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    Abstract     Natural fi bre composites became a most important and versatile theme of 
research. This area/theme not only utilizes the agricultural wastes such as rice husk, 
bagasse fi bres, banana fi bres, etc. but also provides a new material made from these 
wastes which are light in weight, have low cost, and have high mechanical strength. 
Nowadays, there are so many methods available for the processing or fabrication of 
polymer composites. Some of these methods are hand layup method, injection 
molding method, compression molding, spray-up method, resin-transfer molding 
(RTM), etc. In this chapter, we are specifi cally discussing about the RTM process 
and their important parameters for manufacturing of the polymer composites. 
Various mechanical properties and characterization of composite materials made by 
RTM have also been discussed and reported here.  

  Keywords     Polymer composites   •   Resin-transfer molding   •   Mechanical properties   • 
  Morphological study  

13.1         Introduction 

 The resin-transfer molding (RTM) is one of the most important technologies avail-
able for composite making. The capability of RTM process is seen in making of 
large complex three-dimensional part having great dimensional variation and good 
surface fi nish. Better scheme of RTM process fabricates 3-D complicated parts and 
offered fabrication of low value structural parts in average amounts. The RTM pro-
cess is generally known as cost-effective manufacturing method for the fabrication 
of composites. In RTM method, a catalyzed thermosetting resin is injected into an 
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enclosed metal mold which contains a reinforcement preform. The preform is com-
pressed to the defi ned fi bre volume fraction when the matched mold is closed. The 
mold is fi lled with resin, and fi bres become wet at that time and curing takes place 
inside the mold. There are some benefi ts of RTM on various available composite 
making processes; some of these are autoclave molding, compression molding, etc. 
RTM process is generally considered as a closed mold process which ultimately 
lowers the worker’s subjection to detrimental volatiles, like styrene, and relates 
room temperature processing resins. Nevertheless, RTM process is a costly process 
and the tool design becomes arduous when manufacturing large and complicated 
shaped parts. 

 RTM manufactured continuous fi bre-reinforced composite. RTM distinctly 
reduces the manufacturing cycle times as compared to other available composite 
making methods, and it is a feasible method for mass production of composites 
parts.  

13.2     Detailed Study of RTM Process 

 The RTM process generally used a stiff closed mold. Figure  13.1  shows the RTM 
process sequence by considering easy case. A half mold is used in this process to 
arrange the preform. After this, close the mold and compress the preform. Then, 
introduce the resin into the mold by using positive gradient pressure which ulti-
mately replaces the air entrapped into the preform. Vacuum is also utilized at some 
exclusive vents and removes the entrapped air from the mold. The preform is 
impregnated by the resin into the mold. After that, the curing of composite is con-
sidered to start. The next and last step is to open the mold and remove the part from 
it. The mold closing sequence is distinguished by the compression of the reinforced 
fi bre which permits to have the appropriate thickness. The compression changes the 
microstructure of the preform, developing substantial distortions and nonlinear vis-
coelastic effects. These effects show changes in energy of the material and gener-
ated stresses (residual or leftover) just because of the viscoelastic response of the 
fi bres. Still, stresses released throughout the impregnation phase. The introduction 
of resin assured the entire impregnation of the preform, whereas in general poor 

  Fig. 13.1    Sequence of the main steps of RTM process. ( a ) realization of the preform, ( b ) deposi-
tion and draping of the preform in the mold cavity, ( c ) closing mold, ( d ) injection phase, and ( e ) 
curing phase       
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impregnation of the fi bres gives dry spots with disordered adherence between the 
layers which ultimately make the surface rough and irregular (Laurenzi and 
Marchetti  2012 ).     

13.2.1     Important Components of RTM Process 

 There are fi ve important components in the RTM process.

    1.    Resin and catalyst container   
   2.    Pumping unit   
   3.    Mixing chamber   
   4.    Resin injector   
   5.    Molding unit     

 Two separate containers are to be taken for the resin and catalyst. The resin con-
tainer should be bigger in contrast to the catalyst container. Both of the containers 
pass through the pumping unit having separate outlets which goes to the mixing 
chamber. The purpose of the pumping unit is to transfer and mix both of the resin 
and catalyst in the mixing chamber. This mixture is introduced into the mold cavity 
by resin injectors. The molding unit consists of upper half and lower half molds. 
Generally, heating systems are attached with the molding unit. Some vents are pro-
vided into the mold cavity to release the entrapped gases during clamping.   

