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ABSTRACT
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HILAL SENUYSAL
Materials Science and Nano Engineering, M.Sc. Thesis, July,2018
Thesis Supervisor: Prof. Dr. Mehmet Yildiz
Co- Supervisor: Dr. Jamal Seyyed Monfared Zanjani

Keywords: Carbon Fiber Reinforced Composites, Graphene, Electrospraying, Repair Patch,
Tapered Sanding, Acoustic Emission

Fiber reinforced composites are commonly preferred as primary and secondary
structures in aerospace, energy, automotive industries due to its superior structural properties
and lightweight. However, composite materials have certain limitations such as low impact
resistance, delamination strength, fracture toughness and repairability. This study puts
forward the applicability and the striking improvements in mechanical properties which
provided by graphene in the composites.

The first chapter of this thesis includes a brief literature overview for nano-reinforcement
of composite materials. In the second chapter, three different nano-material integrated
arrangements were investigated. These systems can be categorized as the nano-reinforcement
integration on the fibers, in the matrix, and both the fibers and the matrix. Notable
enhancements were achieved in flexural, tensile and fracture toughness of the graphene-
integrated composite structures, and microscopy images for the fracture surfaces are provided

to support these results.



The third chapter presents comprehensive information on the design of the electrospraying
device with multiple nozzles and its manufacturing processes. Electrospraying is a highly
efficient method in nano-material coating field, which is fast, user-friendly and low-cost. The
new multiple-nozzle electrospraying device is aimed to lead the nanomaterial integration for

the mass production in the composite technologies research center.

In the last chapter, outcomes of the previous studies on TEGO integration on composites
were used for the development of composite repairs. Repairing procedures were employed
as matrix and interface reinforced repair patches. Two different sanding methods were tested
to find the most efficient method. Shear properties of the repair patches were remarkably

improved because of the interface and matrix modification with graphene-implementation.

To conclude, graphene as a reinforcer was successfully employed for the improvement in
mechanical properties of healthy and repaired composite structures.



OZET

OTOMATIK NANO MALZEME TAKVIYELI TAMIR YAMASI URETIMI VE
KARBON FIBER-TAKVIYELI KOMPOZITLERE UYGULANMASI

HILAL SENUYSAL

Malzeme Bilimi ve Nano Miihendisligi, Yiiksek Lisans Tezi, Temmuz, 2018
Tez Danismani: Prof. Dr. Mehmet Yildiz
Yardime1 Danigman: Dr. Jamal Seyyed Monfared Zanjani

Anahtar Kelimeler: Karbon Fiber Takviyeli Kompozitler, Grafen, Elektrospreyleme, Tamir

Yamasi, Konik Zimparalama, Akustik Emisyon

Fiber takviyeli kompozitler, iistiin yapisal ozellikleri ve hafif agirligi nedeniyle
havacilik, enerji, otomotiv endiistrilerinde birincil ve ikincil yapilarda yaygin olarak tercih
edilmektedir. Bununla birlikte, kompozit materyaller diisiik darbe direnci, delaminasyon
mukavemeti, kirilma toklugu ve tamir edilebilirlik acisindan gibi belirli sinirlamalara
sahiptir. Bu nedenle, kompozit malzemelerin mekanik 6zelliklerini gelistirmek igin birgok
girisimde bulunulmustur, bunlardan birisi de kompozit icindeki fiber veya re¢ine fazlarina
nano Olcekli takviye entegrasyonudur. Yakin donem arastirmalari, grafen-takviyeli kompozit
malzemelerin takviyesiz olanlara gore daha fazla avantaja sahip oldugunu gostermektedir.
Tezin ilk kisminda grafen ve nano-takviyelendirme {izerine bir literatiir arastirmasi
yapilmistir. Ikinci béliimde, {i¢ farkli nano-malzeme takviye diizenlemesi arastirilmistir.
Grafen, arayiiz ve matris degistirici olarak kullanilmistir. Nano-takviyeli numunelerin
egilme, ¢ekme ve kirilma toklugu test sonuglarinda dikkate deger gelismeler gozlenmistir.
Ek olarak, grafenin iletkenlik 6zelligi nedeniyle, nano malzeme takviyeli kompozitler hem
elektriksel hem de termal iletkenlik degerleri kazanmustir. Uciincii  boliimde,
elektrospreyleme cihazinin ¢oklu enjektorler ile tasarlanmasi iizerine kapsamli bilgi

verilmistir. Elektrospreyleme, nano-malzeme kaplama i¢in hizli, kullanict dostu ve diisiik



maliyetli olan yontemlerden biridir. Yeni ¢oklu enjektorlii elektrospreyleme cihazi, kompozit
teknolojileri arastirma merkezinde seri iiretim hattindaki kompozit malzemelere nano

malzeme kaplanmasina onciiliik edecektir.

Son bolimde, kompozitlerin nano-takviyelendirilmesi hakkinda ilk bélimde elde edilen
olumlu sonuclar, tamir yama metodunun gelistirilmesi i¢in kullanilmigtir. Matriks ve
arayuzleri nano- takviyeli tamir yamalar iiretilmis ve tamir prosediiriine dahil edilmistir.
Tamir edilen kompozit malzemelerin mekanik 6zellikleri agisindan en verimli yontemi
bulmak i¢in iki farkli zimparalama yontemi test edilmistir. Tamir yamalarindaki arayiiz ve
matriks modifikasyonundan dolayi, nano-takviyeli yamalar ile tamir edilmis kompozit
pargalarin kayma testi sonuglar1 dikkate deger Ol¢iide iyilestirilmistir. Sonug¢ olarak; bir
guclendirici olarak grafen, kompozit yapt ve tamir islemlerinin mekanik 6zelliklerinin

tyilestirilmesi icin basariyla kullanilmistir.



To my beloved grandmother Stikriye.
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Chapter 1

State of the Art

Composite materials are widely preferred in many industries such as aerospace, energy,
automotive and electronic applications due to their superior properties compared to
traditional materials[1]. Despite this considerable demand from the advanced materials
industries, applications of composite materials have certain limitations due to their low
impact resistance and delamination strength, especially for the unidirectional or biaxial fiber
reinforced composites, and low fracture toughness due to the brittle resin material hosting
the fibrous reinforcement [2, 3]. Therefore, there have been numerous attempts to improve
the mechanical properties of composite materials and one recent and promising outcome is
the nano-material integration in materials. Nano material integrated composites have shown
considerable advantages over their non-modified counterparts, facilitating the reinforcing
mechanisms and load transfer from the matrix to the reinforcing agents as a result of the high
surface-to-volume and high aspect ratios of the nano-materials[4]. Therefore, the
combination of nano-material and polymeric composite materials results in structures with
excellent toughness, strength and other complementary properties such as electrical and
thermal conductivities [5]. An emerging nano-material for composite interface modifications
is Graphene, which consists of single-layer carbon sheets with a hexagonal packed lattice
structure. Carbon nanotubes (CNTS) is another nano-material attracting significant attention,

which is not focused in this study.

Regarding the integration of nanoparticles to various phases of composite materials,
agglomeration is a commonly experienced issue, which reduces the efficiency of the
integration methods (i.e. electrospraying or dispersing in chemical solutions) and adversely
affects the mechanical properties of the resulting composite [6,7] by drawing the values
below those of well dispersed nano- integrated or even neat structures[8]. Therefore, new
solutions to improve the current graphene integration methods are required to avoid reduced

performances of nano-modified composites. One recognized method to produce



nanocomposites is integrating graphene into the polymeric matrix. However, this method’s
success is highly dependent on the processing parameters, chemistry and rheological
behavior of the polymers or resins. Another methodology, electrospraying, is one of the
innovative methods for selective integration of graphene into the composite structure, in
which the nano-particles are sprayed on the dry fabric preform to increase the surface area of

the single fibers without altering their superior properties.

In the first part of this thesis, these two approaches and their combination were employed
to examine the effect of graphene on the mechanical performance of composites to create a
composite structure with a broad range of desired properties, suitable for niche applications
in harsh environments. Three different arrangements were developed to examine the effect
of thermally exfoliated graphene oxide (TEGO) on the mechanical properties of the resulting
composite material. Mode-1 fracture toughness energy, tensile, compression, and three-point
bending tests were conducted on the reference (neat), fiber interface-modified, modified-
resin and multiscale modified composite plates. Additionally, electrical conductivity tests
were conducted to prove the conductivity characteristics of the graphene nano-reinforced
composites. In the first arrangement, TEGO was implemented in the composite by
electrospraying method on the fibers. TEGO as an interface modifier has increased the
bonding between matrix and fibers and consequently improved the interfacial strength. In the
second arrangement, TEGO was dispersed into the hardener of the epoxy system to enhance
the matrix properties and load distribution. In the last arrangement, TEGO was used as both

matrix and interface modifier.

In the second part, a large-scale fully autotomized electrospraying system was
designed for industrial applications and manufactured with multiple nozzles for the
electrospraying of the nanomaterial onto the large surface areas of the fibers. The designed
device enables a fast, easy-to-use and cost-effective process and paves the way to the
industrial processing of nanocomposites at the research center. All the working parameters
such as the rate of spraying, the route, speed and position are adjustable. For this purpose,
Poysan B100150 CNC Router was modified into the electrospraying system with a protective
cabin including its safety measures. High voltage applied to the tip of spraying nozzle
overcomes the surface tension, thus significantly reducing the size of the jet of the TEGO

solution, resulting in atomized TEGO solution with finely dispersed nanophase. The dry fiber
2



preform that is sprayed is continually heated with heating blankets under the spraying

platform, to evaporate the Dimethylformamide (DMF) that is used as the nano-phase solvent.

In the last part, the well-known methodology for repairing composite materials, the scarf
repairing, was improved with the employment of TEGO integrated repair patches. The proper
maintenance and prevention of serious damage in composite structures is a long-known
limitation for their widespread applications especially in the aerospace and wind energy
applications [9]. Despite the several methods proposed for repairing damaged composites,
the performance of the repaired structures is lower than that of healthy or sound material. In
the third part of this thesis, a common repair methodology with high efficiency was improved
through utilizing nanomaterial-integrated repair patches. These patches were produced from
the nano-integrated fiber preforms with the use of the developed multiple-nozzle electrospray
unit. As a first step, two repair methods, the tapered and stepped sanding, were performed on
the damaged composite plates, and their performances were compared by means of
mechanical testing. The results revealed that the shear modulus , also the maximum load
carrying capacity of the stepped sanded repaired plates were lower with respect to the taper
sanding, so the latter method was preferred as the main repairing technique for the rest of the
study. Acoustic emission as a structural health inspection technique was also used to
differentiate the failure types in the repaired composites. Remarkable enhancements were
obtained from the shear tests as the interface modifiers dominated the mechanical behavior

of the fiber and polymer phases during shear loading.

To conclude, this study brings a new understanding to the impact of graphene as a nano-
reinforcement on the mechanical performance of the Carbon fiber reinforced polymeric
composite materials. Furthermore, it proposes a nano-modified repair methodology, nano-
integrated scarf repairing, to achieve higher efficiency and more reliable mechanical
performance in the repaired composite structures, making this study a unique one in the

literature.



Chapter 2

Mechanical Enhancements in Graphene Oxide Integrated Carbon Fiber
Reinforced Composites

2.1 Introduction

This section provides comprehensive information on the selective integration of thermally
exfoliated graphene oxide (TEGO) as a nano reinforcement into carbon reinforced epoxy
composite structures. The long-known poor mechanical properties of the fiber reinforced
polymer composites in the transverse directions, which result in low impact resistance,
delamination strength and fracture toughness [2, 3], paved the way to countless research on
the improvement of the fiber phase, matrix phase and fiber-matrix interfaces. The mechanical
properties of the fiber reinforced polymer composites are dependent to the type of the fiber,
resin material and the strength of interfacial bonding between fiber-matrix, which controls
the load transfer from the matrix to the load-carrying fibers [2, 4]. While some methods focus
on increasing the surface roughness of the fibers for an improved interface bonding to the
matrix[11-12], other methods deal with the integration of nano materials at the fiber-matrix
interface for enhanced bonding. The latter solution, “nano-integration”, recently attracted
considerable attention since it does not alter the fiber structure in any way. Due to its high
carrier mobility at room temperature (~10 000 cm? V-1 s1) [13], large theoretical specific
surface area (2630 m? g?') [14], high Young’s modulus (~1 TPa) [15] and thermal
conductivity (3000-5000 W m* K1) [16], graphene has surpassed carbon nanotubes (CNTSs)
with its wider areas of application; and is also selected in this study as nano reinforcement
agent for the investigation of its impact on overall mechanical  performances of the
composite structures. For this purpose, three different arrangement systems of the nano-
integration were studied. In the first configuration, both sides of dry Carbon fiber preform
(unidirectional, 6K, provided from Kordsa Global company) were coated with TEGO by
using electrospraying method. Coating the surface of carbon fibers with TEGO primarily
increases the surface roughness of the carbon fibers, thus increases the total surface area,

which will lead to an improved interfacial interaction between fibers and matrix In the second
4



configuration, TEGO was incorporated in the epoxy resin system by means of mechanical
and planetary mixing in the polymer, and composite specimens were produced with non-
modified carbon fibers. This case would reveal the effect of nano reinforcement in the resin
material, and distinguishing its impact on the overall composite from the case of TEGO effect
on fiber phase. In the third case, a combination of the above-mentioned configurations was
implemented: the upper and lower surfaces of carbon fabrics were coated with TEGO through
electrospraying, and the epoxy resin was modified with TEGO through dispersion, to obtain
a hybrid composite structure with superior performance. It is anticipated that the integration
of the TEGO as an interface modifier would enhance the efficiency of load transfer to the
matrix. On the other hand, integration of TEGO into the matrix would enhance matrix-
dominant mechanical characteristics. The methodologies developed and utilized for
producing nano-composites will pave the way for industrial applications with an easily

scalable process as it offers production of lighter, durable and reliable structures.

2.2 Experimental
2.2.1 Materials

Thermally exfoliated graphene oxide (TEGO, Grade-2) as a nano-reinforcing agent was
kindly provided by the company NANOGRAFEN® for research purposes. N, N-dimethyl
formamide (DMF, Sigma Aldrich, 99%) was used to prepare TEGO dispersion for the
electrospraying process. Biresin® CR120 epoxy resin and Biresin® CH 120-6 hardener
system was used to manufacture the composite plates. Biresin® epoxy hardener system is
generally preferred for the production of high performance fiber reinforced composites with
115 °C glass transition temperature. The unidirectional 6K carbon fiber with heat set
thermoplastic coated yarn which supplied by Kordsa was used in composite production.
Paint™ SPI #5001-AB Flash-Dry Conductive Silver Paint with high electrical conductivity

was used to eliminate the contact resistance in electrical conductivity measurements.



