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Abstract 

Aeronautical industry is interested in using damage tolerant, high strength and lightweight materials 
in the manufacture of some structural components that must attend tight requirements. Carbon 
nanotubes doped multiscale composites are good new generation material candidates to improve 
aeronautical grade composites.  

This project includes comprehensive characterization studies of electrophoretic deposition treated 
carbon nanotubes doped carbon fiber polymer composites with different stacking sequences. For 
comparison purposes, spray-on treated carbon nanotubes doped carbon fiber composites and non-
doped reference composites with different stacking sequence are also studied. The goal of the 
project is to verify the link between the effects of carbon nanotubes addition, micro-nanostructure 
and macro material properties. To achieve this goal, several thermal loading damage analyses and 
investigations on micron and sub-micron scale were performed. In this thesis, the readers will  be  
able  to  find  the  necessary  theoretical  background  information, experimental procedure, results 
and conclusions gained throughout this project. 
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Preface 

Titled “Characterization of carbon nanotube doped carbon fiber polymer composites”, the project 
work presented in this thesis was carried out at the Division of Materials Science-Polymeric 
Composite Materials of Department of Engineering Sciences and Mathematics of Luleå University of 
Technology during a period from February 2011 to September 2011. 

Accumulating the knowledge of previous researches and characterizing these CNT doped carbon 
fiber polymer composites and non-doped reference materials comprehensively, my goal was to 
verify the link between the effects of CNT addition, micro-nanostructure and macro material 
properties in this project work. Hereby, I would like to explain the origin of the necessities to conduct 
this project in order to provide the readers of this thesis a full view. This project can be regarded as a 
continuation of the final part of KANON “Carbon nanotube reinforced carbon fiber composites” 
project [1], which was carried out at Swerea SICOMP to develop new generation of multiscale 
composite materials (composite materials containing nano-reinforcement) with enhanced 
mechanical and physical properties. In the first part of KANON Project [1], carbon nanotubes (CNTs) 
deposition on carbon fibers was achieved via Electrophoretic Deposition (EPD) technique at 
laboratory scale. Having confirmed the applicability of deposition in the first part, the aim of second 
part was to scale up laboratory size EPD setup from “mm” scale to semi-industrial size which would 
allow to process fabrics (cm-m scale). CNTs were deposited directly to the carbon fiber fabric by EPD 
technique in order to create interphase layer around the fibers. Then composite laminates with EPD 
treated fabrics were manufactured at semi-industrial scale by means of Resin Transfer Moulding 
(RTM). In the final part of the KANON project [1], the manufactured project materials (conventional 
carbon fiber polymer composites modified with CNTs) and reference materials (similar materials 
without CNTs) were investigated by means of mechanical testing and microscopy. Although a wide 
knowledge was gained after these previous investigations, the link between the CNTs incorporation 
and micro-nanostructure and macro properties of the composites was not completely verified. In 
order to meet this deficit, this continuation project was set up by Division of Materials Science-
Polymeric Composite Materials of Department of Engineering Sciences and Mathematics of Luleå 
University of Technology to accomplish comprehensive material characterization (by means of 
thermal loading damage analyses, investigations on micron and sub-micron scale) on a wider range 
of samples.  

Many people have been important for the completion of the work presented in this thesis and 
hereby I wish to express my gratitudes to all of them. First of all I would like to thank my supervisor 
Prof. Dr. Roberts Joffe for his precious supervision, infinite support and sharing of his wide 
knowledge. I would also like to thank KANON Project Partners; Patrik Fernberg (SICOMP) and Dr. 
Fredrik Edgren (VAC) for the mechanical tests and the sources for my samples. Moreover, I would like 
to direct my special thanks to Mr. Konstantinos Giannadakis (LTU), Mr. Johnny Grahn (LTU) and my 
friends from the AMASE Master Programme Wajahat Hussain and Asma Muhammad concerning 
their kind helps during long experimental stages of this work. Of course, not only for their scientific 
support, but also for their pleasant collaboration and friendship, I feel indebted to all people in the 
department and all members of AMASE Programme. Finally, I wish to express my deepest gratitudes 
by dedicating this thesis to Elif Ozugurler, Yalcin Ozugurler, Gokcen Ozugurler, Alp Ozugurler and 
Ahmet Ozgultekin, who mean more than a family to me. 

 

Almila Gulfem OZUGURLER OZGULTEKIN 

Luleå, May 2012   
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1. STATE OF THE ART 
 

1.1 Introduction 
 

Polymer composite materials are multi-component materials comprising at least one type of 
continuous phase (polymer matrix) and fillers (fibers, plates, particles, etc.). Common application 
areas of polymer composites include automotive, aerospace and marine industry components, as 
well as sporting goods and biomedical apparatuses. Among various kinds of composites in the 
composites world; polymer composites have been drawing high attention of the industry and 
widening their range of application areas for a few decades. This increasing popularity is not very 
surprising; on the contrary, it is an expected consequence of the desire of the global market 
competitors to the replacement of traditional materials with new, high strength, damage tolerant, 
lightweight, corrosion resistant, and of course lightweight polymer composite materials. In addition 
to that, the increased awareness of the global market on polymer composites leads to the fact that 
more and more researches are being conducted to gain a deep insight into the conventional polymer 
composites and to find out ways to develop new generation polymer composite materials.  

Among new generation polymer composites, multiscale polymer composites come to the fore. 
Nowadays, due to their unique properties many researchers are concentrated on multiscale polymer 
composites, which are materials comprising at least one constituent possessing at least one 
dimension in the order of nanometers, or structures having nano-scale repeat distances between the 
different phases that make up the material. The incorporation of only a few percent of nano-sized 
particles such as carbon nanotubes (CNTs), layered graphite nanofillers etc. may bring important 
property changes [2]. For example, according to the results of some recent researches, pronounced 
advantages could be gained by adding CNTs to carbon fiber reinforced polymer composites, where 
CNTs are expected to improve both out-of-plane and in-plane properties of the material. Hence, it 
should be mentioned that polymer composites with nanoscale reinforcement are adding up to the 
new generation polymer composite materials and major improvements in functional and structural 
properties are within reach.   

Aerospace industry is very interested in the utilization of more and more composites instead of metal 
alloys for building aircraft parts, since reduction in weight and prolongation of lifetime of the parts 
while maintaining or promoting the mechanical performance will be enabled by using advanced 
polymer composite materials. The developments in the production of polymer composite materials 
may provide solutions to solve existing technological problems or help to decrease the costs of 
manufacturing or application stages. For instance, some manufacturers are concerned with finding 
solutions to increase the diameter of turbine engines which could provide lower kerosene (jet fuel) 
and a lower noise disturbance. In case of metal alloy use, the increase in diameter of turbine engine 
would decrease the performance of plane associated with overweight of the larger parts. Hence 
replacement of metal alloys with polymer composites could provide reduction in weight and allow 
the increase in diameter. On the other hand, high temperature resistance and high damage tolerance 
are required in the inner section of the turbine engine owing to the exposure to compressional forces 
and combustion heat during service. Therefore, the inner section parts would not permit the 
replacement of titanium and nickel alloys with polymer composites due to the inferior temperature 
resistance of polymer composites. Nevertheless, the outer section parts of the turbine engine such as 
guide vanes and the fan case, where so high temperatures are not involved, can be replaced with 
multiscale polymer composite materials which are light, damage tolerant and as high temperature 
resistant as possible. 
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1.2 Carbon Nanotubes (CNTs) 
 

The initial discovery of CNTs dates back to 1990s [3]. To investigate the remarkable properties, 
possible production techniques and the application feasibility of these nano-sized materials, many 
researches have been done worldwide. Today, the common application areas of CNTs are emission 
devices, DNs detection, microelectronic parts and biomedical materials. Owing to their low density 
and unique mechanical properties, they are also used in the manufacturing of structural materials.  

There are two categories of CNTs; single-walled carbon nanotubes (SWCNTs) and multi-walled 
carbon nanotubes (MWCNTs). While SWNTs can be visualized as one graphite sheet rolled like a tube 
with a diameter of 1 nm, MWNTs are multiple rolled layers of graphite with diameters ranging 
between 5 to 50 nm, depending on the number of concentric graphite tubes and lengths of about 10 
µm [4].  

One of the most vital structural characteristics of CNTs is their aspect ratio. Due to the high 
difference between diameter and length of these nanoscale materials, when they are used as fiber 
reinforcement, they increase the interfacial surface between fibers and matrix improving the quality 
of adhesion. Enhancement of adhesion leads to higher energy absorption during crack propagation, 
which increases the interfacial strength of the laminate in a structural composite material.  

CNTs are extremely strong and stiff materials. Considering that they have very low density, their 
specific stiffness and specific strength can be extraordinary high. They do not exhibit good 
performance under compressive load, but they can be bent or buckled without breaking. Moreover, 
they are capable of increasing the toughness of brittle materials through pull out and bridging 
mechanisms.  

CNTs possess noteworthy thermal properties, for instance, the thermal conductivity of MWCNTs is 
greater than diamond. They are good thermal conductors along the tube and good thermal isolators 
in the radial direction.  

1.3 Carbon Fiber Reinforced Polymer Composites 
 

Carbon fiber reinforced polymer (CFRP) is a kind of fiber composite material in which carbon fibers 
constitutes the fiber phase and the utilized resin forms the matrix phase.  

Carbon fibers contain carbon atoms and graphite and they are generally between 5 to 10 µm in 
diameter. They are produced by thermal decomposition of organic fibers, mainly from oxidation and 
thermal pyrolysis of polyacrylonitrile (PAN) and presented as bundles of fibers or woven into a fabric. 
Due to their high specific strength, high stiffness and low density, they are combined with resin to 
form lightweight, high strength and high stiffness composites. 

For the production of fiber reinforced polymer composite structures, usually thermosetting polymers 
made of liquid or semi-solid precursors are preferred. The precursors harden in a series of chemical 
reactions called polycondensation, polymerization, or curing. At the end of manufacturing process, 
they are converted into hard solid, resulting in a firmly bound three-dimensional network of polymer 
chain. Once the thermosetting polymers are cured, they cannot be remelted or reformed, where the 
opposite case is valid for thermoplastic polymers. Because thermosets are mostly brittle in nature, 
they offer high rigidity, thermal stability, and high electrical and chemical resistance to the material 
[5].  
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CFRP can be manufactured applying different methods depending on the end-use of the material. 
Resin transfer moulding, autoclave moulding, resin injection and filament winding are among the 
examples of possible production processes used to form these composites. 

Today, carbon fiber reinforced polymer composites can be encountered in many application fields 
such as bridges, aerospace or automotive parts, since they possess very attractive properties. Their 
high strength, low density, corrosion and vibration resistance, high ultimate strain, high fatigue 
resistance, and low thermal conductivity are the reasons of their increasing popularity worldwide.  

1.4 CNT Doped Carbon Fiber Polymer Composites 
 

Conventional carbon fiber polymer composites generally perform well in case of in-plane loading; 
however, they often exhibit rather low interlaminar fracture toughness. Therefore, out of plane 
impacts can generate multiple delaminations, which in turn reduce after-impact performance of the 
composite. Moreover, low out-of-plane properties can also hinder the performance of the 
composites due to damage accumulation. In this case, durability and fatigue resistance of material 
are affected in compression as well as in tension. For instance, presence of defects such as cracks or 
voids in the material can cause local delamination in the vicinity of defect and this delamination 
results in loss of mechanical integrity and failure of materials and/or structures [1].  

The mechanical compatibility between fibers and matrix, the angle between the fibers, the type of 
loading and the adherence between fibers and matrix are the main parameters which determine the 
mechanical properties of fiber-polymer bonds. One of the problems with CFRP composite materials 
remains on the adherence between fibers and the matrix. The interface, that is the surface formed 
by the common boundary of reinforcing fiber and supporting matrix, is a weak zone where cracks can 
easily initiate and propagate, since high stresses concentrate in this zone under thermal and 
mechanical loads. These high stresses are created due to severe mismatch of mechanical (elastic 
modulus, Poisson’s ratio) and thermal (coefficient of thermal expansion) properties of fiber and 
matrix. To avoid abrupt changes of stress in these regions and to postpone debonding of fiber from 
matrix to delay damage initiation, this sharp transition (Figure 1a-Interface) could be substituted with 
a transition region (Figure 1b-Interphase). The interphase is a region that exists in some terminal 
point in the fiber, passes through the actual interface and enters the matrix, embraces all the volume 
altered during the fabrication process from the original fiber and matrix materials [6]. As it can be 
deduced from this context, the interphase serves as a smoother transition region that is expected to 
delay crack initiation and enhance the fracture toughness of the material.   

                                         

                                        Fiber (Ef, αf )          Fiber (Ef, αf )          

                                                                            Interface                                                                                 Interphase 
                                            (Mismatch due to αf << αm and Ef >> Em) 

                                      Matrix (Em, αm)                                                                            Matrix (Em, αm) 

Figure 1-Schematic Illustration of a) Fiber-Matrix Interface b) Interphase 

There are several investigations that aim to improve fracture toughness. This work has been going on 
from the very beginning of use of composites in aerospace industry and it is still continuing today. 
Some studies have been conducted to create an interphase layer between fiber and matrix in order 
to decrease the high stress concentration between fiber and matrix. To achieve this, one suggestion 
is to reinforce these regions with traditional microscale fiber reinforcement, like short carbon fiber or 
glass fiber, but there are many hardships in their manufacturing and the success is still limited.  
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Another proposal is to use interlaminar reinforcements smaller than microscale ones with a bigger 
interface surface to increase the adhesion between fibers and matrix. CNTs are exceptional 
candidates to act as reinforcement of carbon fibers in composite materials. Owing to the high aspect 
ratio of CNTs, they can increase the interfacial surface between fibers and matrix improving 
exponentially the adhesion, and therefore the mechanical properties of the entire material. By 
creating the interphase, i.e. a layer of CNT doped polymer around fibers, it is anticipated that out-of-
plane properties of polymer composites will be enhanced. In addition to creation of interphase 
region between fiber and matrix, it is expected that due to presence of CNTs in the matrix other 
energy dissipation mechanisms would additionally contribute to the improvement of the fracture 
toughness. These expected energy dissipation mechanisms are localized matrix yielding and void 
nucleation, CNTs debonding, crack deflection, crack pinning, CNTs pull-out and crack tip blunting [7]. 

 

1.4.1 Methods to Incorporate CNTs into Carbon Fiber Polymer Composites 

It is already mentioned in the previous sections that macro-properties of conventional carbon fiber 
composites can be modified and improved by the incorporation of CNTs into conventional 
composite. This can be achieved by two main methods; either dispersion (mixing) of CNTs in the 
matrix or deposition of CNTs on carbon fibers. 

1.4.1.1  Dispersion of CNTs in Resin 

Dispersion is provided by direct addition of CNTs in polymer matrix usually in the liquid pre-polymer 
state, when the viscosity of polymer is low. The level of dispersion has a pronounced effect on the 
quality of the final composite. A high level of dispersion is required so that full utilization of CNT 
properties in the matrix can be achieved.  

The process of dispersing CNTs in resin is simple; however it is possible to encounter many issues, 
since the process has some risks such as dramatic increase of resin viscosity with addition of nano-
reinforcement or filtering of nano reinforcement in the continuous fiber reinforcement when 
infusion manufacturing techniques are used. Moreover, attractive forces between the nanoparticles 
can result in some degree of re-agglomeration during the curing stage of manufacturing [1]. 

Dispersion of CNTs can be enhanced and the size of the entangled nanotubes can be reduced as 
much as possible by carrying out hand mixing, centrifugation and sonication steps. Although these 
steps guarantee the circulation of the CNTs in the matrix, they may introduce some undesired air 
bubbles into the material. To remove the air bubbles, one of the possible solutions is to use a 
vacuum chamber, which increases the cost of the operation.  

Addition of surfactant chemical molecules is another way to improve the level of dispersion of CNTs 
[8]. However this may also become problematic and could deteriorate the properties of CNTs when 
applying ultrasonic dispersion, since the addition of surfactants and salts is performed with acid 
treatment.  

1.4.1.2  Deposition of CNTs on Fibers 

Recent approach for incorporation of CNTs in carbon fiber reinforced polymer composites is 
deposition of CNTs directly on the fibers and fabrics, since the dispersion method may bring many 
issues, as explained in Section 1.4.1.1. Among various techniques that can be employed to deposit 
CNTs on carbon fibers; chemical vapor deposition, spraying and electrophoretic deposition possess 
up-to-date interest of researchers.  
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1.4.1.2.1 Chemical Vapor Deposition 
 
Chemical vapor deposition (CVD) is one of the common methods used to deposit CNTs on carbon 
fiber surface. The quality of the deposit depends on various parameters i.e. operation temperature, 
exposition time, type of hydrocarbon gas and type of catalyst used. For CVD to take place, catalysts 
such as Ni are applied on preheated carbon fibers and then reduced by the injection of a 
hydrocarbon gas. This step is followed by the injection of a second hydrocarbon gas that initiates the 
CNTs growth. The growth of the CNTs on the fibers is due to a typical "adsorption-diffusion-
deposition" mechanism. The hydrocarbon compounds provide the gas adsorption and decomposition 
on the catalyst. Afterwards, carbon atoms migrate into the catalyst until a certain level of 
concentration of atoms, in other words, saturation point is reached. This results in the migration and 
accumulation of the carbon atoms towards the face of the nanoparticles enabling the creation of the 
CNTs [9]. 