13.3     Components Made by RTM Process 

 The RTM process generally uses two main materials for the fabrication of com-
posites; these are reinforcement and resin. The RTM process used a vast range of 
various reinforcement and resin systems for the manufacturing of a composite 
material with a wide range of properties. The important parameter generally con-
sidered for the designing of a composite product is the good understanding of the 
raw material properties as it has been considered that each fi bre and resin system 
has their individual contribution for making the composites. The main aim of the 
reinforcement is to provide good mechanical properties like stiffness, tensile 
strength, and impact strength, whereas on the other side the resin system provides 
physical properties to the composite in addition to the resistance to corrosion, fi re, 
etc. and also gives some rigidity which is important from the solid composite 
point of view. 

 The performance and the process of composite design are affected by the rein-
forcing materials such as the choice of the fi bres (for reinforcement) and fi bre struc-
ture. Fibre selection depends upon the performance like modulus, strength, 
durability, compressibility, and adequate volume fractions for the proper placement 
of the reinforced material during preforming operations.  
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13.4     Selection of Important Parameters for RTM Process 

 There are some variables and parameters available in RTM process which are 
dependent on each other. The combination of both of the variables and parameters 
infl uences not only the process but also the quality and fi nishing of the product. 
Therefore, they should be thoroughly determined. Pressure, temperature, viscosity, 
and volume fraction are some of the signifi cant parameters which cannot be omitted 
in design of the composite material.    The other parameters that should be taken into 
account are the angle of strike of the nozzle, the fi bres placement, the fl ow route and 
shear rates, etc. It has been observed that the resin fl ows swiftly in the direction of 
the fi bres; thus, the fl ow movement is generally based upon the kind of fabric used 
and the number of overlapped layers. For the attainment of the homogeneous distri-
bution of the resin, it is essential to have an accurate number of skins. 

13.4.1     Thickness 

 The thickness is also another parameter. If the thickness is not considered under 
specifi ed limit, then it may cause the formation of the voids and dry spots on the 
composite and also infl uence the fl ow progress and impregnation of the fi bres. The 
thickness becomes a crucial design requirement specifi cally in the instance of the 
addition of reinforcements and ribs.  

13.4.2     Injection Pressure 

 The injection pressure is another important parameter which not only evaluates the 
velocity of the resin which enters in to the mold but also the hydraulic pressure of 
the mold. Generally, the entering velocity elucidates the pouring time. The pouring 
time should not be less. If it is less, then it results not only in an inadequate impreg-
nation of the fi bres but also in the similar time untimely gelation of the resin 
occurred. The injection pressure generally related to the dispersion of the resin on 
the preform. If the dispersion of resin is not uniform, then it results in the formation 
of air bubbles in the matrix which ultimately affects the surface quality and the 
mechanical properties of the composite. This parameter also has some importance 
with the viscosity term called “fi bre wash.” The fi bres can move directly under the 
injection pressure if the binder mixed too rapidly in contact with the resin.  

13.4.3     Temperature 

 The temperature is also an exceptionally signifi cant parameter and factually associ-
ated with the injection pressure and the resin viscosity. The increase in temperature 
results in the decrease in pouring time which ultimately lowers the pressure. 
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Similarly, a decrease in temperature results in an increase in the viscosity which 
results in an increase in the pressure to confi rm the transport of the resin itself.   

13.5     Infl uence of RTM Process on Final Product 

 The quality and the performance of the product mainly depend on the process used 
for the fabrication. For example, if the composite has a good surface fi nish, then it 
ultimately gives the better mechanical properties. A good surface fi nish averts the 
inclusion of the elements like dust which produces and intensifi es the micro-cracks 
inside the structure resulting in lower mechanical properties. Figure  13.2  demon-
strates the steps of the process that affect the response of material and defi ne the 
connection among the process and conclusive implementation. The two stages, viz., 
compaction and impregnation stages, control the imperfections due to voids and dry 
spots. These can be defi ned as follows.  