2.2.2 Preparation of TEGO Solution for Electrospraying and Resin Integration
Processes

The distribution of the TEGO in the DMF plays an important role in the mechanical
properties of the composites with nano-modified interfaces, as it directly affects the
electrospraying performance and homogeneity of the covering nano-particles. Poorly
dissolved TEGO in DMF creates clusters of graphene particles on the dry fiber and
sometimes even in the nozzle systems, being sprayed with sudden and large droplets on the
dry fabric, thereby forming stress concentration regions in the resulting composite plate. The
quality of the dispersion plays a crucial role in the electrospraying process, since a
homogeneous distribution is required to achieve a uniform spraying and a well-covered fiber
surface. The dispersion quality of the TEGO is primarily related with the carbon/oxygen ratio
of graphene and the viscosity of the epoxy resin-hardener mixture. The main reason of
choosing TEGO as a reinforcer is its boosted exfoliation ratio with the thermal process ,which
removes the oxygen groups from the surface of the graphene oxide, approaching to the

original graphene structure [17].

Table 2.1 NANOGRAFEN® TEGO Grade-2 Data Sheet.

Appearance Dark Gray

Bulk Density 0,022 g/mL

Average number of layers | 23

Solubility Partially soluable in water, homogeneous

dispersion in DMF, THF, other organic polar
solvents and epoxy hardener (apply sonication
process for homogenous dispersion).

Oxygen content <4,0%

Initially, TEGO particles were dispersed into the DMF (0.1 wt.%) using a probe sonicator
(Qsonica, Q700) for 30 minutes. Then the dispersion was stabilized by a water bath
sonication (VWR USC- TH Ultrasonic Bath) for at least 5 days at 40°C to achieve a well-
dispersed TEGO in DMF. TEGO weight percentage for this type of nano integration is
specified as 0.01 wt. %. The coated fabrics were later used for composite production, and
this group is referred as CFRP/INT.



For the second arrangement, 0.05 wt.% TEGO was dispersed in the Biresin® CH 120-
6 hardener, which has a lower viscosity than the resin used. The same sonication procedure
to prepare the DMF dispersion was followed at 40°C to disperse thermally exfoliated
graphene oxide in the hardener. This group of specimens will be recalled as CFRP/MTX in
the rest of the text, and the TEGO weight percentage of CFRP/MTX is 0.01 wt. %. In the last
arrangement, multi-scale reinforced composite system was prepared with electrosprayed
carbon fiber preforms, and TEGO-integrated resin material. The total weight percent of
TEGO in the CFRP/INT + MTX composite (the last group of specimens with TEGO

integration both at the interface and the matrix) is 0.02 wt.%.
2.2.3 Integration of TEGO by Electrospraying Method

Electrospraying is an efficient method for spraying the conductive nanoparticles to
achieve a very fine dispersion and a uniform coverage on the target surface. This method
utilizes high voltage as its driving force and is applied to the metallic syringes via the
connected crocodiles, whereas the aluminum platform is grounded to complete the circuit.
During the process the chemical solution consisting of properly dispersed nano particles
inside a solvent goes through atomization under the voltage difference between the nozzle
(syringe) system and the targeted surface. With atomization, the TEGO/DMF solution is

pulverized into electrically charged droplets at the tip of the metal nozzle [18].

The prepared solution was then loaded into a syringe with a metallic nozzle and sprayed
on both sides of the 40 x 30 cm dry carbon fabric using a lab-scale automated electrospraying
device, which can be viewed in Figure 2.1. A New Era NE -300 syringe pump was used to
keep the flow rate constant at 100 ml min during the electrospraying process. The syringe
pump was mounted on a biaxial router and spraying was performed along x and y axes over
the carbon fabric at an optimized speed, while the height of the nozzle was fixed 15 cm away
from fabric surface. A Gamma High Voltage Electrospinning series ES 30P Models DC
power source was used to supply constant 15 kV electrical voltage. As previously stated, high
voltage enables atomization of the sprayed chemical solution while passing through the

syringe and allows a stable distribution of nano-phase on the targeted fiber surfaces.



Figure 2.1 Biaxial router Electrospraying device with New Era NE -300 syringe
pump.

2.2.4 Manufacturing of reinforced carbon fiber composites

In this part of the study, TEGO integrated carbon fiber reinforced composites were
manufactured with vacuum infusion technique. Initially, the Aluminum molds were prepared
by cleaning its surfaces with XTEND CX-500 Mold Cleaner liquid. Following, Axel XTEND
AMS Semi- Permanent Mold Sealer and Releaser were applied onto the mold surfaces,
respectively. Four-layers of carbon fibers were stacked in 0°/90°/0°/90° orientation. A Teflon
film was placed between the 2" and 3" fabric layers during production for the future mode-
| fracture toughness energy tests. Peel ply and a flow mesh were put onto the stacks. Spirals
were utilized to obtain a steady-flow of the resin. For the last step, vacuum bagging was
applied, avoiding excessive force on the stacked layers. Vacuum was then applied through a
pump to detect if there was a leakage in the bagging. Subsequently, the layers were left under
vacuum for 60 minutes. Meanwhile, the resin and hardener were mixed and degassed for 10
minutes to remove any entrapped air bubbles in the mixture. After the impregnation of the
epoxy/hardener mixture, TEGO-integrated carbon fibers were cured at 120°C for 15 hours
on the heating table. In the first batch, vacuum infusion was employed by flowing degassed
neat resin/hardener mixture through the TEGO integrated fibers (CFRP/INT) and neat fibers



simultaneously. In the second and third batches, CFRP/MTX and CFRC/INT+MTX were

impregnated by TEGO- epoxy- hardener system with vacuum infusion (Figure 2.2.).

(@) (b)

Figure 2.2 Composite manufacturing by vacuum infusion method (a) first batch (b) second
and third batches.

Thermocouples were used to follow the changes in the temperature during the curing
process. Two K-type thermocouples were placed on top of the vacuum bag for each plate.

The remaining ones were placed on the heating surface and on the table to follow the

temperature values of both the table and the ambient conditions.

2.2.5 Characterization
The surface morphologies of the neat and graphene sprayed fabrics were examined by

Nikon Eclipse LV 100ND optical microscope (Figure 2.3) and Leo Supra 35VP Field
Emission Scanning Electron Microscope (SEM) (Figure 2.4).




Figure 2.3 Optical Microscope images of (a, ) neat carbon fiber (400 um, 100 um) (b, d)
TEGO-coated carbon fiber (400 pum, 100 pm).
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Figure 2.4 SEM images of TEGO deposited dry fiber (a) 5 pum (b) 10 um (c) 50 um (d)
100 pum.
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The greatest advantage of this method, as stated earlier, is it’s not influencing the structure
of the fabric, i.e. the fibers retain their initial morphologies after TEGO deposition on them.
This can also be viewed from the optical microscope and SEM images of dry fiber preforms,
provided in Fig. 2.3 and 2.4. Comparing the images of neat fibers to the TEGO integrated
ones, the total surface area of the modified system increases drastically. TEGO particles
remain on the surface of the fibers with VVan der Waals forces and electrostatic interactions
after the electrospraying process [19]. Figure 2.4 (a) and (c) show how graphene nano
particles are attached on fiber surfaces. The increase in the total surface area of fibers with
an enhancement in surface roughness leads to a remarkable strengthening at the interface and

the bonding of fibers to matrix.
The following tests were conducted to the produced composite batches:

1) Active thermography and acoustic emission (AE) (non-destructive
inspection)

i) Thermogravimetric Analysis (TGA) and Differential Scanning Calorimetry
(DSC)

iii) Mode-1 fracture toughness energy (EN 6033)

iv) Tensile test (ASTM 3039)

V) Compression test (ASTM D6641/D 6641M)

Vi) Three-point bending test (ASTM D790-3)

Active thermography was used for detecting in-plane defects that might have occurred
during production of the samples. Moreover, pencil — lead breakage test with acoustic
emission (AE) test was conducted to examine the Young’s Modulus of the composite.
Thermogravimetric Analysis (TGA-details provided in the Appendix) and Differential
Scanning Calorimeter (DSC) were conducted to examine thermal stability of the specimens
and the effect TEGO on heat of curing of uncured resin, respectively. To investigate the
mechanical characteristics of each specimen group, mechanical tests listed above were
performed on INSTRON 5982 Universal Test Machine (UTM). The fractographic analysis
was performed to investigate the failure mechanisms developed in the composite specimens
after each test type. After three-point bending test, the damaged specimens were located into
a special apparatus to imitate the same bending behavior and apparatus was dipped into a
fast-curing resin/hardener system to fix the damaged part in resin [20]. Detailed explanations
of this procedure are provided in Section 2.4.
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2.3 Results and Discussion

2.3.1 Differential Scanning Calorimeter (DSC) Test Method

Differential scanning calorimetry (DSC) is a method in which the difference between the
required amount of heat to raise the temperature of a sample by 1°C is measured and
evaluated as a function of time and temperature in comparison with a reference sample. This
analysis provides numerical data on the exothermic and endothermic processes by measuring
the absorbed or released energy by the sample during its heating or cooling. The following
properties of any material can be evaluated by DSC: melting temperature, reaction energy
and temperature, glass transition temperature, crystal phase transition temperature and
energy, precipitation energy and temperature, denaturation temperatures, oxidation induction
times, specific heat or heat capacity values. Additionally, exothermal energy during polymer
curing (as in the case of epoxy adhesives), thus the curing rate and degree can be measured
with DSC. It is also useful to specify the glass transition or softening temperatures for the
polymeric or glassy substances, also the transitions from crystal to amorphous states. These
are directly dependent to the thermal history of the material, the amount and type of the (nano
or micro) filler. This test is also preferred to specify the thermal stability and reaction kinetics,
or to verify an unknown material to be an expected one.

The experimental setup is shown schematically in Fig. 2.5 for the heat-flow type of DSC
analysis. The methodology consists of two samples one of which is a reference, known
material, both receiving an equal amount of heat and the temperature difference (AT) is zero
at the initial state. When there is an endothermic or exothermic heat flow through the sample
a signal is processed by the DSC device. The measured parameter is the heat flow rate as a
function of temperature and time and has a unit of mW (mJ/sec). The related equation for the
measurement of heat flow is provided below. In DSC test, Mettler Toledo TGA/DSC 3*

differential scanning calorimeter was used, which can be seen in Figure 2.6.
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Figure 2.5 Heat-flow-type DSC schematic setup [98].
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Figure 2.6 The Mettler Toledo TGA/DSC3+ DSC device.

Two different DSC tests were conducted on the samples taken from the resin material and
composite specimens. Purpose of the initial DSC test is to interpret the effect of TEGO on
heat of curing of the uncured resin. Secondly, DSC test was used for the post cure enthalpy
measurement and comparison with the neat sample. At the same time, glass transition

temperature (Tg) of both uncured and cured resin materials were measured. Tgis a transition
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temperature of the polymer from rubbery state to glassy state and it is critical for the
aerospace applications of polymeric composites.

For the first experiment set, two different batches which neat epoxy system and TEGO
integrated epoxy system were prepared. 50 g Biresin® CR120 resin and 15 g Biresin® CH
120-6 hardener was mixed with Thinky ARV- 310 planetary vacuum mixer for one minute.
Then, it was placed into the DSC device for analysis. The experiment was conducted under

Nitrogen atmosphere.

The heating cycle of the first method was:
1. One heating ramp from room temperature to 200°C to see the heat of curing.
2. Cooling down from 200°C to the room temperature.
3. Again, heating the sample from the room temperature to 200°C to measure Ty.
The results obtained from the first DSC test are provided in Table 2.2.

Table 2.2 DSC resin test results.

Type of resin Tq(°C)
NEAT 111.61
TEGO integrated 113.02

These results identify that the nano-phase integration clearly affects the glass transition
temperature of the resin material, which is also reported in the literature [95,96,97]. The
increase in T4 values is accepted as an indication of the Hydrogen bonds that are formed in
the polymer chains. These increases not only inform about the vital changes in the polymer
chain dynamics, but also significant achievements in the thermal stability that are critical for
many applications of composites [97].

Following these outcomes, the impact of TEGO on various nano-phase arrangements (in the

fiber-matrix interface, in the matrix, and both) was investigated with the second DSC test.
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The heating cycle of the second method was:
1. Heating up the specimens from room temperature to 250 °C to see if there were uncured

resin areas in the composite plate.

Table 2.3 DSC test results for different composite arrangements.

Arrangement Tg(°C)
NEAT 118.71
CFRP/INT 119.22
CFRP/MTX 119.85
CFRP/INT+MTX 116.29

The Biresin® CR120, CH120-6 epoxy-hardener system is an aerospace-based resin in
which the glass transition temperature is 120 ° C. The results of DSC test indicated that
addition of TEGO into the matrix increases the Tq roughly 2 degrees Celsius. Additionally,
TEGO integration to the dry carbon fibers follows a similar trend as the neat one. However,
the T4 of the CFRP/INT+MT X was slightly decreased with respect to the reference specimen.
Such a decrease in the T4 was also reported in the work of Ramanathan et al [97] in which
they used 0.1wt.% expanded graphene in the PMMA nanocomposites. The significant rises
in Tq values in nano-reinforced polymers are reported to happen in the case of functionalized
nano-phases [97], which is not within the scope of the study.

To conclude, DSC test proved that the TEGO has no critical effect on curing temperature
of the epoxy-hardener system.

Examining the DSC test results, no significant change was observed in the cure cycle of the

neat resin and nano-phase arrangements.

2.3.2 Non-destructive testing method
2.3.2.1 Active Thermography Test

Thermography or thermographic analysis (TA) is a non-destructive test method that
allows quick inspection of large areas for the detection of voids or other microstructural

problems. Additionally, the thermographic analysis is capable of detecting the defects and
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damages formed during production, which is very helpful for relating the former structural
problems to the failure mechanisms that develop after the mechanical tests.

Active thermography was preferred in this study where an external heat source was used
for heating the surface of the plate to examine the temperature decays with time [21, 22].
Thermal images were captured by FLIR X6580sc model infrared (IR) camera with a 640x512
resolution. 50 mm lens was used in IR camera and the camera was placed 40 cm away from
the composite plates. The IR camera has a temperature range of 20 °C to 3000 °C with a
capability of 1% accuracy.

The captured images were processed with Flir ResearchIR Max software to detect any
imperfections or damage that had occurred prior to testing, such as delamination, debonding

and cracks; together with dry points that might have remained in the materials [23].

Figure 2.7 Thermography images of (a) Neat (b) CFRP/INT (¢) CFRP/MTX (d)
CFRP/INT+MTX composite plates.