The diameter of CNTs to be formed depends on catalyst characteristics such as catalyst size. The 
smaller the catalyst particles, the finer the CNTs and the fewer the number of the wall layers of CNTs. 
The presence of catalysts may have negative effects on mechanical properties of composite. The 
catalyst can migrate between the CNTs and thus degrade the cohesion of the deposition. In addition 
to that, it is quite difficult to remove catalysts without creating damages on the CNTs [10]. It is also 
possible to form CNTs in the absence of catalysts; however, the properties of the CNTs may be 
inferior compared to the ones grown in the presence of catalysts. 

1.4.1.2.2 Spraying 
 

CNTs can be simply deposited on carbon fibers by spraying method. Although this method is simple, 
it may lead to undesired conditions in terms of CNTs deposition.  Usually, spraying creates an uneven 
distribution of the CNTs on the carbon fibers. For instance, sub-micron scale investigations on spray-
on treated laminates (aqueous solution of CNT 0,5 wt% was sprayed on carbon fiber fabric and then 
manufacturing was accomplished via RTM) of a previous research [1] showed that the nanotubes 
sprayed above the fibers may tend to stick on top of the fibers and hence not cover the entire carbon 
fiber surface. Also when bundles of fibers are going to be used, CNTs may not be incorporated to the 
fibers and stay outside the bundle. If the local concentration of CNTs increases, then it is even 
possible that CNTs form clusters. 

1.4.1.2.3 Electrophoretic Deposition  
 

The electrophoretic deposition (EPD) technique is conducted in many applications including shaping 
bulk objects, infiltration of porous materials, and processing of ceramics. Furthermore, it is found to 
be very efficient in production of coatings and films based on the deposition of colloidal suspensions. 
The coatings and films obtained by employing EPD exhibit high density and good homogeneity. 
Moreover, it is possible to control the thickness of the deposited material and the deposition rate 
during EPD.  

Although EPD technique is currently applied in a range of applications as mentioned above, little 
research for its utilization to deposit CNTs onto carbon fiber surface has been conducted so far and 
limited numbers of publications showing results are available. In fact, compared with other 
deposition methods in terms of operation difficulty, EPD can be accepted as standing in the middle, 
as CVD is technically the most difficult and spraying is the simplest method. In spite of being a very 
simple method, spraying has the risk of non-homogeneous deposition on fibers and provides limited 
success, as explained in Section 1.4.1.2.2. On the other hand, deposition techniques such as CVD 
have complex steps and also require high cost. Despite the fact that the results obtained with this 
technique are usually acceptable, the backgrounds of this technique such as high temperature  
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requirement, catalyst application and limitation of the technique with large surfaces necessitate 
searching for new and reliable methods to deposit CNTs on the carbon fibers. Unlike CVD, EPD is 
applicable in large scale and the equipment utilized for EPD is reasonable (see Figure 2).  Moreover, 
the possibility of deteriorating mechanical properties is high, if the CNTs are damaged and if they 
cause the formation of some defects during CVD. In comparison with CVD, EPD should not introduce 
any defect on the fiber surface. Hence, EPD is an ideal candidate deposition process, as it is relatively 
simple and low cost along with its ability to form more homogeneous and higher quality deposition.   

 

Figure 2- Schematical Illustration of Electrophoretic Deposition Setup [11] 

The electrodes used in EPD process are generally made of stainless steel, however copper or graphite 
electrodes can also be preferred. The electrodes must be purified before introducing them into 
suspension and dried with compressed air. Later they can be arranged in a parallel vertical 
configuration in between. Voltage is applied to the electrodes, which are immersed in suspension 
maintaining precise distance between the electrodes. Once the deposition is finished, the electrodes 
are removed from the suspension. 

CNTs are quite good conductive materials (4 x 109 A/cm2) of which the conductivity is 1,000 times 
greater than copper and EPD method benefits from this property. Under electric field application, 
CNTs dispersed in a suitable solvent are forced to move towards a charged electrode, which can be 
the anode or the cathode depending on whether salts are present or not. This step is called 
"electrophoresis" and is followed by a deposition step where the particles accumulate at the 
deposition electrode and create a relatively compact and homogeneous film [12].  

A number of solvents can be employed to prepare CNTs suspension for EPD such as distilled water, 
mixtures of acetone and ethanol, and pure organic solvents such as ethanol, isopropyl alcohol, n-
pentanol, ethyl alcohol, tetrahydrofuran (THF), dimethylformamide (DMF) or deionized water with 
pyrole [13]. In some cases, CNTs may tend to agglomerate in suspension. To sustain a suspension 
with high level of dispersion, particles have to be charged and have a high zeta potential while 
keeping the ionic conductivity of the suspension low. A high zeta potential (see Figure 3), also called 
electrokinetic potential, means a big difference between the charge of the particle and the charge of 
the surrounding ions [14]. The possibility of agglomeration of CNTs is overcome by adding salts, 
surfactants or oxidizing with acid treatments. While surfactants and salts are added directly to the 
suspension followed by a sonification process, acid treatments have to be applied to the dried CNTs 
followed by a centrifugation process.  

CNTs suspension 
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Figure 3- Schematical Illustration of Zeta Potential [15] 

 

1.4.2 Resin Transfer Moulding 

 
Resin Transfer Molding (RTM) is a low pressure, closed molding process applied to form composites 
from the combination of liquid thermoset polymers with various forms of fiber reinforcements. 
Reinforcements are introduced to the mould in their dry form. The fibers are either preformed to the 
exact shape of the moulding tool or hand-tailored during the loading process in the moulding tool. 
After the fiber is installed into the mould, a premixed catalyst and resin is injected into the closed 
mould cavity encapsulating the fiber within.  The mould can be opened and the finished component 
can be removed, after the resin has cured [16]. An illustration of the RTM process steps is available 
on Figure 4 below. 

 

Figure 4- Schematical Illustration of RTM Process [17] 
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RTM process provides dimensionally accurate and high quality surface finish composite moulding and 
allows the production of complex and large structures with low cost. Moreover, it has the inherent 
advantage of low pressure injection and gives the opportunity to use different kind of low-viscosity 
thermosetting polymers. 

The wettability of fibers has considerable effect on the efficiency of the process. Carbon fibers with 
CNTs increase the surface area and roughness of carbon fibers resulting in enhanced wettability of 
the fibers. When the CNTs are grown in situ, it is possible to reach a high alignment level of CNTs. 
Provided that CNTs are not so long, they will not tend to curve and entangle and thus they will not 
prevent the resin from penetrating the CNTs network. Then this alignment will allow strong capillary 
forces that are able to improve wettability and improved dispersion of the resin between CNTs [18]. 

When the resin used in RTM process is doped with CNTs, filtration problem may arise due to high 
CNTs content and accumulation of the CNTs can be observed in the direction of flow. In addition to 
that viscosity can increase due to CNTs incorporation in resin causing poor saturation of the fibers 
and appearance of defects like voids. To avoid this problem, either a dispersion pretreatment can be 
performed to guarantee the homogeneous distribution of CNTs in the matrix or RTM can be assisted 
by a device able to create vacuum inside the mould.  

1.5 Characterization Methods 
 

1.5.1 Mechanical Characterization Methods 
 

Testing for mechanical properties is necessary in order to characterize and evaluate the performance 
of polymer composites. There are many mechanical characterization methods for testing polymer 
composite materials including tension and compression, impact, shear and fatigue tests under a 
range of environmental conditions. 

Mechanical testing instruments and equipment are configured utilizing a range of fixtures that 
provide various ways to test composite materials depending on the type of material and its intended 
end use. These fixtures are usually designed to meet specific materials testing standards, which were 
developed over the years by leading manufacturers and research organizations. 

Tensile tests are usually conducted to determine in-plane tensile properties. A tensile specimen is 
mounted in the grips of the testing machine and load-deformation or load-strain curves are plotted 
or digitally collected during the test.  The longitudinal, transverse and shear moduli of polymer 
composites can be found out by testing 0°, 45°, 90° laminates. Furthermore, when supported by 
microscopy, tensile tests can provide information regarding the degradation of elastic properties. 
Changing the temperature during test to observe the behavior under thermal loading may also 
provide valuable information about the material and its expected behavior in service. To estimate 
the interfacial strength between fiber and matrix, fiber pull out tests can be performed. 

Cyclic load application by accommodating different loads on material can be ideal to understand the 
fatigue behavior of fiber reinforced composite materials, especially in demanding applications such 
as aerospace. 

Compression after impact test helps to investigate the damage tolerance of continuous-fiber 
reinforced polymer matrix composites and also improve their performance. A drop tower is required 
to provide the impact before a compression test is conducted on a testing machine. A flat, 
rectangular composite plate is subjected to an out-of-plane, concentrated impact using a drop-
weight device. The potential energy of the drop-weight, as defined by the mass and drop height of 
the impactor, is specified prior to test. Equipment and procedures are provided for optional 
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measurement of contact force and velocity during the impact event. The damage resistance is 
quantified in terms of the resulting size and type of damage in the specimen [19]. 

Interlaminar shear strength is the stress reached by the composite under shear load provided during 
short beam three-point-bending test. The horizontal shear test specimen is loaded on the center, 
where at the same time the specimen tips rest on two supports that allow lateral motion [20]. Load-
deflection curves are plotted and the maximum force values on the curves are used to calculate ILSS. 
Knowledge of ILSS is essential to control the quality of the composite, as the output of this test gives 
the strength of the fiber/resin interface or of the resin rich area between the laminate.   

 

1.5.2 Thermal Characterization Methods 
 

There are several thermal characterization methods to gain information about thermal properties of 
composites or the material constituents of composites. Different types of methods along with 
information provided by these methods are described below.  
 
TMA (Thermo-Mechanical Analysis) is a technique based on the measurement of the change in 
dimensions or in a mechanical property of the sample while it is subjected to a temperature regime. 
Applying TMA, glass transition temperature and thermal coefficient of expansion can be calculated 
[21].  

DTA (Differential Thermal Analysis) and DSC (Differential Scanning Calorimetry) measure the thermal 
transitions in materials by monitoring temperatures and heat flows.  DTA is qualitative while DSC is 
quantitative.  Glass transition temperatures, phase changes, heat capacity, cure kinetics and thermal 
degradation  can  be  monitored  by  these  techniques.    Modulated  DSC  can  be  both  faster  and  
more accurate. 

Thermogravimetric analysis (TGA) measures weight changes in a material as a function of 
temperature (or time) under a controlled atmosphere to determine the thermal and chemical 
stability and composition. 

Dynamic Thermo-Mechanical Analysis (DMTA) measures the mechanical properties of materials such 
as compliance under stress as a function of time, temperature, and frequency [21]. 

 

1.5.3 Microstructural Characterization Methods 
 
Several methods including optical, scanning and transmission electron microscopy, X-ray diffraction, 
and Raman spectroscopy can be employed to characterize the morphology and structural features of 
carbon nanotube-reinforced polymer nanocomposites. To characterize these multiscale composites, 
commonly two well-known branches of microscopy are preferred: Optical Microscopy and Scanning 
Electron Microscopy. 

1.5.3.1  Optical Microscopy (OM) 

 
Optical (light) microscopy involves passing visible light transmitted through or reflected from the 
sample through a single or multiple lenses to allow a magnified view of the sample. The resulting 
image can be detected directly by the eye, imaged on a photographic plate or captured digitally. The 
single lens with its attachments, or the system of lenses and imaging equipment, along with the 
appropriate lighting equipment, sample stage and support, makes up the basic light microscope.  

http://en.wikipedia.org/wiki/Optical_microscope
http://en.wikipedia.org/wiki/Scanning_probe_microscopy
http://en.wikipedia.org/wiki/Scanning_probe_microscopy
http://en.wikipedia.org/wiki/Visible_light
http://en.wikipedia.org/wiki/Lens_(optics)
http://en.wikipedia.org/wiki/Photographic_plate
http://en.wikipedia.org/wiki/Digital_imaging
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To obtain optimum resolution in optical microscopy of multiscale composites, it is essential to have 
an accurate flat sample surface which lays normal to the optical axis of the microscope. For ease of 
handling during grinding to sustain a flat sample surface, specimens can be potted in epoxy or 
bakalite. Furthermore, rotating the sample regularly during grinding is necessary to prevent the 
formation of an oblique sample surface owing to the fact that the fibers are hard and resin is soft. 

Optical microscopy allows the characterization of many microstructural features such as fiber 
distribution, bundle shape and size, layer waviness and defect types in the material such as cracks, 
voids, stitches, delaminations in investigating CNT-doped carbon fiber composites [22]. However, it is 
not sufficient to observe CNTs with the optical microscope, since CNTs are really small materials that 
require very high magnifications to be resolved.  
 

1.5.3.2  Scanning Electron Microscopy (SEM) 
 

In scanning electron microscopy, a focused beam of high-energy electrons is used to generate a 
variety of signals at the surface of solid specimens. The signals that derive from electron-sample 
interactions reveal information about the sample including external morphology (texture), chemical 
composition, and crystalline structure and orientation of materials making up the sample. In most 
applications, data are collected over a selected area of the surface of the sample, and a 2-
dimensional image is generated that displays spatial variations in these properties. SEM is also 
capable of performing chemical analyses of selected point locations on the sample by means of 
energy dispersive analysis (EDS), crystalline structure, and crystal orientations by means of electron 
back scatter diffraction (EBSD) [23].  
 
SEM is a very efficient and common tool for investigating surfaces of materials. High resolution of 
SEM allows studying the behavior of CNTs in composite; presence of dirt, resin residue on fiber 
surfaces and also fracture mechanisms such as fiber pull-out, debonding and crack deflection. 
 

1.5.4 Other Possible Characterization Methods 
 
Besides the main techniques and tests explained in previous sections, there are other possible 
characterization methods, which can be employed especially to investigate particular properties of 
CNT-doped polymer composites. Below some of these characterization methods are explained. 

Ultrasonic measurement techniques (C-scans) can be carried out to interrogate the defects in CNT-
doped composite materials. A high-frequency pulse (ultrasound) is input to the material and the 
returned signal analyzed. By scanning the transducer in the x-y coordinates, a color map of the 
attenuated signal strength against position can be built, where the display formed is the C-scan. 
While light areas indicate a strong signal returned after passing through the plate in both directions, 
dark regions indicate high attenuation of the signal due to absorption and scattering [19]. 

The wettability can be investigated from resin droplet micrographs [18]. Fibers are impregnated with 
resin in liquid state. Because of surface tension, the liquid will tend to form droplets on surface of the 
fibers, which can be highlighted by the contact angle. Measurement of the contact angle provides 
the knowledge whether the resin wets the fiber properly or not.  

Raman spectroscopy is a vibrational spectroscopic technique conducted to obtain molecular 
structure information for the identification of polymers, functional groups and stereochemical 
structures. The orientation of CNTs in polymer matrix can be characterized via Raman Spectroscopy. 
Moreover, it provides a qualitative but convenient way to assess the dispersion of nanotubes in 
composites [24].  

The hardness of CNTs deposit (film) on carbon fibers can be measured with nano-indentation tests. 

http://serc.carleton.edu/research_education/geochemsheets/electroninteractions.html
http://serc.carleton.edu/research_education/geochemsheets/electroninteractions.html
http://serc.carleton.edu/research_education/geochemsheets/ebsd.html
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2. EXPERIMENTAL PROCEDURE 

This section presents the experimental procedure of this thesis project, which stands under the title 
of “Characterization of Carbon Nanotubes Doped Carbon fiber Polymer Composites” and which aims 
to verify the link between the effects of CNTs, micro-nanostructure and macro properties of carbon 
fiber reinforced polymer composite materials under consideration. 

 

2.1 Project Materials 
 

2.1.1 Material Constituents 

There are three main constituent materials used to manufacture CNT doped carbon fiber polymer 
composite plates; carbon nanotubes, carbon fibers and resin. Multi-wall carbon nanotubes from 
ARKEMA (Graphistrength CL1-020) were supplied as pre-dispersed aqueous solutions with rather 
high concentration of 2wt% (2 g CNT/100ml H2O). For EPD, this solution was diluted to lower 
concentrations of 0,01-0,05 wt.%. Carbon fibers (Tenax-E HTS40) were in the form of UD-weave with 
surface weight of 262 g/m2. The volume fraction of fibers for cross-ply configuration composites was 
around 45% and for the quasi isotropic ones around 55%. As matrix, (HexFlow RTM6-Hexcel), 
monocomponent epoxy resin formulation, which is certified for use in aeronautic industry, was 
preferred. The glass transition temperature (Tg) of the polymer obtained from DMA test was around 
160-200°C. 

