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ABSTRACT  

Various resin systems are enhanced with several types of nano materials, which include 

various formulations of graphene nanosheets and carbon nanotubes.  These nano 

materials are used to enhance the mechanical properties of various resin systems.  The 

nano materials are mixed into the resins through a tip sonication process.  The specific 

concentrations of nano materials and specific mixing parameters have resulted in 

improved strength and fracture toughness of the resin systems.  An increase of fracture 

toughness of 50% has been observed and duplicated with the Epon 828 resin system 

and graphene nanosheets.  A 10% improvement of strength and a 60% improvement of 

strain-to-failure with the Huntsman LY1564 resin system and graphene nanosheets.  The 

specific enhancements are achieved without degrading other material properties.     

These high-performance nanoresins are being developed for implementation in 

renewable energy technologies.  Composite wind turbine and wave generation blades 

are limited in size by current composite technology.  Utilizing these nanoresins will allow 

for lighter, stronger, and tougher blades.  Modern aircraft, such as the Boeing 787, 

utilize composites for a majority of the aircraft’s structure.  The use of enhanced 

nanoresins would provide lighter composite structures, while still retaining the same or 

better performance.  This would provide higher fuel efficiency.
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CHAPTER 1 

 INTRODUCTION 

1.1 Introduction 

Carbon Nanotubes (CNTs) and graphene nanosheets (GNSs) are two nanomaterials which are 

new and not completely understood by the scientific community.  Since these nanomaterials are 

new, there are countless areas of research that need to be conducted so that they can be 

understood and applied to help the modern and future world.  The current research has shown 

that both of these nanomaterials are stronger than anything studied by man to date.  They are 

highly electrically and thermally conductive.  The Hawaii Nanotechnology Lab (HNL) at the 

University of Hawaii at Mānoa is one of a handful of universities conducting groundbreaking 

research involving these nanomaterials.  The HNL has obtained patents [1, 2] and filed [3, 4] for 

several patents, regarding the unique work and discoveries. 

One particular application of these nanomaterials is implementing them in enhancing resin 

systems used in various composite materials.  One of many challenges in this research is that the 

nanomaterials are so small, and require alternative techniques to disperse them well into the 

resins to avoid agglomeration due to the Van der Waal forces.  Many of the process variables 

influence the effectiveness of the enhancements, which include the type of nano-material, 

percentage of nano-material by weight in the resin, duration of sonication, power of sonication, 

temperature of mixture during sonication, atmospheric conditions during sonication, and final 

cure cycle.         

1.2 Nanotechnology 

Nanotechnology started as an idea in the 80’s to build tiny devices and machines atom by atom.  

Since then the idea has grown from near science fiction to a reality in some areas of research.  

Nanotechnology encompasses the use of at least one material which has a dimension less than 

100 nm.   This research involves the use of nanomaterials such as GNS and CNTs, included within 

various resin systems, to create “nanoresins” which will then be used in the future to create 

nano-composites.     
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“Since the building blocks of nanocomposites are at nanoscale, they have an enormous 

surface area and there are a great deal of interfaces between the two intermix phases. 

The special properties of the nano-composite arise from the interaction of its phases at 

the inter-phases. By contrast, in a conventional composite based on micrometer sized 

filler such as carbon fibers, the interfaces between the filler and matrix constitute a 

much smaller surface-to-volume fraction of the bulk materials, and hence influence the 

properties of the host structure to a much smaller extent” [5].    

The interaction of the nanomaterials down at the atomic level strongly influences the 

macroscopic properties of the entire resin system.  Nanomaterials have extremely large surface 

areas, which allow for a significantly large number of interaction sites for the nano-material and 

resin to bond.    

1.3 Nanoresin  

This research continues past works which are described in several patents and patent 

applications [1, 3].  The modified resin is called Nanoresin and encompasses many methods of 

using various nanomaterials to mechanically enhance various types of resin systems.   

1.4 Motivation 

The traditional carbon fiber composite system is composed of a carbon fiber and an epoxy resin.  

The weaker part of the composite is the resin system.  One significant way to improve the 

mechanical properties of the carbon fiber composite is to improve the mechanical properties of 

the resin system.  If a stronger and tougher resin system can be created by the addition of 

various nanomaterials, then a stronger and tougher carbon fiber composite can be created as 

well.   

A stronger and tougher carbon fiber composite would be extremely beneficial to many 

industries.  If the composite is stronger, then less material is needed to produce a component 

with the same strength.  This would result in tangible weight savings.  This, for example, would 

benefit the aviation, marine, and automobile industries, because lighter vehicles would 

consume less fuel.  Wind turbine efficiency increases proportionally with the increase in the 

blade diameter since there are currently limits to the length of the turbine blades due to low 
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strength [6].  Large scale wind turbines are currently pushing the limits of composite technology.  