Figure 2.7 shows the resulting images of the thermography inspection, proving that there
were no dry points, delamination or debonding neither on the surface nor the inner structure
of the composite plates. Further, the Teflon film placed on the upper right corner of the plates
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during the production (for the mode-I interlaminar fracture toughness test) can be observed

in all samples.

2.3.2.2 Pencil - Lead Breakage Test with Acoustic Emission

Acoustic emission (AE) tests were performed on the nano- material integrated
composite plates to investigate the effects of TEGO integration on the mechanical properties
of the samples. The methodology of AE can be summarized as the transient elastic waves
generated by one or more local sources in a material under tension, producing temporary
transient elastic waves [24, 25] that are captured and processed by the receiver. The greater
the applied force, the greater the elastic energy because of more elastic deformation. If the
elastic limit of the material is exceeded, cracking or eventually breakage of the sample will
occur. If there is a void like defect in the elastically loaded material, cracks will occur at these
highly-stressed points and they lead to global failure. Rapid release of elastic energy is called
the acoustic emission event. The AE produces an elastic wave that propagate in the material,
which can be detected by suitable sensors immediately. During this test, the sound velocity

measurements were received by placing the sensors at 8 cm distance from each other on the

Pre-amplifiers

composite plate (Figure 2.8).

Piezo — electric
sensors

Figure 2.8 Acoustic emission test setup.

Pencil - lead breakage is a method with an artificial source of acoustic waves, which is

used to determine the elastic modulus without causing any destruction in the sample. In this
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test, Mistras 0/2/4 preamplifier was used with single input and 20 dB gain which can also be
seen in the figure above . In this test, the lead tip of the mechanical pencil is pressed onto the
composite plate until the lead is broken. Deformation occurs at the surface of the plate during
the pressing of the lead tip. When the lead tip is broken, the stress relaxation causes a certain
displacement on the surface and accordingly AE waves start to propagate. For the evaluation
of Young’s modulus, the related equation is provided below. Here, the time and distance are

two important parameters, besides the density of the composite structure and speed of sound.
E=pVs (2.2)

E: Elastic /Young’s Modulus (GPa)
p: density (kg/m®)
V;s: speed of sound (m/s)

The results of the pencil lead breakage tests are provided in Fig. 2.9 below. The mean
values of the obtained data clearly show that the elastic behavior of the composite plates
gradually increased with the different arrangements of TEGO-integration in the composites.
As shown in Figure 2.9, the reference (neat) composite plate has the lowest value of elastic
modulus, whereas 18.18% enhancement in the modulus occurred in the CFRP/INT+MTX
system due to synergetic effect of both matrix and interface modifiers in the composite
structure. Additionally, comparing the effect of TEGO nano reinforcement on the separate
phases, the data shows improvement in the elastic moduli of the composite structures by
15.30 % and 11.95 % for CFRP/MTX and CFRP/INT, respectively.

68 66.93
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56.63 I

Neat CFRP/INT CFRP/MTX  CFRP/INT+MTX

Elastic Modulus (GPa)
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Figure 2.9 Mean values of elastic modulus for the different arrangements of nano-
integration in composite plates.
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Another remarkable point is that the AE waves propagate faster in TEGO-integrated
composites with respect to the reference neat composite. As the nano reinforcement
strengthen the bonding between fibers and matrix, AE wave propagation was completed in
remarkably shorter times. The young moduli evaluated with the tensile tests are provided in
section 2.4.2.2. The elastic moduli of the neat, CFRP/INT, CFRP/MTX and
CFRP/INT+MTX systems measured with destructive tests are 66 MPa, 69 MPa, 71 MPa and
69 MPa, respectively. The actual tensile test results differ roughly 5-15 % which is within an
accepted range of error. The significance of this method was to evaluate Young’s modulus
without damaging the samples, which include lengthy and expensive production steps of

nano material integration.

2.3.2.3 In- plane Electrical Conductivity Test

One of the most crucial characteristics of graphene is its remarkable electrical
conductivity due to its zero-band gap property [26]. Therefore, it is used for improving the
electrical conductivity of the composite materials. Moreover, graphene has significantly high
charge-carrier mobility of 2000-5000 cm?/V s. [27]. The combination of TEGO, fibers and
polymer matrix pave the way for composites with genuine conductivity properties. These
polymers can be utilized for different fields of applications such as electronic devices,
conducting adhesives [28], long lasting batteries [29], and solar cells [30]. The conductivity
of the material depends directly on the type of the fillers used for reinforcement. In the case
of graphene, an uninterrupted layer is generated in the material, which supports the direct
electron transfer [31].

To conduct the in-plane electrical conductivity tests on the four batches of composites
(neat, fiber-matrix interface modified, resin-modified, and hybrid), two specimens from each
composite plate were cut into 44 mm (length) x 10 mm (width) x 1.2 mm (thickness)
dimensions. Edges of the specimens were ground with sandpaper until the fibers were
exposed. After this step, specimens were covered with adhesive tapes, leaving small gaps
from the edges. Those gaps specimen tips were painted with Flash Dry Silver Paint and left
to dry. In electrical conductivity test, resistance of four different arrangements of nano
material integration (the neat case, CFRP/INT, CFRP/MTX, CFRP/INT-MTX) was
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measured with Tektronix DMM 4020 5-1/2 Digit multimeter (Figure 2.10). Electrical

conductivity was calculated by;

R = pL/A (2.3)
c=1/p (2.4)
R: Electrical resistance
L: Length of the specimen
A: Cross sectional area
p: Resistivity

o: Conductivity

Figure 2.10 Electrical conductivity test system.
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Figure 2.11 Electrical conductivity test results.
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Figure 2.11 depicts the results of the electrical conductivity tests for the four nano-
reinforced composite arrangements. Neat CFRP plate has the lowest conductivity level
(0.023 Q1 mm™) as expected compared to the other systems. Carbon fiber is a conductive
material by itself, however, introduction of an interface modifier, TEGO, increased the
electron flow through the carbon fibers by a continuous interlayer maintaining direct electron
transfer. In CFRP/MTX system, the conductivity increases to 0.03 Q* mm™, exceeding the
neat level, however still less than the other two nano-modified arrangements (CFRP/INT or
CFRP/INT-MTX). This indicates that the integration of TEGO into the matrix influences
conductivity to an extent but not reaching the values achieved by TEGO-reinforced fibers
(both CFRP/INT and CFRP/INT-MTX). This aspect can be explained with the TEGO
forming conductive links between the Carbon fibers and creating new paths for electron flow
[32]. The hybrid sample achieved the highest conductivity value, revealing that the
combination of the matrix and the fiber nano-reinforcement by graphene oxide had a crucial

role in electrical conductivity.

2.4.2 Mechanical Tests
2.4.2.1 Mode I Fracture Toughness Energy Test

Fracture toughness is an indicator of the stress level required by an existing imperfection
in a material to advance further. Fracture toughness is an important property since it is not
impossible to prevent the formation or advancement of these imperfections during the
manufacturing, processing of the structure or its service life. These imperfections can be
cracks, voids, metallurgical residuals, welding errors, design discontinuities or the
combination of one or more of them. Since the engineers can never be sure of the perfection
of a material, accepting the possibility of always-existing imperfections in a material and
designing the structures accordingly is a lesson learned after numerous engineering
catastrophes in history, which also made up of the Linear Elastic Fracture Mechanics (LEFM)
approach. This approach considers the size and properties of the imperfection, the geometry
of the host structure, loading conditions and fracture toughness as a material property, to

measure its resistance against fracture [33].

While mode-1 represents the most common case of loading (normal to the plane of crack)

among the three modes of fracture, stress intensity factor K indicates the fracture toughness

21



of numerous materials. The critical fracture toughness value, K¢, is a material property
independent of the material size or thickness. However, for the cases of thin plates, such as
composites, other fracture parameters, such as energy release rate G or J-integral are
evaluated with other tests. Materials with high fracture toughness energy indicates that more
energy is required to completely fracture the material, leading to ductile fracture with
considerable plastic deformation. Brittle fracture is observed in the materials which undergo

little or no plastic deformation.

Composite materials may experience both brittle and ductile failure since they can have
rather complex damage mechanisms which include interlaminar fracture, delamination, fiber-
matrix debonding and fiber cracking [34]. Various types of failure mechanisms can be
observed in fiber reinforced composites in Figure 2.12. Fiber breakage, matrix cracking and
fiber bridging, and delamination can be listed as the common failure types occurring under
Mode- | loading conditions in double cantilever beam test. These damage types might occur

individually and concurrently.

Interlaminar splicing Fiber Matrix
\ A

Fiber ___
bridging

| \
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Fiber breakage Interfacial failure Matrix‘oracking )

Figure 2.12 Various failure mechanisms in fiber reinforced composites during

mode | fracture toughness test [36].

At this point, mode-I fracture toughness energy test is a method to determine the resistance
of a material to fracture, which plays crucial role in many design applications. Following the
test standard of this test, EN 6033, composite plates were produced with
Polytetrafluoroethylene (PTFE, Teflon) films of 120 mm x 10 mm x 0.02 mm dimensions
in the mid-plane to facilitate the initiation of the first crack under the mode-I loading
condition. Then, all specimens were cut and tabbed with aluminum hinges with 1 mm to 1.5
mm thickness range. All specimens were tested following the procedure described in the EN
6033 standard where the experiment is conducted under the cross-head speed of 10 mm/min

until crack length reaches to 100 mm (Figure 2.13). Additionally, acoustic emission system
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was used to identify the type of failure during these tests (Fig. 2.14). Two sensors were

attached onto the specimen with a distance of 23 mm and 167 mm, respectively.

Figure 2.13 Mode | fracture toughness test.
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Figure 2.14 The configuration of the mode | fracture toughness energy test setup

with acoustic emission sensors.

For the calculation of the Mode | fracture toughness energy, the EN 6033 standard uses
the following equation [39] ;

A
axw

GIC = X 106 (25)
Gic : fracture toughness energy, in J/m?;
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A: the energy to achieve the total propagated crack length, in J, which is the
area under the Load (N) and Cross Head Displacement (m) curve

a: the propagated crack length, in mm,

w: the width of the specimen, in mm.

Table 2.4 Improvements in the fracture toughness energy.

System Interlaminar fracture Improvement (%)

toughness energy (J/m?)

Neat 681 --
CFRP/INT 749 +10%
CFRP/MTX 829 +21%
CFRP/INT+MTX 672 -15%

Table 2.4 presents the average results of three mode | fracture toughness energy tests
performed on the neat, CFRP/INT, CFRP/MTX, and CFRP/INT+MTX specimens. As
expected, the neat specimens have low fracture toughness values with compared to the
CFRP/INT, and CFRP/MTX cases due to the brittle nature of the unmodified matrix. The
largest increase in fracture toughness energy from to neat level is observed in the
CFRP/MTX, to be nearly 21%. These results suggest that the TEGO was dispersed into the
matrix material uniformly and acted as crack arresting point , diverting the path of the
propagating crack; thereby increased the amount of energy necessary for crack propagation.
Moreover, the presence of TEGO in the matrix creates new paths for load transfer within the
structure. As for the CFRP/INT system, there was a 10% increase in the interlaminar fracture
toughness energy compared to the neat specimens. As was discussed with the SEM and
microscopy images in the previous section, nano-phase integration on the fiber preforms led
to rougher fiber surfaces with increased surface area. Therefore, fibers in CFRP/INT systems
adhered better with the matrix material, bringing about an improvement in fracture toughness
over the neat samples. The numerical data reveals that nano-phase integration is more
effective in the CFRP/MTX than in CFRP/INT arrangement, suggesting that TEGO
integration impacts the resin properties more dominantly that it does to fibers. With the

addition of TEGO to the matrix material, the fracture toughness or crack propagation
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resistance of the matrix increases, enabling improved load transfer onto the primary
reinforcing fibers.

Unlike intuitively expected, CFRP/INT+MTX systems did not make any noticeable
change or exhibit any notable improvement in fracture toughness energy values. This might
be associated with the concept of agglomeration and localized accumulation of TEGO in the
structure, as both the fiber surfaces and the matrix have nano-particles around/in them. This
phenomenon can happen during various stages of the production of the composite plates:
during the resin flow over the fibrous layers, or curing. The accumulated TEGO clusters can
create a resistance to the uniform resin flow in the material, whereas the TEGO can
agglomerate during the curing cycle since it was not functionalized chemically but only
dispersed with mechanical mixing methods in the electrospraying solution. It is well known
that when there is nonuniformity in the dispersion of nano-phases or any agglomeration
present, fracture toughness and other mechanical properties drop since the net surface area
for the load transfer decreases and these agglomerations behave as stress raisers in the
structure [40].

When examining the fracture surfaces of the specimens subjected to mode-I fracture tests,
it is observed that in all nano-phase integrated composite systems, the damage starts with
fiber bridging (Fig. 2.15), grows with delamination and continues dominantly with the fiber
breakage. The highest amount of fiber bridging occurs in CFRP/MTX specimens. The
occurrence of fiber bridging mechanism is an indication for the improvement in fracture
toughness since fiber bridging resists to the formation and progression of delamination

leading to failure [38].

Figure 2.15 Fiber bridging during mode | fracture toughness test.
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In the microscopic images of both CFRP/INT and CFRP/INT+MT X systems, various size
of holes can be seen within the microstructure as seen in Figure 2.16. The holes not being
observed in the modified matrix systems show that these formations are clearly dependent to
a damage phenomenon regarding the nano-modified interface. To understand the origin of
these holes in terms of whether they are created during the manufacturing process or due to
the damage formation, void content tests were conducted for each arrangement and no
significant discrepancy was observed in the void content between nano-integrated and neat
composites as tabulated in Table 2.5. This result bespeaks that the holes in question takes

place during testing due to the damage formation.

Table 2.5 Mean values of the data from the void content tests.

Residual percentage (%) | Void Content (%)
NEAT 76.91 1.16
CFRP/INT 75.71 1.44
CFRP/MTX 76.71 1.06
CFRP/INT+MTX 76.40 0.95

Hole formations are related with the strong interaction and bonding between the
graphene sheets covering the fibers and the epoxy resin system. Since the fiber surfaces are
strongly bonded with the matrix, upon the formation of damage, graphene is separated from
the surface of the reinforcing fiber due to the tension loading, and the plastic deformation in
the resin material is interrupted, thus the fibers are broken and holes are left behind on the
fractured surface. If the figure is examined in detail, one can notice that there is remnant
reinforcing fibers across or over the holes, referred as bridge effect in literature. Rodbari et.
al. suggested that the bridge effect can be seen in graphene integrated composites since the
graphene has carboxylic acid functional groups in its structure, which creates intermolecular

forces between its surface and reinforcing carbon fibers [41].
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CFRP/INT+MTX (c) Neat (Reference) (d) CFRP/MTX.