To produce the reference composite plates of the project, the same kind of resin and fibers were 
used as material constituents and of course no CNTs were added. 
 
 

2.1.2 Manufacturing of CNT Doped Composite Plates 

The whole process of manufacturing of CNT-doped plates (except 007 plate) includes the following 
steps: 

 Preparation of CNT solution with desired concentration from pre-dispersed aqueous solution, 

 Cutting the fabric in pre-defined dimensions  

 Impregnation of fabric with H2O dispersion and EPD treatment layer by layer,  

 Placing the fabric layers in the mold in desired stacking sequence, 

 Drying the preform for 24h at 120 °C, 

 Injection of pre-heated resin (80°C) at constant pressure (2bars) into hot mold (120°C), 

 Curing of plates in the mold for 24h at 120°C, 

 Post-curing for 75 minutes at 165°C and for 2h at 185°C, 

 Cooling down of the mould and demoulding the composite. 

 
Manufacturing steps of 007 plate are the same with the steps explained above, except that the CNTs 
were deposited via spraying method on the fibers of this composite.  

Table 1 below shows an overview of all doped project materials with their plate codes, lay-up 
configurations and explanations. As it is also shown on the table these doped plates were 
manufactured at SICOMP. 
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Table 1- Project materials-CNT Doped Composite Plates 

Plate Code Lay-up Configuration  Explanation Source 

073 [0,903]s CNT-Doped via EPD method SICOMP 

007 [0,903]s CNT-Doped via spraying method SICOMP 

074 [0,903] CNT-Doped via EPD method SICOMP 

CAI 1 [+45,0,-45,90]2s CNT-Doped via EPD method SICOMP 

CAI 2 [+45,0,-45,90]2s CNT-Doped via EPD method  SICOMP 

CAI 3 [+45,0,-45,90]2s CNT-Doped via EPD method SICOMP 

CAI 4 [+45,0,-45,90]2s CNT-Doped via EPD method SICOMP 

 

2.1.3 Manufacturing of Reference Composite Plates 
 

The manufacturing of the reference plates was accomplished following these steps: 
 

 Cutting the fabric in pre-defined dimensions, 

 Placing the fabric layers in the mold in desired stacking sequence, 

 Drying the preform for 24h at 120 °C, 

 Injection of pre-heated resin (80°C) at constant pressure (2bars) into hot mold (120°C), 

 Curing of plates in the mold for 24h at 120°C, 

 Post-curing for 75 minutes at 165°C and for 2h at 180°C, 

 Cooling down of the mould and demoulding the composite. 
 
Table 2 below shows an overview of all reference project materials with their plate codes, lay-up 
configurations and explanations. As it is also shown on the table cross-ply reference composite plates 
were manufactured at SICOMP and the quasi-isotropic V-ref reference plate (reference to CAI plates) 
was manufactured at VAC. 
 
Table 2- Project materials-Reference Composite Plates 

Plate Code Lay-up Configuration  Explanation Source 

014 [0,903]s Non-doped (Reference for 073 and 007) SICOMP 

078 [0,903] Non-doped (Reference for 074) SICOMP 

V-ref [+45,0,-45,90]2s Non-doped (Reference for CAI 1,2,3 &4)  VAC 
 

2.2 Analysis of Thermal Stress Induced Damage 
 
Thermal stress induced damage analyses of samples taken from CNT-doped and non-doped 
reference plates were performed to understand the effect of thermal loading on the number of 
cracks. The sample preparation and analysis procedure is described below. 
 

2.2.1 Sample Preparation 
 
Samples of various plates tested in previous works [1] and V-ref plate which was not exposed to any 
test before were cut with the aid of an automatic Struers sample cutting machine in order to obtain 
thermal stress induced damage analyses samples. After cutting they were cleaned and marked as 
shown on the photos (see Figure 5a) below. Thermal test samples of 074 and 078 plates, which 
already had a curvature when received due to the prior thermal test conducted before, were 
moulded in bakalite considering the ease of handling during forthcoming grinding and polishing 
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operations (see Figure 5b). The information regarding the source plate, history and dimensions of all 
thermal stress induced damage analyses samples is briefly explained in Table 3. 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
           Figure 5- Sample photos after a) cutting and marking b) cutting, moulding and marking 
 
 

 
Table 3- Thermal stress induced damage analyses samples 

Plate Code Sample Code 
Sample Dimensions 

(length x width x thickness) 
Sample History 

073 
CNT-Doped (EPD) [0,903]s 

073 S10 61 mm x 9 mm x 2 mm Tensile Test Sample a 

073 S11 63 mm x 9 mm x 2 mm Tensile Test Sample a 

073 S12 60 mm x 9 mm x 2 mm Tensile Test Sample a 

007 
CNT-Doped (spraying) [0,903]s 

007 S1 11 mm x 18 mm x 2 mm Tensile Test Sample a 

007 S2 11 mm x 18 mm x 2 mm Tensile Test Sample a 

014 
Reference [0,903]s 

014 A1 62 mm x 14 mm x 2 mm Tensile Test Sample a   

014 A2 63 mm x 15 mm x 2 mm Tensile Test Sample a 

074 
CNT-Doped (EPD) [0,903] 

074 S1 TSS1 ~26 mm x 10 mm x 1 mm Thermal Test Sample a 

074 S1 TSS2 ~27 mm x 10 mm x 1 mm Thermal Test Sample a 

078 
Reference [0,903] 

078 S1 TSS1 ~20 mm x 10 mm x 1 mm Thermal Test Sample a  

078 S1 TSS2 ~23 mm x 10 mm x 1 mm Thermal Test Sample a 

CAI 1 
CNT-Doped (EPD) [+45,0,-45,90]2s 

CAI 1 A1 40 mm x 9 mm x 4 mm CAI Test Sample  

CAI 1 A2 45 mm x 9 mm x 4 mm CAI Test Sample  

V-ref 
Reference [+45,0,-45,90]2s 

V-ref S1 82 mm x 14 mm x 4 mm Not tested before 

V-ref S2 101 mm x 15 mm x 4 mm Not tested before 
a: The sample was previously used in the test mentioned during KANON Project [1]. 

Having grouped and marked the samples, the edge faces of the samples were ground and polished 
using #120, #240, #600, #800,#1200 and #2500 grit papers respectively. Between each grinding and 
polishing step, samples were cleaned with water and dried carefully. After final polishing they were 
cleaned with methanol and let dry. 
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2.2.2 Analysis Procedure 

After the samples were prepared, they were examined under an Olympus Vanox-T Optical 
Microscope under different magnifications in order to identify the number and type of of cracks on 
their edge faces (along their length dimensions already presented in Table 3 for each specimen). The 
cracks on 90° layers of the composites were identified based on their length as illustrated on Figure 6 
below. Whole cracks were counted as 1, half cracks as 0,5 and small cracks as 0,25. The optical 
images which represent the microstructure of the composite were also recorded to be stored in 
database.  

 

Figure 6- Identification of cracks and Counting Methodology [25] 

After crack investigation, the samples were put in a box and stored in refrigerator for 1 hour.  The 
low constant temperature that the sample was exposed to was measured with the aid of a digital 
thermometer. After taking the samples from the refrigerator, they were cleaned with methanol and 
dried again. The same edge faces of the samples were re-examined under the optical microscope and 
again the number and the type of the cracks were recorded.  

Moreover, for some samples the level of thermal stress due to the temperature decrease of the 
material could be estimated applying the theoretical calculation below and the results were 
recorded. These calculations were done just to have an understanding on the magnitude of thermal 
load when applying such a cycle. 

σT = -[ f EL ET (αT –αL) ΔT] / [(1-f) ET + f EL] , where 
 
σT  is thermal stress, 
f  is the ratio between the 90°layers and the number of layers in the composite, 
αT  is thermal coefficient in transverse direction, 
αL  is thermal coefficient in longitudinal direction, 
ΔT is difference between the curing temperature and the final temperature, 
EL  is longitudinal modulus of the composite and 
ET  is transverse modulus of the composite. 

To apply the formula above, it is necessary to find out the terms  f, (αT –αL), ΔT, EL and ET . The term f 
can be easily found out, since it can be deduced easily from the configuration of plate. For instance 
for the plate samples with [0,903]s lay-up, the ratio between the 90°layers and the number of layers in 
the composite is 3/4, which makes 0,75. However, the value of (αT –αL) is obtained from a previous 
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work [1] conducted on the same plates. To find the term ΔT, knowledge of curing temperature is 
enough, as the final temperatures were already measured during this analysis. The experimental 
values of longitudinal and transversal stiffness can also be obtained from previous work [1] when it is 
available.  

Table 4 presents all data used to calculate and estimate thermal stress along with sources of data.  

Table 4- Thermal Stress Calculation Data 

Data f 
αT –αL  

(1/°C) 

Tfinal 

(°C) 

Tcuring 

(°C) 

ΔT 

(°C) 

EL 

(GPa) 

ET 

(GPa) 

σT           

(MPa) 

073 Samples 
CNT-Doped (EPD) [0,903]s 

0,75 2,85*10
5
 
a -28 b 185 a -213 132,2 a 9,29 a 55,09 

014 Samples 
Reference [0,903]s 

0,75 2,85*10
5
 
a
 -29 b 180 a -209 108,7 a 6,80 a 39,67 

074 Samples 
CNT-Doped (EPD) [0,903] 

0,75 2,85*10
5
 
a
 -30 b 185 a -215 132,2 a 9,29 a 55,61 

078 Samples 
Reference [0,903] 

0,75 2,85*10
5
 
a
 -30 b 180 a -210 132,2 a 9,29 a 54,32 

a: obtained from previous work [1], b: measured 

Here it should be explained that although thermal stress induced damage analyses (crack 
investigations) were performed for 007, CAI 1 and V-ref plates, the thermal stress generated during 
the experiments could not be calculated, since the necessary data was not available.  

Another important point worth mentioning here is that the thermal stress calculations for 074 and 
078 samples were just performed to see the extent of thermal stress that would have been 
generated if they had symmetrical configuration. In fact, these samples had undergone thermal test 
in the previous work [1] and they could relieve their stress by curving themselves, as there is no 
constriction for shape change in non-symmetrical configurations. Hence, in this analysis, calculation 
of the thermal stress of these samples will not estimate the degree of thermal stress with high 
confidence. That is also the reason of their values being crossed in Table 4. 

2.3 Mechanical Characterization 

Tensile tests (basic mechanical characterization) of CNT-doped and reference polymer composite 
plates and studies using the results of tensile tests (stiffness degradation) were accomplished in the 
previous work [1]. However; contrary to expectations, no significant improvement of tensile 
properties of EPD treated composites was achieved. The Mode 1 fracture properties (transverse 
cracking in cross ply laminates) were not improved either, as a matter of fact; transverse cracks in 
CNT doped cross-ply were appearing at lower strains compared to the reference material. Moreover, 
some cracks in EPD treated cross-ply composites were found prior to mechanical loading, which 
indicated presence of high residual thermal stresses. These stresses were measured from the 
thermal tests of asymmetric cross-ply laminates and turned out to be very close to the strength 
values obtained from tensile tests of UD-90 laminates. The previous work [1] was not concluded with 
high confidence regarding the disappointed stiffness degradation performance of the modified 
composites, in other words, it was not certain if the deterioration of Mode 1 properties was due to 
CNTs addition or due to the significant amount of defects (mainly voids) coming from the 
manufacturing stages of the EPD treated multiscale composites.  In order to verify or disprove this 
statement, tensile tests should be repeated using defect free CNT doped composites, where RTM 
manufacturing procedure has to be optimized first to achieve defect-free materials to obtain suitable 
samples. Therefore, the explanation of experimental procedure of basic mechanical characterization 
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will not be of main interest in this thesis and focus will be rather on the experimental procedure of 
mechanical characterization in terms of Mode 2 fracture properties (CAI strength and ILSS). 

2.3.1 Compression after Impact (CAI) Test  
 

Compression after Impact (CAI) tests were performed at Volvo Aero Corporation (VAC) in accordance 
with ASTM D7136 standard [26]. Four smaller plates were cut from a larger plate to obtain suitable 
samples for CAI testing. Schematical representation of the actual plate and the notations of CAI 
testing plates are shown on Figure 7a and photo of CAI 3 Plate after compression and impact is 
available on Figure 7b. 
 
 
 
  
  
 
 
   
 
 
 
Figure 7- a) Mapping of CAI test plates b) Photo of CAI Plate 3 after compression and impact 
 
The thicknesses and width of the four CAI plates were measured at several points as illustrated on 
Figure 8. 
 

 

 

 

 

 

  CAI Plate 1 CAI Plate 3 

  

 

 

  

  

                    CAI Plate 2                                                                         CAI Plate 4 

Figure 8- Positions for thickness and width measurements of CAI specimens  
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Average thickness of all CAI samples was approximately 4.18 mm. The measured dimension values 
are tabulated on Table 5 below. 
 
Table 5- Width (b) and thickness (t) of CAI specimens 

CAI Plate 
Number # → 

1 2 3 4 

Position # ↓ t (mm) b (mm) t (mm) b (mm) t (mm) b (mm) t (mm) b (mm) 

1 4,16 101,44 4,20 100,47 4,13 101,20 4,19 101,25 

2 4,15 101,31 4,20 100,86 4,11 101,40 4,17 101,47 

3 4,14 101,26 4,19 101,01 4,07 101,49 4,14 101,50 

4 4,17  4,21  4,16  4,22  

5 4,16  4,22  4,09  4,14  

6 4,19  4,26  4,18  4,24  

7 4,20  4,26  4,17  4,22  

8 4,19  4,25  4,14  4,19  

Average 4,17 101,3 4,22 100,8 4,13 101,4 4,19 101,4 

St.Dev. 0,02 0,1 0,03 0,3 0,04 0,1 0,04 0,1 
 

As shown above, suitable samples were formed and mapping and marking of the samples were 
accomplished. CAI test began with performing C-scan on each CAI plate by means of a wheel probe 
for RapidScan2, C-scan system. Next the impact tests were carried out, where the impactor diameter 
was 16 mm and impact area was 30J. The damaged area of impacted plates was measured again with 
C-scan. Then two strain gages were attached on both sides of each CAI test plate and finally 
compression test was conducted in the fixture in accordance with ASTM D7137 [27] standard. 

 

2.3.2 Interlaminar Shear Strength (ILSS) Test  
 
The ILSS tests can be considered as three-point bending tests for short samples. The tests were 
performed at SICOMP according to EN 2563 standard [28]. The test setup is schematically illustrated 
on Figure 9. 

 

 

Figure 9- Schematical Illustration of ILSS test setup [29] 

Samples of approximately 20 mm length, 10 mm width and 2 mm thickness were cut from CNT 
doped (CNT doped carbon fiber polymer composite plates via EPD and also spraying method) and 
non-doped reference plates for the ILSS tests.  

 

L
v
=10 mm 

L=20 mm 

τ (ILSS) = 0,75 P/(B*h) 
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The support span length (Lv) was approximately 10 mm and the radius of supports was 3 mm. The 
test was conducted with loading rate of 1mm vertical displacement per minute. During the test, load-
deflection data were recorded to enable the calculation of ILSS values. ILSS is calculated applying the 

formula τ (ILSS) = 0,75 P/(B*h), where P is maximum load during loading, B is specimen width and h is 
specimen thickness. 

2.4 Microstructural Characterization 

Microstructural features and microscopic damage mechanisms of CNT-doped and non-doped 
reference project materials were characterized by means of optical microscopy. This section includes 
the sample preparation and investigation procedures to accomplish the microstructural 
characterization. 

2.4.1 Sample Preparation for OM Investigations 
 

Sample preparation started with sample position determination from test samples of various plates 
from previous works [1] and V-ref plate which was not exposed to any test before. Optical 
microscopy samples were cut from plates or test pieces mentioned above precisely with the aid of an 
automatic Struers sample cutting machine illustrated on Figure 10 a.  

, 

Figure 10- a) automatic sample cutting machine[30] b) semi-automatic polishing machine [31] 

As the project materials contain resin, a diamond cut-off wheel disc was used to be able to cut the 
samples. After cutting they were cleaned and moulded in bakalite to ease handling during grinding. 
Moulded samples were marked as shown on Figure 11 a-b.  

 

 

 

 

 

 

Figure 11- a) Direction Tracking b) Marking on OM Samples 

a b 

a b 
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It is known that the fibers of polymer composites are very hard whereas the resin is usually soft. The 
local hardness differences could result in a rough or oblique surface of the sample during grinding, if 
homogeneous grinding is not provided by constant and regular rotation of the sample. On the other 
hand, it is essential to have an accurate flat sample surface which lays normal to the optical axis of 
the microscope in order to reveal the microstructure and obtain optimum resolution and sharper 
pictures in optical microscopy. Hence, development of a special grinding and polishing technique was 
necessary. By trials and errors on a few trial samples, a very successful preparation technique 
applicable with semi-automatic Buehler grinding/polishing machine (see Figure 10 b) was created. 
Besides the success of obtaining well -polished sample surfaces, the sample preparation procedure 
was rendered more reliable and practical taking the advantage of the semi-automatic machine. 
Different abrasive papers and polishing cloths along with different machine parameters of grinding, 
polishing and fine polishing steps of the technique are summarized on Table 6.  