13.5.1     Compaction Stage 

 For the fabrication of the advanced composite materials, the compaction stage plays 
an important role. This stage generally appears by the use of an external pressure, 
which makes disposition of the fi bres and alteration of microstructure. In RTM, the 
compaction phase takes place by closing the mold which results in the attainment of 
the fi bre volume fraction by the preform. The large numbers of distortions in the 
preform are generally observed in the compaction phase. This only happened by a 
variation in energy observed in the material. For example, when a compaction of 
multilayer preform is taking place, the fi bres move and fl atten with other fi bres, thus 
producing interlayer nesting phenomena which depend on the failure mode and the 

  Fig. 13.2    Relations between manufacturing phases and material behavior (Laurenzi and Marchetti 
 2012 )       
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fi bres’ structure. After removal of the compression load, fi bres do not return to their 
original position inside the preform. 

 If there will be any changes like mechanical and spatial changes in the preform, 
which modifi es the mechanical properties of the composite materials, then it gener-
ally refers to the phenomenon of nesting. Specifi cally, the nesting affects the rigidity 
and resistance of the piece. Certainly, the stiffness is based on the placing of the 
layers. If the layer is set without any reduction in the thickness, then there is no 
signifi cant change noticed in any mechanical properties.  

13.5.2     Impregnation Phase 

 The voids formation and dry spots are the defects induced by the RTM process and 
become the major problems which affect the production quality of the product. The 
voids cause the failure of the matrix material. The mechanism of crack formation is 
generally seen in composites by the emergence of micro-voids among fi bres which 
ultimately results in the delamination of the composites. The two resistance levels 
by preform are observed in the resin fl ow, i.e., between the fi bre bundles and inside 
the fi bre bundles. This ultimately can be understood by the two different permeabil-
ities, i.e., the permeability between the fi bre bundles and inside the fi bre bundles. 
The kind of fl ow scale intent the void formation in composites. The phenomenon of 
emergence of macro-voids in the macroscale can be observed when the displaced 
air remains trapped in the resin system or, on the other hand, when inadequate pres-
sure overcomes the resistance of the preform. In case of microscale, micro-voids 
generally result or give rise to porosity. The general mechanism of emergence of 
voids in fi bre bundles can be shown in Fig.  13.3 . The mechanism states that the fl ow 
front fl ows around the tows and continues to impregnate the tow after the passage of 
the front. If the trapped air (in tow) is not deported during the start of the pouring 
process, then it ultimately results in the generation of the micro-voids at the center. 
Macroscopic pressure drop is another reason of the formation of micro-voids. The 
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  Fig. 13.3    Mold embedded dielectric point sensor: ( a ) schematic, ( b ) circuit diagram, and ( c ) pho-
tograph. Lawrence et al. ( 2002 ) (Reproduced with permission from Elsevier Ltd.)       
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pressure drop offers an observable change in the permeability along the preform and 
can be justifi ed by the sink effect. In this, the fi bre bundles generally considered as 
fl uid sinks. In this, the fi bres of the bundle are placed much closer than that existing 
between two bundles. In the same time, the fl ow of resin takes place between the 
fi bre bundles. This ultimately results in the impregnation of the bundle (Laurenzi 
and Marchetti  2012 ).    

13.6     RTM Composites: A Past Research 

 Lawrence et al. ( 2002 ) developed a design and control methodology for mold fi lling 
by simulation by using some sensors and actuators. This recognizes the distraction 
of fl ow in the mold fi lling process and directs the resin to successfully fl ow into the 
mold without formation of voids. This technique is applied and approved for a mold 
geometry which generally has the complicated features such as tapered regions and 
thick regions. The position of the sensors in the mold can be observed by the appli-
cation of software tools. These tools noticed the expected distraction and recom-
mend fl ow control actions for additional actuators to redirect the fl ow. Laboratory 
hardware is used for the automation of the pouring process. These sensors control 
the fl ow of the resin and impregnate all the fi bres completely against the distraction 
in the process. 

 The point sensor senses the resin in signifi cant locations. From a manufacturing 
point of view, the sensors are the combined part of the tooling. The data acquisition 
system was used to connect the sensors. The small current fl ow was used to deter-
mine the presence of resin when it wets the two poles of the sensor. The half bridge 
setup was used to detect the current excited by a 10 VDC power supply incorporated 
in the data acquisition system as shown in Fig.  13.3 . 