During fracture toughness energy tests, an interesting damage progression was observed
only in CFRP/INT and CFRP/INT+MTX specimens where the damage or the fracture travels
along the second ply and jumps onto the third ply, and switches between these plies as it
progresses (Figure 2.17). For both CFRP/INT and CFRP/INT+MTX, the fracture path is
rather rough and irregular. On the other hand, both neat and CFRP/MTX specimens (that
have the highest Gic values, Table 2.2) exhibit planar fracture paths. This result clearly
indicates that the TEGO integration improves the interfacial adhesion between the

reinforcing fibers and the matrix material.

27



Figure 2.17 (a) Fiber bridging and (b) interfacial failure in CFRP/INT system.
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Figure 2.18 Representative load vs. crack mouth opening displacement (CMOD)
graph of Mode I fracture toughness energy test.

Figure 2.18 provides the load versus the crack opening displacement for all four

composite configurations. The results indicate the critical aspect of matrix toughening with

the help of nano-phase integration since the well dispersed TEGO can arrest matrix cracking

thereby enable improved load transfer from the matrix to the fibers. An interesting

observation is that at low loading levels, the fracture toughness of CFRP/INT is highest (i.e.

CMOD being the least, as the resistance against crack advancement is the largest) of all the
composite configurations proving that the TEGO integration enhances adhesion and hinders
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the delamination. However, as the crack advances in the CFRP/INT system, it is observed
that less load is required for damage propagation, which indicates the cracks in the matrix
impacts the overall resistance to damage formation more dominantly than CFRP/INT+MTX
arrangement. . A very sharp increase in the required load levels for a CMOD range between
0.5-1 10" mm, which is particularly significant for revealing the effect of TEGO in the plastic
deformation behavior of the resin material, as it was not observed in the other TEGO
arrangements. The load values of the CFRP/INT+MTX system being close to the neat
specimens can be related to the agglomeration (as states in the previous discussion of the
fracture energy curves of the composite systems) and wrinkling of the TEGO nano particles
during the resin impregnation process. Wrinkles are known to occur on graphene sheets
because of the instability of the 2D lattice structure. Large sized wrinkles in the large
graphene sheets were also reported by other researchers [42]. The configuration of the
wrinkled graphene sheets is preserved during the curing process of the epoxy system, as no
chemical functionalization or further exfoliation of the nano-material was performed in this
study. Therefore, stress concentration areas are formed due to the inhomogeneities and
orderliness of the TEGO within the composite structure leading to decreases in efficiency of

the load transfer, thus lowering the required load level for crack advancement.

The results of acoustic emission technique which was used during mode-I fracture
toughness energy tests are provided in the next section, together with the AE results of the

tensile tests.

2.4.2.2 Tensile Test

Tensile test is the most common mechanical test method to determine important material
properties such as elastic modulus, Poisson’s ratio, ultimate tensile strength, and strain at
failure, among others. To compare the mechanical performance of the composite systems
with each other and the neat material, tensile tests were conducted. In this study, all tensile
test specimens were prepared and tested in accordance with ASTM D3039 standard [43].
Namely, the specimens were casted or cut into the dimensions of 250 mm (length) x 25 mm
(width) x 1.2 mm (thickness). 50 mm x 25mm x 1 mm aluminum tabs were mounted on the

ends of the samples for both surfaces through using Huntsman, Araldite® 2011 adhesive. To
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ensure that test results are repeatable and reliable, three specimens for each composite
configuration were tested. Biaxial strain gages manufactured by Micro — Measurements
Company were used to measure both axial and transverse strain values to calculate Poisson’s
ratio. The axial load was applied by INSTRON 5982 100 kN UTM to each composite
specimen and the obtained data were processed with the related software. Moreover, acoustic
emission system was used to identify the type of failure as used in mode I fracture toughness
test. Two sensors were attached onto the specimen as 45 mm apart from each other. Figure
2.19 shows the tensile test specimen schematic and photo including the AE sensors attached.

Aluminum Tab

Biaxial Strain Gage

50 mm

S

25 mm

Acoustic Emission Sensors

Figure 2.19 Schematic for the tensile test, and the test specimen with biaxial strain gage
attached and aluminum tabs.

Table 2.6 Mean values of tensile test results.

Type of Composite  Poisson's  Chord Max. Extension  Tensile
Ratio Modulus Load at max. Stress
(MPa) (N) Load at max.
tensile  (mm) Load
(MPa)
NEAT 0.029 66951 33742 4.1 1117
CFRP/INT 0.041 69047 37065 4.24 1201
CFRP/MTX 0.032 71302 38561 4.39 1293
CFRP/INT+MTX 0.053 69675 39072 4.56 1268
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Table 2.6 presents the measured and calculated values of Poisson’s ratios, elastic moduli,
tensile strengths for all the composite systems. For all the arrangements of nano-reinforced
composites, tensile modulus and tensile strength values are higher than the neat composite
specimens, as expected. For CFRP/INT specimens, there are 3 % and 10 % enhancement in
tensile modulus and tensile strengths, respectively. These results reveal that the TEGO
integration clearly enhanced the interfacial bonding strength of the interface-modified
composite materials. Moreover, there are 6% and 14% improvement in tensile modulus and
strength of the CFRP/MTX system, respectively. Comparing the results for CFRP/INT and
CFRP/MTX shows that the matrix reinforcement is critical for obtaining higher elastic
modulus for the composite system since the nano-integration elevates the load required for
crack advancement in the matrix as discussed in the previous section, while improving the
load transfer via the enhanced fiber-matrix interface in the CFRP/INT case raises the elastic
modulus to some extent . The stress strain curves for all composite arrangements are provided
in Figure 2.20 (a) and (b). The higher elastic modulus obtained from the nano-modified

matrix system is also visible in this figure too (red line, close up view in Fig. 2.20 b).

In CFRP/INT+MTX, both from Table 2.6 and Fig. 2.20, 4% and 16% enhancement were
observed in tensile modulus and strength compared to the neat system, however not as
strikingly high levels of the other two nano-integrated systems. These results show that the
enhancement in the matrix properties were dominant over the interface properties in tensile
behavior of composites. This outcome is also inferred from the tensile properties of
CFRP/MTX and CFRP/INT+MTX being close to each other. Additionally, TEGO has

changed the matrix properties in a volumetric manner [44].
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Figure 2.20 (a) Tensile stress-strain graph consisting of CFRP with different nano-
reinforcement configurations; (b) close-up view of the tensile stress-strain curves.

Examining the numerical values of tensile strengths in Table 2.6 further, the CFRP/MTX
system has the highest tensile strength value (1293 MPa), implying that TEGO reinforcement
improves the load transfer and bearing capacity of matrix which is also reported in the
literature [45-47].
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The drop-in stress seen in Figure 2.20 (b) is related to the notable damage formation in
the composite material under loading. These drops appear the latest and in the smallest
amounts in the CFRP/INT+MTX, not only a proof of TEGO integration increasing the load
bearing capacity of the composite material, but also its durability against continuously
forming damage in it. Considering the slopes of the curves, the CFRP/MTX system has the
highest chord modulus value (Table 2.6), proving that the integration of the TEGO into the
matrix is an efficacious way to make the composite structure stiffer compared to the other

arrangements.

Experimental data presented in Table 2.6 also states that the load carrying capacity of
the neat composite is the lowest compared to the other arrangements. Fiber breakage was
commonly observed on the fracture surface (Figure 2.21 b). On the other hand, as seen in
Figure 2.21 (c) and (d), holes prevail among the carbon fibers for which TEGO was used as
an interface modifier (CFRP/INT and CFRP/INT-MTX). As previously discussed, holes
were also observed in the optical microscope images of the failed CFRP/INT and
CFRP/INT+MTX specimens of mode-1 fracture toughness energy tests. Both the CFRP/INT
and CFRP/INT+MTX systems show improvements in mechanical properties; however, the

best results were obtained from the CFRP/ MTX arrangement.

From Table 2.6, is seen that the Poisson’s ratio of CFRP/INT and CFRP/INT+MTX
systems increased with respect to the neat sample, thanks to the interface modification of
TEGO. It proves that the interphase modified composite materials are more ductile with
respect to the neat and CFRP/MTX systems. During the tensile test, the matrix is the main
load distributor across the fibers. When micro-damages such as matrix cracking occur during
tensile testing, the axial load transfer from the matrix to the fibers will be degraded greatly,
thus the load will no longer be uniformly distributed in the longitudinal direction and axial
strain immediately reduces. Consequently, Poisson’s ratio increases in both systems. This
will be discussed further with the Poisson’s ratio vs. axial strain curves of the nano-integrated

composite systems.
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Figure 2.21 Optical microscope images of (a), (b) fiber cracking of neat specimen
after tensile test (c) holes on CFRP/INT (d) holes on CFRP/INT+MTX.

During the tensile tests, it was observed that the specimens fail with different fracture

profiles from shattered to split types of failure (Figure 2.22).

It is common to observe both shattered and split types of failure in unidirectional
composite specimens. It indicates 90° fiber orientation in our ply orientation had no effect on
the type of failure. meaning that 0°-degree plies dominated the failure mechanisms under

tensile loading.
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Figure 2.22 Tensile specimen with shattered and failure with splits failure.

Another important finding of the tensile tests is the Poisson’s ratio for the composite
systems: The aim of evaluating Poisson’s ratio is to understand the resistance of the material
to deform along the longitudinal and transverse directions, or to the volumetric changes under
tensile loadings. Brittle materials normally have the lowest Poisson’s ratios due to their low
molecular mobilities, thus their low capacity of plastic deformation. In contrast, ductile
materials have opposite characteristics, ability to deform plastically in various directions.
Here the Poisson’s ratio values were evaluated with the well-known expression,

_y

. (2.6)

for which biaxial strain gages were employed to measure both axial (ex), and transverse (&y)
strains simultaneously. Strain gages were directly connected to the data acquisition ports of
INSTRON 5982 100 kN UTM platform to record the change in extension along the x-and y-

directions.
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Examining the evaluated values for the four arrangements in Table 2.4, the neat specimens
have the lowest Poisson’s ratio values. CFRP/MTX arrangement experiences an increase in
the Poisson’s ratio to an extent (0.032), however, both in CFRP/INT and CFRP/INT-MTX
systems, there is a notable increase in Poisson’s ratios (0.042 and 0.053). In other words,
TEGO integration made the composite more ductile with respect to the neat composite
system. According to molecular dynamics simulations in literature, graphene influences the
enhancement of shock strength [48-50] and ductility [51-52] when integrated in composites.
The variation of Poisson’s ratio values with respect to the axial strain is presented in Figure

2.23.
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Figure 2.23 Representative Poisson’s ratio vs. axial strain graph for each CFRP
arrangement with different nano- reinforcement configurations.

From the figure, it is seen that the reduction in Poisson’s ratio with increasing axial strain
follows the similar trend for all composite configurations, with minor exceptions. The
difference between initial and final data points is approximately 0.04 and the axial strain of
failure is also nearly the same for all specimens(approximately 1.5 ug).

However, for a fixed value of axial strain (ex), the highest vxy (absolute) value is observed
for CFRP/INT+MTX system, followed by the CFRP/INT sample, and the lowest one for the

neat specimen. This indicates that the fiber-matrix interface modification with TEGO enables
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the microstructure to achieve higher transverse strain values during axial loading; while this
effect is limited for the matrix-modified CFRP/MTX specimens. Except the hybrid system,
all composite arrangements suffer from a sharp drop in the Poisson’s ratio at 0.55-0.65 e,
indicating that the combined effect of fiber-matrix interface and matrix modification
overcomes this critical level of axial strain. The initial sharp drop observed in all curves are
associated with the initial matrix cracks which formed in all composites and the fluctuations
are related to the connection of strain gages on the specimens. The last diverting part seen in
CFRP/INT+MTX curve is due to the detachment of the strain gage from the specimen
surface. The decrease in the Poisson’s ratio can be associated with the formation of transverse
cracks [92], which increase the elongation along the loading direction, and diminish the
contraction along the lateral direction with the reduction in the transfer of axial load onto the
lateral direction [93]. The detailed explanation was made with the acoustic emission results
in Section 2.4.2.3.

To conclude, using graphene both as a matrix and as an interface modifier plays an
important role in the mechanical performance of the carbon fiber reinforced composites. The
load transfer mechanisms were enhanced upon the increase in the interfacial bonding

between fibers and the matrix.

2.4.2.3 Evaluation of acoustic emission for Mode | Fracture Toughness and

Tensile Tests

Acoustic Emission (AE) technique was employed during mode-1 fracture toughness
energy and tensile tests to identify the failure mechanisms of the specimens. Acoustic
emission focuses on the number of clusters and the number of hits which are recorded during
the destructive or nondestructive (artificial wave propagation) tests, all representing different
failure types and micro crack formations, respectively. Micro damages that occur during
destructive tests generate elastic waves, which are collected by the wide band piezo-electric
sensors attached on the specimens. 40 dB was specified as the threshold level to eliminate
the signals received below this value, and Bessel band pass filter was used to exclude the
noise in the obtained signal. The selected filter range was defined between 20 to 800 kHz

[91]. Defining a filter range allows focusing on the locations of high density signals. The
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software used for the noise removal and feature extraction for the post processing of the raw
signal data is titled as Noesis and was provided by the research center infrastructure. In this
work, the targeted features were weighted peak frequency (fwp) and partial power 4 (PP4).
The weighted peak frequency is calculated by the following formula.

pr = \/fpeak * feentroid (2.7)

foeak: peak frequency represents the maximum frequency in the power spectrum

__ X frequency * magnitude (2 8)
centroid — ¥ magnitude .

Partial power 4: percentage of energy at the selected frequency range

ELKI software was used for clustering the acoustic emission data. The k- mean elkan
algorithm and Minkowski squared Euclidean distance function were applied to distinguish
the failure mechanisms inside the specimens. The signals acquired from mode | fracture
toughness tests make up three different clusters, which are shown in Figure 2.24. . These
three clusters represent the matrix cracking, interface failure and fiber breakage, respectively.
Each micro-damage that occurs during the tests create a signal with a different frequency
range. As seen in Figure 2.24 (a, b, ¢, d), the first cluster varies in between 90 - 250 kHz, the
second cluster varies between 250 - 450 kHz, and the last cluster varies between 450 - 650
kHz. Figure 2.24 allows for a comparison of the damage events and their happening density
for each of the composite arrangements. The neat sample includes a high amount of matrix
cracking (shown in red), followed by again a dense formation of damage in the fiber-matrix
interface, which causes a fast degradation in load transferring capability of the composite;
and finally, a high amount of fiber rupture leading to global failure. Comparing the
CFRP/INT system with the neat case, the amount of damage events happening at the interface
is significantly decreased, which is a clear indication of TEGO effect at the fiber-matrix
interface. TEGO enabling a strong adherence to the matrix also effect the matrix cracking
events partially, however that type of damage is more significantly prevented greatly in the
CFRP/MTX (Fig. 2.24 c). The CFRP/INT+MTX system, on the other hand, provided Gic
values close to the neat sample during the test, which is also reflected in the AE results. The
nano-modification at both the interface and the matrix led to agglomerations and localized

TEGO-dense regions, giving fracture toughness energy values close to neat values. So, the
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enhancements observed in modified interface and matrix systems cannot be obtained in the

samples of combined modification.
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Figure 2.24 Representative scatter plot of partial power 4 vs. weighted peak
frequency of (a) neat (b) CFRP/INT (c) CFRP/MTX and (d) CFRP/INT+MTX for
mode | fracture toughness test.

