work. His availability, enthusiasm and constant inspiration 

helped me to accomplish this work. I would also like to thank my advisor Dr. Raman Singh for 

his invaluable advice and directions. His guidelines and expertise has been vital in completion of 

my thesis work. I am also grateful to Dr. Harimkar for being a member in my thesis committee.  

I would also like to thank Oklahoma Transport center (OkTC) and Oklahoma Center for 

advancement of Science and Technology (OCAST) for providing funding for this project. 

I would like to express my gratitude to Dr. Krishna Bastola, who gave constant suggestion and 

input in this project. Special thanks go to Bessie Phiri for her patience in helping me during 

preparation of my samples. 

I would also like to thank Hamim, Kunal, Arif and Sudheer for their assistance from the 

beginning of my work. Thanks to Sadia, Nikhil, Nahida, Payam, Leila, Aaron, Sohrab, Krishnan, 

Seshasai, Reaj. They have been very kind to help me during my research. I would like to take the 

opportunity to express my gratitude to all my friends in Stillwater for their support and inspiration 

throughout my masters study. 

I would like to thank my parents, brother and sister  to whom I am indebted for their 

support and motivation during my study in OSU.



iv 
 

Name: SARAT DAS   

 

Date of Degree: DECEMBER, 2012 

  

Title of Study: IMPACT OF NANOCLAY ON FIRE RETARDANCY AND 

ENVIRONMENTAL DURABILITY OF POST CONSUMER CARPET 

COMPOSITES 

 

Major Field: MECHANICAL AND AEROSPACE ENGINEERING  

 

Abstract: A simple vacuum assisted resin transfer molding (VARTM) process was 

previously used to scale-up the fabrication of large-size composite specimens from 

recycled post-consumer waste carpet. These composites exhibited superior mechanical 

and sound absorption properties compared to other types of infrastructure materials such 

as wood, concrete and particleboard. The process is simple and can be used with different 

resin types ranging in cost (polyurethane, polyester, epoxy, and vinyl ester). 

Environmental degradation and fire retardancy of these composites are potential 

limitations to their use as infrastructure materials. To enhance their fire retardancy and to 

protect against environmental degradation, the composites were coated with epoxy resin 

containing 4 % organoclay (I.28E) and also fabricated by VARTM infusion by infusing 

the carpet samples with epoxy resin containing 4 % nanoclay. Tests included fire 

retardancy tests using ASTM D 635 and exposure to moisture and alternating cycle of 

UV and condensation followed by mechanical testing.  The fire retardancy and change in 

mechanical properties after UV/ moisture exposure of clay-epoxy-carpet composites were 

compared with baseline samples of carpet composites infused only with epoxy. It was 

observed that nanoclay coated and clay-epoxy infused carpet composites improved fire 

retardancy and resisted degradation due to UV and environmental exposure, as evidenced 

by nearly consistent mechanical properties. 
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CHAPTER I 
 

 

INTRODUCTION 

 

1.1 Construction of carpet 

Typical carpets consist of four different layers (figure 1). These are: 1) primary backing, 2) tuft or 

face fiber, 3) binder and 4) secondary backing. [1, 2] 

 

Figure 1.1: Schematic diagram of different component of carpet. Modified from [1] 

The purpose of the primary backing is to hold carpet fibers. It can be woven or nonwoven, and is 

typically made of polypropylene. [1] Polyolefin and polyester are also used as the backing 

material. [2] Tuft or face fibers are tufted on backing material. Nylon has been the most 

commonly used material for face fiber because of its toughness and resilience. Almost 70% of the  
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commercial carpets use nylon as face fibers. [2] The Other common materials used for tufted 

fiber are olefin, wool, polyester, acrylic, and others. [3] The purpose of  the binder or adhesive is 

to hold the face fibers in place. The adhesive is generally styrene butadine copolymer with 

inorganic fillers such as CaCO3 and BaSO4. [4] Secondary backing is laminated to the back of the 

carpet and is generally made of the same material as primary backing. [1] Its purpose is to hold 

the face fibers, and improve the longevity of the carpet. 

 

   

Figure 1.2: Types of carpet based on construction A) Cut pile, B) loop pile , C) Cut/ loop pile. [5] 

 

Based on the face fibers construction, carpets can be classified in major three types: pile, Cut pile, 

and combination of the two  known as cut-loop. [3] A very  few varieties are seen in each type 

depending on the arrangement of the fibers. 

 

1.2 Carpet recycling 

Waste carpet can be categorized into two types : pre and post consumer carpet waste. [4] Pre 

consumer carpets are generated during edge cutting and trimming into different irregular shape. 

Automobile industry is the largest producer pre consumer waste carpet and overall amount of this 

manufacturing waste is 12% of the total production. [4]  

(A) (B) (C) 
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Post consumer carpets are  old carpets disposed in landfill after the use. The post consumer 

disposed carpet contains dirt, chemicals and other materials accumulated during the time of use. 

An average life span of carpet is in between 8 to 12 years, and the amount of contaminants in a 

post consumer carpet is 30% of its weight. [1] 

The recycling process of carpet has been very limited due to different material components and 

accumulation of different contaminants. Mihut et al. [1] classified the traditional ways of carpet 

recycling into four major categories:  

1) Primary recycling or depolymerization 

2) Secondary recycling or separation of component 

3) Tertiary or melt-blending 

4) Quaternary or energy recovery 

Primary recycling generally involves breaking of nylons into monomers which can be utilized for 

further re-polymerization. Solvent is used to selectively dissolve nylon and separate it from other 

components and contaminants of the carpet. [1] It is the most common method used for  recycling 

carpet fibers. However, selection of appropriate solvent is the biggest challenge in this method. In 

some cases, physical separation of component is also employed. 

In secondary recycling method, individual polymeric components are separated  and  used  

without converting into monomers. It requires step by step chemical processes to recover every 

single component. Different techniques are adopted for extracting components from carpets. The 

most common pathway of  carpet component extraction is  in the following order: grease and 

lubricants, binder or adhesive, backings, and finally face fibers. [1] After the recovery, polymeric 

components are useful for conversion into other product by injection molding.  

Tertiary recycling technique utilizes disposed carpet without separating them into individual 

components. In this process, the carpet is shredded into small pieces (approximately half inch) , 
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and is mixed with polymeric resin to hold them together. The mixture is then extruded to the final 

product. [1] The biggest disadvantage of this method is the lack of homogeneity of the materials. 

As a result, the mechanical properties of the material are not satisfactory. Melting process has 

also been applied to improve the homogeneity of the final product. 

The quaternary recycling method is energy extraction by burning the disposed carpet. It has been 

the most debated process because of the environmental hazard created by burning of polymeric 

waste. During the burning process, COX, NOX, SOX, volatile organic compounds (VOC), smoke/ 

particulate materials, particulate-bound heavy metals are released in the environment,  which can 

create health hazard and long term environmental effect. [6] 

The overall carpet recycling process involves separation, shredding, or complex chemical 

process. All these processes requires extra energy input which makes the recycling economically 

infeasible. As a result,  only a small portion of the discarded carpets is being taken care for 

recycling process. The annual report published by CARE (Carpet America Recovery Effort) 

shows that  almost 4000 million tons of carpet was discarded in 2011 in USA and only 7% of that 

was recycled. [7] So, a viable effort is demanded to make improvement in recycling process. 

 

1.3 Carpet recycling by VARTM 

Few years ago in Oklahoma State University, a new method was developed to recycle pre/ 

postconsumer waste carpet by VARTM (Vacuum assisted resin transfer molding) process. [8] 

Figure 1.3 illustrates carpet recycling by this Method. In this process, carpet pieces are layered in 

a mold and polymer resin is infused with the help of vacuum pressure. The resin is then cured 

under vacuum. The final product in the process is a flat composite panels of polymer matrix and 

carpet fibers. Variation in the combination and orientation of the carpet layers such as bottom-

top-top-bottom (BTTB), top-bottom- bottom-top (TBBT) is possible, and also different types of 
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polymers can be used in this method. The main advantage of this recycling process is that it does 

not require any physical or chemical treatment of carpet and the carpet is used as received in the 

process. As a result, it eliminates the energy and cost barrier of the traditional recycling 

processes. Moreover, VARTM process with hand layup does not demand high initial investment 

and skilled workers. 