Table 6- Parameters of Grinding/Polishing and Fine Polishing Steps 

Surface and Abrasive Lubricant 
Load 

(N)/Sample 
Base speed 

(rpm)/Direction 
Time (min) 

CarbiMet                                         
320 grit paper 

Distilled 
water 

18 
180             

Comp. 

Until the 
sample is 

plane 

UltraPad Polishing Cloth and                 
6-µm diamond suspension 

Distilled 
water 

18 
150             

Comp. 
4 

TexMet Polishing Cloth and            
3-µm diamond suspension 

Distilled 
water 

22 
150             

Comp. 
5 

Microcloth and                            
0,05-µm colloidal silica suspension 

- 27 
150             

Comp. 
5 

 

Between each grinding/polishing step shown on Table 6, the sample was thoroughly cleaned with 
water to prevent the transition of abrasives of the previous step to the next step which has smaller 
abrasives. Once the samples are finished with fine polishing, they are cleaned with water and then 
with methanol not to allow any moisture on the sample surfaces. Finally the samples are dried, 
marked with silver pens and placed in a portable desiccator for preservation purposes.  

2.4.2 OM Investigation Procedure 
 
The prepared optical microscopy samples were examined under an Olympus Vanox-T Optical 
Microscope under different magnifications (25X, 100X, 200X, 500X and 1000X) to reveal the 
microstructural features characteristic to the material and also the defect types. The positions of 
representative regions from all samples were chosen and consecutive optical images of these regions 
were recorded by means of an image recording system connected to the microscope. Acquisition of 
data from the recording system to computer was provided by means of a memory card. To increase 
the imaged area of some of the representative regions while maintaining the resolution and quality 
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of the view, consecutive optimal images were merged (stitched) into panoramic pictures using 
panoramic photo software. In that way, it was possible to see all layers of the composite laminates 
on one single picture and hence characterization procedure was enhanced. 

The information regarding the source plate, sample codes, representative regions (regions of which 
the positions are mapped and images are recorded) and sample history of all OM samples are 
described in Table 7. 

Table 7- Optical Microscopy Samples 

Plate Code Sample Code Representative Regions  Sample History 

073 
CNT-Doped (EPD) [0,903]s 

073 S10 Region A, B and C Tensile Test Sample 
b
 

073 S11 
a 

Region A, B and C Tensile Test Sample 
b
 

073 S12 
a 

Region A, B, C, D, and E Tensile Test Sample 
b
 

007 
CNT-Doped (spraying) [0,903]s 

007 S1 Region A and B Tensile Test Sample 
b
 

007 S2 
a 

Region A and B Tensile Test Sample 
b
 

014 
Reference [0,903]s 

014 S1 Region A and B Tensile Test Sample 
b
   

014 S2 
a 

Region A, B and C Tensile Test Sample 
b
 

074 
CNT-Doped (EPD) [0,903] 

074 S1 TSS1 Region A and B Thermal Test Sample 
b
 

074 S1 TSS2 
a 

Region A and B Thermal Test Sample 
b
 

078 
Reference [0,903] 

078 S1 TSS1 
a 

Region A and B Thermal Test Sample 
b
 

078 S1 TSS2 Region A Thermal Test Sample 
b
 

CAI 1 
CNT-Doped (EPD) [+45,0,-45,90]2s 

CAI 1 S1
 a

 Region A and B CAI Test Sample  

CAI 1 S2 
a
 Region A and B CAI Test Sample  

CAI 2 
CNT-Doped (EPD) [+45,0,-45,90]2s 

CAI 2 S1 
a
 Region A and B CAI Test Sample  

CAI 2 S2 
a
 Region A and B CAI Test Sample  

CAI 3 
CNT-Doped (EPD) [+45,0,-45,90]2s 

CAI 3 S1 
a
 Region A and B CAI Test Sample  

CAI 3 S2 
a
 Region A and B CAI Test Sample  

CAI 4 
CNT-Doped (EPD) [+45,0,-45,90]2s 

CAI 4 S1
 a

 Region A and B CAI Test Sample  

CAI 4 S2 
a
 Region A and B CAI Test Sample  

V-ref 
Reference [+45,0,-45,90]2s 

V-ref S1 
a
 Region A

 
and B Not tested before 

V-ref S2 
a
 Region A and B Not tested before 

a: panaromic picture of a wide region from sample is also available,  b: sample obtained from previous work[1] 

 

For plates 073, 007, 014, 074, 078 and V-ref, the mapped positions of regions of each OM sample, 

where  OM images are recorded, are illustrated on Figure 12 below.  

073 Plate Samples 
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007 Plate Samples 

 

 

 

 

014 Plate Samples  

 

 

 

074 Plate Samples 

 

 

 

078 Plate Samples 

 

   

 

 

V-ref Plate Samples 

 

Figure 12- Positions of the representative regions on 073, 007, 014, 074, 078 and V-ref Plate samples 

Figure 13 below illustrates the mapped positions of regions of each CAI Plate OM sample, where the 
OM images are recorded. In addition to that mapping of samples of CAI plates 1,2,3,4 is also 
availablen on figure. 
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CAI 1 Plate Samples 

  

 

 

 

CAI 2 Plate Samples 

  

 

 

CAI 3 Plate Samples 

 

 

 

CAI 4 Plate Samples 

 

 

        

Figure 13- Positions of CAI samples and positions of the representative regions on CAI plate samples  

 

2.5 Sub-Microstructural Characterization  
 

2.5.1 Sample Preparation for SEM Investigation 

Sampling of SEM investigation was done in accordance with the requirements to fulfill the aim of 
SEM investigation.  Special attention was paid to take samples from CNT-doped and non-doped 
plates that have the same lay-up configuration and hence which allow the control of CNTs presence 
on the fiber surface and CNTs distribution in the composite by comparing the sub-microstructural 
views of CNT-doped plates with the non-doped ones. Positions of prospective SEM samples were 
determined and plates (or samples of previous work [1]) were cut. The cut pieces were immersed in 
liquid nitrogen for fresh fracture surface. Sample(s) were placed on metallic supports and stuck with 
glue to ensure the preservation of their placement position on supports (see Figure 14). Afterwards, 
the investigation surfaces of samples were coated by a thin layer of gold allowing a good conduction 
of electrons and hence to acquire clear SEM pictures. 
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Figure 14- SEM samples on metallic support 

Source plate, sample codes, and sample history of all SEM samples are shown on Table 8. 

Table 8- Scanning Electron Microscopy Samples 

Plate Code Sample Code Sample History 

073 
CNT-Doped (EPD) [0,903]s 

073 ILSS 3 ILSS Test Sample  

007 
CNT-Doped (spraying) [0,903]s 

007 SEM 1 Tensile Test Sample 
a
 

014 
Reference [0,903]s 

014 SEM 1 Tensile Test Sample 
a
   

CAI 1 
CNT-Doped (EPD) [+45,0,-45,90]2s 

CAI 1 SEM 1 CAI Test Sample  

CAI 3 
CNT-Doped (EPD) [+45,0,-45,90]2s 

CAI 3 SEM1 CAI Test Sample  

V-ref 
Reference [+45,0,-45,90]2s 

V-ref SEM 1 Not tested before 

a: the sample is obtained from previous work [1] 

2.5.2 SEM Investigation Procedure 

 
Before starting the SEM investigation on project samples, two trial samples (from CNT doped 
materials) were examined to get technically familiar with the investigation of this kind of multiscale 
composite. This was a really beneficial pre-investigation step that helps the time management during 
forthcoming SEM investigations, since it is really challenging to get very closer to the fibers in order 
to detect CNTs on fiber surface. Unfortunately the literature is also very limited about the SEM 
investigation methodology of this kind of material as well as it is inadequate for sustaining 
information about the morphology of CNT multiscale composites. Therefore trials were of high 
importance. As a result of these trial investigations, the project material was rendered more familiar 
and it was understood that the fracture surface may not be in suitable geometry to allow very high 
magnifications in some cases. Additionally, long time should be spent on each sample until the CNTs 
are found, as some CNTs are lost due to the fracture of the sample surface during SEM sample 
preparation.   
 

The SEM samples were examined under a JEOL JSM 6460 LV Scanning Electron Microscope under 
different magnifications (ranging from 75X up to 20000X) to re-observe the microstructural features 
under lower magnifications and to spot the sub-microstructural features, mainly the presence of 
CNTs and their distribution under high magnifications. Finding possibly some indications of improved 
fiber/matrix adhesion with CNTs was also of special interest. The working distance was chosen as 10 
mm and the machine was adjusted to secondary electron imaging mode. Representative SEM images 
were taken and recorded.  
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3. RESULTS AND DISCUSSION 
 

3.1 Analysis of Thermal Stress Induced Damage 
 
Results of the examination of 90° layer cracks on the edge faces (along the length dimensions already 
specified in Table 3 for each sample) of thermal stress induced damage samples are presented on 
Table 9-15 below.  
 

Table 9- Effect of thermal loading on edge faces of 073 plate samples 

Plate 073 
CNT-Doped (EPD) [0,903]s 

Before thermal loading  
(@ RT) 

After  thermal loading  
(1 hour @ -28°C) 

Sample Code Edge face 1 Edge face 2 Edge face 1 Edge face 2 

073 S10 no crack no crack no crack 2 half cracks 

073 S11 no crack no crack 2 small cracks 3 small cracks 

073 S12 1 half crack 
4 half cracks                      
1 small crack 

1 half crack        
(longer than before) 

5 half cracks 

 
Table 10- Effect of thermal loading on edge faces of 007 plate samples  

Plate 007 
CNT-Doped (spraying) [0,903]s 

Before thermal loading 
(@ RT) 

After  thermal loading 
(1 hour @ -35°C) 

Sample Code Edge face  Edge face 

007 S1 
4 whole cracks 

3 half cracks 
1 small crack 

5 whole cracks 
5 half cracks 

2 small cracks 

007 S2 
6 whole cracks 

4 half cracks 
3 small cracks 

10 whole cracks 
5 half cracks 

3 small cracks 

 
Table 11- Effect of thermal loading on edge faces of 014 plate samples 

Plate 014 
Reference [0,903]s 

Before thermal loading 
(@ RT) 

After  thermal loading 
(1 hour @ -29°C) 

Sample Code Edge face 1 Edge face 2 Edge face 1 Edge face 2 

014 A1 1 half crack no crack 2 half cracks 1 small crack 

014 A2 1 small crack 1 small crack 1 small crack 
4 half cracks                      
1 small crack 

 
Table 12- Effect of thermal loading on edge face of 074 plate samples 

Plate 074 
CNT-Doped (EPD) [0,903] 

Before thermal loading (@ RT) 
After  thermal loading 

(1 hour @ -30°C) 

Sample Code Edge face  Edge face 

074 S1 TSS1
a 

2 whole cracks 3 whole cracks 

074 S1 TSS2
a 

2 small cracks 1 whole crack and 1 small crack 

a: The sample was moulded, therefore only one edge face could be examined. 
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Table 13- Effect of thermal loading on edge faces of 078 plate samples 

Plate 078             
Reference [0,903] 

Before thermal loading  
(@ RT) 

After  thermal loading 
(1 hour @ -30°C) 

Sample Code Edge face  Edge face 

078 S1 TSS1
a 

2 whole cracks and 1 small crack 3 whole cracks and 1 small crack 

078 S1 TSS2
a 

no crack no crack 

a: The sample was moulded, therefore only one edge face could be examined. 

 
Table 14-Effect of thermal loading on edge faces of CAI 1 plate samples 

CAI 1 Plate Before thermal loading (@ RT) After  thermal loading 

Sample Code Edge face  Edge face 

CAI 1 A1
a 

3 whole cracks 
12 half cracks 

14 small cracks 

5 whole cracks 
11 half cracks 

20 small cracks 

CAI 1 A2
a 

4 whole cracks 
8 half cracks 

10 small cracks 

7 whole cracks 
7 half cracks 

18 small cracks 

a: The sample was moulded, therefore only one edge face could be examined. 

 
Table 15- Effect of thermal loading on edge faces of V-ref plate samples 

Plate V-ref 
Reference [+45,0,-45,90]2s 

Before thermal loading  
(@ RT) 

After  thermal loading 
(1 hour @ -30°C) 

Sample Code Edge face 1 Edge face 2 Edge face 1 Edge face 2 

V-ref S1 1 small crack 1 small crack 1 small crack 1 small crack 

V-ref S2 no crack no crack no crack 1 small crack 

 

Results of crack investigation shown in Table 9-15 reveal that one cycle of thermal loading (for 1 hour 
around -30°C) increased the number and/or length of the cracks for CNT-doped polymer composite 
plates as well as for reference plates. As previously explained in Section 2.2.2, whole cracks were 
counted as 1, half cracks as 0,5 and small cracks as 0,25 to calculate the average number of cracks 
per sample. For each type of plate, average number of cracks per sample before and after thermal 
loading were calculated and the results are available on Table 16. 

Table 16- Effect of thermal loading on average number of cracks on various plates 

Material 
Sample 
History 

#of 
samples 
analyzed 

Tf 

(°C) 

Avg.  # of cracks  
before thermal 

loading 

Avg.  # of cracks 
after thermal 

loading 

073 
CNT-Doped (EPD) [0,903]s 

Tensile test 
sample 

3 -28 0,92 1,75 

007 
CNT-Doped (spraying) [0,903]s 

Tensile test 
sample 

2 -35 7,25 10,63 

014 
Reference [0,903]s 

Tensile test 
sample 

2 -29 0,50 1,13 

074 
CNT-Doped (EPD) [0,903] 

Thermal test 
sample 

2 -30 1,25 2,13 

078 
Reference [0,903] 

Thermal test 
sample 

2 -30 1,13 1,63 

CAI 1 
CNT-Doped (EPD) [+45,0,-45,90]2s 

CAI test 
sample 

2 -35 11,50 15,25 

V-ref 
Reference [+45,0,-45,90]2s 

Not tested 
before 

2 -30 0,25 0,38 
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On Table 4 of Section 2.2.2, the thermal stress calculation for some of the plates, of which the 
necessary data for thermal stress calculation is available, was presented. Here on Table 17, for each 
type of plate, average number of cracks before and after thermal loading and the estimated level of 
thermal stress that would cause that increase in the amount of cracks are shown together.  
 
Table 17- Effect of thermal loading on average number of cracks 

Data 
Sample 
History 

ΔT  
(°C) 

σT           

(MPa) 

Avg.  # of cracks  
before thermal 

loading 

Avg.  # of cracks 
after thermal 

loading 

073 Samples 
CNT-Doped (EPD) [0,903]s 

Tensile     
test sample 

-213 55,09 0,92 1,75 

007 Samples 
CNT-Doped (spraying) [0,903]s 

Tensile test 
sample 

- - 7,25 10,63 

014 Samples 
Reference [0,903]s 

Tensile     
test sample 

-209 39,67 0,50 1,13 

074 Samples 
CNT-Doped (EPD) [0,903] 

Thermal test 
sample 

-215 55,61 1,25 2,13 

078 Samples 
Reference [0,903] 

Thermal test 
sample 

-210 54,32 1,13 1,63 

CAI 1 Samples 
CNT-Doped (EPD) [+45,0,-45,90]2s 

CAI           test 
sample 

- - 11,50 15,25 

V-ref Samples 
Reference [+45,0,-45,90]2s 

Not tested 
before 

- - 0,25 0,38 

 

 

It should be here again mentioned that thermal stress levels for 007, CAI 1 and V-ref samples could 
not be calculated due to lack of data. Furthermore, the thermal stress calculations for 074 and 078 
samples were only performed to see the thermal stress that would have been generated if they had 
symmetrical configuration. For 074 and 078 plates, thermal stress levels of 55,61 and 54,32 MPa 
were calculated respectively just to have an understanding on the magnitude of thermal load when 
applying such a cycle. Therefore, the results of thermal stress for 074 and 078 plate samples were 
crossed on Table 17 to avoid any first glance misunderstanding.  