Additionally, partial power 4 (PP4) values which represent the energy release during
failure declined for the cases of CFRP/INT and CFRP/MTX cases due to the TEGO
integration into interface and matrix of the composite structure. Uniformly distributed TEGO
sheets also absorb the released fracture energy during failure, as more fiber rupture events at
higher PP4 regions are clustered for the CFRP/MTX samples compared to CFRP/INT ones.
For the CFRP/INT+MTX arrangement, there was %1.5 decrease in fracture toughness energy

with respect to the neat specimen. Comparing Figure 2.24 (a) and (d), nearly the same cluster
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formations are observed for both neat and CFRP/INT+MTX systems. As a difference, the
second cluster, representing interface failure events, have a smaller size for the hybrid
composite, but the total number of hits will give more information regarding this point.

Another interpretation for acoustic emission data is the relation between micro damage types
and the number of hits. As seen in Figure 2.24, each dot represents a micro cracking event
that formed during testing and each cluster are formed by the gathering of micro damage

formations. Yilmaz et. al. calculated the number of hits with the following formula [99],
—~ i=N
A = ¥ Hij/N (2.9)

H; :the cumulative hit number of jth specimen for all arrangements

t: micro damage types such as tr: transverse cracking, dl: interface failure and fr:
fiber rupture,

s: arrangement type

N: number of specimens,

Total number of specimens for each arrangement are 3.

The number of total hit number for each arrangement as follows:

75CFRP/INT+MTX iy 75CFRP/INT 75CFRP/MTX
AR > R|Neat > GEFRP/INT o QCFRP]

. For convenience, the mode-I
fracture toughness energy test results (Table 2.2) are provided below. Considering Gic values
of the systems, the total hit number (damage events) will the highest for the lowest Gc values.
These results of acoustic emission are consistent with the mechanical test results.

As seen in Figure 2.25, the number of hits, in other words, number of all types of damage
events for both CFRP/INT and CFRP/MTX specimens are significantly less than the neat
specimen. While the matrix cracking events (shown in dark blue) dropped sharply in
CFRP/MTX samples, number of hits of the interface failure notably decreased for the case
of CFRP/INT samples, due to the interface modification. As mentioned previously, the
TEGO sheets that were electrosprayed on the surface of the carbon fibers increased the
bonding between fiber and matrix, enabling fiber bridging under mode I fracture toughness

tests, which indicates resistance to the formation and propagation of the delamination.
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Figure 2.25 The average number of hits for mode | fracture toughness test with

three micro damage types for each arrangement.

On the other hand, in CFRP/MTX specimen, number of hits representing transverse
cracking decreased because of the matrix modification. Dispersed TEGO sheets in matrix
acts as crack arresting point and at the same time it creates new paths for load transfer within
the composite structure. Comparing the fiber rupture failure type, nano-modified samples
have again a smaller number of hits over the neat material.

Since the damage event clusters in the scattered plots for the hybrid composite (Figure
2.24 d) remained close to the neat specimen (Figure 2.24 a), comparing the number of hits
for these two samples (Figure 2.25) will provide valuable numerical information. It was seen
that the number of hits for the 3 clusters in the CFRP/INT+MTX sample are more than the
neat specimen. Referring to Table 2.2, there wasn’t any notable improvement in fracture
toughness energy values of the CFRP/INT+MTX system, which was related to the
agglomeration of TEGO in the microstructure, causing stress concentration areas and

changing the flow regime of the resin during impregnation.

The scatter plots for all composite arrangements during the tensile tests are presented in
Figure 2.26, and the number of hits for the three types of damage events in Figure 2.27
respectively. In Figure 2.26, the first cluster which represents the matrix cracking varies

between 100 - 250 kHz, second cluster representing the interface failure varies between 300
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Partial Power 2

Partial Power 2

- 400 kHz, and the last cluster varies between 400 - 500 kHz which represents the fiber
rupture. The ranges of weighted peak frequencies for different types of damage events are
higher than those of the mode-I fracture toughness energy tests, as the tensile test does not
include any pre-crack formation (i.e. PTFE film insertion in the mid-layers) in the specimen,
meaning that the test method has to damage a theoretically undamaged material with a higher

level of load.
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Figure 2.26 Representative scatter plot of partial power 2 vs. weighted peak frequency
of (a) neat (b) CFRP/INT (c) CFRP/MTX and (d) CFRP/INT+MTX for tensile test.
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Comparing the neat sample and interface-modified specimen in Figure 2.26 (a) and (d),
the amount of matrix cracking (shown in red dots) is decreased, and the interface failure
events (dots in dark blue) happened at higher energy levels for the CFRP/INT due to TEGO
integration. The latter enhancement is not observed for the case of matrix modified composite
(CFRP/MTX, Figure 2.26 c) as there is no nano-reinforcement in the fiber-matrix interface,
so the matrix cracking events follow a similar tendency to the neat specimen. Referring to
table 2.4, 7% improvement was obtained in tensile stress at maximum load level in the
CFRP/INT samples, due to the enhancement in the interfacial bonding strength of the
composite material with the TEGO integration. This can be viewed in the third cluster in the
scatter plot of the same sample (Figure 2.26 b) in which the highest energy release is
observed— during fiber rupture as expected. Fiber rupture is well known to occur at the
highest stress values since the matrix consists enough cracks at that point and there happened
enough interface failure to let any load transfer to fibers, and this is followed by global failure.

In CFRP/MTX system, TEGO modification was enhanced the tensile stress 15%
according to reference neat specimen, which also has a similar improvement in the third
cluster. The matrix cracking also decreased slightly in amount over the neat case.

The hybrid composite, which showed no significant improvement in mode | fracture
toughness energy, also gave similar damage scatter to the neat case, only with the interface
damage events happening at lower energy levels (Figure 2.26 d; shown in dark blue dots),
indicating the localized TEGO-rich regions are clustered especially in the fiber-matrix
interface, acting as stress raisers. On the other hand, a slight enhancement in the third cluster
(fiber rupture) can be seen for the CFRP/INT+MTX sample, in comparison to the neat
specimen, meaning that the tensile loading allows for the TEGO effect to arise in the
microstructure in spite of agglomerations opposite to the mode-I fracture toughness energy

tests.
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Figure 2.27 The average number of hits for tensile test with three micro

damage types for each arrangement.

Figure 2.27 provides the total hit numbers for each type of damage event in all four
composite arrangements. The number of total hit number for each arrangement is as

follows:

iy 77NCFRP/INT 77CFRP/INT+MTX 77CFRP/MTX
ANEAT > FYCFRPINT o gEFRR/ > AR

In the figure, the decrease in the hit numbers representing the transverse cracking (in dark
blue) can be seen in the CFRP/MTX system due to the TEGO modification as it dispersed in
the matrix. The matrix cracking amount is the most serious in the neat sample, followed by
CFRP/INT where no nano-integration in the matrix exists, thirdly in the hybrid sample, and
in CFRP/MTX the least. These slight differences are the most visible with number of hits
graphics rather than the scatter plots.

The hits indicating the interface failure gradually decreases with the TEGO integration in the
systems, with matrix-modified sample slightly less than the interface-modified composite,
both of which are less than the neat level. The decrease in the number of hits for CFRP/INT
specimen can be related with the interface modification in composite structure. Here the
higher decrease would be expected for the CFRP/INT specimen, however the TEGO

dispersed matrix exhibits a more dominant improvement. The same phenomenon is visible
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for the cases of hybrid sample and the matrix-modified sample, as the number of hits
regarding the fiber ruptures are lower for CFRP/MTX.

Moreover, the slight difference between the number of hits of CFRP/MTX and
CFRP/INT+MTX system proves that the matrix properties dominates the failure mechanism
with respect to the interface properties under tensile loading.

Mechanical test results indicated that the Poisson’s ratio of CFRP/INT and
CFRP/INT+MTX systems were increased due to interface modification of TEGO. It proves
that the interphase modified composite materials are more ductile with respect to the neat and
CFRP/MTX systems. In tensile test, matrix is the main load distributor across the fibers.
When matrix contains any micro-damages or agglomerations; during tensile testing, the axial
load won’t be uniformly distributed in the transverse direction which led the transverse crack
formations. However, in CFRP/INT+MTX system the formation of the transverse cracks are
prevented by the strong interaction between graphene sheets and carbon fibers. Strongly
bonded graphene sheets on the fibers act as a crack bridge and resist the formation of the
transverse cracks that occurred in 90° oriented mid plies. Therefore, the transverse strain will
directly reduce, consequently, Poisson’s ratio increased in both systems which TEGO sheets

used as an interface modifier.

To sum up, acoustic emission results validate the mechanical test results by clarifying the
types and order of failure in terms of energy levels and number of hits indicating the damage
events that occurred in the composites under mode-I fracture toughness energy and tensile

tests.

2.4.2.3 Compression Test

Compression test is a method to measure the compressive strength and stiffness of the
CFRP by using combined compression loadings. It was aimed to investigate the effect of
TEGO reinforcement on the compressive properties of the composites. For this purpose, all
specimens are prepared and tested in accordance with ASTM D6641/ D6641M standards.
The specimens were cut into the dimensions of 140 mm (length) x 12 mm (width) x 1.2 mm
(thickness) (Figure 2.28). The gage length was chosen to be 12.7 mm to avoid Euler buckling.

For the compression test, composite tabs composed of 6 layers of *45° oriented
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unidirectional carbon fiber prepregs with the dimensions of 50 mm x 25mm x 1.8 mm with
were glued on the specimens with Huntsman, Araldite® 2011 adhesive. Axial strain gage
from Micro-Measurements Company was mounted at the center of the specimen to measure
axial strain. Specimens were axially loaded under compression using the INSTRON 5982
100 kN UTM system.

CFRP Tab Axial Strain Gage

Figure 2.28 Schematic for the compression test specimen.

For carbon fiber reinforced polymers subjected to compressive loading, failure generally
starts with micro buckling. Rosen et al claims that there are two types of micro buckling: in-
phase micro buckling for higher fiber volume fractions and out-of-phase micro buckling for
lower fiber volume fractions [53]. In-phase micro buckling causes kink-band formation as
the load increases (Figure 2.29).

F

/A

(@) (b)

Figure 2.29 Schematic representation of (a) in-phase buckling, and (b) kink- band
formation under axial compressive loading.
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Figure 2.31 presents the stress-strain curves for the four different composite systems.
Here the chord modulus of the tested specimens are calculated as the slopes of the stress-
strain curves between 0.1 -0.3% wue ranges. It can be stated that the chord moduli of the
CFRP/INT and CFRP/INT- MTX arrangements were improved by 17% and 21%,
respectively. Furthermore, there was an 8% enhancement observed in the CRRP/MTX
system. These results imply that the interphase modification dominates the mechanical
behavior of the composites under compression. However, there was a sudden drop, 11%
decrease in the maximum compressive stress level achieved in CFRP/INT (Figure 2.30). The
reason behind this decrease in stress values might be the formation of holes [54, 55] and local

fiber misalignments [56].

As mentioned in the previous sections, in CFRP/INT and CFRP/INT+MTX systems,
unexpected hole formations were observed on the damaged plies after testing. These holes
were formed only in two arrangements which include the electrospraying of the fibers with

TEGO (Figure 2.31). This phenomena was explained in detail Section 2.4.2.1.
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Figure 2.30 Stress - strain curves of the axial compression test of the four different
composite arrangements.
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Figure 2.31 Optical microscope view of the hole formations and fiber
misalignment in CFRP/INT from the axial compression test specimen.

Another reason for the decrease in compression strength values for the CFRP/INT system
is the delamination observed as an interfacial failure mechanism. Generally, delamination

was observed at the edges of two layers, due to the high peel stress levels [57] (Figure 2.32).

Figure 2.32 Optical microscope image of the CFRP/INT specimen cross section.

The damage mechanisms occurring during the axial compression test can be stated as
follows: the damage starts with fiber micro buckling and it causes kink band formation in
those regions, it is then followed by delamination. The optical microscopy images of the
specimens belonging to CRRP/MTX system proved that in-phase micro buckling occurred
during testing and consequently the kink- band formation was observed, as shown in Figure
2.33. When the load was released, the micro buckling disappeared slowly from the structures,
or turned into kink band formations.
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Figure 2.33 (a) Delamination growth and fiber kink formation in CFRP/MTX (b)
detailed view of fiber kink formation.

Additionally, Greenhalgh et al. claimed that the delamination movement becomes
vital especially through different interfaces [58]. In their study, they reported that the
propagation speed is directly proportional with size of the damage area. Fast delamination
growth causes large delamination areas when the fiber orientation and the delamination
driving force are in the same direction. The stacking sequence of the composite in this study
is 0°/90°/90°/0°, whereas the direction of loading is the same with the fiber orientation of the
outer ply (0°). Delamination growth was observed in the 90° plies, which were the mid-plies
of the composite. According to Leopold et al [59], delamination propagation happens in plies

that are transverse to the loading direction, which is also observed in this study.

Figure 2.34 Optical microscope image of cross section view of CFRP/MTX damaged
specimen, arrows indicating the path of advancing crack.
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From Figure 2.28 the crack path is obviously seen. The shape of the crack path shows
that there was a matrix failure at the mid-plies which were oriented in 90°, as those fibers
were not in the same direction with the loading of the specimen. Therefore, the matrix directly
failed in those two plies and the crack continued its propagation along 0° fibers lying along

the loading direction.

To sum up, kink band formation in fibers and consequently the delamination were the
main failure types observed in the damaged specimens after conducting the axial
compression tests. The decrease in stress-strain values in all TEGO-integrated arrangements
showed that the hole formation might be the one of the critical factor that changes the course
of the test.

2.4.2.4 Flexural Properties - 3 Point Bending Test

Flexural properties play a crucial role in the understanding matrix-fiber interactions, in
addition to the mechanical properties of the composite materials. According to ASTM D790-
3 test standard, the specimen dimensions should be 50.8 mm(length) x 12.7 mm(width) x 1.2
mm (thickness) to perform the testing for composites with thickness values less than 1.6 mm.
Three specimens from each arrangement were tested in this setup. The load was applied by
INSTRON 5982 5 kN UTM to each group of specimens to examine their flexural properties
(Figure 2.34).