 Leclerc and Ruiz ( 2008 ) carried out an experimental analysis on various kinds of 
fi brous reinforcements for the optimal analysis of the impregnation conditions in 
relation to the content of macro-/micro-voids to the local capillary number. The 
effect of voids on the mechanical properties of the laminates was also studied. From 
Fig.  13.4 , it is noticed that the macro-voids generally evolved at less speed during 
fi bre impregnation. This is only because of the capillary action, and they can over-
reach 15 % in volume. The reason behind the micro-void formation pertains to the 
high velocity of the resin, but at a very less rate (approx. 2 % in volume). From this, 
it can be observed that the resin impregnation velocity has some critical value, and 
it should not fall below this. Figure  13.4  shows an optimum impregnation velocity 
which ultimately results in minimum void formation.  

 Hsiao and Gangireddy ( 2008 ) used a vacuum-assisted resin-transfer molding 
(VARTM) process which infuses a little quantity of carbon nanofi bres with resin 
into the glass fi bre preform which ultimately controls and decreases the spring-in 
angle. From these results, it can be observed that the carbon nanofi bres totally 
restrained the spring-in angle of L-shaped composites. These spring-in angles were 
measured only after being de-molded. Figure  13.5  represents and differentiates the 
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  Fig. 13.4    Macroscopic and microscopic void formation during fi bre impregnation related to the 
fl ow velocity and capillary number (Ca). An optimum Ca corresponds to minimum void [5]. 
Leclerc and Ruiz ( 2008 ) (Reproduced with permission from Elsevier Ltd.)       

  Fig. 13.5    Top-view comparison of the spring-in between the control sample and the samples with 
various CNF weight fractions. ( a ) 0 and 0.5 wt% CNF specimens. ( b ) 0 and 1 wt% CNF speci-
mens. ( c ) 0 and 1.25 wt% CNF specimens. ( d ) 0 and 1.5 wt% CNF specimens. Hsiao et al. 
(Reproduced with permission from Elsevier Ltd.)       
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spring-in effects of the various L-shaped composites of 0, 0.5, 1, 1.25, and 1.5 wt% 
carbon nanofi bre weight fractions.  

 The L-shaped samples were observed from the top. These samples were placed 
in a 90° bracket with their base sides fi xed. Figure  13.5  represents that the 0 wt% 
carbon nanofi bre part has the highest spring-in distortion as compared to the com-
posite parts having some fractions of CNFs in the matrix. The composite having 
CNF’s percentage of 1.5 wt% has the lowest spring-in distortion in contrast to the 
other available specimens. Table  13.1  shows the measured spring-in angles for the 
L-shaped parts. The temperature information is also showed in Table  13.1  during 
the cure process. It has been observed from Table  13.1  and Fig.  13.5  that the spring-
 in angles of the L-shaped composite part decrease noticeably by increasing the wt% 
fraction of carbon nanofi bres    in the matrix.

   Sreekumar et al. ( 2012 ) studied the electrical properties of sisal fi bre-reinforced 
polyester composites manufactured by RTM process by considering fi bre loading, fre-
quency, and temperature. From the study, it has been found that the dielectric constant 
(ε′), loss factor (ε″), dissipation factor (tan δ), and conductivity increase by increasing 
the fi bre content for all range of frequencies. From these results, it has been noticed 
that the values are found maximum for composites with fi bre content of 50 vol.%. The 
volume resistivity also varied with fi bre loading at smaller frequency. The increase in 
temperature ultimately improves the dielectric constant  values by decreasing the glass 
transition temperature. This variation is only because of the fi bre content. 

 Figure  13.6  shows the variation of the dielectric constant of sisal/polyester com-
posites as a function of frequency. From Fig.  13.6    , it has been observed that the 
dielectric constant increases by increasing fi bre content on all range of frequencies 
such as polyester < R20 < R30 < R40 < R50. The ε′ values primarily based upon the 
effects of interfacial, orientation, atomic, and electronic polarizations in the mate-
rial. The interfacial polarization occurs just because of the differences in conductivi-
ties. The orientation and interfacial polarizations also depend on the concentration 
of fi llers. The available polar groups in the natural fi bres have resulted in an impor-
tant increment in ε′ value by increasing the fi bre loading. This can be understood 
by Fig.  13.7  showed the variation of the ratio between dielectric constant of com-
posites and matrix behaving as a function of fi bre content. In case of polyester, the 

     Table 13.1    Experimental data for the L-shaped composite specimens (Hsiao and Gangireddy 
 2008 ) (Reproduced with permission from Elsevier Ltd.)   