Due to this one cycle thermal loading, 55,09 MPa of stress was induced on CNT doped 073 plate 
samples and 39,67 MPa on non-doped 014 plate samples. For all types of plates, doped via EPD or via 
spraying method or for non-doped reference plates, it was observed that this level of thermal stress 
was able to increase the amount of transverse cracks. The strength measurement results of 90°layers 
of the previous work [1] conducted on samples with configuration [908] also supports this 
observation. It is known that when thermal stresses are close (or higher) than strength of 90° layers, 
then they should cause cracking on 90° layers of the material. In the previous work [1] the average 
strength of 90°layers of composite was found to be 31,69 MPa, which is smaller than both 55,09 MPa 
and 39,67 MPa. With this supported observation, the increase in the number of 90° layer cracks can 
be more confidently correlated to the thermal stresses induced on samples of this project. 
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3.2 Mechanical Characterization 
 

3.2.1 Tensile Test 

Basic mechanical characterization of CNT-doped and reference polymer composite plates of this 
project work and investigation of their stiffness degradation were performed in the previous work 
[1]. Hence tensile test results and evaluations could be easily reached. The degradation trend for 
CNT-doped and non-doped samples exhibited the same behavior, however, contrary to expectations, 
it was found that EPD treated and spraying doped samples degrade their modulus faster than the 
reference materials. Moreover, some cracks in EPD treated cross-ply composites were found prior to 
mechanical loading, which indicated presence of high residual thermal stresses. As thermal 
characterization of laminates demonstrated, this happened due to high residual thermal stresses 
(due to curing) present in the material. Apparently strength of 90°layer measured from tensile test of 
UD-90 specimens (31,69 MPa) was very close to the thermal stress developed in the cross-ply 
laminates. 

Since defect content (including mainly voids) coming from the manufacturing stages of the EPD 
treated CNT polymer composites was high, the deterioration of Mode 1 properties may be due to 
defects. In order to verify or disprove this statement, tensile tests should be repeated using defect 
free CNT doped composites, where RTM manufacturing procedure has to be optimized first to 
achieve defect-free materials to obtain suitable samples.  

3.2.2 CAI Test 

CAI Plates (EPD treated CNT doped and also non-doped quasi-isotropic laminates with stacking 
sequence [+45,0,-45,90]2s) were tested at SICOMP and VAC following the procedure described in 
Section 2.3.1 of this thesis. Results of the C-scan damaged area measurements after falling weight 
impact and maximum compressive stress reached after compression test are presented on Table 18 
for CNT-doped composites.  

Table 18- Summary of CAI test results for EPD treated CNT doped plates [+45,0,-45,90]2s 

CAI Plate Damage Size (mm2) CAI strength (MPa) 

1 1102 210,3 

2 1534 194,5 

3 1443 204,2 

4 excludeda excludeda 
a: C-scan of Plate 4 inconclusive and hence damaged area size of Plate 4 is not shown. 

Table 19 shows the results of damaged zone size after falling weight impact measurements for non-
doped reference composites of this project. It should be here also stated that the average CAI 
strength found out after compression test of these composites was 218 MPa. 

Table 19- Damaged area measurement results of reference plates [+45,0,-45,90]2s 

CAI Plate Damage Size (mm2) 

CAI-1 1143 

CAI-2 1116 

CAI-3 1170 

CAI-16 1090 

CAI-17 1075 

CAI-18 1169 
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To enable the comparison of results also with other CNT doped carbon fiber composites Table 19 
above presents the damaged size area and CAI strength values of prepreg made laminates obtained 
from literature. The prepregs of that study were manufactured using T700SC-12K fibers and EP827 
epoxy resin with dicyandiamide as the curing agent.  The doping was performed with 5 wt% and 10 
wt% of cup-stacked CNTs via the method of dispersion of CNTs in resin. For the falling weight impact 
test step of the CAI tests, impact load applied for the falling weight impact test was approximately 7 
kN. 

Table 20- Summary of CAI test results [32] for CNT doped (dispersion) plates [0/90/45/-45]3S 

CAI Plate Damage Size (mm2) CAI strength (MPa) 

Plate 01 (0 wt% CNTs) 802 178 

Plate 02 (0 wt% CNTs) 821 171 

Plate 03 (5 wt% CNTs) 781 182 

Plate 04 (5 wt% CNTs) 795 170 

Plate 05 (10 wt% CNTs) 752 195 

Plate 06 (10 wt% CNTs) 847 182 
 

The average values of damage area measured for all CAI plates already presented on Table 18, Table 
19 and Table 20 and CAI strength of these materials are compared on Table 21 to evaluate the effect 
of CNTs presence and CNTs addition method on CAI test results. 

Table 21- Comparison of CAI test results for all CAI plates 

Test Material 
Lay-up 

Configuration 

# of 
specimens 

(plates) 
Damage zone area CAI strength 

CNT doped CAI plates 
(via EPD) 

[+45,0,-45,90]2s 4 
Amean = 1360 mm

2
 

St.Dev. = 228 mm
2
 

σmean =203,0 MPa 
St.Dev. = 8.0 MPa 

Non-doped CAI plates 
(Reference plates) 

[+45,0,-45,90]2s 6 
Amean = 1127 mm

2
 

St.Dev. = 40 mm
2
 

σmean =218,0 MPa 

CNT doped (0 wt%) 
Non- doped CAI plates

a [0,90,+45,-45]3s 2 
Amean = 811,5 mm

2
 

St.Dev. = 9,5 mm
2
 

σmean =176,0 MPa 
St.Dev. = 6,0 MPa 

CNT doped (5 wt%) 
CNT doped CAI plates

a 

 (via dispersion in resin) 
[0,90,+45,-45]3s 2 

Amean = 788,0 mm
2
 

St.Dev. = 7,0 mm
2
 

σmean =174,5 MPa 
St.Dev. = 4,5 MPa 

CNT doped (10 wt%) 
CNT doped CAI plates

a 

 (via dispersion in resin) 
[0,90,+45,-45]3s 2 

Amean = 800,0 mm
2
 

St.Dev. = 47,5 mm
2
 

σmean =188.0 MPa 
St.Dev. = 6,5 MPa 

a: from literature [32] 

By comparing the results on Table 21, it is understood that average size of damage zone after impact 
is larger for EPD treated CNT doped material by approximately 21% compared to the reference 
material of this project. However, here it should be explained that C-scans of CNT-doped and 
reference plates of this project were performed with different equipment. This possibly influences 
the size of the damage and affects the comparison; therefore results of maximum compressive stress 
(CAI strength) might be more representative. Additionally, it is not very reasonable to compare the 
damage size area results of the CNT doped plates (dispersion in resin) with doped and non-doped 
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plates of this project, as the impact test parameters such as impact load applied and also C-scan 
equipment used were different in that study. It should be also noted that although all CAI plates 
shown on Table 21 are quasi-isotropic laminates, configuration of the plates from literature 
[0,90,+45,-45]3s was different from the laminates used in this thesis project. 

When the maximum compressive stress values of EPD treated CNT doped and non-doped composite 
plates are compared it is appreciated that CAI strength in doped composites is slightly (7,3 %)  lower 
than the strength of reference composite plates. It is worth mentioning here again that composites 
produced within this project (EPD treated) contained significant amount of voids, which might have 
contributed to the initiation and propagation of damage thus producing larger damaged area during 
the impact. On the other hand, in spite of the inferior manufacturing of EPD treated composites of 
this project, these EPD treated CNT doped composites exhibit noticeably higher strength than CNT 
dispersed composite plates of the study from literature. In that study, CAI strength increased by 8% 
for 10 wt% CNTs doped composites in comparison with reference material of that study, which also 
supports the idea that the same CAI strength enhancement could have been observed with the 
doped composites of this project, if manufacturing could be optimized and defect free plates could 
be produced.  

3.2.3 ILSS Test 
 

ILSS tests were performed following the procedure described in Section 2.3.2. The recorded test data 
was used to draw the load-deflection curves for each test. Figure 15 below shows the load-deflection 
curves for six ILSS specimens of EPD treated CNT doped composite materials of this project. Here it 
should be explained that the first (ILSS) specimen was faulty and hence information regarding Test 1 
was excluded from ILSS test results and load-deflection curves. 
 

 
Figure 15- Load-deflection curves of EPD treated CNT doped ILSS samples 

As mentioned in Section 2.3.2, ILSS of the samples is calculated applying the formula τ (ILSS) = 0,75 
P/(B*h), where P is maximum load during loading, B is specimen width and h is specimen thickness. 
The maximum load determined from each load vs. deflection curve on Figure 15, width, thickness 
and length of each specimen and ILSS calculation results are tabulated and presented on Table 22.  
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Table 22- Terms and Results of ILSS Calculation for EPD treated CNT doped specimens [0,903]s 

Specimen # 
Width 
(mm) 

Thickness 
(mm) 

Length 
(mm) 

Maximum Load 
(N) 

ILSS 
(MPa) 

Specimen-2 10,78 2,04 19,42 2023,59 69,01 

Specimen-3 10,93 2,05 20,15 2224,62 74,46 

Specimen-4 11,34 2,05 19,54 2511,96 81,04 

Specimen-5 11,34 2,05 20,35 2435,52 78,58 

Specimen-6 11,49 2,05 18,50 2568,29 81,78 

Specimen-7 11,50 2,05 19,36 2545,03 80,97 
Note: Specimen 1 was faulty and excluded from results. 

The average ILSS results of EPD treated CNT doped composites, spraying treated CNT-doped composites and 

also non-doped composites are presented on Table 23 to evaluate the improvement in case of CNTs 
presence and the effect of CNTs addition method on ILSS test results.  

Table 23- Comparison of ILSS Test Results 

Test Material 
Lay up 

configuration 
# of specimens 

tested 
ILSS 

073 CNT doped plates 
(via EPD) 

[0,903]s 7 
ILSSmean = 77.6 MPa 
St.Dev. = 4.6 MPa 

014 Reference plates [0,903]s 7 
ILSSmean = 55.2 MPa 
St.Dev. = 5.8 MPa 

007 CNT doped plates 
(via spray-on method) 

[0,903]s 8 
ILSSmean = 62.4 MPa 
St.Dev. = 1.8 MPa 

 

Deposition of CNTs on fabric improves ILSS for both, EPD and spray-on treated composites. The 
increase of ILSS for EPD treated CNT doped composites compared to the reference material is 41%, 
whereas for spray-on treated composite 13% increase of ILSS compared to reference material is 
achieved. Evaluating these comparative results, it can be deduced that CNTs incorporation enhances 
the ILSS of polymer composites. Furthermore, the higher improvement in ILSS of EPD treated CNT 
doped composites supports the expectation that CNTs incorporation improve the shear properties 
and Mode 2 fracture toughness properties very well and EPD treatment is a promising technique for 
these new generation multiscale composites.  

3.3 Microstructural Characterization 

OM investigations were performed for EPD treated CNT doped, spray-on treated CNT doped and 
non-doped reference composites with different stacking sequence, following the investigation 
procedure already described in Section 2.4.2.  As previously mentioned, the information regarding 
the source plate, sample codes, representative regions (regions of which the positions are mapped 
and images are recorded) and sample history of all OM samples is provided in Table 7 in Section 
2.4.2. The representative regions of which the panoramic pictures are available and hence the 
hierarchical structure of the material can be presented will be shown here for each plate as sub-
sections of this section. Images of some representative regions which characterize specific 
mechanisms or phenomena will be also presented here. However, the rest of the optical images 
recorded during the investigations will be available in the Appendix 3 of this thesis, as there are many 
OM investigation results and it is not practical to present all of the results here.  
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3.3.1 Plate 073- EPD treated CNT Doped Polymer Composite [0,903]s 
 
The hierarchical structure of EPD treated CNT doped carbon fiber polymer composite with lay-up 
[0,903]s  is shown on Figure 16. The optical images are taken from sample 073 S11.  

 

       

Figure 16- Hierarchical structure of Plate 073- EPD treated CNT Doped Polymer Composite [0,903]s 

Figure 16 shows that the fiber distribution is homogeneous and the fiber alignment is rational. Resin 
rich regions are observed between 0° and 90° layers. Also there are some stitches on the 90° layers 
connecting bundles and are rich in resin. Although resin channels are not clearly defined and bundles 
of fibers can be partially shown on the figure, it should be mentioned that bundles were not ideal but 
nearly elliptical. Some elongation on fibers was observed, which is probably due to the tensile test 
previously conducted on the sample. The black points, which indicate shear on fibers, are visible at 
high magnifications. Since the matrix is soft and fibers are hard by nature, the inevitable shear 
mechanism on fibers occurred during sample preparation.  
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Figure 17- Voids along stitches -Sample 073 S11-EPD treated CNT doped polymer composite 

Figure 17 above is formed combining the optical images taken from the corner edge of 073 S11 
sample. As mentioned before, the presence of defects is most probably due to the inferior 
optimization of manufacturing of 073 plates. From Figure 17, it can be also deduced that voids are in 
tendency to be formed along the stitches. Moreover, the alignment of 0° layer at the bottom of the 
figure points out some that there is fiber misalignment in some regions of the material.  

 

Figure 18- Between 0° and 90°layers a) Crack sourcing from stitch b) Distribution of fibers 
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It can be understood from Figure 18a (image from sample 073 S12) that stitches may serve as 
sources to cracks, as the desired structure between 0° and 90° layers is actually regular like the image 
shown on Figure 18b (image from sample 073 S11).  

Here it should be stated that several stitches and some defects (in 90° layers except some rare cases) 
such as voids and cracks were observed in 073 plate samples. Combining the knowledge from 
previous work [1] with the knowledge gained from OM investigations of 073 samples of this project, 
it was revealed that there was high difference in the amount of defects defect between the upper 
side and lower sides of 073 plate. As shown on Figure 19, samples used in the previous work [1] were 
taken from the upper side of the plate and contained more defects than the OM samples of this 
project, where the samples were cut from lower side. Moreover, in the lower side of plate the defect 
distribution was proportional; whereas the upper side exhibited random distribution of defects and 
also defects highly varying in size. The defects in the upper side were non-homogeneous in size and 
defect concentration was high in some regions compared to others. 

 

 

                                                             OM samples of previous work [1] (073 S3, S4, S5, S8) 

 

                                                                     OM samples of this project work (073 S10, S11, S12) 

 

Figure 19- OM Sample Positions of 073 Plate (previous work and current work) 

The difference in the amount of defects also points out that the composite manufacturing process 
was not accomplished applying the optimum manufacturing parameters. When the material flow 
speed is not optimized during RTM, different flowrates for resin may result in local differences within 
the material. It is highly probable that the speed of resin flow was greater for the upper side of the 
plate and the voids and different kind of defects were formed as the fast flown material returned 
back after it arrived to the end of the plate.  

 

3.3.2 Plate 007- Spray-on treated CNT Doped Polymer Composite [0,903]s 
 

On Figure 20 the hierarchical structure of spray-on treated CNT doped carbon fiber polymer 
composite with configuration [0,903]s  is presented. The optical images are taken from sample 007 
S2. 

Figure 20 shows that there are many void like defects laying around big stitches in 90° layers of this 
material. The fiber distribution seems to be homogeneous. Black points which are visible at high 
magnifications and generally observed around the circumference of fiber cross sections reveal that 
shear stresses were formed on those regions during sample preparation.  

 

Fast flown material coming back 
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Figure 20 -Hierarchical structure of Plate 007- Spray-on treated CNT Doped Composite [0,903]s 

As shown on Figure 21 below, whole cracks can form in spray-on treated CNT doped materials 
initiating from 0° layer (0° layer on the left) and reaching the other 0° layer. This whole crack was 
formed on sample 007 S1, which was used as a tensile test sample in the previous work [1]. The crack 
was observed as a half crack after the tensile test (before thermal loading experiment of this project) 
and it propagated due to the 1 hour thermal loading at -35°C (see Section 3.1 Analysis of Thermal 
Stress Induced Damage) and became a whole crack. This situation again proves that thermal loading 
can be a driving force for the already existing cracks to propagate.  

 

 

 

 

Figure 21- A whole crack in Plate 007-Spray-on treated CNT Doped Composite [0,903]s 
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In the overall OM investigations of this material, it was experienced that similar to 073 plate samples, 
the defects are generally observed on 90° layers, while no voids or other kind of defects can be seen 
on 0° layers. High degree of fiber misalignment was observed in some regions of the material. 
Although it could be partially shown on the figures, resin channels were not well defined and fiber 
bundles were not ideal, in fact their shape was close to distorted ellipses.  

 

3.3.3 Plate 014-Non-Doped Reference Polymer Composite [0,903]s 
 
The hierarchical structure of non-doped reference polymer composite with lay-up configuration 
[0,903]s  is presented on Figure 22 below. The optical images belong to sample 014 S1.  

 

Figure 22- Hierarchical structure of Plate 014- Non-doped Reference Polymer Composite [0,903]s 

Examining Figure 22, it is easily observed that there is considerable amount of fiber misalignment in 
the material. Big stitches are encountered in the regions connecting 0°layer and 90°layer, where one 
example to these stitches is available on the top and bottom right corners of the first picture of 
Figure 22.  Investigations on 014 plate samples revealed that most of these stitches are located in the 
matrix channel between 0°layer and 90°layer or between two first 90° layers. And the cracks in the 
sample (due to tensile test of previous work [1] and/or thermal loading applied in this project) 
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generally initiated from these stitches. An example to these matrix cracks initiating from stitches and 
passing through 90° layers of the material is available on Figure 23. The bundles of fibers do not seem 
to be affected by defects and the distribution of fibers was almost homogeneous. In comparison with 
doped materials with the same configuration, less but bigger voids were observed.  