Figure 2.35 Three-point bending test.

50



Flexural modulus represents the trend of the material towards bending, and the flexural
strength indicates the material’s resistance to the fracture while subjected to bending loads.
The results of the 3-point bending tests conducted for all types of arrangements are provided
in Table 2.7.

Table 2.7 Flexural properties of the test specimens.

Flexural | Flexural Flexural | Flexural
Strength | Strength Modulus | Modulus
(MPa) improvement | (MPa) improvement
(%) (%)
NEAT 546 14400
CFRP/INT 585 7 19075 32
CFRP/MTX 702 28 18475 28
CFRP/INT+MTX 564 3 18255 26

Examining the results, compared to the neat composite, there is a 7% and 32% increase
in flexural strength and flexural modulus of CFRP/INT specimens respectively. Zanjani et
al. also suggested that TEGO as an interface modifier enhances the interfacial bonding
between the matrix and fibers; consequently, the load distribution becomes more efficient
[44]. With the integration of TEGO on the surface of the reinforcing carbon fibers, the surface
area of these fibers increase significantly, thereby the contact surfaces between the fibers and

the matrix material are increased.

In the CFRP/MTX system, there is a distinguishable improvement in flexural strength
compared to the neat composite. As seen in Figure 2.36, fracture occurred at higher stress-
strain values for this arrangement among the other samples. It proves that the composite with
TEGO-integrated matrix withstands higher loads. However, TEGO that is dispersed in high
amounts in the matrix creates entanglements, which lower the mobility of the chain segments

of the matrix [60- 67]. Additionally, mechanical interlocking originating from the increase
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in the surface area is directly related to the mechanical enhancement observed in these

specific type of samples [68, 69-72].
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Figure 2.36 Representative flexural stress - strain graph.

For the CFRP/INT+ MTX, there is a 26 % increase in the flexural modulus, which is
close to the moduli of CFRP/INT and CFRP/MTX arrangements. Figure 2.36 shows that,
nearly 18% improvement occurred in the flexural stress of CFRP/INT+MT X specimen with
respect to the reference neat material. However, it can be stated that the crack formation in

the hybrid sample started at lower strain values than the neat composite.

In addition to the flexural tests, the fractographic analysis of the three - point bending
specimens were conducted to comprehensively investigate the failure mechanisms and these
inspections were made with Nikon Eclipse LV 100ND optical microscope. After conducting
three-point bending tests, to keep the specimen at the same damage state, a special apparatus

was used to imitate the same bending load (Figure 2.37).
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Figure 2.37 Apparatus with the mounted specimen used to imitate the loading of
3-point bending test.

Following, the specimen held within the apparatus was immersed into the Biresin®
CR120 epoxy and Biresin® CH 120-6 hardener system, which was cured at the room
temperature. The resin material around the damaged region was trimmed to focus on the
failure area. The surface of the mounted specimen was ground with 120, 360, 500 and 1000
grit sand papers respectively, with the Struers grinding machine. The aim of grinding with
different grit number sandpapers was to obtain smooth surface finish on the specimen, as it
is well known that the quality of the surface plays an important role while inspecting the

specimen with optical microscope.
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Figure 2.38 Optical microscope images of the damaged (a) CFRP/INT, (b)
CFRP/MTX specimens.

As shown in Figure 2.38 (a), shear-driven fiber breakage and interlaminar fracture
(delamination) were the leading mechanisms of failure for CFRP/INT specimen subjected to
three-point bending. Delamination is the common failure type among the composite
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structure, triggering crack propagation; however, it dominates the failure especially under
bending and compressive loads. For the CFRP/INT specimen, TEGO reinforcement only
exists at the interface of the composite structure causing an increase in the flexural modulus
value, however not as significant as in the CFRP/MTX case. It is worth restating here that
the matrix nano-strengthening played an important role in the homogeneous dissipation of

the fracture energy.

Examining Figure 2.38 (b), for the CFRP/MTX arrangement has the highest mechanical
improvements with TEGO in its flexural properties as observed in the tensile, compressive
and mode | fracture toughness energy tests. In these specimens, the shear-driven fiber
breakage region remained very small, and the rest of the sample did not contain any
substantial amount of delamination unlike the CFRP/INT and CFRP/INT+MTX specimens.

Shear driven fiber
breakag

.

(®)

Delamination

Figure 2.39 Optical microscope image of the (a) CFRP/INT+MTX (b) Neat
specimens.
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The CFRP/INT+MTX specimen exhibits more than one shear-driven fiber breakage
locations, which apparently caused a decrease in flexural strength compared to the other
arrangements (Figure 2.39). Neat specimen exhibits the same failure types, including mainly
delamination. This is the reason that the flexural strength values of both neat and
CFRP/INT+MTX were nearly in the same trend. However, having interfacial nano
reinforcement material in CFRP/INT+MTX, the flexural modulus still exceeded the value of

the neat specimen.

To conclude the chapter, the comparison of percentage improvement of each mechanical
test results are shown in figure 2.40. As seen in radar graph, the mechanical properties of
each three modified system enhanced with respect to the reference neat system. The highest
increases in flexural stress (FS), fracture toughness energy (FTE) and tensile stress (TS)
were observed in CFRP/MTX system. Moreover, interface modified system followed the
second highest trend in FTE, FS and FM values. The CFRP/INT+MTX system showed the

highest improvement in compressive modulus (CM).

—a— NEAT
—e— CFRP/INT

—a— CFRP/MTX
—v— CFRP/INT+MTX

FS TS

FM CM

Figure 2.40 The percentage improvement of mechanical properties of each system.
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Chapter 3

Design of Multiple-Nozzle Electrospraying Unit
3.1 Introduction

Studies in recent years have indicated that there are several methods for nano- and micro-
scale deposition methods such as ink jetting [74], electrospraying, plasma spraying and
photolithography [75]. Lord Rayleigh stated the logic behind the electrospraying method for
the first time in 1882 [76], then the idea was improved by Zeleny [77] and Sir Taylor [78] in
1917 and 1964, respectively. Electrospraying is one of the accessible, low cost and user-
friendly method that is currently in use in many fields such as biomedicine [79], nano-
material integration, micro manufacturing [80] and sensors technology [81]. Electrospraying
is a method that uses depositing solution-based nano or micro particles on the target surface.
High voltage source is employed to atomize the solution to enable spraying in micro and
nano-scales. To obtain fine droplets, liquid is forced to move through an electric field at high
electrical potential environment [82].When the droplet is within the range of the electric field,
Coulomb forces are formed on the droplet due to the electric charge. Moreover, Coulomb
forces cope with the cohesive forces within the droplet. When the Coulomb force exceeds
the cohesive force, the droplet is immediately atomized in to a micro or nano-scale depending
on the applied parameters [83]. To maintain the size of the droplets within a constant range,
both flow rate and the voltage level are optimized. Moreover, the size and the direction of
the droplets can be controlled with the electric field by administering their charge
characteristics. The dripping of the droplet from the nozzle is calculated by the Rayleigh limit
equation [82].

L, = q(64m%eyR?) (3.1)

q = 8my/ &y YR3 (3.2)
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Lr: Rayleigh limit

q: the surface charge of the droplet

&: the permittivity of the surrounding medium
y: the surface tension of the liquid

R: the radius of the droplet

Monodisperse atomized droplets are generated by using the appropriate parameters in
these two equations. The distance between the electrically conductive metal nozzle and the
targeted fiber surface plays an important role in the deposition area due to the instable
movement of the charged particles [84]. When the nozzle and the targeted material are
positioned very close to each other, a stable jet is observed. Achieving such remarkable
enhancements in the small-scale integration of TEGO in composite specimens created a
turning point to design and manufacture a large-scale fully autotomized electrospraying

system with multiple nozzles for the future industrial applications.

3.2 Experimental
3.2.1 Equipments

Poysan Makina B100150 CNC Router, New Era NE -300 Just Infusion® one channel and
NE-1600 programmable six channel syringe pump, 6 units of Festo Y- fittings were the main
components of first design of the electrospraying system. 1 unit of 500x250x15 mm and 2
units of 250x230x20 mm pre-ground aluminum plates; with 70 x 60x 110 mm PTFE Teflon
were processed in Sabanci University Production Research Laboratory to manufacture the
pump stand and needle holders. For the second design Kestamid® and fiber plates were used
due to their non-conductive properties for providing safety during usage. 45 x 90 Aluminum
sigma profile, Hamilton Injections N718 NDL 6/PK (18/2"/3) and three zones Brisk Heat®
Silicone Rubber heating Blanket (SR style) of size 125 cm x 176 cm with three built-in “J”
style thermocouples and 240 VAC, 15 amps per zone, operating range 32-1400°F (0-760°C)
MPC223NRN three zone thermocouple PID controllers were used. Heat blankets were
placed between 125 x 126 x 8 mm tempered glass plates. 1250 x 1790 mm sized Aluminum

plate was used for the grounding of the electrospray unit.
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3.2.2 Working Principle of the Electrospraying Unit

In the electrospraying process, to maintain a fine layer of deposition on the surface, the
dispersion to be sprayed should be sonicated well just before the spraying process. Firstly,
syringes are loaded with the solution and parameters such as flow rate and the diameter of
the syringe are set digitally in the pump system. Hamilton metal needles are fixed at the tip
of the syringes. The height of the pump from the surface is changed between 15 to 20 cm
with respect to the applied high voltage, considering the applied voltage level is directly
proportional with the distance between the ground and the spraying needle. In this case,
applied voltage is usually preferred between 15 to 20 kV. Applied voltage, flow rate, needle
diameter, the distance between the ground and the needle basically influence the particle size
and distribution [83].

3.2.3 Design of the Multiple Nozzle Electrospray Unit

The multiple nozzle electrospraying unit was designed for adopting the same process that
was briefly explained in the previous chapter to the pilot scale production. As seen in Figure
3.1, the design of the unit was primarily completed in SolidWorks. Within the scope of the
2+2 TUBITAK project (nr. B100150), CNC Router's milling spindle was removed from the
router head and a single channel of three New Era NE -300 Just Infusion® pumps were placed

on the designed stand.

Figure 3.1 The design of Multiple-nozzle electrospray unit in SolidWorks
software.
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Figure 3.2 The pump stand.

As shown in the Figure 3.2, three NE-300 single-channel pumps were located on top of
an aluminum plate side by side to minimize the surface area and so the weight of the
aluminum plate. Feder’s were used for supporting the plate against possible bending forces.
45 cm x 90 cm sized Aluminum sigma profile was used as the rail structure to hang the
custom-designed Teflon apparatus shown in Figure 3.3, to be used for attaching the metal
needles. Due to non-conductive characteristic of Teflon, metal pins are embedded in the
designed apparatus. Each pump includes one syringe, and in total three syringes separated
into six needles by a tubing system. The division of the tubing system was fitted with
polypropylene T- joints. However, leakage was observed due to the non-matching
dimensions of both T- joints and tubing system. Then, Festo Y- fittings were replaced with a
lock system to prevent leakage during spraying process. To evaporate the DMF/nano-
material solution, Brisk Heat® Silicone Rubber heating blankets were located in between
tempered glass plates on the base surface of the unit.

In spite of many trials, a stable spraying profile could not be obtained in the piping
system, since aspirator pumping occurred in one of the pipes and disturbed the flow regime.

For this reason, no synchronized sprays could be performed through all six needles.
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Figure 3.3 Completed assembly of the pump stand.

Another problem was the high voltage that jumped over the metal pump stand into the
chassis of the router (as the circuit was grounded), which was a safety issue and a damaging
event for the electrical and metallic components. After this event, the drivers and the Ethernet
card of the CNC Router became out of order and had to be renewed. For this reason, the
grounding in the system was disabled and other solutions were sought. Eventually, the pump
stand was re-designed and manufactured with non-conductive material Kestamid®. The parts
that are in contact with the metal chassis were isolated by a special kind of wood-fiber
material (Figure 3.4). The orange colored part seen in the design and the sides of the router

are covered with rubber to prevent any electrical contact (Figure 2.5).

Figure 3.4 New design for six-channel pump stand from Kestamid and fiber material in
SolidWorks.
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The pump model was modified to solve the flow problem of the DMF/TEGO solution that
encountered in the previous attempts of electrospraying. Instead of separating three pumps
into six needles, the design was updated so that a direct connection can be established from
the six channel New Era-1600 pump to needles (Figure 3.5). However, during spraying, it
was noticed that the TEGO agglomerated in the tubes and only DMF was sprayed. Parameters
such as the spray flow, voltage and the distance between the pump and the metal surface were

optimized accordingly to fix this problem.

T

Figure 3.5 New design for six channel pump stand from
Kestamid and fiber material.

During the six-channel pump electrospraying trials, a sudden potential drop in the
electric field was observed before DMF and TEGO solution reached the metal needle tip.
Although high voltage was applied at the tips of the needles which were located on the Teflon
component, the flow started from the tip of the syringe and followed the polypropylene tubes
until it reaches to the metal needles. Therefore, deformed TEGO nano-particles began to form
clusters and remained in polypropylene tubing system, while only DMF was sprayed onto
the surface. The accumulated TEGO clusters can only be sprayed onto the surface abruptly
and randomly whenever they could be able to exit the tubes. In order to eliminate this
problem, the polypropylene pipes with interconnection elements were all removed and the
desired sprinkling profile was obtained by connecting the high voltage crocodile directly on

the middle height of the metal needles. However, inserting six needles into the pump while
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applying high voltage created a new problem. As shown in Figure 3.6, the magnetic field of
each needle effected each another due to the short distance between the needles. Specifically,
the position of the crocodiles on the needles that transmit high voltage plays an important

role in the spraying profile.

Figure 3.6 Electrospray profiles with six needles.

The solution for this problem was inserting only three needles instead of six needles by
leaving a specific distance between them (Figure 3.8). After many trial and errors, the
minimum distance between the needles were specified equal in number to the voltage value
that applied. For instance, when 15 kV applied to the metal needles, the distance between the
ground and horiziontal distance to other needles should be 15 mm. With the three-needle
arrangement, the desired result was obtained. The router motion was specified by setting 10

mm distance movement along the y-axis to obtain the profile that shown in Figure 3.7.

Y

Figure 3.7 Homogeneous spraying profile.
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Voltage Source

Figure 3.9 Automated electrospraying unit with the computer system and heat
blanket controllers.
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Figure 3.9 shows the complete system of the electrospraying unit, currently in use at the
composite technologies center of excellence. The unit is controlled by a computer, in which
a modified software can be used for changing the spraying parameters, the position of the
injection head, etc. The movement of the electrospraying head is provided by G code. G code
is adjustable for the size of the fabric that is to be coated. To prevent any damage on the
injecting head due to hitting the surrounding panels the position of the head should be reset
in the software before any spraying attempt. The code can be written, or existing codes can
be edited by the user, and uploaded to the computer for the software to read it and execute
accordingly.