 

Figure 1.3: VARTM setup for carpet recycling. [9] 

The new composites made from recycled carpet showed potential applications  as  sound 

absorbing panels for the highways.   The primary  criteria for  application as a highway sound 

barrier are: 1) sound absorption capability and 2) strength to withstand wind. The static wind load 

test for BTTB carpet combination showed it required 448.11 kPa of static pressure to break the 

panels which was equivalent to 200mph of wind speed. [10] Acoustic characterization of the 

BTTB composite gave noise reduction coefficient (NOC) of 0.58 in third octave band ranging 

from 125Hz to 4000 Hz. On the other hand, most commonly used sound barrier panels such as 

concrete and wood of the same thickness demonstrated NOC of 0.12 and 0.37, respectively. [9, 

11]  
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Figure 1.4: Carpet Composite with BTTB combination: Side view of flat sample (left) and cross 

sectional view of curve composite (right) 

 

1.4 Environmental degradation of carpet composites 

The performance of the carpet composite demonstrated high potential as a new material for 

highway sound barrier and other structural application in terms of acoustic and mechanical 

properties. However, during long-term outdoor type of applications, the composite panels would 

be exposed to UV, moisture, heat, wind, dust and other pollutants that could potentially 

deteriorate the properties of the composite panels. [12] Among all the  environmental elements,  

moisture and UV play important roles in physical and chemical change or degradation process of 

polymers. [12] 

The following section is about the possible degradation that the carpet composites may undergo 

due to the interaction with moisture and Ultra-violet (UV) radiation. 
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1.4.1 Effect of water on polymer 

Chemical and physical changes are observed in polymers due to interaction with moisture. 

Chemical changes involve hydrolysis and leaching of additives. As a result, plasticization effect 

can be seen in polymers which lead to changes in mechanical properties. [13] 

The water absorption kinematics in polymer is generally divided into two types: 1) Fickian and 2) 

non- Fickian. For the first kind, absorption follows the Fickian law of diffusion which in one 

dimensional case is governed by the following equation:  

2

2

x

c
D

t

c









……………………………….(1) 

This equation can be simplified in the following form relating mass gain to diffusivity and 

thickness h with time[14] : 

2
1

2
4 










 h

Dt

M

M t


…………………………..(2) 

Taking initial mass M  , thickness h, and diffusivity D as constant, mass gain becomes 

proportional to square root of time. As a result Fickian diffusion can easily be identified from 

linear relationship of mass change and square root of time. Fickian diffusion of polymers involves 

absorption through nano or micropores of the polymer, where non-Fickian indicates boundary 

separation in different polymer phase and causes swelling and residual stresses in polymers. [15] 

Epoxy has strong affinity towards water. Absorption and transportation mechanism of water has 

been of interest for many researchers. Different techniques has been utilized to figure out whether 

the absorbed  water molecules are in motion or in static.  Most of the findings came to the 

conclusion that water is stable inside the epoxy and water molecules are attached to specific 

locations of the molecular chain of epoxy. It is assumed that nano voids open spaces for the water 
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and polarity of the epoxy facilitates attachment of  water molecules with polymer chain. NMR 

study by Fuller et al. indicated absorbed water molecules by epoxy is not in motion. [16] They 

also found hydrogen exchange in between water and epoxy. [17] Similar findings was reported by 

Ellis and Karasz and they suggested that one water molecule can interact with six OH sites of 

epoxy polymer. [18, 19] Along with the polarity, free void of epoxy facilitates water motion. 

During the formation of covalent bond in curing process, nanopores of 5-6 Å size are created 

which is big enough to occupy water molecule. [20] As the absorption process goes on, water 

absorption is slowed down not only because of the decrease of free void, but also for the 

hindrance created by the other water molecules strongly attached to the polar sites of the epoxy 

chain. [21] 

However, epoxy can be saturated by 1 7% of water of its weight depending on the nature of

epoxy. [22] Due to interaction with water, there can be change in physical and mechanical 

properties. One of the after effect of water absorption is depression of glass transition 

temperature (Tg) which is attributed to plasticization of epoxy. [23] Moy and Karasz reported that 

depression of Tg increases with the increase in amount of absorbed water. [24] Absorption of 

water leads to formation of microvoid and microcracking, as a result of which loss of mechanical 

properties is observed. [25] 

Similar effect of moisture is observed in nylon. Nylon 66 can absorb up to 9% of moisture of its 

weight. [12] Reduction in tensile strength and modulus has been reported due to degradation by 

moisture. Reduction in elastic modulus may occur in nylon, and high temperature hygrothermal 

ageing can increase crystallinity. [26] Reduction in strength has been found as much as 82% after 

exposure to 100% relative Humidity in 100 °C up to saturation moisture absorption. [27] 
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In fiber matrix composites, interfacial bond between fiber and matrix is highly affected due to 

moisture absorption process. Debonding and weakening of the fiber-matrix bond is observed due 

to interaction with water. [27-29] 

 

1.4.2 Effect of UV on polymer 

Ultra violet (UV) radiation is responsible for chain scission, cross linking reaction, and photo-

oxidation of polymer. UV exposure of epoxy leads to chain scission and surface cracking. [30] 

Due to irradiance of UV, surface damage and initiation of crack have been found in glass epoxy 

composites. [31] 

Chemical, mechanical and physical changes in nylon are found when exposed to UV. Chain 

scission of the nylon by UV attack has been discussed by many authors. Figure 1.5 shows chain 

scission reaction in the most possible order [32]: 
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Figure 1.5: Possible chain scission reaction of nylon chain due to UV. [32] (Reused with 

permission from John Wiley and Sons) 

FT-IR analysis showed that chain scission reaction of nylon 6,6 can be accompanied with 

emission of gases such as H2, CO, NH3, carbonyl compound. [32, 33]. Longer exposure of UV 

can lead to increased cross linking reaction. [34] Along with the chain scission and cross linking 

reaction, photo oxidation is another possible way of degradation of nylon in presence of UV. [35] 

Chain scission makes the polymer weaker and cross linking leads to brittleness and cracking. 

Synergistic effect of UV and moisture is seen on polymer and polymer matrix composites. Kumer 

et al reported results of combined effect of UV and condensation on carbon fiber reinforced 
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epoxy composites. Degradation process is accelerated and erosion can happen in polymer matrix 

by alternative exposure of UV and condensation. [36] It is assumed that the role of moisture in 

the combined effect of UV and moisture is to increases the mobility of the catalyst and thus 

enhance the degradation process.  

  

1.5 clay- polymer nanocomposite        

Clay is a montmorillonite mineral which has 2:1 sheet- layered smectite platey structure The 

elementary structure consists of 2 silica tetrahedron and 1 aluminum octahedral sheets. [37] These 

three sheets together make a clay layer whose  thickness is 0.96nm. [38] High aspect ratio and 

high specific surface area have made nanoclay as an attractive nanofiller for polymers. The aspect 

ratio (thickness to diameter ratio) of nanoclay ranges 200 to 500, and specific surface area is more 

than 750 m
2
/g. [37] Because of this high surface area, addition of small amount of nanocaly can 

contribute to significant improvement in mechanical properties as well as barrier properties 

against liquid and gaseous substants. To obtain the maximum performance of nanoclay, proper 

dispersion or exfoliation of nanoclay layers is extremely required. Based on the exfoliation or 

orientaion of clay layers in polymers, nanoclay- polymer composites are classified into three 

groups (figure 5) : 1) Conventional composite, 2) Intercalated Nanocomposite, and 3) Exfoliated 

Nanocomposite. [39] In conventional composites, there is no inclusion of polymer molecule in 

between the clay layers. In the second type, molecules of polymers enter in between clay 

layersand increse the distance of the layers. For exfoliated nanocomposites, individual clay layers 

are seperated from each other by polymer molecules. 
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Figure 1.6: Schematic illustration of different clay- polymer composites. Modified from [39] 