A stronger and lighter composite system would result in less material needed for the same 

strength or allow increases in the length limits of the blades to harness more power from the 

same wind currents, which in turn would result in larger and more efficient wind turbines.    

More efficient wind turbines would continue to push and evolve renewable energy technology 

for the world.  Utilizing GNSs to enhance resin systems shows signs of being quite cost effective 

to implement.   

“The driving motivation is that larger wind turbines have larger energy output per unit 

rotor area due to increased mean wind velocity with height as well as higher harnessed 

power due to larger blade diameter. What’s more, even though larger wind turbines are 

more expensive to install and operate than smaller ones, the total production cost per 

kilowatt hour of electricity produced has generally decreased with increasing wind 

turbine size” [7] .  

As mentioned earlier, this nano-technology is not limited to the aviation and wind turbine 

industries; in fact, it could positively impact every industry which uses composite materials. 

1.5 Primary Goals of This Research Effort 

The primary goal of this research is to mechanically enhance resin systems with GNSs and CNTs.  

A 50% increase in the fracture toughness of the nanoresin samples is the main target to reach 

without significantly and negatively impacting the other mechanical properties.   

1.6 Organization of Thesis 

Chapter 1 covers the introduction, nanotechnology, and the motivation for this research.  

Chapter 2 discusses the nanomaterials utilized in this research.  Chapter 3 details the 

manufacturing processes for the various samples.  Chapter 4 discusses the invention of the crack 

initiation process used during the SENB fracture toughness testing.  Chapter 5 discusses and 

analyzes the manufacturing processes.  Chapter 6 describes and discusses the mechanical 

enhancements that were achieved.  The final and seventh chapter is the conclusions and future 

work.    
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CHAPTER 2  

MANUFACTURING METHODOLOGY AND MATERIALS SYSTEM 

2.1  Introduction 

Nanomaterials range from 1 to 100 nm.  Traditional mechanical mixing methods using 

laboratory mixers or stirrers cannot disperse nanomaterials.  Sonication is the only viable means 

by which to effectively disperse the nanomaterials into various resin systems.  There are 

numerous parameters that affect the sonication process.  These include time of sonication, 

amplitude of sonication, type (tip or bath) of sonicator, temperature of the host resin being 

sonicated, viscosity of resin, and several others.   

The sonication step can do more than just distribute the nano-material within the resin system.  

Depending on how much energy the tip sonicator introduces into the resin, the nanomaterials 

can be chemically bonded to the resin; which, in theory, will strengthen the resin [8].   

2.2  Materials System 

2.2.1  Epon 828 Epoxy 

Epon 828 is an epoxy manufactured by Hexion [9].  It is an undiluted clear difunctional bishpenol 

A/epichlorohydrin derived liquid epoxy resin.  When partnered with the proper hardener, the 

Epon resin exhibits good mechanical properties.  It can be used for a wide variety of 

applications, including composite pressure vessels, composite laminates, marine coatings, 

aerospace parts, and many others.   

2.2.2  Huntsman LY1564 Epoxy 

Araldite LY 1564 SP is an epoxy resin system manufactured by Huntsman [10].  It has a long pot 

life, just like Epon 828, which makes it ideal for large scale composite manufacturing.  The 

reactivity of the resin can be adjusted by using a combination of different hardeners.   
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2.2.3  Graphene NanoSheets (GNSs) 

Graphene is a two dimensional nano-material composed of carbon atoms and looks like a plane 

of infinitely repeating hexagons.  Graphene is a unique and revolutionary material 

dimensionally, thermally, electrically, and mechanically.  It is the world’s first two dimensional 

material [11].  It is one hundred times more conductive than copper [12].  The near-room 

temperature thermal conductivity of graphene has been measured to be between (4.84±0.44) 

×103 to (5.30±0.48) ×103 Wm−1K−1. These measurements exceed values measured for carbon 

nanotubes or diamond [13].  Within the past few years graphene appears to be one of the 

strongest materials ever tested.  Measurements have shown that graphene has a breaking 

strength one hundred times greater than steel [14].  The strength is attributed to the sp2 

covalent bonds [15], which are stronger than the bonds in diamonds.  All of these incredible 

properties have led to recent and exponential growth in graphene research.     

2.2.4  Carbon Nanotubes (CNTs) 

Carbon Nanotubes (CNTs) use the same carbon atom structure as graphene; however, the 

hexagonal sheet (in the case of GNSs) is wrapped into a cylindrical shape (in the case of CNTs).  