 0 wt%  0.5 wt%  1 wt%  1.25 wt%  1.5 wt% 

 Room temperature  20.1  21.4  21.0  21.5  21.1 
 ∆ T  top  (°C)  −10.2  −8.0  −6.4  −4.8  −6.4 
 ∆ T  mid  (°C)  −10.8  −8.3  −6.0  −5.6  −6.4 
 ∆ T  bottom  (°C)  −11.6  −8.1  −6.4  −5.6  −5.9 
 ∆ t  average  (°C)  −10.9  −8.1  −6.4  −5.6  −5.9 
 Spring-in angle (°)  2.340 ± 0.318  1.830 ± 0.318  1.330 ± 0.318  0.972 ± 0.318  0.634 ± 0.318 
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ε′ value is low because it has only momentary atomic and electronic polarizations. 
On the other hand, it is noticed that for a stated fi bre loading, the ε′ gives maximum 
values at low frequencies. This is because of the reduction in the orientation polar-
ization with increased frequency. Loss factor (ε″) is the average power factor over a 
given period of time which describes the losses in transmission and distribution. 
The variation of ε″ for the composites is shown in Fig.  13.8 . It can be noticed that 
ε″ is high in lower frequency region and is found maximum for the composites with 
a fi bre content of 50 vol.%. By increasing the frequency, the value of ε″ decreases 
rapidly. The dissipation factor (function of frequency) at various fi bre loadings is 
shown in Fig.  13.9 . This dissipation factor decreases by increasing the frequency. It 
has been noticed that increasing the fi bre content in the low frequency region repre-
sents a signifi cant variation, i.e., it is minimum for polyester and maximum for R50 
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for a given range of frequency. On the other hand, in higher frequency range, tan δ 
curves come nearer as seen in the loss factor. Also increasing the fi bre content 
results in an increase in the number of polar groups which again increases the ori-
entation polarization which results in an improvement in the dissipation factor.     

 Pearce et al. ( 1998 ) fabricated different types of carbon/epoxy plates by RTM. The 
plates were fabricated by using the same fabrics, and then it sends for microstruc-
tural image analysis and interlaminar shear strength (ILSS) testing according to 
CRAG standards. Quantimet 570 automatic image analyzer was used to measure 
some relationships between measured permeabilities and fi nished microstructures. 

 Schmachtenberg et al. ( 2005 ) used and applied ultrasonic techniques for online 
monitoring and controlling of RTM. In this study, a master mold was fabricated to 
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examine the ultrasonic technique as compared to pressure transducers and dielectric 
sensors. The main objective of this study was to constrain the fl ow front during 
injection and to observe the curing behavior of the resin. 

 The RTM process is completed with this mold by direct transmission sensors of 
8 mm diameter and a frequency of 4 MHz. Firstly, the investigation can be carried 
out by applying measurement device to the RTM process, and then different types of 
resin systems were distinguished. After this study, a correlation between different 
process parameters, ultrasonic signals, and part properties was observed. Three- point 
bending tests were carried out for the estimation of the mechanical properties of the 
RTM composites. The bending tests were also carried out on composite laminates. 

  Fig. 13.10    Three-point bending properties of the RTM samples, preform: continuous random mat 
(Schmachtenberg et al.  2005 ) (Reproduced with permission from Elsevier Ltd.)       

  Fig. 13.11    Three-point bending properties of the RTM samples, preform: multiaxial layers 
(Schmachtenberg et al.  2005 ) (Reproduced with permission from Elsevier Ltd.)       
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The mechanical characteristics of the sample can be shown in Figs.  13.10  and  13.11 . 
From these results, it has been noticed that a correlation between the measured 
amplitude maxima and the mechanical properties exists. From Fig.  13.10  and  13.11 , 
it can be noticed that by giving variation in the process parameters, the mechanical 
value of the composite with random mat become doubled.   

 Lee et al. ( 2002 ) investigated the infl uence of glass fi bre surface modifi cation on 
the fl ow properties of unsaturated polyester (UPE) resin by the resin-transfer mold-
ing process. This g-methacryloxypropyl trimethoxysilane (γ-MPS) was adopted as 
a glass fi bre surface modifi er. It has been observed that the γ-MPS treatment 
decreases the surface energy of glass fi bre by advancing the contact-angle measure-
ment. Darcy’s law was used for measuring the unsteady state permeability of glass 
fabric preforms. 