 

1.5.1 Effect of clay on properties of polymer and composite 

Clay has been used with different polymers as a reinforcing agent. Proper mixing of clay restrains 

the movement of polymer chain, and enhancement in modulus is generally observed. Kojima et 

al. introduced use of clay polymer and reported enhancement of tensile strength, tensile modulus, 

flexural strength and modulus. [40] Lan and Pinnavaia found increasing trend of tensile strength 

and modulus in DGEBA epoxy with increasing amount of clay loading. [41] Chan et al. used 

different amount of clay and measured the strength and modulus. They found increasing trend of 

clay modulus and strength of epoxy up to 5% wt  of clay loading and reduction in properties with 

higher amount of clay. According to their observations, clay platelets can hinder crack 

propagation in polymer matrix and thus help improving strength. On the other hand, higher 

loading creates agglomeration and works as discontinuity in matrix. [42] Similar effect of 

agglomeration has been found by Zerda et al. They reported improvement of properties up to 

3.5% of clay loading and decrease with higher amount of clay. [43] Zaarei et al. found 
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enhancement of microhardness, toughness and wear resistance for use of clay with epoxy as 

coating. [44] 

 

1.5.2 Effect on barrier properties 

Reduction in absorption and enhancement in barrier properties for liquid and gas have been 

obseved by addition of clay. These effects have been attributed to the tortuousity effect due to 

higher aspect ratio of clay platelets. Based on the tortuosity effect, Neilsen's model has been 

developed which predicts the permeability properties of clay composites against liquid and 

gaseous molecules by the following equation [39]: 

2
1

)1(









 matrix

itenanocompos

P
P

 

Here α is aspect ratio, Φ is the volume fraction of nanofiller and P represents permeability. 

According to the model , because of the high aspect ratio of nanoclay, small volume fraction of 

nanoclay can provide significant improvement in barrier properties. 
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Figure 1.7: Illustration of Neilson's tortuous path model for reduction in permeability. Image 

modified from [39] 

Experimental results show that the tortuousity effect significantly reduces the permeability of 

moisture and gas in nanoclay-polymer composites than the polymer itself. [14, 45, 46] 

 

1.5.3 Impact of clay on degradation mechanism 

Clay can bridge nanovoids and hinder degradation mechanism. This is the way it reduces the 

moisture absorption rate in epoxy. Not only that, by preventing formation of micro-crack due to 

environmental effect, it can reduce the effect of degradation on mechanical properties. Kim et al. 

used different types of clay and found reduction in moisture absorption while compared to neat 

epoxy. [14] Studies of effect of NOx on the mechanical properties have also suggested that clay-

polymer composites can retain tensile strength better than neat polymer after degradation. [47] 

Fractographic analysis by woo et al. indicated that initial degradation process by UV cannot be 

delayed by the  use of clay, but effect of longer UV exposure is prevented. Clay can hinder 

diffusion of oxygen and other free radicals and thus prevents crack propagation along the 

thickness of the material. [30] Bagherzadeh et al. applied 60±5μ coating of epoxy-clay on metal 
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and found better anti-corrosive behavior. [48] Singh et al. reported the effect of clay on retention 

of mechanical properties of epoxy against alternating exposure of UV and condensation. 

According to them, clay decreases the formation of cracks and micro-channels, and provides 

higher flexural strength and modulus after combined degradation. [49] 

 

1.5.4 Effect of clay on fire retardancy of polymer 

Polymers are more vulnerable than metal, ceramic, or concrete as construction material because 

of their flammability. Polymer can start a flame once the surface temperature reaches ignition 

point. For most polymers, ignition temperature ranges from 275°C to 475°C. [50] Norman 

Grassie proposed a simple model of fire propagation mechanism through polymer (figure 1.6). 

[51] According to the model, once the fire is ignited, because of the heat, polymer undergoes 

thermal decomposition and produces liquid and gaseous components which take part in the 

burning process. 

 

Figure 1.8: Flame propagation model proposed by Norman Grassie. [51] (Reused with permission 

from Elsevier Limited) 

Different approaches to improve fire retardancy are targeted to discontinue the fire propagation 

cycle by breaking it on the point A, B, or C (figure 1.6).  
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Use of nanoclay or any other nanomaterial can create barrier against propagation of combustible 

product produced by heat and delay the flame propagation. Nanoclay hinders the physical 

movements of flammable product by two method: 1) Barrier effect and  2) formation of char. [52] 

The network structure formed by nano particles create a thermal shield for heat, oxygen and other 

combustible product and reduce supply of fuel for flame. On the other hand, in many cases, use of 

nano components helps formation of robust char which prevents flow of combustible product 

produced by heat during burning process. [52] Kashiwagi used nanosilica, nanoclay, and carbon 

nanotube with PMMA, polyamide, and polypropylene, respectively, and observed fire properties 

in a cone calorimeter. It was reported that addition of nanoparticles can delay ignition time, 

reduces peak, and average heat release rate compared to neat polymers. The aspect ratio of the 

nanoparticle was attributed as the controlling parameter on the effect of flame retardancy. 

Analysis of the final burning product showed higher aspect ratio of the particle is favorable for 

formation of char and reducing crack during burning process. [53] Clay has been used in polymer 

with other flame redardant chemicals and reduced flammability was reported. Nazare et al used 

nanoclay in polyester with different flame retardants and found delay in ignition time and 

decrease in total and peak heat release. [54] 

 

1.6 Objective 

Previously it was discussed that carpet composites are vulnerable against environmental 

degradation for long term outdoor use. Based on the literature review, it can be hypothesized that 

addition of clay can reduce the degradation process. In the carpet recycling process by VARTM, 

carpet is used in as received condition. Addition of clay in epoxy can provide improvements in 

mechanical properties and reduce environmental degradation. Clay can be added in epoxy matrix 

in two ways: 
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In first method, clay can be dispersed in epoxy matrix before VARTM. It is expected that effect 

of clay in epoxy matrix will provide two important benefits: 

1) Decelerate degradation mechanism in epoxy matrix by hindering formation of crack 

2) Improve barrier properties against moisture to reduce degradation in fibers due to 

moisture absorption 

In the second method, clay-epoxy can be used as a coating on the carpet composite. The UV 

degradation mostly effects the surface by initiating micro-crack and channels. By forming a 

clay/epoxy coating on the composites, the surface of the porous composites can be closed 

properly, and  there is chance of having significant improvement in durability.  

In addition, use of clay may provide better fire retardant properties. The advantages of using clay 

as fire retardant is that it reduces flammability without compensating the mechanical properties. 

This study is focused on the effect of clay on the durability and flammability of the recycled 

carpet composite fabricated by VARTM process. Clay has been used as a nonofiller with epoxy 

matrix, as well as clay-epoxy coating was used on regular carpet composites. Effect of moisture 

and alternating exposure to UV and condensation on the carpet composites are studied. Flexural 

test has been utilized to quantify and compare the degradation process. Mass change is monitored 

for better understanding of the degradation process. 



18 
 

CHAPTER II 
 

 

MATERIALS AND EXPERIMENTS 

 

2.1 Materials  

2.1.1 Resin System 

The carpet composites were fabricated by vacuum assisted resin transfer molding (VARTM) 

process. The viscosity of the resin plays an important role for on the quality of the finished 

composites. Low viscosity may deform the composites. On the other hand, higher viscosity may 

lead to improper distribution of the polymer resin. [55] At the same time, higher pot life is desired 

for VARTM process to avoid the gelation before complete resin infusion. 