Nanotubes have been grown with length-to-diameter ratios of up to 132,000,000:1 [16].  CNTs 

share many of the exceptional dimensional, thermal, electrical, and mechanical properties 

attributed to graphene sheets.  This is to be expected since CNTs and GNSs are identical in basic 

structure.  CNTs come in several forms, which include single and multi-walled.  Most single 

walled CNTs have a diameter of approximately 1 nm.  CNTs are traditionally grown using a 

chemical vapor deposition (CVD) furnace.  A precursor (such as xylene) mixed with a catalyst 

(such as ferrocene) is injected into the high-temperature furnace and the CNTs grow on the 

provided substrate, such as silicon or quartz.     CNTs are being touted as the strongest material 

known to man for the next one hundred years and rightfully so.  Until the advent of CNTs and 

the subsequent research, science fiction dreams such as a space elevator would not be possible.    

  

http://en.wikipedia.org/wiki/Thermal_conductivity
http://en.wikipedia.org/wiki/Breaking_strength
http://en.wikipedia.org/wiki/Breaking_strength
http://en.wikipedia.org/wiki/Steel
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CHAPTER 3 

 MANUFACTURING PROCESSES 

This chapter explains the manufacturing steps and processes.  An Instron and Bluehill specific 

standard operating procedure can be found in the Appendix on Page 50. 

3.1  Plate Preparation Procedure 

3.1.1 Plate Surface Inspection and Preparation 

3.1.1.1 Alcohol and compressed air is used to clean the glass plates. 

3.1.1.2 If necessary, a hand scraper is used to remove excess residue left over 

from the previous use of the glass mold (see Figure 1).   

 

Figure 1.  One of two glass sheets used to create the sample plate mold. 

3.1.1.3 On the back side of one glass plate, a 25x25cm square is drawn (see 

Figure 1). 

3.1.2 Mold Release Application 

3.1.2.1 Three squirts of Frekote are sprayed onto a lint free cloth and wiped 

onto glass surface of both glass plates. 

3.1.2.2 After 15 minutes another layer of Frekote is applied. 

3.1.2.3  Repeat to achieve a total of 3 layers. 

3.1.3 Sealant Tape Application 

3.1.3.1 Two pieces of 14cm in length and four pieces of 16cm in length high 

temperature sealant tape are cut (see Figure 2).  
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Figure 2.  The image shows the high temperature sealant tape used to contain the resin in the mold. 

3.1.3.2 The 14cm length section is used for the bottom portion of the mold and 

the backing tape is used to press it onto the glass surface for good 

adhesion (see Figure 3). 

 

Figure 3.  Proper technique in applying the mold tape. 

3.1.3.3 The 16cm lengths are used for the left and right side of the mold (see 

Figure 4). 
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Figure 4.  Applying the vertical section of tape. 

3.1.3.4 The corners are tightly sealed to prevent leakage. 

3.1.3.5 Steps 3.1.3.2 – 3.1.3.4 are repeated with the remaining tape to add a 

second layer. 

3.1.4 Vertical Plate Preparation 

3.1.4.1 Six glass spacers of identical thickness are used to properly space the 

two glass mold plates.  

3.1.4.2 Two spacers are placed on the outside of each of the three sections of 

the sealant tape.   

3.1.4.3 The second mold plate was placed on top of the mold plate with the 

sealant tape and spacers. 

3.1.4.4 Three C-clamps are placed on the left and right side of the plate (see 

Figure 5). 

3.1.4.5 The sealant is inspected for good adhesion on both glass surfaces. 
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Figure 5.  Completed mold ready for resin. 

 

3.2  Epon and Jaffemine Resin Mixing, Nano-material dispersion, and 

Casting Procedure 

3.2.1 Set Up Mixing Equipment 

3.2.1.1 The mixing blade is cleaned with alcohol. 

3.2.1.2 A lab jack is placed under the mixer in preparation for the sample can. 

3.2.2 Mixing Part A and Part B (Unmodified/Modified) 

3.2.2.1 The can is charged with 250g of EPON 828. 

3.2.2.2 The can is strapped onto the lab jack under the mixing blade. 

3.2.2.3 The can of Epon 828 is raised on the jack until the mixing blade is 

completely submerged. 

3.2.2.4 The mixer is turned on and the Epon Part A is mixed for 10 minutes. 

3.2.2.5 The original or nano-material modified Part B is obtained and prepared 

to be added to the Part A. 

3.2.2.6 Add 35% by weight of Part B to Part A (For example if using 250g of 

EPON 828, add 87.5g of Jaffemine). 