 Figure  13.12  shows the advancing contact angles of the glass plate in distilled 
water and UPE resin at various γ-MPS treatment concentrations. In case of water, 
increasing the concentration of γ-MPS ultimately increases the advancing contact 
angle and shows a plateau value. On the other hand, the contact angle decreases by 
dipping the glass plate into UPE resin under the same experimental conditions for 
water. Figure  13.13  shows the fl exural properties of the glass fi bre/UPE composites. 
From Fig.  13.13    , it has been noticed that the fl exural strength and modulus of 
γ-MPS- treated glass fi bre/UPE composite are higher than those of untreated com-
posites. When the silane coupling agent is used to treat the glass fi bre surface, there 
is a formation of siloxane bond that takes place on the glass fi bre surface via a con-
densation reaction. The improved interfacial adhesion leads to form a chemical 
bond, at the interface.   

 Rouison et al. ( 2004 ) used RTM process to develop hemp/kenaf fi bre/UPE com-
posites. In this research, the fi bre mats having a moisture content of 4.3–5 % were 
dried in the mold under vacuum condition and got the fi nal moisture value of around 
1–2 %. The low permeability of the fi bre mat ultimately increases the resin injection 
time at high fi bre contents. They keep the temperature of the mold constant to obtain 
homogeneous curing of the part at fast rate. Figure  13.14  represent the results of 
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these experiments. From fi gure   , it can be noticed that the moisture content at 
50 %RH was only of 4.1 %. The water available in the fi bres begins to increase 
across this point to reach about 12 % at 94 %RH. So for this reason, the fi bres were 
kept in a standard room at 23 °C, 50 % RH permanently because of the variations in 
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atmospheric conditions. The moisture absorption rate of the fi bres after drying at 
105 °C for 2 h was also measured.  

 The tensile strength of the composites is presented in Fig.  13.15 . An improve-
ment in the tensile strength of the samples is observed by increasing the fi bre con-
tent. A considerable improvement was noticed between the pure resin and the 
sample with 20.6 % fi bres, from 13.1 to 44.3 MPa. From these results, it has been 
found that the tensile strength of composites with 20 % fi bres is around 100 MPa, 
whereas on the other hand the fl exural tests of the same composite showed a highest 
value of 71.4 MPa.  

 Lin et al. ( 2006 ) prepared layered silicate/glass fi bre/epoxy hybrid composites by 
using a VARTM process. In this study, two directions, i.e., parallel and perpendicu-
lar to the fl ow direction of resin, were used, and then the effects of the fi bre direction 
on the clay distribution in the hybrid composites were checked. The morphological 
study of the composites was investigated by using X-ray diffraction (XRD) and 
transmission electron microscopy (TEM). The dispersion of clay in the composites 
was also noticed by using scanning electron microscopy (SEM). The results showed 
that reinforcing a small amount of organoclay in the glass fi bre/epoxy composites 
ultimately enhances their mechanical and thermal properties. 

 Three-point bending test was used for the investigation of the fl exural properties 
of the nanocomposites in both directions, i.e., parallel and perpendicular to the fi bre 
alignment. Figure  13.16  shows that reinforcement of clay ultimately increases the 
transverse fl exural modulus of composite. The impact properties of the nanocom-
posites with various clay loadings are presented in Fig.  13.17 . It is observed that the 
perpendicular impact direction decreases the impact strength with clay loading, 
while if the impact is along the fi bre direction, the impact strength increases by 
increasing the clay loading.   
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  Fig. 13.15    Tensile strength of natural fi bre composites (Rouison et al.  2004 ) (Reproduced with 
permission from Elsevier Ltd.)       
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 Papargyris et al. ( 2008 ) incorporated microwave heating in RTM process. About 
50 % reductions in cure cycle time were achieved by using microwave heating. The 
mechanical testing result shows the same values of fl exural properties of the two 
types of composites. Microwave-cured composites observed about 9 % increase of 
the ILSS. This improvement in ILSS is due to a less resin viscosity at the fi rst stage 
of the curing process as confi rmed by SEM. Again, both kinds of composites yielded 
less void content (<2 %). 