The resin system used for this study is System 2000 epoxy purchased from Fibre Glast 

Corporation. This resin is mixture of  epoxy with less than 0.8% of multifunctional acrylate. [56] 

Three different types of hardener are available for curing of system 2000 epoxy resin. For 

convenience of VARTM process, 2120 epoxy hardener which is a modified amine mixture was 

used because of its higher pot life,. The resin mixture was prepared with  epoxy resin and hardner 

in the weight ratio of  100:27. The mixture has medium viscosity ( 925-975 cps) and 2 hours pot 

life at room temperature. [57]  
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The material data sheet has not provided the actual  structure and formulation of epoxy resin. The 

epoxy could be either diglycidyl ether of bisphenol-A (derived from acetone) or diglycidyl ether 

of bisphenol-F (derived from formaldehyde). The general chemical structure of diglycidyl epoxy 

is shown in figure 2.1 

 

Figure 2.1: Chemical structure of diglycidyl epoxy  

2.1.2 Nanoclay 

The nano-filler used in this study was Nanomer I.28 (Nanocor, Inc., IL, USA). This clay had been 

selected because of its compatibility with epoxy. This clay has particle size of 15 -20 micron. The 

clay surface was modified with trimethyl octadecyl ammonium chloride (figure 2.2) and modifier 

concentration is 25-30%.  In order to allow the dispersion of clay in an organic medium, a surface 

modification was required to make it organophilic. I.28 clay has been chosen for the longer chain 

of modifier salt. Longer chain of the modifier helps better dispersion and higher mechanical 

strength of the nanocomposites than the clay modified with shorter chain. [58] 
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Figure 2.2 : Structure of nanoclay modifier  

2.1.3 Carpet 

In this study, orange color nylon cut loop type carpet was chosen (manufactured by Shaw 

Industries).  The properties of the recycled carpet composite depends and varies on the life time 

of recycled carpet. In this studies, new carpet was used for baseline studies. Bottom- Top- Top- 

Bottom (BTTB) configuration of the carpet layup was chosen for composite fabrication as shown 

in figure 2.3. 

 

 

Figure 2.3: Configuration of carpet preform for fabrication of composite 
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2.2 Fabrication of carpet composites 

Three different types of carpet composites have been fabricated for this study. These are-  a) Neat 

epoxy carpet composite; b) Clay coated carpet composite; and c) Clay Infused carpet composite.  

Fabrication of neat carpet composite with epoxy matrix has been elaborately described by 

Krishnan Lakshminarayanan. [9] Vacuum assisted resin transfer molding (VARTM) process has 

been used to fabricate carpet composites. In this process, layers of carpet were placed on a metal 

mold and it is completely sealed inside a vaccum bag with an inlet and outlet port for the resin to 

flow through the carpet layers (figure 2.4). Vacuum pressure of 75kPa has been utilized to pull 

the resin and infuse inside carpet layers. Different release medium and infusion fabric have been 

used as shown in figure 2.5 to facilitate uniform and faster infusion of the resin. After the 

infusion, resin was pre-cured in room temperature under the vacuum pressure. After demolding, 

composites were post-cured at 49 °C for 6 hours. 

 

Figure 2.4: Schematic Diagram of the mold for VARTM process (Top view). Modified from [9] 
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Figure 2.5: Schematic illustration of different infusion media and release fabric used in VARTM 

process 

The same aforementioned VARTM fabrication process was used   to make neat epoxy- carpet 

composites for our study.  To fabricate clay coated composite, epoxy resin and clay in the weight 

ratio of 100:4 clay were mixed by magnetic stirring  for 24 hours at 120 °C, and hardener was 

added in the mixture. Neat epoxy composite demolded from the vacuum mold was coated with 

this mixture by a paint roller (Figure 2.7). After coating, the coated material was  pre-cured in 

room temperature for 24 hours and post- cured at 49 °C for 6 hours.  

 

Figure 2.6: Flow chart of fabrication of clay coated carpet composites. 
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Figure 2.7: Coating of carpet composite with epoxy- nanoclay 

For clay infused carpet composites, 4 wt% clay were dispersed in the epoxy by magnetic stirring 

for 24 hours at 120 °C, and the clay- epoxy mixture was infused through the carpet layers by 

VARTM process. The resin was pre-cured for 24 hours in room temperature, and then, post-cured 

at 49 °C for 6 hours. 

 

Figure 2.8: Flow chart of fabrication of clay infused carpet composites 

 

2.3 Characterization test 

The characterization tests were performed  on the carpet composite for their environmental 

durability and fire retardancy. Two different environments had been applied on the composites 

for degradation studies. In the first case, composite panels were soaked in deionized water and the 
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experiment had been termed as 'moisture absorption'. In the second case, cyclic exposure of the 

ultra- violet (UV) and condensed water vapor were applied on the composite. To observe the 

effect of environmental exposure, flexural test was performed for each type of the composite 

before and after the exposure. The mechanical test methods and the environmental degradation 

conditions used in this study are discussed in the following sections. 

 

 

 2.3.1 Flexural Strength and Modulus 

Flexural strength and modulus were determined by three point bending test according to ASTM D 

790 standard. [59] For this test Universal testing machine (Instron 5567, Norwood, MA) was used 

with a adjustable two support of anvils with radius of 4 mm and loading anvil of 10 mm radius.   

 

Figure 2.9: Flexural test of carpet composite 

Rectangular bars were cut from carpet panels by bend saw. The width and length of the samples 

were kept 25 mm and 250 mm, respectively. The bars were rested on two nose supports and span 

length was kept at 200 mm. The specimen was then loaded in the middle of the supports with a 

constant strain rate (Figure 2.1). The cross head motion was calculated using equation 2.1 . 
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……………….…………………………(2.1) 

Where:  

R= rate of crosshead motion, mm/min 

L= support span, mm 

d= depth of the beam, mm 

Z= rate of straining of the outer fiber, mm/mm/min (equal to 0.01) 

Based on the nominal dimensions of the specimen and the equation, the crosshead motion was 

maintained 5 mm/min for every specimens. 

Equation 2.2 and 2.3 were used to calculate the flexural stress and strain from the applied load 

and midpoint displacement data.  

 

   
   

    
……………….………….……………(2.2) 

   
   

  
……………….…………..……………(2.2) 

Where:  

P= load  

D= deflection of the midpoint of test span 

The flexural modulus was obtained from the stress strain curve. For each type of sample, five 

specimens were used.  
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2.3.2 Moisture absorption 

The samples were cut according to the required dimensions for the flexural test. The samples 

were then submerged in sub boiling deionized water for 1000 hours. Bulb condenser was attached 

on the hood of the water vessel to prevent water evaporation and to maintain constant water level 

(figure 2.10 ). Maintaining same water level helped to keep the temperature steady. Edges of the 

specimens were coated with high temperature wax to ensure uni-directional water diffusion. 

Before submerging the  samples, the temperature of the water was kept stable at 80 °C ±2 °C  by 

controlling the hot plate temperature. To reduce evaporation loss during the weight measurement, 

samples were placed at room temperature water for 10 min to bring them to ambient temperature 

before weight measurement. Before every measurement, specimen surface  was wiped carefully 

to remove the surface water. 

 

Figure 2.10: Moisture absorption of carpet composites 
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2.3.3 Cyclic Exposure of UV and condensation 

The combined effect of Ultra-violet (UV) and condensation was studied by exposing several 

composite samples to alternating cycles of 8 hours UV radiation and 4 hours of water vapor 

condensation, as per ASTM G154-05. [60] An irradiance of 0.89 W/m
2
 and a temperature of 50 

°C was applied on the composite surface in the first step of the cycle. In the second step 

condensed air was applied at 50 °C for 4 hours.  These tests were performed using a QUV/se 

Accelerated Weathering Tester, (Q-Panel Lab Products, Cleveland, Ohio, USA). After every 2 

cycles (24 hours), the weight of the samples were recorded and the sample were rotated 180° 

before the next cycle. High temperature wax was applied on the edge of the composite to ensure 

unidirectional moisture diffusion.  