  

Figure 23- Matrix cracks in non-doped reference polymer composite with lay-up [0,903]s 

3.3.4 Plate 074- EPD treated CNT Doped Polymer Composite [0,903] 
 

The hierarchical structure of EPD treated CNT doped polymer composite with lay-up [0,903] is shown 
on Figure 24 below. The optical images are obtained from the investigations on sample 074 S1 TSS 2.  

 
 

  
Figure 24- Hierarchical structure of Plate 074- EPD treated CNT Doped Polymer Composite [0,903] 
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OM investigations on the samples of this material have shown that the overall quality of 
manufacturing of the plate is not good. The fiber distribution is not homogeneous and most of the 
sample surface is covered by irregular resin channels. There are many voids in varying size and 
distributed heterogeneously along 90° layers of material. Besides voids, some void-like regions were 
located in the matrix channel between the bundles of fibers. It was very difficult to identify the cause 
of formation of these regions; however; one possible case is that CNTs could have moved to the resin 
channels during manufacturing and increased the viscosity of material. The dramatic increase in 
these channels resulted in the formation of small voids, which can later penetrate with bundles and 
form big voids or which can remain as void-like regions if they cannot find suitable conditions to form 
voids. The origin of the idea of the possible case mentioned comes from the presence of many voids 
in the structure, as they could have formed by penetration of prior small voids into bundles with time 
and the ones which could not have penetrated into bundles remained as small voids in the channel 
forming those void-like regions.  

 

Figure 25- A whole crack across the thickness of sample 074 S1 TSS 1 

As mentioned before, plate 074 is EPD treated CNT doped polymer composite plate with non-
symmetrical [0,903] configuration. The slight bending of fibers on 0° layer and possibly small 
deformation between layers is due to thermal test conducted during previous work [1] as this non-
symmetric-configured material could relieve its thermal stress by curving itself during the thermal 
test. In addition to that there are also some cracks on the material formed after thermal test of 
previous work [1] and propagated after thermal loading experiments in this project. In other words, 
damage initiated and propagated in connection to thermal damage of 074 plate samples. An example 
of such a crack is available on Figure 25.   

3.3.5 Plate 078-Non-Doped Reference Polymer Composite [0,903] 
 
The optical images on Figure 26 are recorded during the investigations on sample 078 S1 TSS 1. On 
the figure both the hierarchical structure of non-doped polymer composite plate with stacking 
sequence [0,903] and the crack across the sample surface formed during thermal test of previous 
work [1] are presented. The crack initiated between the 0° and 90° layer near a stitch which probably 
acted as a stress raiser during cracking. It should be also noted that the crack propagation was 
enhanced by the thermal loading experiments in this project and hence the crack terminated with 
fracturing the sample surface. In comparison with 074 plate samples, fibers on 0°layer were not 
bended. As it can be seen on Figure 26, the propagated crack could dissipate its energy by fracturing 
the sample surface to the end of the last 90° layer and hence no residual stress remained to bend 
(curve the 0° layer fibers concave to 90° fibers) the fibers.   

100 µm 

0° 90° 90° 90° 



Ozugurler, G.                         Characterization of CNT Doped Carbon Fiber Polymer Composites Page 47 

 

The overall microstructural characterization studies on 078 plate samples have shown that there 
were almost no big voids. Defects such as cracks were not proportionally distributed; on the contrary 
some regions were almost defect-free and some contained sets of small defects. The fiber 
distribution was good, however resin channels between bundles or the size and shape of bundles 
could not be clearly identified. The inevitable shear (black points) was observed on images at high 
magnifications. 

 

 

 

   

Figure 26- Hierarchical structure of Plate 078- Reference polymer composite plate with stacking 
sequence [0,903] and the crack across the sample surface 
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3.3.6 CAI Plates- EPD treated CNT Doped Polymer Composite [+45,0,-45,90]2s 
 
As mentioned in Section 2.4.2 previously, there were 4 CAI plate specimens and two OM samples 
from each plate (8 samples in total) were prepared for OM studies of these quasi-isotropic plates. 
Before discussing the results of OM studies, here it should be noted that two of those samples (CAI 1 
S1 and CAI 2 S2) were investigated from the perpendicular cross sections, which means that the 
microstructural images of these two samples, which are going to be shown in this section, will follow 
the [+45,90,-45,0]2s  configuration. The mappings showing the origins and investigated surfaces of 
the samples are also available in Section 2.4.2. 

The hierarchical structure of EPD treated CNT doped polymer composite with lay-up [+45,0,-45,90]2s 

is shown on Figure 27 below. The optical images are taken from sample CAI 1 S1 of CAI 1 plate, which 
had undergone CAI test before.  

As it can be deduced from the microscopic damages on the figure, numerous cracks especially small 
surface cracks were formed due to CAI testing. The compression effect on bundles and fiber 
alignment is also visible. Especially 0° layers show considerable fiber misalignment. The bundles are 
not ideal, but nearly elliptical. On the other hand, when it comes to the distribution of fibers, 
microstructure at high magnifications show that the fiber distribution is good and damage initiation 
on fibers is really less than expected.  

The resin channels and the fiber bundles can be identified on the figure. However, the shape of the 
resin channels is irregular and complex. In some regions they cover the entire layer, for instance the 
third 0° layer.  

The marked region on the first picture of Figure 27 includes the bridge between two stitches (also 
located between the third 90°layer and second 45° layer), where small dark zones are visible. These 
dark zones might have formed due to the filtering out of CNTs during manufacturing of plates.  

Testing cracks have propagated between layers of the material particularly 45° and 90° layers. Like 
the testing cracks, delaminations also appear between 45° and 90°layers and it is more common to 
see that delaminations pass through 45°layers.  

Voids that may have formed during manufacturing are also present and they are mostly observed in 
the resin channels between 45° and 90°layers and also along stitches in various shapes and sizes. 
Although it is not common to observe voids in 0°layers, on the fourth 0°layer on Figure 27 a large 
elongated void is present. The elongation of the void might have occurred owing to the deformation 
of material during testing. Moreover, similar to the big elongated void along the 0° layer, many big 
and medium size elongated voids were observed all over the material during the investigations.  

The OM investigations on CAI 1 plate were performed on two samples, where the representative 
structure for CAI 1 S1 sample is already presented on Figure 27. Investigation on CAI 1 S2 sample, 
which is taken from the opposite corner of the plate (see Figure 13) revealed similar microscopic 
features and damages. However, it should be mentioned that there were less voids, but more 
delaminations.  
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Figure 27- Hierarchical structure of CAI 1 plate- EPD treated CNT Doped Composite [+45,0,-45,90]2s 
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A panoramic view from the CAI 2 plate is presented on Figure 28. The optical images were recorded 
during the OM investigation of CAI 2 S2 sample of CAI 2 plate, which was used for CAI test before. 

 

Figure 28- Microstructure of CAI 2 Plate- EPD treated CNT Doped Composite [+45,0,-45,90]2s 

In comparison with CAI 1 plate, CAI 2 plate samples show very low void and crack content. The size of 
the voids is smaller as well. The voids generally appear on 45° layers or between 45° and 0° layers of 
the material. Moreover, it is easy to identify the shape and size of bundles with the images obtained 
from CAI 2 plate samples. The compression effect on bundles and fiber alignment is also visible. Fiber 
misalignment can be easily observed on 0° layers and also stitch induced waviness is observed on the 
first 0° layer on the figure. The fiber bundles are not ideal, but nearly elliptical. The shape of the resin 
channels is irregular; however, compared to CAI1 plate microstructure less amount of resin rich area 
covers the fibers.  

The overall OM investigations on CAI 2 plate reveals that the microstructural conditions of CAI 2 plate 
samples were better than CAI 1 plate samples. Although C-scans of these CAI plates are not 
presented here, it should be mentioned that the microstructural characterization results are 
consistent with C-scan results. When the sample mappings for CAI 1 and CAI 2 plates are examined 
and corresponding regions are checked from C-scans, it can be understood that CAI 2 S2 sample 
(Figure 28) corresponds to an area which is almost defect free. Therefore, if the effect of deformation 
on fibers is not taken into account, it can be said that Figure 28 represents the microstructure of the 
material in as-manufactured condition of these quasi-isotropic multiscale polymer composites.  
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Below a panoramic view from the CAI 3 plate is available on Figure 29. The optical images were 
recorded during the OM investigation of CAI 3 S1 sample of CAI 3 plate, which was used as CAI test 
specimen before. 

 

 Figure 29- Microstructure of CAI 3 Plate- EPD treated CNT Doped Composite [+45,0,-45,90]2s 

Voids in differing size are easily recognized at first glance on Figure 29. They are generally observed 
in 45° and 90° layers of the material. Some of the voids are present in the resin channels between 45° 
and 90°layers. It is unusual to see voids in 0° layers; however, on the fourth 0°layer a medium-size 
void is present. Moreover, this 0° layer is covered with resin so that the fibers on the layer are hardly 
distinguishable.  

Fiber misalignment can be easily observed on 0° layers and also stitch induced waviness is observed 
on the third 0° layer on the figure. The shape of fiber bundles and resin channels are not ideal, but 
the effect compression (due to CAI testing) on fiber bundles is apparent.  

There were two CAI 3 Plate samples (CAI 3 S1 and CAI 3 S2) prepared for OM investigations. The 
overall investigations revealed that in CAI 3 plates there were many voids varying in size, which 
brings the unoptimized manufacturing conditions in mind. Elongations observed in some of the voids 
indicate that deformation due to testing was able to change the shape of voids. No delaminations 
and no long cracks were observed, which is a good indicator of the mechanical performance (Mode 2 
properties) of this material. Moreover, it should be here stated that CAI strength of these quasi-
isotropic materials was better than the CNT-doped multiscale composites from literature and very 
close to non-doped reference materials of this project in spite of considerable amount of voids from 
manufacturing.  
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A panoramic view from CAI 4 plate is presented on Figure 30. Optical images were recorded during 
the OM investigation of CAI 4 S1 sample of CAI 2 plate, which had undergone CAI test previously. 

   
Figure 30- Microstructure of CAI 4 Plate- EPD treated CNT Doped Composite [+45,0,-45,90]2s 

Figure 30 shows the microstructural features and as well as the microscopic damage of CAI 4 Plate 
(EPD treated CNT doped carbon fiber polymer composite). Small and big voids are apparent on the 
figure and they are generally observed inside the 45° and 90° layers or between the 45° and 90° 
layers or the 0° and 90° layers of the material. Furthermore, some voids are located in the resin rich 
regions, for instance there is an elongated void between the fourth 0° and 45° layers. The fourth 0° 
layer contains too much resin covering the fibers so that the fibers on the layer are hardly observed.  

Fiber misalignment can be recognized on 0° layers at first glance. The shape of fiber bundles is not 
ideal; in fact some of them look like distorted triangles, which is a sign of the deformation (CAI 
testing) on fiber bundles.  

Delaminations are present in CAI 4 plate samples and they are generally observed inside 45° or -45° 
layers. Moreover, it can be seen on Figure 30 that the delamination on the fourth -45° layer 
surrounded the fiber bundle completely and also delaminated the adjacent 45° layer above. Most 
probably these delaminations generated during CAI testing.   

OM investigations on CAI 4 Plate samples (CAI 4 S1 and CAI 4 S2) show that in CAI 4 plates there were 
many voids in different sizes and some of these were elongated. It should be again mentioned that 
the CAI test of this plate was inconclusive and here the microstructure was shown to support the 
idea that delaminations usually form in the vicinity of defects (see Section 1.4). Indeed there are 
many voids around the delaminated regions of the sample, hence it is almost sure that presence of 
defects increase the possibility of generating delaminations, which is actually an undesired issue 
deteriorating the Mode 2 properties of the material.  
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3.3.7 V-ref Plate- Non-Doped Reference Polymer Composite [+45,0,-45,90]2s 
 
The hierarchical structure of non-doped polymer composite with lay-up [+45,0,-45,90]2s is shown on 
Figure 31. The panoramic view in the first picture was formed by combining the optical images of 
sample V-ref S2 of V-ref plate, which was not used in any test/experiment before OM investigation.  

 

      

Figure 31- Hierarchical structure of V-ref Plate- Non-doped Reference Composite [+45,0,-45,90]2s 

As it is known that V-ref plate was not used in other tests before, the crack observed between two 
stitches (the first located in resin channel of first 90° layer and the second located in the resin rich 
region adjacent to the first 0° layer) is a manufacturing crack. The propagation of crack from one 
stitch to the other also shows that stitches can act as crack initiators and stress raisers.  

Some regions show fiber misalignment in the material, which is apparent on second, third and fourth 
0° layers on the panoramic picture of Figure 31. However, the fiber bundles are nearly elliptical and 
the fiber distribution is rational. The distribution of fibers can be better observed at high 
magnifications.  
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The resin channels and the fiber bundles can be identified on the figure. However, the shape of the 
resin channels is irregular. In some regions it is observed that resin rich regions enlarge themselves, 
when they combine with the resin rich regions of other layers.  The marked region on the first picture 
of Figure 31 includes the 0°layer under the effect of two stitches, where one of the stitches is in the 
second -45° layer and the other is in third -45°layer. Due to the unbalanced load on 0° layer around 
those stitches, fibers in that region were considerably misaligned. This case also supports the idea 
that stitches on both sides of 0°layer may result in wavy appearance of the 0° layer.  

A panoramic view from V-ref plate is presented on Figure 32. Optical images of the view were 
recorded during the OM investigation of V-ref S2 sample of V-ref plate. 

 

Figure 32- Microstructure of V-ref Plate- Non-doped Reference Composite [+45,0,-45,90]2s 

On Figure 32 voids formed during manufacturing can be easily recognized. There is one big void 
located in the resin rich region of second -45° layer and also another one in the second 90°layer of 
the composite material.  Moreover, stitches of the material have different size and shapes.  

OM studies conducted on V-ref plate samples have shown that some defects such as voids or cracks 
were present in the material, although the plate or the samples were not used as test specimens 
before. However, it should be mentioned here that the overall quality of manufacturing was still 
better compared to the EPD treated CNT doped composites as the amount of defects were less in 
non-doped material.  
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3.4 Sub-Microstructural Characterization 

This section presents the results of SEM investigations for EPD treated CNT-doped, spray-on treated 
CNT-doped and non-doped reference composite materials with different lay-up configurations. SEM 
investigation procedure is already described in Section 2.5.2 and the information about the source 
plate, sample codes and sample history of all SEM samples is also provided in Table 8 of Section 
2.5.2. Here it should be noted that SEM images which help to characterize specific mechanisms or 
phenomena will be shown in this section. However, as there are many SEM investigation results and 
it is not practical to present all of them here, the rest of the SEM images recorded during the 
investigations will be available in the Appendix 4 of this thesis.  

3.4.1 Plate 014-Non-Doped Reference Polymer Composite [0,903]s 
 
The micrographs on Figure 33 below show the fiber surface of non-doped reference polymer 
composites ([0,903]s ) of this project work. It is already known that no CNTs are present and the aim 
of investigating the fiber surfaces is to characterize the appearance of fiber surface in the absence of 
CNTs. The fibers of the reference material seem very clear, smooth and shiny. The sharp edged white 
objects distributed around the fibers are residues from resin. 

 

 Figure 33- SEM micrographs of fiber surface of 014 reference composite a) at 2500X b) at 5000X 

3.4.2 Plate 073- EPD treated CNT Doped Polymer Composite [0,903]s 
 

During SEM investigations of 073 plate samples and also ILSS samples of 073 plates, the deposition of 
CNTs on carbon fiber surface was of main interest. Observations on fracture surface of these EPD 
treated CNT doped multiscale composite materials showed that there are CNTs in the matrix 
adjacent to the fibers. The presence of CNT clusters also indicates that large scale EPD process was 
successful and feasible to deposit CNTs on large fabrics. CNTs were deposited on the fibers forming a 
thin layer, which creates interphase of CNT modified matrix once EPD processed fabric is infused with 
resin. 

CNT-residues on fiber surfaces cannot be distinguished at low magnifications. The SEM images 
recorded during SEM at 4000 and 10000 magnifications demonstrate the CNT deposited thin layer on 
fibers on Figure 34. 
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Figure 34- SEM micrographs of fiber surface of 073 EPD treated CNT doped carbon fiber polymer 

composite    a) at 4000X b) at 10000X 

 

Examining Figure 34 thoroughly, it can be deduced that the CNTs do not seem to cover the whole 
fiber surface. It was previously explained in Section 2.5.1 that SEM samples were broken during 
sample preparation to obtain fracture surface and to be able to observe the fiber surfaces. Some of 
the CNTs surrounding the fibers may have been lost while breaking the SEM samples.  

At very high magnifications (when the position of the fibers on fractured samples is suitable to get 
enough resolution for observation), CNT clusters can be observed. The dull colored particles on the 
non-smooth single fiber surface on Figure 35 b and Figure 36 b are considered to be CNT clusters.  