The execution (so the spraying) can be paused to refill the injectors with the
TEGO/DMF (or other chemical mixture of nano particles and a suitable solvent), so the unit
does not start spraying from the beginning when the injectors are refilled and mounted on the
spraying head.

The panels surrounding the unit are connected to a control unit, so that the voltage is
turned off for safety whenever any panel is opened by the operator. Additionally, the current
level should be watched closely during the spraying operation and the unit should be stopped

in case of a high current value is shown on the voltage unit’s screen.

To conclude, the new electrospraying system provides spraying facilities for large
amount of fibers in a quicker way. As a future work, a drum will be integrated into the
electrospraying system, to enable spraying whole roll of fibers with maximum 1250 mm
width, so that this facility will directly integrate into the production line. The electrospraying
unit will be a milestone for leading the composite industry towards nano material coating.
Time efficiency, low cost, flexibility in using provide the principal advantages of the

electrospraying system compared to the lab scale ones.
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Chapter 4

Repair of Carbon Fiber Monolithic Plates

4.1 Introduction

Repairing of the damaged components is one of the crucial steps to extend the life cycle
of advanced composite materials that are used in the aircraft structures and wind turbine
blades. Compared to metal components, fiber reinforced polymer composites are very
lightweight, have high stiffness, strength and especially corrosion resistance [85, 86], making
them ideal candidates for the mentioned fields of applications. However, one of the main
disadvantages of composites is their high costs of production with respect to the metal
structures. The replacement of damaged composite structures in aerospace applications with
the new ones is not economical, as the constituent materials and their processing techniques
are expensive. Therefore, for the sake of reducing the cost, repair methods were developed
as an alternative to replacement of damaged composites. To maintain the high strength and
aerodynamic properties of the component after the repair process, bonded repair is usually
preferred. This method mainly consists of removal of the damaged region by special
techniques and adhering a correspondingly cut and shaped new material which has the same
constituents and properties into the damaged site. The most common repairing methods for
composite structures can be listed as stepped and tapered sanding, both of which are branches
of the bonded scarf repairs [87]. Scarf angles, type of patches and adhesives are the critical

parameters that affect the final quality of the repaired structure [88].

In this chapter, repairing procedures for monolithic composite plates are investigated.
The repair procedures were planned in accordance with the Turkish Technic’s (in connection
with Turkish Airlines) repairing guidance. The aim of the present work was to examine the
mechanical properties of the structures that were repaired by nano-material integrated
patches. Moreover, the difference in the mechanical properties of the resulting composites

repaired by stepped and tapered sanding methods was investigated. All procedures from the
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production stage of the composite plates to the repair process are covered in this section.
Each step for the repair methods are discussed. Shear tests of the repaired plates were

successfully completed, and satisfactory results were obtained.
4.2 Experimental
4.2.1 Materials

Similar to the small-scale integration of nano-material in the different phases of
composites (previous section), the same nano material, thermally exfoliated graphene oxide
(TEGO) Grade-2, N, N dimethyl formamide (DMF, Sigma Aldrich, 99%) was used to
prepare the TEGO solution for electrospraying on the fibers and integration into the resin
system. BMS9-8 3K-70-PW, 7 mil plain weave carbon fiber prepreg was purchased from
KordSA for the composite plate production. The fiber density of the prepreg is 1800 kg/m?.
MY 721-epoxy resin, B (hardener) and C (accelerator) was used as epoxy system. Due to the
commercial confidentiality, hardener and accelerator were named as B and C, respectively.
3M Scotch-Weld™ AF 163-2 Structural Adhesive Film was used during repair process.
Methyl Ethyl Ketone (MEK) was used to clean the tapered surface during repairing.

4.2.2 Characterization

Mechanical tests were conducted with INSTRON 5982 100 kN Universal Test Machine
(UTM) using a cross-head speed of 1 mm/min and 2 mm/min for shear tests, respectively.
All mechanical tests were performed in accordance with the ASTM standards. The axial and
transverse strain data were measured by Micro Measurements C2A-06-250LT-350, C2A-06-
062LV-350, biaxial and shear strain gages, respectively. Additionally, the fracture surfaces
of the damaged plates were examined with Nikon Eclipse LV 100ND optical microscope

after the mechanical tests.
4.2.3 Preparation of Graphene Integrated Epoxy Resin

Regarding the integration of the nanoparticles to the system, thermally exfoliated
graphene oxide (TEGO) of 0.05% by weight was added to the epoxy resin to improve the
mechanical properties. First, MY 721-epoxy resin, B (hardener) and C (accelerator) were
prepared by 100/16/5 ratio, and were mixed at 1000 rpm for two minutes using a Thinky
ARV -310 planetary vacuum mixer to obtain reference or neat epoxy samples. Detailed
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chemical information on the content of hardener B and accelerator C materials could not be
exposed here, as they are commercially confidential. The test specimens are prepared by
pouring MY721-B-C mixture into an Aluminum mold (Figure 4.1) and then cured in the Pol-
eko Aparatura oven. Cure cycle includes keeping the molds in the oven for 2 hours at 100 °
C, then 2 hours at 150 ° C and finally 2 hours at 220 °C. Test samples were demolded after

slowly cooling them to the room temperature in the oven (Figure 4.2).

o _——
.

Figure 4.1 Aluminum molds used in the production of test specimens.

For the preparation of TEGO-reinforced epoxy samples, TEGO is added into MY-721
epoxy resin with the amount of 0.05% by weight of MY721-B-C mixture. The TEGO-MY-
721 epoxy resin mixture is processed for 30 minutes utilizing Ross HSM-705 high shear
mixer (HSM) at different speeds to investigate the effect of the speed of rotation on the
dispersion, namely, 5000, 10000 and 12000 rpm. After high speed shear mixing, components
B and C were added to the MY721-TEGO dispersion by 100/16/5 ratio and then mixed with
the Thinky device for 2 minutes at a rate of 1000 rpm. After casting the mixture in the molds,
curing was carried out following the same cure cycle previously introduced. The reference

epoxy and the graphene-reinforced epoxy test specimens are shown in Figure 4.2.

Figure 4.2 The prepared (a) reference and (b) TEGO reinforced tensile test specimens.
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4.2.4 Preparation of Mechanical Test Specimens

The reference epoxy samples were subjected to tensile and three-point bending tests
according to 1SO-527 and ASTM D790 standards, respectively (Figure 4.3). The crosshead
speed was 2 mm / min, and strain values were logged by an Instron uniaxial clip on
extensometer with 50 mm gage length and 25 mm travel distance. Bending tests were carried
out at 1 mm / min cross head speed and specimens prepared at a (L/h) ratio of 16. All tests
were performed at least 5 times by using all the specimens that were produced in laboratory

conditions to verify the results.

Figure 4.3 The reference test samples (a) during tensile test and (b) three point
bending test.
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4.2.5 Mechanical Test Results of TEGO-Integrated Resin

The tensile and flexural mechanical properties measured with the tests were compared
with the reference samples. Figure 4.4 and Figure 4.5 show the stress-strain curves obtained
for the specimens under tensile and flexural loads, respectively. As can be seen, the stress-
strain curves exhibit linear behavior and damage occurs when the maximum damage load

(stress) was reached.

= =
= -4
= =
(N
i 4]
i
s A0 i 20
[¥5] —
&
10 —
—232
21
) : : 020
Strain jmmimmj Strain (mmimm]
(@) (b)
50
™ 5
oL L
= | =
i n
o o
[ = - —_ 1 J
g 20 5 20
. 31 — a1
32 _:E
33 43
1 T T
03] 0.010 2
EStrain (mmimmj} Strain (mmimm
(c) (d)

Figure 4.4 The tensile stress-strain curves (a) reference state, after the stirring of
the tensile test specimens at (b) 5000 rpm, (c) 10000 rpm and (d) 12000 rpm.
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Figure 4.5 The flexural stress-strain curves obtained (a) reference sample, after mixing at
high speed of (b) 5000 rpm, (c) 10000 rpm and (d) 12000 rpm

of high-shear mixing.
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Table 4.1 Tensile and three- point bending test results.

Elastic Tensile Flexural Flexural
Sample Modulus | Strength | Modulus | Strength
(MPa) | (MPa) | (MPa) | (MPa)
Reference MY721BC 3468 40 3430 109
MY721-BC-0.05
Graphene-5000 rpm 3297 22 3290 55
MY721-BC-0.05
Graphene-10000 rpm 3303 39 3420 63
MY721-BC-0.05
Graphene-12000 rpm 3400 33 3340 80

The results obtained from the tensile and three-point bending tests are given in Table 4.1.
Compared to the reference samples, it was observed that the damage occurred earlier in the
graphene reinforced specimens, as can be implied from the lower tensile and flexural
strengths. The elastic modulus and tensile strength values of the reference epoxy material are
evaluated as 3468 MPa and 40.6 MPa, while the reference flexural modulus and strength
values are 3430 MPa and 109.2 MPa, respectively. Comparing the neat sample’s properties
with the nano-reinforced specimens, a decrease in the elastic modulus and tensile strength
values occur with the TEGO-integration. This decrease percentages are 4.9% and 4.7% at
5000 rpm and 10000 rpm of high shear mixing cases. After graphene addition, the flexural
strength values decreased by 49%, 41% and 26% for the mixing rates of 5000, 10000 and
12000 rpm. No significant change in the elastic and flexural moduli is seen for the case of
12000 rpm mixing rate. Tensile strength values exhibit significant drops, except for the
samples which were mixed at 10000 rpm. The main reason for this decrease in mechanical
properties is that graphene was not uniformly distributed in the epoxy and agglomerated
graphene clusters cause stress concentrations in the structure. To solve this problem, studies
in the literature have been reviewed and the method for the uniform dispersion of graphene

in epoxy resin has been developed, as described below.

To ensure homogeneous dispersion of the graphene in epoxy, TEGO was first mixed with
tetrahydrofuran (THF) in the bath sonication for 2 hours. Then the TEGO/THF solution was
dispersed for 1 hour with probe sonication. The TEGO/THF uniform solution was exposed
to bath sonication for 2 more hours by adding MY721 epoxy resin after probe sonication.
The resulting MY721/TEGO/THF solution was kept in the oven at 70 ° C for 48 hours to
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vaporize the THF chemical from the system. The solution was then examined under optical
microscope and homogeneous distribution of the graphene in epoxy was observed (Figure
4.6).

4,1“ ¥

Figure 4.6 Homogeneous distribution of graphene in epoxy.
The %0.05 wt. TEGO integrated resin was used for manufacturing the prepregs on

Hotmelt system in KordSA pilot scale manufacturing line for producing the repair patches.

TEGO-integrated prepregs were also manufactured applying the TEGO integration only
on the reinforcing carbon fibers with the electrospraying unit described in Chapter 3. The dry
fiber preforms as mentioned in the previous chapter were electrosprayed with %0.01 wit.
TEGO. For the nano-integrated patch production, the surface of the woven fiber was coated
with TEGO five times in the electrospray unit, leading to %0.05 wt. TEGO in the fiber
preform. Again, 125 mm x 120 mm TEGO coated woven carbon fiber was covered with neat

resin film for the prepreg manufacturing in KordSA Siltex production line.
4.2.6 Manufacturing of the Carbon Fiber Reinforced Composite Plates

The repair process should be performed with the same material of the main body.
Additionally, fiber orientation should be identical with that of the damaged structure.
Polymer matrix prepregs were produced by using the newly developed TEGO integrated
resin system, neat resin system and TEGO integrated carbon fiber woven fabric with the
properties given in Table 4.2. In this study, the woven carbon fiber was produced by KordSA
to produce an equivalent fabric material as CYTEC 3K-70-PW, TY4, CL2- Graphite prepreg
350 Degree. For later reference, prepregs without any TEGO integration, and with TEGO
integration into the fiber or resin are referred to as “n-prepreg” (i.e. neat), “f-prepreg” (nano-

integrated fiber), and “m-prepreg” (nano-integrated matrix) systems. CFRP plates were
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produced based on the fabrics and orientations used by Turkish Technic in the framework of
Boeing aircraft repair standards. Composite structure was decided as eight plies with prepreg

3K-70-PW CF fabric and the fiber orientation is shown schematically in Figure 4.7.

Table 4.2 Properties of the carbon fiber prepreg and epoxy.

Type IV Nominal resin content 40 percent by weight

Class Woven fabric prepreg

Style — Class 2 | Style 3K-70-PW, Type IV, 3K yarn, 7 mil plain

(BMS9-8) weave, nonporous, 0,0083 inch nominal cured ply
thickness

Fabric Details
Fabric weight | Dry: 197 g/ m?

Type of Yarns

Warp yarn 3K Carbon
Fill yarn 3K Carbon
Fiber 300T

Resin Details | Similar design with 350F Autoclave cure ready
Cycom 984 epoxy adhesive

0°/90°

+45°
+45°
0°/90°

0°/90°
+45°
+45°
0e/90°

Figure 4.7 Stacking sequence of the prepregs.

Prepregs were cut with Zind® G3 L-3200 Cutter into dimensions of 25x25 cm in 0°/90°
and £45° fiber orientations. The surface preparation of the metal plates on which the
composites would be produced was completed with applying two coats of XTEND AMS
Semi- Permanent Mold Sealer and left to dry approximately for 20 minutes between each
coating process. Then, prepregs were laid symmetrically to prevent any possible buckling
following the curing process of the composite plates. Carbon fiber prepregs were stacked on
the metal plate according to the predefined orientation and framed by rubber tapes to avoid

resin overflow during curing (Figure 4.8). Recommended cure cycle for the developed resin
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material is one hour at 135°C, under 7 bar pressure. MSE Press Series-Hot Press was used
for manufacturing of the 25 x25 cm CFRP plates (Figure 4.9). The heat cycle of the hot press
starts with warming up from room temperature to the desired temperature in 10 minutes.
After reaching the desired temperature, prepregs with the metal plates were placed into the
hot press and the pressure was set into 4.5 tons. After curing the thickness of the plate was

1.7 mm.

P =F/A (4.1)

7 bars = 700.000 N/m?
Area = 0,0625 m?
F=43,750 N
F=m.g 4.2)

m= 4,46 tons

Figure 4.8 25 cm x 25 cm CFRC plate.
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Figure 4.9 Hot press.
4.3 Repair of the composite plates

Repair of composites is an important concept in the aerospace, automotive and renewable
energy industries. The repair method generally varies with the type of the damage in the
composite, also depends on the type of composite material itself. There are several types of
damages, such as holes, punctures due to low or high velocity impact of small or mid-sized
objects (rain or birds), delamination, disbonds, core damage, resin damage, damage due to

lightning, fire and thermal loads [88].