 

 

Figure 2.11: Test chamber used for alternating exposure of UV and condensation 
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2.3.4  Fire Test 

The flammability resistance of different types of composite was determined according to ASTM 

D 635-10. [61]  In this set up, a composite bar of 125 ± 5 mm length was placed horizontally, and 

the free end of the samples were exposed to a standard test flame for 30 s and then flame was 

removed. The time of flame propagation in between two fixed position of the composite bar with 

75± 1mm distance was recorded. From the recorded time flame propagation rate was measured in 

mm/min unit. An average of 11 samples were reported for each type of composite.  

 

Figure 2.12:  Test setup for determining flame propagation rate 
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CHAPTER III 
 

 

RESULT AND DISCUSSION 

 

3.1 Moisture Absorption  

3.1.1 Gravimetric Analysis 

Figure 3.1 represents comparison of the moisture absorption behavior in different carpet 

composites.  

 

Figure 3.1 Moisture absorption behaviors of different carpet composites at 80°C. Error bar 

indicates standard deviation of five specimens.
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From the curve, it can be inferred that after 1000 hours of moisture absorption, neat epoxy has 

reached the saturation or equilibrium water content. On the other hand, clay containing sample 

sets are showing slightly increasing trend at the end of the observed time period. Relative amount 

of moisture for the neat epoxy composites was about 11%, where as for clay coated and clay 

infused samples, it was around 8% and 5%, respectively. The maximum moisture absorption for 

epoxy and nylon are reported as 7% and 9%, respectively. [12, 22] On the other hand, carpet 

composites being porous absorb more moisture than the individual components. 

It has been reported that clay enhances the saturation moisture level due to interface increase in 

the composite. [62] From the analysis of moisture absorption graph, it is difficult to predict if the 

clay increases or decreases water saturation level of carpet composites. However, it is seen that 

the addition of clay has reduced moisture absorption rate, and the absorption rate is observed in 

the following decreasing order:  1) neat epoxy, 2) clay coated, and 3) clay infused carpet 

composite.   

For clay infused carpet composites, clay may effect on the overall moisture behavior of the 

composites in two ways: 

1) Reduction in moisture diffusion rate in epoxy matrix 

2) Reduction in permeability of epoxy matrix against moisture to reach nylon fibers 

Reduction in moisture absorption rate or diffusivity constant by use of clay has been reported by 

many authors.[14, 62-64] Others reported that clay reduces moisture saturation level due to: I) 

bridging of microvoids, II) increased cross linked density around the clay platelets. [14, 64] 

Reduction in permeability is due to the tortuousity effect clay against water to pass through the 

matrix. [14] Because of the effect of clay throughout the matrix, clay infused carpet composites 

absorbed the lowest amount of moisture than the other two types of composites. 
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In the case of clay coated carpet composites, although the thickness of the coating is negligible 

compared to the thickness of the whole composite, a significant effect of  clay coating in reducing 

the moisture absorption rate is observed. The neat carpet composite is highly porous. The  coating 

on the composite   with  a thin layer of clay-epoxy mixture mends the pores, and  acts  as a clay 

reinforced diffusion barrier. 

 

Figure 3.2: Change in mass in carpet composites as a function of square root of time. Error bar 

indicates ± standard deviation of five specimen 

Change in mass due to moisture absorption as a function of square root of time is given in figure 

3.2. The diffusion of water inside the composites was made unidirectional by blocking transport 

of moisture through the edges of the composites by coating with high temperature wax. In the 
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plot, the initial straight line indicates the dominance of one directional Fickian diffusion.[65] 

Based on the Fickian diffusion, it can be assumed that the movement of moisture molecule is 

through the micro pores only. In this case,  swelling, separation of different phases, and  residual 

stress are not involved in the  moisture diffusion process. [15, 65] 

 

3.1.2 Mechanical Properties 

3.1.2.1 Flexural Strength 

Table 3.1 lists the flexural strength of different composites before and after moisture absorption. 

The flexural strength value of as prepared neat epoxy and clay coated composites are almost 

same. This shows that the thin clay layer coating did not show any effect in the flexural strength. 

On the other hand, increase in flexural strength in clay infused samples was around 13% 

compared to the neat epoxy composite. Similar enhancement of flexural strength has been 

observed in carbon fiber clay/epoxy [64, 66] and glass fiber clay/epoxy [67, 68] hybrid 

composites.  This improvement in flexural strength for clay reinforced hybrid composites is 

attributed to the enhancement of strength in epoxy matrix and interfacial interaction of fibers and 

clay.  

              Table 3.1: flexural strength of different Carpet composites before and after moisture 

Sample Type Flexural Strength (MPa) 

As Prepared Neat Epoxy 27.06854± 0.4417 

As prepared Clay coated 27.93063± 0.17556 

As prepared Clay Infused 30.67843±0.8963 

Moist Neat Epoxy 20.92116±1.01040 

Moist Clay Coated 22.69899±1.0525 

Moist Clay Infused 25.86529±1.1385 
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Significant reduction of flexural strength of the composites has been noticed after the moisture 

absorption in comparison with the as prepared samples. For neat epoxy composite, reduction in 

flexural strength was 22.7%. On the other hand, reduction in strength was 18.7% and 15.7% , 

respectively for clay coated and clay infused composites. Reduction in flexural strength can be 

due to chemical degradation of both fiber and epoxy matrix, and also due to reduction in 

interfacial bonding between fibers and epoxy. [29] Reduction of flexural strength was minimum 

in. clay infused composite. It can be assumed that higher barrier property of the clay-epoxy 

matrix against water has slowed down the degradation process of  nylon and fiber matrix 

interface. At the same time, presence of clay in epoxy matrix has maintained better mechanical 

properties of epoxy matrix after the degradation process. 

 

3.1.2.2 Flexural modulus 

Table 3.2 shows flexural modulus of different carpet composites before and after moisture 

absorption. As prepared clay infused composites has demonstrated 40.8% increase in flexural 

modulus in comparison with that of the neat epoxy samples. Increment in flexural modulus in 

clay- epoxy nanocomposite and for clay-epoxy- fiber composites has been reported by many 

authors. The increase in the flexural modulus is attributed to the motion restriction of the polymer 

chains by the clay platelets, and increase in the cross linking density of polymer around the clay 

platelets. Another possible explanation for modulus enhancement could be the increase in 

interfacial bonding between matrix and fiber by clay platelets. 
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Table 3.2: Flexural modulus of carpet composites before and after moisture absorption 

Sample Type Flexural Modulus (MPa) 

As prepared Neat epoxy 1842.396± 96.91325 

As prepared Clay coated 1877.732± 74.6482 

As prepared Clay infuse 2594.19967± 64.0043 

Moist Neat Epoxy 898.1166± 44.83102 

Moist Clay Coated 1106.521± 44.2223 

Moist Clay Infused 1392.555± 167.2172 

 

Reduction in elastic modulus due to moisture absorption is observed (Table 3.2) in carpet 

composites. Reduction in modulus is directly related to scission of polymer chain. [69] For neat 

epoxy carper composites, reduction was 51.2%, while it was 41.1% and 46.32%, respectively for 

clay coated and clay infused composites. The improvement in modulus for moisture absorbed 

clay composites compared to neat composites is attributed to the less scission of polymer chains 

as a result of low moisture diffusion due to the presence of clay platelets. 

 

3.2 Cyclic exposure of UV and condensation 

 

3.2.1 Gravimetric Analysis 

Variation in mass in neat and clay carpet composites   due to the cyclic exposure to Ultra Violet 

(UV) and condensation is shown in figure 3.3. It is observed that during 1000 hours alternative 

exposure, neat epoxy composites gained more weight than clay composites. Among the clay 

composites, clay infused composites has more weight change than clay coated composites. The 

reason is attributed to the number of voids present on the surface of composites. The neat 

composites gained more weight because of the presence of numerous voids. These voids are 
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minimum for clay coated composites as a result of thin coating of clay- epoxy on the composites’ 

surface. The voids are not closed for infused carpet composite, but the weight gain is lower than 

neat composite because moisture diffusion is hindered due to tortuousity by clay platelets. No 

erosion or decrease of weight has been noticed during exposure of 1000 hours.  