    

Figure 35- SEM micrographs of possible CNT clusters on fiber surface a) 4000X b) 10000X 
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Figure 36- SEM micrographs of possible CNT clusters on fiber surface a) 4500X b) 20000X 

As explained in Section 1.4 previously; in addition to the creation of interphase layer between the 
matrix and fibers, it is expected that the presence of CNTs will contribute to the improvement of 
fracture toughness by means of energy dissipation mechanisms such as localized matrix yielding, 
CNTs debonding, crack deflection, CNTs pull-out and crack tip blunting. The micrographs on Figure 37 
and 38 indicate some signs of fracture toughness improvement mechanisms that are consistent with 
the expectations from the presence of CNTs.  

   

Figure 37- Possible indications of improved matrix/fiber adhesion in the presence of CNTs                    
a) Crack propagation around the fibers b) Interfacial debonding 

SEM micrograph on Figure 36a demonstrates that the crack in the material had to propagate around 
the fibers, which means that the fracture toughness of the EPD treated CNT doped material was 
sufficient to prevent the crack propagation from occurring through the fibers. The delay in the crack 
propagation is expected to be due to the interphase layer created by CNTs. Furthermore, the 
interfacial debonding mechanism shown on Figure 36b is also expected to be enhanced in the 
presence of CNTs. Although it is not promising to say just by SEM investigations that the 
incorporation of CNTs enhanced these mechanisms, the combined knowledge from mechanical 
characterization steps and the current sub-microstructural investigations points out the high 
possibility that the delayed cracking and delayed interfacial debonding was due to the addition of 
CNTs, which have the ability to improve shear properties.   

D
fiber

=6,70 µm a b 

a b 
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3.4.3 Plate 007- Spray-on treated CNT Doped Polymer Composite [0,903]s 

 

   

Figure 38- SEM Micrographs of spray-on treated CNT doped composite material [1] 

On Figure 38 above, the SEM images of fiber surfaces of the spray-on treated CNT doped composite 
material are presented.  

It was previously mentioned in Section 1.4.1.2.2 that spraying method is simple; however, it is 
difficult to form uniform distribution of CNTs on fiber surface with this method. It can be observed 
from the figure that only top of the fiber surfaces were covered with particles which are supposed to 
be CNTs. Regions where the carbon fibers are covered with matrix indicate that an adherent and 
better fiber/matrix interface was formed, as the matrix was not removed from the fiber after 
fracture. The improvement of the interface is probably related to the presence of CNTs. 

3.4.4 V-ref Plate- Non-Doped Reference Polymer Composite [+45,0,-45,90]2s 
 

The micrographs on Figure 39 below show the fiber surface of non-doped reference polymer 
composites ([+45,0,-45,90]2s) of this project work. As shown on the micrographs, the fibers have very 
smooth surface and the sharp edged white matters observed around the fibers are residues from 
epoxy resin. 

    

Figure 39- SEM micrographs of fiber surface of V-ref reference composite a) at 2000X b) at 5000X 

a b 

a b 
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3.4.5 CAI Plates- EPD treated CNT Doped Polymer Composite [+45,0,-45,90]2s 
 

    
 

Figure 40- SEM micrographs of fiber surface of CAI plate samples- EPD treated CNT doped carbon 
fiber polymer composite material a) at 3700X b) at 10000X 
 
SEM investigations on CAI plate samples (EPD treated CNT doped carbon fiber polymer composite 
material [+45,0,-45,90]2s) have revealed that CNTs are present in near proximity of fibers. At high 
magnifications of Figure 40 and also Figure 41, the dull colored small structures on fibers are 
supposed to be CNTs. Compared to non-doped fibers; fiber surfaces are rougher as a result of CNTs 
deposition. Thus it is understood that interphase layer of CNT doped resin was created around fibers. 
The presence of CNTs deposit on the fibers is also an indicator of the efficiency and success of EPD 
process. 

 

       

Figure 41- SEM micrographs of CNT clusters on fiber surface at a) 2000X b) 5000X c) 11000X 

 

 

a b 

a b c 
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4. SUMMARIZING REMARKS 
 

Aeronautical industry is very interested in using composites in the manufacture of different aircraft 
components that must attend tight mechanical requirements. Besides maintaining or promoting the 
mechanical performance to meet these requirements, the expectation from these aerospace 
materials is reduction in weight and lifetime prolongation of the parts. This is only possible by 
replacing the current materials (metals, conventional composites) with advanced polymer composite 
materials. A good candidate new generation material can be CNT-doped carbon fiber multiscale 
composites; however, comprehensive characterization studies are to be conducted first to prove that 
this material conforms to the requirements and expectations of the industry. Accumulating the 
knowledge of the previous works and characterizing these CNT doped carbon fiber polymer 
composites and non-doped reference materials comprehensively, the aim of this project was to 
verify the link between the effects of CNT incorporation, micro-nanostructure and macro material 
properties. Several investigations were performed to fulfill this aim and the summarizing remarks of 
the project are presented below. 

To manufacture the CNT-doped carbon fiber multiscale composites of this project at semi-industrial 
scale, conventional carbon fiber composites were modified by the incorporation of CNTs into the 
composite. This modification was provided by adding CNTs directly to the carbon fiber fabric by EPD 
technique before the injection of resin. SEM observations of fracture surface of modified composite 
showed that there are CNTs in the matrix adjacent to the fibers. The presence of CNT clusters also 
indicates that large scale EPD process was feasible to deposit CNTs on large fabrics. CNTs were 
deposited on the fibers forming a thin layer, which creates interphase of CNT modified matrix once 
EPD processed fabric is infused with resin. Hence, it should be declared that the achievement of CNT 
deposition via EPD treatment on carbon fibers at large scale was confirmed during the SEM 
investigations of this project.  

One cycle of thermal loading (1 hour at approximately -30°C) brought up an increase in the amounts 
of cracks for all kinds of materials (for EPD treated CNT doped, spray-on treated CNT doped or for 
non-doped reference composite materials with different stacking sequence). The thermal stress 
calculations showed that this is a reasonable experimental finding, as the strength of 90°layers 
(obtained from previous work [1] was much lower than the calculated thermal stresses. To analyse 
the extent of this thermal stress induced damage, multiple cycles of thermal loading should be 
performed and samples possessing super high resins also should be checked.  

Basic thermal characterization and mechanical characterization (investigation of stiffness 
degradation) of CNT-doped and reference polymer composite plates of this project work were 
performed in the previous work [1]. According to the results of that work, the degradation trend for 
CNT-doped and non-doped samples exhibited the same behavior, however; contrary to expectations, 
it was found that EPD treated and spray-on treated samples degrade their modulus faster than the 
reference materials. Also, some cracks in EPD treated cross-ply composites were found prior to 
mechanical loading, which indicated presence of high residual thermal stresses. As thermal 
characterization of composites demonstrated, this happened due to high residual thermal stresses 
(due to curing) present in the material. Strength of 90°layer measured from tensile test of UD-90 
specimens was very close to the thermal stress developed in the cross-ply composites. Although, at 
first glance, these results bring the idea that CNTs may not help the improvement of mechanical 
properties, it should be noted that possibly high defect content coming from the manufacturing 
stages of the EPD treated CNT-doped polymer composites caused the deterioration of Mode 1 
macro-properties. In other words, the voids and defects canceled the advantage of CNTs. As it was 
shown on the OM micrographs of EPD treated CNT doped materials in this thesis, cracks were often 
running in between voids or stitches which explain that these can become initiators for cracks during 
the mechanical loading of these materials. 
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Before giving the summarizing remarks for OM investigations, a point is worth mentioning. Special 
attention should be paid to the quality of the OM sample. A special sample preparation procedure 
was developed (already explained in Section 2.4.1) for OM samples and then investigations could be 
performed. As a result of these thorough OM investigations at different magnifications, it can be 
summarized briefly that in 073 plate (EPD treated CNT doped, [0,903]s) and 074 plate (EPD treated 
CNT doped, [0,903]) materials, various size of defects were observed often in 90° layers. Also it was 
found that stitches that exist between 0° and 90° layers of material serve as crack initiators. The 007 
plate samples (spray-on treated CNT doped, [0,903]s) contained some small voids and many void like 
defects laying around big stitches in 90° layers. In 014 plate samples (reference, [0,903]s), most of the 
stitches were located in the matrix channel between 0°layer and 90°layer and between the first and 
second 90° layers and the cracks generally initiated from these stitches. In comparison with doped 
materials with the same configuration, less number of voids but sometimes bigger voids was 
observed. The 078 plate samples (reference, [0,903]) had almost no big voids. However, defects such 
as cracks were not proportionally distributed; on the contrary some regions were almost defect-free 
and some contained sets of defects. For CAI plate samples (EPD treated CNT doped, [+45,0,-45,90]2s), 
voids were mostly observed in the resin channels between 45° and 90°layers and also along stitches 
in various shapes and sizes. Moreover, CAI testing cracks generally propagated between layers of the 
material particularly between ±45° and 90° layers. Like the testing cracks, delaminations appeared 
between 45° and 90°layers or 0° and 90° layers. It was more common to see that delaminations pass 
through 45°layers and also in the vicinity of other defects such as voids. The overall OM studies 
conducted on V-ref plate samples (reference, [+45,0,-45,90]2s) revealed that some defects such as 
voids or cracks were present in the material, although the plate or the samples were not used as test 
specimens before. Nevertheless, it should be mentioned here that the overall quality of 
manufacturing was still better compared to the EPD treated CNT doped composites as the amount of 
defects were less in non-doped material. 

The difference in the amount of defects between the OM samples of the previous work [1] and 
samples of this project (see Section 3.3.1 Figure 19) supported the proposal that the composite 
manufacturing process was not accomplished applying the optimum manufacturing parameters. The 
defects in the samples used in previous work [1] were non-homogeneous in size and defect 
concentration was high in some regions compared to others. Knowing that non-optimized resin flow 
speed during RTM may result in local differences within the material, it is highly probable that there 
were more voids and different kind of defects due to the fast flown resin in the upper side of the CNT 
doped composite plate (073). Another possible scenario behind defect formation could be that some 
of the deposited CNTs were moved to the matrix when it is injected between the bundles and the 
viscosity of resin increased dramatically leading to defect formation. Keeping these two possible 
manufacturing defect formation scenarios in mind, it should be here mentioned that some defects 
and irregularities (less in amount but bigger in size) were found during the OM investigations of 
reference materials. Therefore, it is more probable that the first scenario (non-ideal resin flow rate) is 
the main cause of defect formation, since there are no CNTs in reference materials (which were 
manufactured with the same procedure but without nano-scale reinforcement) and they still contain 
defects. Consequently, at least, it can be stated with high confidence that CNT movement into the 
matrix cannot be the unique reason for manufacturing defect formation, even if some research 
proves that it happens in the future. To sum up, the findings arrived at the end of microstructural 
characterization stages of this project urges the RTM manufacturing procedure to be optimized 
(especially by focusing on the optimization of resin flow rate and viscosity and also optimization of 
curing conditions) in order to obtain defect free composites (or at least composites as defective as 
the reference materials). In this way, quality of manufacturing can be increased and tensile re-tests 
can be performed on suitable tensile test samples and hence effect of CNTs incorporation on the 
expected Mode 1 mechanical performance improvement (or deterioration) can be re-investigated.  
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The results of CAI tests showed that size of damage zone in EPD tested laminates is larger by 21% 
compared to reference material. Since C-scans of CNT-doped and reference plates of this project 
were performed with different equipment, CAI strength values were considered to be more 
representative. When the CAI strength values of EPD treated CNT doped and non-doped composite 
plates were compared, it was appreciated that CAI strength in doped composites is slightly (by 7,3 %)  
lower than the strength of reference composite plates. It is worth mentioning here again that EPD 
treated composites produced within this project contained significant amount of voids, which might 
have contributed to the initiation and propagation of damage thus producing larger damaged area 
during the impact. On the other hand, in spite of their inferior manufacturing, these EPD treated CNT 
doped composites exhibit noticeably higher CAI strength than CNT dispersed composite plates 
([0,90,+45,-45]3s) of the study from literature. In that study, CAI strength increased by 8% for 10 wt% 
CNTs doped composites in comparison with reference material of that study. This also supports the 
idea that the same CAI strength enhancement could have been observed with the doped composites 
of this project, if manufacturing could be performed better. 

According to the results of ILSS tests, it was revealed that deposition of CNTs on fabric improves ILSS 
for both, EPD and spray-on treated composites. The increase of ILSS for EPD treated CNT doped 
composites compared to the reference material was 41%, whereas for spray-on treated composite 
13% increase of ILSS compared to reference material was achieved. These results show that CNTs 
incorporation enhances the ILSS of these polymer composites. Furthermore, the better improvement 
in ILSS of EPD treated CNT doped composites supports the expectation that CNTs incorporation 
improve the shear properties and Mode 2 fracture toughness properties very well. For that reason it 
is expected that EPD treatment will become a popular industrial technique for the manufacture of 
CNT based new generation multiscale composites in the future.  

Evaluating the effects on Mode 2 macro properties (CAI strength and ILSS) upon CNT addition to 
composite material, it can be stated that the interphase region created between the fiber and 
adjacent matrix improved ILSS significantly and led to satisfactory CAI strength. These macro-
property improvements are probably the consequences of the CNT deposition on fibers, which 
makes crack propagation difficult, contributes to several energy dissipation mechanisms (localized 
matrix yielding and void nucleation, CNTs debonding, crack deflection, crack pinning, CNTs pull out 
and crack tip blunting) and so it enhances Mode 2 fracture toughness. 

It is already explained that SEM investigations revealed the presence of CNT clusters on carbon fibers 
in EPD treated CNT doped materials. However, some fiber surfaces contained non-homogeneous 
concentrations of CNTs, where an additional step for EPD (e.g further dilution of CNT solution or 
ultrasound seperation) could help to provide more homogenous distribution of clusters of CNTs, so 
that Mode 1 macro-mechanical properties will be improved and Mode 2 will be further improved.  
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5. CONCLUSIONS 
 

The most general conclusion reached at the end of this project is that CNT doped multiscale 
composites are good material candidates to improve aeronautical grade composites.  

Investigations on sub-micron scale showed that there are CNTs in the vicinity of fibers, thus the 
achievement of CNT deposition via EPD on carbon fibers (at semi-industrial scale) was confirmed.  

A special OM sample preparation procedure was developed to reveal the microstructure and obtain 
optimum image resolution during investigations on micron-scale, since it was difficult to have an 
accurate flat sample with the conventional preparation techniques. 

Thermal loading experiment results of EPD treated CNT doped, spray-on treated CNT doped and non-
doped reference composite materials with different stacking sequence showed that thermal cycling 
applied was able to increase the amount of cracks. Moreover, by comparing the strength of 90°layers 
with the calculated thermal stresses, it was more confidently concluded that thermal stresses 
induced during thermal loading were the causes of cracks. 

Due to the poor manufacturing quality of doped plates, the enhancement of Mode 1 properties with 
incorporation of CNTs was shadowed by the defects. OM studies on EPD treated CNT doped 
materials indicated that cracks were often running in between voids or stitches which explain that 
these serve as cracks initiators during the mechanical loading of these materials. CNT influence on 
Mode 1 macro-properties should be re-evaluated by testing defect free CNT doped multiscale 
composites (or at least composites as defective as the reference materials).  The resin flow speed and 
resin viscosity should be compromised during RTM to manufacture these defect-free composites.  

As a result of CNT addition to material, the interphase region created between the fiber and adjacent 
matrix improved interlaminar shear strength significantly and resulted in satisfactory compression 
after impact strength. Mode 2 fracture toughness of EPD treated CNT doped project materials was 
enhanced in spite of the presence of many manufacturing defects. As mentioned above, 
microstructural characterization of project materials revealed that voids from manufacturing and 
stitches acted as crack initiators under mechanical loads. Furthermore, CAI strengths of CNT doped 
plates of this project were considerably higher than reference quasi-isotropic composite plates from 
literature, which is another indicator of the link between the Mode 2 macro-properties and the CNT 
addition.  