Damage detection is the primarily important step for repairing. In metal structures,
damage is visible in the form of dents or dings. However, in composite structures, it is hard
to detect damages with naked eye. Detectability of the visible damage depend on the impact
energy. Damages that occur with high impact energy has stringent results. On the other hand,
invisible damages between plies in general are only detectable with the non-destructive
inspection methods [90]. The damage occurred inside the component might be delamination,

debonding or both of them simultaneously.

The type and the orientation of the fibers, prepregs and the cure cycle of the resin of the
damaged composite part should be defined clearly before starting the repair process. Tapered
and stepped sanding methods are commonly used in aviation industry for repairing
composites to prepare the damaged area for repairing. Tapered sanding is an angled sanding

method that provides a smooth transition between the nondamaged and damaged area in the
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structure, to maintain the uniform load transfer in the bonded repair. On the other hand,
stepped sanding method is an alternative method, which removes the precise area from the
damaged surface with sharp edges which creates stress concentration areas. These two
methods are separated from each other with respect to the damage location and through the

structural repair manual (SRM) documents of the aircraft companies.

The first action for repair generally starts with the surface inspection to determine the
size and type of the damage. If the thickness of the composite part is less than 1.6 mm then
tap test can employed for the damage inspection. For thicker composite parts, ultrasonic
inspection is necessary. The thickness of composite plates were varied between 1.4 — 1.5 mm.
The dimensions of the damaged site are marked on the composite structure to plan the repair
process. With the guidance of Turkish Technic, the damage type is decided as full skin
perforation with 25 mm diameter, meaning that totally eight layers of the composite should
be repaired in our study. The taper ratio defines the overlap angle between plies, is decided
according to the material type, grade of the fibers and the number of damaged plies, and is
verified with the number of damaged plies. The 50:1 taper ratio should be preferred if the
number of damaged plies is 5 or less, whereas 30:1 taper ratio should be used when the
number of damaged plies is 6 or more (Figure 4.10). For this study, the surface preparation
was completed with 30:1 taper ratio. To obtain a smooth gradation between the plies a finish

removal was performed.

Overlap per ply

\ Ply
thickness
~
~
Material Grade Overlap Thickness per
per ply ply
(inches)
30:1 50:1
Taper Taper
Carbon Style 3K-70- | 0.26 0.44 0.0087
Fiber PW

Figure 4.10 Taper ratios.
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The second step is marking the outlines for the sanding process by metal stencils as
shown in Figure 4.11.

Figure 4.11 Metal stencils for marking the outlines for sanding process.

Tapered and stepped sanding methods were applied to the damaged composite plates to
compare the differences in their shear and tensile properties. According to the mechanical
test results of the neat repaired components which will be discussed in the next section in
detail, taper sanding method (Figures 4.12 and 4.13) was selected as a better option for
repairing, so that method was employed in the rest of the components. After completing the
sanding process, the surface area is cleaned with Methyl Ethyl Ketone (MEK) until it

removes all carbon dust from the surface.

I8

- oo

Figure 4.12 Taper sanding method.
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Figure 4.13 Taper sanding method (a) top view (b) cross section views.

On the other hand, ‘water break’ test was performed to the repair-sanded surface to
check if the surface was grease free. In this test, a thin layer of distilled water is applied with
a fabric on the surface as seen in Figure 4.14. If the surface is rough and clean enough, the
distilled water should stay on the surface at least 30 seconds without forming any water drops
or beads. If water drops or beads form in 30 seconds, the sanding process should be repeated.
Performing this test requires extra care as the composite structures can easily absorb fluids
before or during service. It is worth noting that the remaining fluid or water inside the
composite structure after the repair process can cause debonding due to the steam pressure
that is formed during curing. For this reason, the plates were dried with heat blanket at 85 °C
for 12 hours after the water break test.

Figure 4.14 Water break test.
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As seen from Figure 4.15, the repair-ply boundaries were marked by silver pencil to
define the shape of each ply. It is vital to indicate the direction of the drawing and the
orientation of each ply. Because the plies that used for repaired region have no perfect circular
shape. A plastic film (miler) was attached to the repair surface to extract the template of ply
boundaries. Edges of the plate and plastic film were labelled to avoid any confusion in the
stacking sequence.

Figure 4.15 Ply boundaries marked by silver pencil on the damage site of the
composite plate.

In the next step, to prepare a template for ply cutting , the previously drawn ply
boundaries were transferred back onto the parting film. Then, the template was placed on one
side of the neat and TEGO-integrated prepregs. The repair plies and adhesive film were cut
with respect to the cutting ply template (Figure 4.16). 3M Scotch-Weld™ AF 163-2 structural
adhesive film was laid on the repair area and all the cut repair-plies were stacked according
to their orientations and shape of the template. To increase the stiffness of the repaired part
two extra plies were used of the same material and orientation with the outer ply. It was
important to make sure that no parting film were left in the damage site while placing the
repair-plies. Therefore, all parting films should be counted for verification after the process
is completed. Lastly, the damage part was filled with the same prepreg with the help of the
adhesive film.
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(a) (b)
Figure 4.16 (a) Ply boundaries (b) layup of the repair plies.

Three different systems were employed in this part. Neat composite plates were repaired
with neat repair patches (n- prepreg), fiber modified repair patches (f-prepreg) and matrix
modified repair patches (m-prepreg). Before curing the repaired plates, the size of the heat
blankets and all the other equipment’s such as bleeder and breather plies, vacuum probes
were specified. The repaired plates were cured on another large sandwich panel. The
sandwich panel was covered with a vacuum bag, and glass fiber with the bleeder ply were
laid respectively to maintain the air circulation during the cure cycle. Plates were laid over
these layers. Thermocouples were placed above the center of the repaired area and around
the plates. Another bleeder ply was used for covering the plates. Vacuum bag was again laid
on the bleeder ply to protect the heat blankets from any resin leakage. Brisk Heat® Silicone
Rubber heating blanket was used in this process. Whole system was covered with breather
ply and two vacuum probes were placed, completing the vacuum bagging. The curing cycle
was 135 minutes at 130°C. Vacuum bagging was detached when the temperature of the

vacuum system was cooled to the room temperature.
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Figure 4.17 Vacuum bagging steps.

4.4 Mechanical Tests

The first set of specimens includes step and tapered sanding methods to compare the
mechanical performances of these two distinct methods with the unrepaired neat specimens.
Both groups of tapered and stepped sanded specimens were repaired with n-prepregs to

determine the best repair method for the composites.

The unrepaired reference specimens were tested to compare the efficiency of the repairing
procedure (i.e. to specify the targeted level of mechanical performance for the repaired
composites). The second set includes the tapered neat specimens, which were repaired with

both m- and f-prepregs with taper sanding method.
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4.4.1 Shear Test

As a first step, shear tests were conducted to investigate the shear properties of the
repaired composite materials. Shear test is one of the most common mechanical test methods
to define the shear modulus and shear strength of engineering materials. All specimens are
prepared and tested according to the ASTM D5379/D5379M -05 standard. The specimens
were cut from the plates into 76 mm (length) x 20 mm (width) x 1.8 mm (thickness)
dimensions. Two specimens from each group were tested, which were cut from symmetric
locations in the repaired plates. To collect the strain data, shear strain gage C2A-06-062LV-
350 from Micro — Measurement Company was used. Load was applied by INSTRON 5982
100 kN UTM. Five different composite arrangements were tested with shear test method,
namely, (i) the neat composite (reference) samples, neat composite samples repaired with (ii)
tapered sanding and (iii) stepped sanding, and composite samples repaired with (iv) m- and

(v) f-prepregs. Shear test results for these arrangements are presented in Table 4.3.

Strain gage

20 mm

Strain gage

Figure 4.18 Shear test specimen with strain gage attached on its surface.

As seen in Table 4.3, there is a significant difference especially in the shear modulus
values between the tapered sanded and the step sanded neat specimens. The drop in the shear
modulus of the neat specimen repaired with stepped sanding is larger than that of tapered
sanded sample. Shear moduli of both repair methods for the neat specimen are still lower
compared to that of reference sample (13 MPa), however the tapered sanded repair method

provides the closest value, therefore it is desirable for the composite repairing processes. The
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shear strength levels of neat specimen repaired with the tapered sanded and the step sanded
methods are rather close to each other, however tapered sanded neat composite still gives a
better value than the stepped sanded sample. At this point it is useful to examine Figure 4.19,
in which the shear stress distribution in both stepped and tapered sanded neat samples are
shown. In stepped-sanded samples, peak stresses are concentrated on the edges of the stepped
repair region [88]. Here the load distribution is carried by the lap joint. For the specimens
repaired with tapered sanding, the load is carried by the repaired plies through the composite
structure, with a uniform distribution of shear stress through the repair patch. From Table
4.3, there is a 26.8% improvement in shear stress level for the tapered sanding repair method
according to the stepped sanding method. It is worth noting that stress concentration areas do
not bear high loads, rather act as damage initiation sites or weak points in the structure.
Therefore, the specimens repaired with stepped sanding exhibit the lowest shear modulus and

strength values.

Table 4.3 Shear test results.

Shear Max. | Shear Strength | Shear
Modulus(Mpa) | Load | (Mpa) Strain (%)
(N)
Neat (Reference) 13 3212 145 1.05
Neat Tapered 10 3409 119 1.02
Neat Stepped 5 2957 111 2.09
M-Prepreg Tapered 9 5587 128 1.33
F-Prepreg- Tapered 10 5485 129 1.18

(@)
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Figure 4.19 Schematic of the shear stress distributions in (a) stepped sanded repair

site, (b) tapered (scarf) sanded repair site.

Furthermore, in both cases of matrix- and interface-modification, the load carrying
capacity (max. shear load) was significantly increased due to the TEGO integration. TEGO
sheets are known and proven in the previous sections to improve the interfacial bonding of
the fibers and the resin material, and to enhance the load distribution in the composite
structure. Additionally, using external plies during repair processes made the composite
stiffer, which allows the structure to bear more load. Therefore, the load carrying capacity
was increased in both repaired samples.
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Figure 4.20 Representative shear stress -strain graph.
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Practically, a repaired composite structure can never reach its original mechanical
properties before it was damaged. Inspecting the shear stress- strain curves in Figure 4.20,
except the stepped-sanded case (shown as black line) and the neat (unrepaired) one, the
remaining samples are generally lying within the same range of shear stress values for a

specified value of shear strain.

The repaired composite specimens exhibited no true shear failure during the tests. As
shown in Figure 4.21, the overall shape and geometry of the specimens remained the same

after the shear tests. Only the lateral sections were deformed due to the shear loading.

Figure 4.21 Damaged test specimens after completing the shear tests.

The fractographic analyses of the shear test specimens revealed that in lateral sections,
micro-damages (delamination and fiber breakage) were formed and towards the completion
of the tests, micro damages became visible to naked eye on the samples. The detailed optical

microscopy images of fracture surfaces for each specimen are given in Figure 4.22.

Figure 4.22 Optical microscope images of the lateral view of (a) m- prepreg

tapered (b) f- prepreg tapered specimens.
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Delamination governed the failure in both m- prepreg and f- prepreg samples. With shear
loading, fiber buckling was obvious in all the damaged specimens. As the load increases,
fiber buckling gave rise to delamination and delamination continued until the failure of the

specimen.

Figure 4.23 Optical microscope images of lateral view of (a) neat stepped (b) neat
tapered specimens.
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Chapter 5

Conclusions

This study includes three main chapters. The results of each chapter are described in a

nutshell as the following.

5.1 Mechanical enhancements in graphene oxide integrated carbon fiber

reinforced composites

Graphene was used as a matrix and an interface modifier in three different arrangements.
CFRP/INT arrangement had TEGO as an interface modifier, which improved the bonding
between the matrix and carbon fibers. The enhancement of the interface modifier was
observed especially in the results of the three-point bending, mode-I fracture toughness,
tensile and compression tests. CFRP/MTX system had graphene as a matrix modifier which
gave the best results especially in mode-I fracture toughness test with 21.73 % improvement
in the fracture toughness values. The last arrangement in which TEGO was used both as an
interface and a matrix modifier exhibited reduced mechanical properties in some of the tests.
Delamination and fiber breakage were the major failure types that were observed. The
important outcome of this work was the change in load transfer mechanisms due to the TEGO
reinforcement in the composites for each of the mechanical tests. These findings were
supported with the acoustic emission techniques, which helped the damage mechanisms, their

order of occurrence and the energy levels for each damage event to be distinguished clearly.
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5.2 Design of multiple-nozzle electrospray unit

The design and manufacturing of the multiple-nozzle electrospray unit aimed to develop
an automated large-scale system that is adaptable to mass production. As mentioned earlier
in this study, electrospraying is a fast, user friendly and low-cost method for nanomaterial
coating on the dry fiber preforms which are later to become the reinforcing components of
composite materials. The most important parameters in an electrospraying system are the
high voltage and the coating rate, which influence the spraying profile thus, the resulting
microstructure of the composite greatly. All the required safety precautions including sensors
on the cabin panels, ventilating system for the removal of the vaporized chemicals and other
necessary infrastructure have been installed in the unit. The new multiple nozzle

electrospraying unit will lead the nanomaterial integration in mass production.

5.3 Repair of Carbon Fiber Monolithic Plates

Repair is one of the crucial subjects for composite materials due to their non-recycling
characteristic. Proper repairing techniques allow the damaged composite structures to
perform safely and durably during their service lives. To enhance the mechanical properties
of the repaired composite structure, nanomaterial integrated repair patches were used in this
work. First, tapered and stepped sanded specimens were repaired with neat repair patches
and the efficiency of the sanding methods were compared. According to the shear tests, there
was a 48% difference in shear moduli of the tapered- and stepped-sanded specimens. Thus,
tapered sanding was regarded as the best method which exhibited mechanical properties
closest to the unrepaired specimens, and was employed to repair the composite samples for
the rest of the study. Secondly, TEGO integration was employed in two different group of
specimens. First group included the matrix reinforcement by adding TEGO sheets into the
resin system of the composite. The second one was the integration of TEGO in the dry fibers
by using electrospraying method. As expected, the effect of the interface modification was
dominant in the shear tests, surpassing the maximum shear load value of the neat tapered
sanded samples.
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To conclude, nanomaterial-integrated repair patches will potentially bring a novel
perspective to the repair methods of composite materials. The use and effects of TEGO as an
interface and a matrix modifier was successfully examined. The obtained promising results
in using nanomaterial integrated repair patches will lead to new developments in the

application areas of composites, such as aerospace, renewable energy and defense industries.
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