 

Figure 3.3: Change in mass of carpet composites due to alternating environmental exposure 

 

3.2.2 Mechanical properties 

 

3.2.2.1 Flexural Strength 

The flexural strength of different carpet composites before and after cyclic exposure to UV and 

condensation is shown in table 3.3. The results show an unexpected Increase in flexural strength 

after alternating environmental exposure. The possible explanation for this could be an increase in 

the cross linking density in epoxy matrix due to high temperature in the degradation chamber. 

The degradation effect on the mechanical properties as a result of cyclic exposure  is not observed 
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This is due to the high thickenss of the carpet  composite, and 1000 hrs exposure time is not 

sufficient to significantly change the mechanical properties as a result of degradation . UV 

degradation is surface phenomena. Liau et al. exposed glass fiber composite in UV and effect of 

UV was not found for the composite with more than one lamina after 180 days exposure. [31] 

Kumar et al. used sample thickness of 1.27 mm of epoxy carbon fiber composites for UV and 

cyclic exposure to observe the change in properties, and as a result, found  some decrease in the 

mechanical properties. [36] Allen et al. used  nylon test samples of 100 μm thickness to observe 

the significant effect of exposure. [70] In the case of carpet composite, 14 mm thick composites 

were used for exposure. Due to the high thickness of the composite, and less exposure time, the 

UV exposure effect is limited only the surface layer. As a result, significant contribution from 

degradation is not observed in the strength reduction of the carpet composites.  

 

Table 3.3: Flexural strength of carpet composites before and after exposure to UV and 

condensation 

Sample Type Flexural Strength (MPa) 

As Prepared Neat Epoxy 27.06854± 0.4417 

As Prepared Clay Coated 27.93063± 0.1756 

As Prepared Clay Infused 30.67843± 0.8963 

Degraded Neat Epoxy 37.38847± 8.5581 

Degraded Clay Coated 43.48824± 1.0962 

Degraded Clay Infused 36.92608± 1.9672 

 

It is seen that clay coated composites possess the highest strength after alternating degradation in 

comparison to other samples of carpet composites. This is attributed to the low absorption of 

water and hence low degradation of the clay coated composites. Clay acted as a strong barrier 
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against moisture penetration, and protected the composite panels degrading from UV radiation 

and condensation.  

 

3.2.2.2 Flexural Modulus 

The flexural modulus of composites before and after cyclic UV and condensation is given in table 

3.4.  The neat and clay coated composites show an increase in flexural modulus after alternating 

environmental exposure. Higher cross linking density restricts molecular movements. Increase in 

flexural modulus after alternating degradation indicates higher cross linking density of epoxy 

matrix during the degradation process. But, the flexural modulus of clay infused composites is 

decreased after cyclic exposure due to unknown reason. 

Table 3.4: Flexural modulus of carpet composites before and after exposure to UV and 

condensation 

Sample Type Flexural Modulus (MPa) 

As Prepared Neat Epoxy 1842.396339± 96.9133 

As Prepared Clay Coated 1877.731891± 74.6482 

As Prepared Clay Infused 2594.19967± 64.0043 

Degraded Neat Epoxy 2032.447225± 213.7068 

Degraded Clay Coated 2183.034141± 40.58722 

Degraded Clay Infused 2173.147697± 40.34234 

 

3.3 Fire test 

Figure 3.4 shows comparison of the linear flame propagation rate for different carpet composites. 

20% and 34% reduction in the average linear burning rate for clay-coated and clay infused 

samples, respectively are observed when compared to neat composites.  
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Clay coated samples have clay only on the surface and it can be assumed that clay-epoxy coating 

delayed the ignition time to initiate the flame propagation. The formation of initial flame is 

important in flame propagation in absence of any other external heat source. Delayed ignition 

time can be attributed to the thermal stability enhancement of epoxy/ clay coating composites. 

[71] Among all the prepared composites, lowest flame propagation rate is observed in clay 

infused composite. This indicates that the presence of clay platelets throughout the matrix in the 

clay infused composite reduces the flame propagation in the bulk sample. The result is in 

accordance with the reported observation of reduction in flammability of clay-polymer compared 

to neat polymer. [53] Nano particles, like clay, when present in the polymer matrix help in 

forming network like structure against decomposed flammable product and hinder the burning 

process.    

 

Figure 3.4 : Linear burning rate of neat and clay carpet composites. The error bar shows ± 

standard deviation of eleven specimens. 
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CHAPTER IV 
 

 

CONCLUSION 

 

Composite panels were fabricated from recycled post-consumer carpet materials. These 

composites were fabricated with neat epoxy, and further coated with a mix of epoxy and I.28E 

nanoclay. Composite samples were also fabricated by infusing them with a mixture of epoxy and 

4 % I.28E. Composites were exposed to moisture and cycling exposure of Ultra violet and 

condensed vapor. Flexural properties were tested before and after each degradation process/ 

Significant reduction in flammability in the carpet composites  was observed due to use of clay. 

The linear burning rate as per ASTM D 635-10 was reduced by 20 % for composite samples 

coated with the epoxy-clay coating, while it was reduced by 34 % for composite samples infused 

with 4 % nanoclay. 

Moisture exposure for these samples indicated that both clay coating and clay infusion reduced 

the deleterious effect of moisture on the composites. Significant reduction in diffusivity was 

found in clay coated and clay infused composites. All the composite showed reduction in flexural 

strength and modulus, where severity of degradation was less in clay coated and clay infused 

carpet composites. After 1000 hours exposure of moisture clay infused carpet composite 

demonstrated higher strength and modulus than other other two composites. It was also observed 

that moisture absorption was a Fickian diffusion mechanism.  
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For alternating moisture and UV exposure cycles, the clay-coated samples exhibited the lowest 

change in mass, while the neat epoxy recycled carpet composites showed the highest mass gain. 

However, It was also observed that the combined moisture/UV exposure resulted in an increase in 

strength in the case of all composite types. It can assumed that , high temperature exposure of 

composites lead to higher cross linking of the polymer and exposure time for cyclic 

environmental condition was not long enough to observe the effect of degradation. Longer 

exposure and molecular analysis can be conducted to determine the effect of UV on the carpet 

composite. 
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APPENDICES 

 

APPENDIX A: RELATED WORK ON CARPET RECYCLING 
 

The following paper was presented in SAMPE Spring Conference in Baltimore, MD in May, 

2012. This is included here because it discusses about application of the carpet composite 

fabricated by VARTM process.  

 

LOW-COST COMPOSITE TOOLING MATERIALS BASED ON RECYCLED 

POST-CONSUMER CARPET 

S. Das
1,2 

, K. Bastola
2
, R. Vaidyanathan

2
 

1
School of Mechanical and Aerospace Engineering  

Oklahoma State University 

Stillwater, OK 74075 

 
2
Next generation Materials Laboratory 

Oklahoma State University 

700 N Greenwood Avenue 

Tulsa, OK 74106 

ABSTRACT 

Post consumer carpet waste is both an environmental and economic liability because of the cost 

involved in its disposal and 90% of post-consumer carpet is dumped into landfills. It is therefore 

necessary to develop sustainable post-consumer carpet-based products for high-value engineering 

applications such as composite tooling. To be considered as an acceptable composite tooling 

material, a composite has to meet several property requirements such as low coefficient of 

thermal expansion, reasonably good compressive strength, accurate tool dimensions after 

repeated exposure to curing cycles as well as the ability to withstand several curing cycles 

without change in mechanical properties. Recently, Oklahoma State University has developed a 

modified vacuum assisted resin transfer molding (VARTM) process for recycling carpet materials 
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into large-scale composite panels with excellent mechanical and acoustic properties. In this paper, 

we present an application of these composite materials for composite tooling applications. 

Material properties such as glass transition temperature, hardness based on Shore Durometer D 

scale, mechanical properties as well as tooling accuracy as a function of composite fabrication 

cycles have been presented. The results indicated that this tooling material based on recycling 

post-consumer carpet waste has the potential to be a low-cost composite tooling alternative for 

the industry. 