 Figure  13.18  shows the viscosity change against time at three different heating 
rates (2, 5, and 10 °C/min) for the neat LY/HY5052 resin system. By increasing the 
heating rate, the viscosity of the neat resin decreases considerably from 0.12 to 
0.068 Pa s and reached a fi nal value of 0.043 Pa s. Excessive heating rate ultimately 
results in lesser resin viscosity, which would make the resin to fl ow and makes resin 
to completely soak the carbon fi bre surface at the starting phase of the curing pro-
cess. On the other hand, a lesser viscosity enhances the interfacial bonding and 
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improves adhesion between the resin and the fi bres. Figures  13.19  and  13.20  show 
the typical DMTA curves at 2 °C/min scan rate and 1 Hz frequency for the thermally 
and microwave-cured composites. In relation to the average peak values of 
a- transition, there is no signifi cant difference observed for both types of composites. 
On the other side, microwave heating shows a higher glass transition temperature 
(Tg) of 130 ± 1 °C, as opposed to 128 ± 2 °C for those cured thermally. A tempera-
ture difference of 15 °C was noticed (average peak values of the lower temperature 
b-transition) between the two composite types (−72 ± 3 °C and −57 ± 3 °C for the 
thermally and microwave-cured composites).    

 Wang et al. ( 2013 ) used carboxylic acid functionalized carbon nanotubes (CNTs) 
to modify epoxy to develop a nanocomposite matrix for hybrid composites. High 
energy sonication was used to disperse the CNTs in epoxy. RTM process was used 
to manufacture hybrid multiscale composites specimen which contains less CNTs. 
The optical microscopy was used to characterize the dispersion quality behavior of 
CNTs in epoxy. A CNT reinforcement of 0.025 wt% notably increases the glass 
transition temperatures (Tg) of the hybrid multiscale composites. The fractured sur-
face of failed specimens was examined by SEM.  

40000 5000

4000

0.1

0.2

0.3

0.4

3000

2000

1000

0
–150 –100 –50

Tg=57°C

Tg=130°C

0 50

Temperature (°C)

S
to

ra
ge

 M
od

ul
us

 (
M

P
a)

Storage Modulus

Loss Modulus

Tan Delta

Ta
n 

D
el

ta

Lo
ss

 M
od

ul
us

 (
M

P
a)

100 150 200 250

30000

35000

20000

25000

10000

15000

5000

0

  Fig. 13.20    Storage modulus, loss modulus, and tangent delta for the LY/HY5052/carbon compos-
ite system cured by microwave RTM (Papargyris et al.  2008 ) (Reproduced with permission from 
Elsevier Ltd.)       
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13.7     Morphological Study of RTM Composites 

 Morphological study can be done by the various available techniques like XRD, 
SEM, TEM, AFM, etc. SEM can be effectively used for the morphological char-
acterization of natural fi bre-reinforced composites. This is the most extensively 

  Fig. 13.21    SEM micrographs of fractured specimens of TP/TS blends, obtained from a PEI fi lm 
embedded in DGEBA–DETDA 80, at different distances from the initial position of the fi lm. 
Scheme of the position of the observed morphology: ( a ) 0–50 μm, ( b ) 150–200 μm, and ( c ) 250–
300 μm (Naffakh et al.  2006 ) (Reproduced with permission from Elsevier Ltd.)       

  Fig. 13.22    SEM micrographs at the same magnifi cation showing fi bre pullout after four-point 
bending test; ( a ) conventionally cured specimen and ( b ) microwave-cured specimen (Papargyris 
et al.  2008 ) (Reproduced with permission from Elsevier Ltd.)       
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used method for the analysis of the surface of composite materials. Figure  13.21  
represents the SEM image of “model” blends manufactured from epoxy–amine/
thermoplastic fi lms (without glass fi bres) noticed at various diffusion lengths. The 
SEM images showed only one domain size of PEI; this is due to the maximum rate 
of diffusion of the thermoplastic.  

 Papargyris et al. ( 2008 ) examined the fracture surfaces of composite samples by 
using SEM. Figures  13.22 – 13.24  showed the topographic appearance of both types 
of composites. It can be noticed from Fig.  13.22a, b  that the conventional methods 
show poor interfacial bonding, which can be observed by fracture surface of the 
composites, and also show broad fi bre pullout in contrast to that manufactured by 
using microwaves. It is clearer in Fig.  13.23a, b , where there is a notable number of 
clean fi bres that appeared in contrast to fi bres completely coated with resin. Brittle 

  Fig. 13.24    SEM micrographs at the same magnifi cation showing matrix fracture after interlami-
nar shear test; ( a ) conventionally cured specimen and ( b ) microwave-cured specimen (Papargyris 
et al.  2008 ) (Reproduced with permission from Elsevier Ltd.)       