It was also concluded after SEM investigations that some fiber surfaces contained non-homogeneous 
concentrations of CNTs, where an additional step for EPD (e.g further dilution of CNT solution or 
ultrasound seperation) could provide more homogenous distribution of CNTs, so that Mode 1 macro-
mechanical properties will be improved and Mode 2 will be further improved.  
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6. FUTURE WORK 
 

Working with new generation multiscale composites in order to characterize of CNTs doped carbon 
fiber reinforced polymer composite materials is a  really  significant experience  and  privilege,  which  
can  open  new  doors  to  every  material  engineer  in  the  future.  Owing to the experiences 
sustained during this project, the first recommendation to the reader is to work on the basic 
mechanical characterization of these materials with defect-free samples, for which the RTM process 
should be optimized. In this manner, the effect of CNTs incorporation on the improvement (or 
deterioration) of Mode 1 mechanical properties can be re-investigated. Another promising 
recommendation is that more homogeneous distribution of CNT clusters can be provided by further 
dilution of CNT solution or ultrasound seperation during electrophoretic deposition process. In that 
way, Mode 1 macro-mechanical properties will be improved and Mode 2 will be further improved. 
Moreover, a higher resolution scanning electron microscope or a transmission electron microscope 
can be used to monitor the deposition of CNTs or the overall sub-microstructural features. Finally, 
multiple cycles of thermal loading can be performed to analyse the extent of thermal stress induced 
damage and in case of interest multi-cycle thermal loading can also be checked with samples super 
high resins.  
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APPENDIX 3 - OM Images 

014 PLATE SAMPLES 

      
014 S1 Region A mag 200 Pic 1           014 S1 Region A mag 200 Pic 2         014 S1 Region A mag 200 Pic 3    

   
014 S1 Region B mag 200 Pic 1            014 S1 Region B mag 200 Pic 2          014 S1 Region B mag 200 Pic 3 

  
014 S2 Region A mag 200 Pic 1           014 S2 Region A mag 200 Pic 2        014 S2 Region A mag 200 Pic 3 

   
014 S2 Region A mag 200 Pic 4         014 S2 Region A mag 200 Pic 5            014 S2 Region A mag 200 Pic 6 

50 µm 

µm  

50 µm 

µm  
50 µm

µm  

50 µm 

µm  

50 µm 

µm  

50 µm 

µm  

50 µm 

µm  

50 µm 

µm  

50 µm 

µm  

50 µm 

µm  

50 µm 

µm  

50 µm 

µm  



Ozugurler, G.                         Characterization of CNT Doped Carbon Fiber Polymer Composites Page 71 

 

  
014 S2 Region B mag 200 Pic 1           014 S2 Region B mag 200 Pic 2         014 S2 Region B mag 200 Pic 3 

      
014 S2 Region C mag 200 Pic 1           014 S2 Region C mag 200 Pic 2        014 S2 Region C mag 200 Pic 3 

  
014 S1 Region A mag 500 Pic 1          014 S1 Region A mag 500 Pic 2           014 S1 Region A mag 500 Pic 3 

  
014 S1 Region B mag 500 Pic 1           014 S1 Region B mag 500 Pic 2         014 S1 Region B mag 500 Pic 3 

50 µm 

µm  
50 µm 

µm  

50 µm 

µm  

 50 µm 

µm  

50 µm 

µm  

50 µm 

µm  

30 µm   30 µm   30 µm 

30 µm 
30 µm 

30 µm 



Ozugurler, G.                         Characterization of CNT Doped Carbon Fiber Polymer Composites Page 72 

 

  
014 S2 Region A mag 500 Pic 1          014 S2 Region A mag 500 Pic 2           014 S2 Region A mag 500 Pic 3 

  
014 S2 Region A mag 500 Pic 4          014 S2 Region A mag 500 Pic 5           014 S2 Region A mag 500 Pic 6 

  
014 S2 Region B mag 500 Pic 1           014 S2 Region B mag 500 Pic 2         014 S2 Region B mag 500 Pic 3 

  
014 S2 Region C mag 500 Pic 1         014 S2 Region C mag 500 Pic 2            014 S2 Region C mag 500 Pic 3 

 

 

 

 

30 µm 30 µm 

30 µm 

30 µm 

30 µm 30 µm 

30 µm 30 µm 30 µm 

30 µm 30 µm 30 µm 



Ozugurler, G.                         Characterization of CNT Doped Carbon Fiber Polymer Composites Page 73 

 

073 PLATE SAMPLES 

  
073 S10 Region A mag 200 Pic1           073 S10 Region B mag 200 Pic2       073 S10 Region B mag 200 Pic3 

  
073 S10 Region C mag 200 Pic 1          073 S10 Region C mag 200 Pic 2       073 S10 Region C mag 200 Pic 3 

  
073 S11 Region A mag 200 Pic 1        073 S11 Region A mag 200 Pic 2       073 S11 Region A mag 200 Pic 3 

  
073 S11 Region C mag 200 Pic 1          073 S12 Region A mag 200 Pic 1     073 S12 Region B mag 200 Pic 1 

 

50 µm 

µm  

50 µm 

µm  

50 µm

µm   

50 µm 

µm  

50 µm 

µm  

50 µm 

µm  

50 µm

µm  

50 µm 

µm  

50 µm 

µm  

50 µm 

µm  
50 µm

µm  

50 µm

µm  

 



Ozugurler, G.                         Characterization of CNT Doped Carbon Fiber Polymer Composites Page 74 

 

   
073 S12 Region C mag 200 Pic 1       073 S12 Region C mag 200 Pic 2       073 S12 Region C mag 200 Pic 3 

  
073 S12 Region D mag 200 Pic 1        073 S12 Region D mag 200 Pic 2      073 S12 Region D mag 200 Pic 3 

  
073 S12 Region E mag 200 Pic 1         073 S12 Region E mag 200 Pic 2      073 S12 Region E mag 200 Pic 3 

  
073 S10 Region A mag 500 Pic 1          073 S10 Region B mag 500 Pic 1        073 S10 Region B mag 500 Pic 2 

50 µm

µm  

50 µm 

µm  

50 µm

µm  

50 µm

µm  

50 µm 

µm  

50 µm 

µm  

50 µm 

µm  

50 µm 

µm  

50 µm 

µm  

30 µm 30 µm 30 µm 



Ozugurler, G.                         Characterization of CNT Doped Carbon Fiber Polymer Composites Page 75 

 

  
073 S10 Region C mag 500 Pic 1        073 S10 Region C mag 500 Pic 2      073 S10 Region C mag 500 Pic 3 

  
073 S11 Region A mag 500 Pic 1         073 S11 Region A mag 500 Pic 2       073 S11 Region A mag 500 Pic 3 

  
073 S11 Region B mag 500 Pic 1        073 S11 Region B mag 500 Pic 2        073 S11 Region B mag 500 Pic 3 

  
073 S11 Region C mag 500 Pic 1        073 S12 Region A mag 500 Pic 2     073 S12 Region B mag 500 Pic 1 

30 µm 30 µm 30 µm 

30 µm 30 µm 
30 µm 

30 µm 
30 µm 30 µm 

30 µm 30 µm 
30 µm 



Ozugurler, G.                         Characterization of CNT Doped Carbon Fiber Polymer Composites Page 76 

 

  
073 S12 Region B mag 500 Pic 2         073 S12 Region B mag 500 Pic 3        073 S12 Region C mag 500 Pic 1          

  
073 S12 Region C mag 500 Pic 2         073 S12 Region C mag 500 Pic 3      073 S12 Region C mag 500 Pic 4

  
073 S12 Region D mag 500 Pic 1       073 S12 Region D mag 500 Pic 2     073 S12 Region D mag 500 Pic 3 

  
073 S12 Region E mag 500 Pic 1         073 S12 Region E mag 500 Pic 2      073 S12 Region E mag 500 Pic 3 

 

 

 

 

30 µm 

30 µm 30 µm 

30 µm 30 µm 30 µm 

30 µm 30 µm 30 µm 

30 µm 

30 µm 30 µm 



Ozugurler, G.                         Characterization of CNT Doped Carbon Fiber Polymer Composites Page 77 

 

007 PLATE SAMPLES 

 

  
007 S1 T1 Region A mag 200 Pic 1     007 S1 T1 Region A mag 200 Pic 2  007 S1 T1 Region A mag 200 Pic  3 

  
007 S1 T1 Region A mag 200 Pic 4   007 S1 T1 Region A mag 200 Pic 5   007 S1 T1 Region A mag 200 Pic 6 

  
007 S1 T1 Region B mag 200 Pic 1    007 S1 T1 Region B mag 200 Pic 2   007 S1 T1 Region B mag 200 Pic 3 

  
007 S1 T2 Region A mag 200 Pic 1   007 S1 T2 Region A mag 200 Pic 2   007 S1 T2 Region A mag 200 Pic 3 

 

 

50 µm

µm  

50 µm 

µm  

50 µm 

µm  

50 µm 

µm  

50 µm 

µm  
50 µm

µm  

50 µm 

µm  

50 µm 

µm  

50 µm 

µm  

50 µm 

µm  

50 µm 

µm  

50 µm 

µm  



Ozugurler, G.                         Characterization of CNT Doped Carbon Fiber Polymer Composites Page 78 

 

  
007 S1 T2 Region B mag 200 Pic 1    007 S1 T2 Region B mag 200 Pic 2   007 S1 T2 Region B mag 200 Pic 3 

  
007 S1 T1 Region A mag 500 Pic 1    007 S1 T1 Region A mag 500 Pic 2    007 S1 T1 Region A mag 500 Pic 3 

  
007 S1 T1 Region A mag 500 Pic 4   007 S1 T1 Region A mag 500 Pic 5   007 S1 T1 Region A mag 500 Pic 6 

  
007 S1 T1 Region B mag 500 Pic 1    007 S1 T1 Region B mag 500 Pic 2    007 S1 T1 Region B mag 500 Pic 3 

50 µm 

µm  

50 µm

µm  

50 µm 

µm  

30 µm 30 µm 30 µm 

30 µm 30 µm 30 µm 

30 µm 30 µm 30 µm 



Ozugurler, G.                         Characterization of CNT Doped Carbon Fiber Polymer Composites Page 79 

 

  
007 S1 T2 Region A mag 500 Pic 1    007 S1 T2 Region A mag 500 Pic 2   007 S1 T2 Region A mag 500 Pic 3 

  
007 S1 T2 Region A mag 500 Pic 4  007 S1 T2 Region A mag 500 Pic 5    007 S1 T2 Region A mag 500 Pic 6 

  
007 S1 T2 Region B mag 500 Pic 1    007 S1 T2 Region B mag 500 Pic 2    007 S1 T2 Region B mag 500 Pic 3 

 

078 PLATE SAMPLES 

  
078 S1 T1 Region A mag 200 Pic 1    078 S1 T1 Region A mag 200 Pic 2   078 S1 T1 Region A mag 200 Pic 3 

30 µm 30 µm 30 µm 

30 µm 30 µm 30 µm 

30 µm 30 µm 30 µm 

50 µm

µm  

50 µm

µm  

50 µm

µm  



Ozugurler, G.                         Characterization of CNT Doped Carbon Fiber Polymer Composites Page 80 

 

  
078 S1 T1 Region B mag 200 Pic 1    078 S1 T1 Region B mag 200 Pic 2   078 S1 T1 Region B mag 200 Pic 3 

  
078 S1 T2 Region A mag 200 Pic 1    078 S1 T2 Region A mag 200 Pic 2   078 S1 T2 Region A mag 200 Pic 3 

  
078 S1 T1 Region A mag 500 Pic 1     078 S1 T1 Region A mag 500 Pic 2  078 S1 T1 Region B mag 500 Pic 1

  
078 S1 T1 Region B mag 500 Pic 2   078 S1 T1 Region B mag 500 Pic 3   078 S1 T2 Region A mag 500 Pic 1 

 

 

 

 

50 µm 

µm  

50 µm 

µm  

50 µm 

µm  

50 µm

µm  

50 µm 

µm  

50 µm

µm  

30 µm 30 µm 30 µm 

30 µm 30 µm 30 µm 



Ozugurler, G.                         Characterization of CNT Doped Carbon Fiber Polymer Composites Page 81 

 

074 PLATE SAMPLES 

  
074 S1 T1 Region A mag 200 Pic 1    074 S1 T1 Region A mag 200 Pic 2    074 S1 T1 Region A mag 200 Pic 3 

  
074 S1 T1 Region B mag 200 Pic 1     074 S1 T2 Region A mag 200 Pic 1   074 S1 T2 Region A mag 200 Pic 2 

  
074 S1 T2 Region B mag 200 Pic 1   074 S1 T2 Region B mag 200 Pic 2   074 S1 T2 Region B mag 200 Pic 3 

  
074 S1 T1 Region A mag 500 Pic 1   074 S1 T1 Region A mag 500 Pic 2   074 S1 T1 Region A mag 500 Pic 3 

 

50 µm 

µm  

50 µm

µm  

50 µm 

µm  

50 µm 

µm  

50 µm 

µm  

50 µm 

µm  

50 µm 

µm  

50 µm

µm  

50 µm 

µm  

30 µm 30 µm 30 µm 



Ozugurler, G.                         Characterization of CNT Doped Carbon Fiber Polymer Composites Page 82 

 

  
074 S1 T1 Region B mag 500 Pic 1    074 S1 T1 Region B mag 500 Pic 2   074 S1 T1 Region B mag 500 Pic 3 

  
074 S1 T2 Region A mag 500 Pic 1    074 S1 T2 Region A mag 500 Pic 2   074 S1 T2 Region A mag 500 Pic 3 

  
074 S1 T2 Region B mag 500 Pic 1    074 S1 T2 Region B mag 500 Pic 2   074 S1 T2 Region B mag 500 Pic 3 

 

V-ref PLATE SAMPLES 

   
V1 Region A mag 200 Pic 1                 V1 Region A mag 200 Pic 2                V1 Region B mag 200 Pic 1 

30 µm 30 µm 30 µm 

30 µm 30 µm 30 µm 

30 µm 30 µm 30 µm 

50 µm

µm  

50 µm

µm  

50 µm 

µm  



Ozugurler, G.                         Characterization of CNT Doped Carbon Fiber Polymer Composites Page 83 

 

   
V1 Region B mag 200 Pic 2                  V1 Region B mag 200 Pic 3                  V1 Region B mag 200 Pic 4 

   
V2 Region A mag 200 Pic 1                   V2 Region A mag 200 Pic 2               V2 Region A mag 200 Pic 3 

   
V2 Region B mag 200 Pic 1                 V2 Region B mag 200 Pic 2                V2 Region B mag 200 Pic 3 

   
V1 Region A mag 500 Pic 1                    V1 Region A mag 500 Pic 2                V1 Region A mag 500 Pic 3 

50 µm 

µm  

50 µm

µm  

50 µm 

µm  

50 µm 

µm  

50 µm 

µm  

50 µm 

µm  

50 µm 

µm  
50 µm 

µm  

50 µm 

µm  

30 µm 30 µm 30 µm 



Ozugurler, G.                         Characterization of CNT Doped Carbon Fiber Polymer Composites Page 84 

 

   
V1 Region B mag 500 Pic 1                     V1 Region B mag 500 Pic 2            V1 Region B mag 500 Pic 3 

   
V2 Region A mag 500 Pic 1                    V2 Region A mag 500 Pic 2            V2 Region A mag 500 Pic 3 

      
V2Region B mag 500 Pic 1                   V2 Region B mag 500 Pic 2               V2 Region B mag 500 Pic 3 

 

CAI PLATE SAMPLES 

        
CAI 1 S1 mag 200 pic 1                         CAI 1 S1  mag 200 pic 2                      CAI 1 S1 mag 500 pic 3 

30 µm 

30 µm 

30 µm 

30 µm 30 µm 30 µm 

30 µm 

30 µm 

30 µm 

 30 µm 
50 µm 

µm  

50 µm 

µm  



Ozugurler, G.                         Characterization of CNT Doped Carbon Fiber Polymer Composites Page 85 

 

   
CAI 1 S2 mag 200 pic 1                        CAI 1 S2 mag 200 pic 2                      CAI 1 S2 mag 500 pic 3 

   
CAI 2 S1 mag 500 pic 1                       CAI 2 S1 mag 200 pic 2                           CAI 2 S1 mag 500 pic 3 

            
CAI 2 S2 mag 200 pic 1                         CAI 2 S2 mag 200 pic 2                     CAI 2 S2 mag 200 pic 3 

              
CAI 3 S1 mag 200 pic 1                          CAI 3 S1 mag 200 pic 2                     CAI 3 S1 mag 500 pic 3 

30 µm 

30 µm 30 µm 

30 µm 

50 µm 

µm  

50 µm 

µm  

50 µm 

µm  

50 µm 

µm  

50 µm 

µm  

50 µm 

µm  

50 µm 

µm  

50 µm 

µm  



Ozugurler, G.                         Characterization of CNT Doped Carbon Fiber Polymer Composites Page 86 

 

       
CAI 3 S2 mag 500 pic 1                        CAI 3 S2 mag 200 pic 2                        CAI 3 S2 mag 500 pic 3 

      
CAI 4 S1 mag 500 pic 1                         CAI 4 S1 mag 200 pic 2                      CAI 4 S1 mag 200 pic 3 

        
CAI 4 S2 mag 500 pic 1                       CAI 4 S2 mag 200 pic 2                       CAI 4 S2 mag 500 pic 3 

                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                             

 

 

 

 

 

 

 

 
 

30 µm 

30 µm 30 µm 

30 µm 

30 µm 

50 µm 

µm  

50 µm 

µm  

50 µm 

µm  

50 µm 

µm  



Ozugurler, G.                         Characterization of CNT Doped Carbon Fiber Polymer Composites Page 87 

 

                               

APPENDIX 4 - SEM Images 
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