1. INTRODUCTION 

The use of advanced fiber reinforced composites in commercial aircraft has become a necessity to 

achieve higher performance and greater fuel efficiencies.  Boeing’s 787 and Airbus’s A350 are 

two such aircraft that exemplify the push to achieve aircraft made from > 50% performance 

composite instead of traditional aircraft alloys.  To ensure the best material quality and reliability, 

aerospace composites are processed inside autoclaves that combine heat and pressure to fully 

bond multi-layered composites.  The tooling used to support/shape composite prepregs during the 

layup and cure process key component in the manufacturing process in terms of function, 

logistics, and in terms of cost.   A large opportunity exists for innovative materials to displace 

existing Invar and carbon composite tooling. 

Metallic alloys have been the traditional engineering class of materials from which structural and 

thermal systems are manufactured.  However, newer platforms such as those developed for the 

department of defense (DoD) as well as newer aerospace components tend to operate at higher 

temperatures, faster speeds, in order to achieve better performance.  These needs push the limits 

of conventional alloys that have significant weight penalties compared to next generation 

materials.  Increasingly, engineers are trying to incorporate advanced fiber reinforced composites 

in a larger fraction of platforms to benefit from their high specific strength and stiffness.   
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Manufacturing Fiber Reinforced (FRP) Composites are fundamentally different than metal or 

plastics.  Metals are typically cast into molds directly from the liquid state or CNC machined 

from bulk stock.  Plastics can be cast, injected, or thermo-formed.  High performance composites 

(with continuous fibers) exhibit exceptional strength and stiffness values due to engineered 

orientation of continuous fibers/fabrics.  They must be formed using operations that can maintain 

these specific fiber orientations.  Fibers and resins must be supported with a “tool” or “mandrel” 

to impart shape during the lay-up process and while the resin system cures and sets the fibers in 

place. 

Lay-up tools and techniques vary by the application, final composite geometry, and desired 

process conditions.  For open geometries without trapped features, parts are formed against a tool 

in using the either the Outer Mold Line (OML) or Inner Mold Line (IML).  Figure 1 (left) 

illustrates vacuum forming around a male tool using the IML.  Composite “prepreg” (pre-

impregnated fabric) is layered around the tool, bagged, and put under vacuum to laminate and 

consolidate fabric layers.  Once the part is cured, it is removed from the tool.  

Hollow geometries, such as pressure vessels, may be filament wound with continuous fibers as 

shown in Figure 1 (right).  In the pressure vessel case, the support tool/mandrel may be a liner 

that will stay inside the composite vessel or it may be a removable mandrel. [1]  
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Figure 1: (Left) Vacuum forming around a male tool (Right) Filament winding around a male tool 

[1] 

Tooling materials can be broadly classified into IML, OML, and removable (for seamless, 

hollow/trapped configurations that do not allow a tool to be pulled out).  In addition, these can 

also be subdivided into single-use and multi-use. Figure 2 shows a schematic representation of 

the different tool types. [1] Materials and applications used in OML/IML process vary greatly 

within the composites industry.  Low cost tooling materials are plasters (easily castable) and resin 

boards can be CNC machined.  These materials tend to be used in low cost applications and in 

single use / prototyping manufacturing runs. In high performance applications, carbon fiber based 

composites are used to manufacture parts and it is often desirable to have a tool/mandrel with a 

similar CTE (coefficient of thermal expansion).  Therefore, the use of Invar and carbon-carbon 

tooling/mandrel materials is prevalent in the industry for matching the properties of [1]. 
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Figure 2: Tool/Mandrel Classification 

Selection of tooling materials is driven by resin/fabric system, production methods, production 

quantity, costs, required tolerances, composite geometry (size/contour severity), and 

manufacturing experience.  Based on typical aerospace requirements, lost cost tooling options 

rarely suffice.  Key aerospace drivers are thermal stability and thermal expansion behavior.  

Performance carbon fiber reinforced composites have very low CTE’s and tooling materials are 

often selected to minimize mismatch with the layup tool. According to discussions with aerospace 

composite manufacturers, the ideal CTE should lie between or close to that graphite/BMI, Invar 

36, graphite/epoxy, graphite or carbon foam. [1] This should match that of the composite system 

being fabricated. [2]  

Table 1 shows a list of ideal target properties desired in a composite tooling material and 

compared them with properties for several commonly used tooling materials, as per several 

composites manufacturers. [1, 3]  

Recently at Oklahoma State University (OSU), a new technique was developed to recycle post-

consumer waste carpet into composite panels based on a modified vacuum assisted resin transfer 
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molding process. [4] The manufacturing process was further scaled up to manufacture large-scale 

(approximately 1 m x 1 m or 3 ft x 3 ft in size) composite panels with excellent sound absorption 

capabilities and mechanical properties. [5]  

Table 1. Properties of existing tooling materials and target properties 

Property Invar  Composite Epoxy  Polyurethane Target 

CTE [10
-6

 K
-1
] 1.3  32 50 1.3 

Density [g/cc] 8.1  0.67 0.85 <1 

Max. Thickness [cm] N/A  15 15 >30 

Temperature Capability [ °C] >260  141 142 160 and 260 

Compressive Strength [MPa] -  57 72 21 

Cost [$/L]
 

300  25-38 25-35 <20 

It is important to understand why it is necessary to recycle carpet materials. In the United States 

alone, about 200 million metric tons (450 billion pounds) of carpet waste is generated every year. 

Only 2%, around 4 million tons of carpet waste is recycled while the rest is disposed into the 

landfills [6]. Post-consumer carpet accounted for approximately 1-wt% and 2-vol% of the 

municipal solid waste stream in the United States in 2008, and this number has been increasing 

steadily [7]. Nylon is utilized in 65% of the carpet sold in the US market. It has excellent 

performance characteristics and is very durable, especially in heavy foot traffic conditions. Nylon 

based carpets have either the nylon 6 face fibers or the premium nylon 6, 6 face fibers. However 

these carpets fail to perform after their shelf life of 11 years and are either incinerated or sent to 

landfills after their useful service. [8]   
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In the technique developed at OSU, the panels were fabricated with different low cost room 

temperature cured polymer resins (epoxy, polyester and polyurethane) infused through the nylon 

fibers with good surface quality and large sizes. A big advantage of the OSU process is that it is 

possible to fabricate the composites without having to remove the parts of the composite other 

than the nylon fibers. During this process, it was observed that it was also possible to fabricate 

carpet composite with complex surface profiles, which is a necessary requirement for composite 

tooling. This option leads to the opportunity of recycling carpet materials to manufacture 

composite tooling articles with a high temperature resin system. 

In this paper, we present the preliminary data for the fabrication process of tooling using nylon-

based carpet and a high temperature epoxy resin and its properties such as density, compressive 

strength, surface hardness, and dimensional accuracy as a function of number of cure cycles.  

 

2. EXPERIMENTATION 

Materials 

In this study Nylon, cut loop type of carpet of the commercial name Orange Cool Aid by Shaw 

Industries was chosen. These carpets of size 60 cm x 144 cm were bought from M/s Georgia 

Carpet Industries Inc., Atlanta, Georgia, and then pieces of different sizes were cut from the 

carpet for preparing the samples. The epoxy resin used for this study was SC-79 (low viscosity 

cycloaliphatic amine), supplied by Applied Poleramic Inc. This two part resin system is of high 

temperature use and preferable for VARTM infusion with 5 hours pot life at room temperature. 

New carpet materials based on nylon 6,6 fibers were used to fabricate the composite. New carpet 

was used to develop baseline properties of recycled carpet-based composites so that the effect of 

carpet life on the properties could be eliminated. This carpet consists of nylon fiber and 

polypropylene as the backing material. The peel ply, resin infusion media, breather cloth, release 
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film, breather cloth, spiral tubing, and resin traps were purchased from Fibreglast Development 

Corporation.  