  Fig. 13.23    SEM micrographs at the same magnifi cation after interlaminar shear test showing ( a ) 
clean fi bres in conventionally cured specimen and ( b ) fi bres coated with resin in microwave-cured 
specimen (Papargyris et al.  2008 ) (Reproduced with permission from Elsevier Ltd.)       
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matrix failure sections were also noticed for both types of composites, as presented 
in Fig.  13.24a, b .    

 Wang et al. ( 2013 ) investigated the fracture surfaces of composites having differ-
ent amount of CNT content by SEM (Figs.  13.25  and  13.26 ). Figure  13.25a  shows 
the SEM image of the fracture surface of carbon fi bre/epoxy laminates. The fi bre 
pulled out from the matrix surface due to a weak adhesion is confi rmed by the 
smooth fi bre surface. Figure  13.26a  showed the SEM image of the composites with-
out CNTs. Figure  13.26b  showed the composite containing CNTs content of 
0.025 wt% which has remarkably different fracture surface. It can be observed from 
Fig.  13.26b  that the continuous reinforcement of carbon fi bres was notably smeared 
with a thin layer of matrix. The combined CNTs were noticed between adjacent 
carbon fi bres as shown in Fig.  13.26b , which ultimately increases the matrix tough-
ness. Figure  13.26c  shows the presence of CNTs at the concentration of 0.075 wt%.    

  Fig. 13.25    SEM micrographs of fracture surfaces of the hybrid multiscale composites containing 
various CNTs content: 100 lm scale bar magnifi cation. ( a ) 0 wt%, ( b ) 0.025 wt%, ( c ) 0.075 wt%, 
and ( d ) 0.1 wt%. (Reproduced with permission from Elsevier Ltd.)       
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13.8     Application of RTM Composites 

 The applications of the RTM composites generally found in industries are as follows:

    (a)    In automotive industry, for example, auto body panels, truck air defl ector, cara-
van components, etc.   

   (b)    In consumer products such as dishes antenna, chairs, swim pool panels, bath-
tub/shower units, solar collectors, etc.   

   (c)    In aerospace and military.   
   (d)    For corrosion resistance applications such as chemical storage tanks, tubes, etc.   
   (e)    Wind turbine blades.      
   (f)    Hollow shapes and complex structures can also be produced by this process.   
   (g)    Big containers and bathtubs are commonly processed through RTM technique.      

  Fig. 13.26    SEM micrographs of fracture surfaces of the hybrid multiscale composites containing 
various CNTs content: 10 lm scale bar magnifi cation. ( a ) 0 wt%, ( b ) 0.025 wt%, ( c ) 0.075 wt%, 
and ( d ) 0.1 wt%. (Wang et al.  2013 ) (Reproduced with permission from Elsevier Ltd.)       
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13.9     Advantages of RTM Composites 

 The advantages of the RTM composites are as follows:

    (a)    The part produced by RTM process has good surface fi nish on both side sur-
faces of the product.   

   (b)    Any combination or 3D orientation can be achieved by RTM process.   
   (c)    Temperature control device is used for achieving fast cycle time.   
   (d)    The RTM process can be controlled both manually and automatically.   
   (e)    The part made by the RTM process is having uniform thickness throughout.   
   (f)    Low emission achieved during composite fabrication.   
   (g)    Typical dimensional tolerance can be achieved by this process.   
   (h)    The RTM process does not require high injection pressure.   
   (i)    Material wastage is very less as near net shape parts are produced.      

13.10     Conclusions 

 The current chapter focuses on the use of RTM process for the fabrication of the 
natural fi bre-reinforced composite material. The main objective of this chapter is to 
explore the potential use of RTM process for making polymer composites and also 
to study the mechanical properties of composites made by the RTM process. Both 
types of fi bres such as chemically treated and untreated can be used for manufactur-
ing of composite materials by considering the various parameters of the said pro-
cess. The process has good applications in the industry as well, specifi cally in 
aerospace industry for making various parts of the aircraft. Wide variety of applica-
tion of RTM process can also be found for making household equipment. The pres-
ent chapter also defi nes the SEM or morphological study of the fractured specimen 
to understand the fracture mechanism of the composites.     
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