Tooling Fabrication 

Samples were fabricated using a simple, vacuum assisted resin transfer molding fabrication 

technique. Any of two different combinations of layers viz. Top-Bottom-Bottom-Top (TBBT) 

and Bottom-Top-Top-Bottom (BTTB) can be used for the tooling fabrication. The carpet fiber 

side is the top and the carpet backing side is the bottom. For this particular study, a BTTB 

configuration was used. In the modified VARTM fabrication process use of caul plates and green 

mesh cloth (similar to SCRIMP process) are an addition. Additional details of the process have 

been described in references 4 and 5. The vacuum mold was prepared on a cylindrical metal 

container to provide a contour to the final component. Wax and PVA (polyvinyl alcohol) were 

applied for ease of de-molding after curing the composite (tooling) and two layers of carpet in 

BTTB configuration was placed on top. A schematic as well as the actual molding in progress is 

shown in Figure 3. Release film, peel ply, resin infusion media, breather cloth and caul plate were 

used on the carpet preform as shown in Figure 1. Helix tubes were placed along the width in inlet 

and suction side to ensure uniform distribution of resin flow throughout the width of the carpet.  

 

Figure 3: VARTM setup for tooling Fabrication (a) Schematic Diagram, (b) Setup inside oven 
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The SC-79 resin part A and Part B were mixed and infused utilizing a vacuum pump and resin 

trap. The mold was then kept at 60 °C for 4 hours at a vacuum pressure of 75 kPa to complete the 

curing process. After demolding, the composite part was post cured at 121 °C for 4 hours as per 

the instructions of the resin manufacturer. Flat samples were also prepared for the 

characterization of density and mechanical properties, prepared under the same conditions. 

Characterization of Mechanical Properties 

The fabricated tooling piece was subjected to fifteen (15) autoclave cycles of 154 °C at 1 hour, 

based on the manufacturer recommended curing cycle for SC-79 resin. Compression test samples 

of size 25.4 mm x 25.4 mm x 12.7 mm thickness were machined from flat panels, according to 

ASTM C365 [9]. Compression tests were performed on an INSTRON 8802TT servo-hydraulic 

machine. Differential scanning calorimetry was carried out after 0, 1, 5, 10 and 15 cure cycles 

using a Q2000 (TA Instruments). Shore D durometer hardness was measured using an AD-100-D 

Durometer (Albuquerque Industrial) while dimensions were recorded using a shop caliper after 

every cure cycle. The density of the composite was calculated by measuring the dry weight and 

the volume displaced by the sample after immersion in distilled water.  

3. RESULTS 

Thermo-mechanical and physical properties 

An image of the tooling fabricated is shown in figure 4. The approximate dimension of the tool 

was 250 mm x 200 mm. The average thickness of the tooling was 13.09 ± 0.321 mm. The density 

was measured to be 1.1785 gm/cc. The tooling material was machinable. It is possible to adjust 

the thickness, density and fiber:resin ratios.  
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Figure 4: Recycled carpet based composite tooling 

Figure 5 shows the DSC data for the tooling samples after 0, 1, 5, 10 and 15 cure cycles. For the 

first few cure cycles, two endothermic peaks were visible. The low temperature peak was in the 

range of 45-55 °C representing the glass transition temperature of nylon 6,6 fibers. However, 

after the tooling material was exposed to additional cure cycles, the low temperature endothermic 

peak was not apparent, indicating that the Tg was only dependent on the Tg of the SC-79 resin. 

With additional curing cycles, the Tg appeared to increase for the tooling material, which would 

be an advantage. Many researchers have studied the Increase in Tg of semi crystalline materials 

after high temperature exposure. [10] The upward shift in Tg is attributed to a reduction of 

mobility of the amorphous phase. It is also speculated that the interaction between nylon 6,6 and 

SC-79 after high temperature curing may have contributed to the increase in Tg.  
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Figure 5: DSC data for composite tooling materials after exposure to different number of cure 

cycles (data acquired at 10 ˚C/min) 

Dimensional Accuracy 

Dimensional accuracy of the tool was also measured using a shop caliper having an accuracy of ± 

0.005 mm. Five different positions were marked on the concave surface of the tool and distances 

from a fixed reference point were measured as shown in figure 6 after every cure cycle. Figure 7 

shows the distances from the reference point as a function of the number of cure cycles. It can be 

observed that the relative dimensions of the tooling remained approximately stable. More 

accurate measurements will be required to demonstrate the tool accuracy.  

Mechanical Property Measurements 

The Shore D hardness values of the tooling surface are shown in Figure 8 as a function of number 

of cure cycles. It was seen that the tooling surface demonstrated a slight increase in surface 

hardness with increasing cure cycles, indicating that the tool would be accurate and will not lose 

its strength or hardness after exposure to every subsequent cure cycle. This phenomenon is 
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expected due to the cross linking of polymer constituents of the composite. Figure 9a shows a 

typical stress-strain curve for the as-prepared tooling material, while figure 9b shows the 

compressive strength of the tooling material as a function of number of cure cycles. It was 

observed that the compressive strength decreased initially and stabilized with increasing number 

of cure cycles. The total reduction in compressive strength was less than 10% and was still above 

the required compressive strength, as per Table 1. 

 

 

Figure 6: Different points for dimensional measurements 
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Figure 7: Dimensional accuracy as a function of number of curing cycles 

 

Figure 8: Shore D hardness as a function of curing cycles 
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   (a)       (b) 

Figure 9: a) Compressive stress-strain curve for as prepared sample and b) Change in the 

compressive strength of the carpet composites after exposure to cure cycles 

Preliminary Cost Calculations 

Assuming that recycled carpet would be almost free, the only cost contributor to the tooling 

material would be the cost of the resin as well as the cost of supplies for fabrication. At current 

volumes, the cost per 1 m x 1m composite tooling would be approximately $40, which is 

comparable to the cost of polyurethane and epoxy types of tooling materials. The major 

advantage of the recycled carpet tooling materials would be in its ability to recycle a major waste 

material into a high-value end product. Further cost reductions with lower cost resins are perhaps 

required for this tooling material to be cost-competitive compared to other tooling materials.  

4. CONCLUSIONS 

A low cost composite tooling has been developed from waste carpet and its mechanical and 

physical properties have been investigated. It was observed that the dimensional accuracy, 

compressive strength and surface hardness were maintained as a function of the number of cure 
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cycles. Preliminary cost calculations indicated that the cost of the tooling with the recycled carpet 

materials would be comparable to epoxy and polyurethane type of materials. Further cost 

reductions are required for this tooling material to be cost-competitive compared to other tooling 

materials.  
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APPENDIX B: CALCULATION OF EFFECTIVE AMOUNT OF CLAY IN CLAY COATED 

CARPET COMPOSITE 

In this study, it was found that reduction in degradation in clay coated composite was significant 

and comparable with clay infused carpet composite. In the clay coated carpet  composites, clay 

was only present in the coating and weight percentage of clay with respect to total amount of 

epoxy matrix may be of interest. The following section present the calculation of clay content 

with respect to total amount of epoxy in clay coated sample. 

Weight and dimension of 'neat epoxy' and 'clay coated' composites were taken from four samples 

of each type. Also weight per square inch of two layers of raw carpet was measured. After that, 

amount of epoxy in neat epoxy, as well as amount of clay- epoxy mixture in the coating were 

calculated. Finally, total amount of epoxy and clay in the clay coated composite were determined. 

The calculation and results of this is given below: 

Weight of two layer of carpet 3.36 gm/ in
2
 

Average weight of neat epoxy carpet composite 10.0845 gm/ in
2
 

Amount of epoxy in neat epoxy carpet composite 6.7245 gm/ in
2
 

Average weight of clay coated carpet composite 10.9836 gm/ in
2
 

Calculated weight of clay-epoxy coating 0.8991 gm/ in
2
 

Calculated amount of clay in clay coated composite 0.03458 gm/ in
2
 

Calculated amount of epoxy in coating in clay coated composite 0.8646 gm/ in
2
 

Total amount of epoxy in clay coated carpet composite 7.8491 gm/ in
2
 

Percentage of clay in comparison to total amount of epoxy in clay 

coated carpet composite 

0.46% 
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