3.2.2.7 This is mixed for 30 minutes. 
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3.2.3 Degas 

3.2.3.1 The weight of the can and mixture is recorded.  

3.2.3.2 The can is placed in a small vacuum oven and degased at 27 inHg for 1 

hour. 

3.2.3.3 The weight of the can and resin mixture after the degas procedure is 

weighed and recorded. 

3.2.4 Resin Pouring 

3.2.4.1 The corner of a Ziploc bag is cut off and then the bag is placed in 

between the two glass plates. 

3.2.4.2 The resin mixture is then poured into the Ziploc bag, using it as a funnel, 

until the mold is filled. 

3.2.4.3 The mold is then placed in an oven and cured.  

3.3  Epoxy and Nanomaterials Mixing Processes 

The selected CNTs and GNSs are given in Tables 1 and 2, respectively. 

Table 1.  General information about the GNSs used. 

Supplier Class Surface Area [nm
2]

 
GNS Thickness 

[nm] 

GNS Diameter 

[nm] 

C/O ratio 

(SEM/EDS) 

Functional 

Groups 

XG Sciences (XG 700) GO 750 ~ 2 < 2000 81/18 

Carboxyl 
Hydroxyl 
Crabonyl 

Angstrom (N006) GNP 110 ~10-20 < 14,000 100 
No 

 

Table 2.  General information about the CNTs used. 

Supplier Class Length [µm] purity CNT Diameter [nm] 
Functional Groups 

Nano-Lab (COOH) CNT 5-20 >95% 15 
COOH 

Nano-Lab (NH2) CNT 5-20 >95% 15 
NH2 
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3.3.1 Base Polymers 

3.3.1.1 Epoxy Epon 828 / Jaffemine D-230. 

3.3.1.2 Hexion 712-3766 / Luperox DDM-9 catalyst (Cure at 70 C for 2 

hours) 

3.3.2 Epoxy and Nanomaterials Mixing Processes 

Table 3 lists various processes used to mix the GNS and CNT materials with the epoxy resin 

systems.  The processes (1) through (4) listed in Table 3 are explained in the following. 

Table 3.  This table shows the various mixing processes.  The third one (highlighted in green/grey) is the primary 

process (BJ stands for Bor Jang [17] ). 

Process 
Dispersion 

Medium 

Dispersion 

Conditions 

Tip Sonicator 

(1) Ethanol Process Ethanol 2.5 hrs, < 45 C Low amplitude (~20) 

(2) BJ Process - 1 Part B 2.5 hrs, < 45 C Low amplitude (~20) 

(3) BJ Process - 2 Part B 3 hrs, 80-90 C High amplitude (~70) 

(4) Direct Mix Part A 2 hours, 1700RPM Not Required 

 

Process (1): Ethanol was used as the dispersion medium for Nanomaterials. The dispersed 

medium was mixed with Part A using a mixer at 300 rpm for 30 minutes. Ethanol was 

evaporated from Part A under vacuum and heat at 50 C. Part B was mixed with the modified 

Part A mixture using IKA mixer for 30 minutes at 300 rpm. 

 

Process (2) & Process (3): Part B was used as the dispersion medium for Nanomaterials. The 

dispersed Part B mixture was mixed with Part A directly using a mixer at 300 rpm for 30 minutes. 

The Part A and B mix is then degassed using the small vacuum oven at 27inHg for 30 min.  

 

Process (4): Nanomaterials were mixed in Part A directly using a mixer at 1700 rpm for 2 hours. 

Part B is then added and mixed for 30 min at 300 rpm. The contents are degassed for 1 hour at 

27inHg using the small vacuum oven. 



  

 

  

12 

 

3.4  Sample Machining Procedure 

3.4.1 A plastic sacrificial back plate, which is roughly 25cm by 25cm and 0.7cm thick, 

is cut out.  A smooth sacrificial plate is needed so that the tape has a suitable 

surface to adhere to.   

3.4.2 Rows of double sided tape are placed roughly 1cm apart. 

3.4.3 The resin plate is then pressed onto the sacrificial plate. 

3.4.4 This is then strapped onto the CNC router bed (see Figures 6 and 7). 

 

Figure 6.  CNC used to cut samples for testing. 
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Figure 7.  Location of plate on CNC (note this is only the back plastic and does not have a sample plate taped to it). 

3.4.5 The G-code titled “new plate 3.3” is loaded into the CNC software. 

3.4.6 The CNC is properly zeroed (see Figures 8 and 9). 

 

Figure 8.  This figure shows where to zero the X-axis.  Note the distance between the spindle and the strap, 

approximately 5 to 10 mm(see the double arrow). 
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Figure 9.  This figure shows where to zero the Y-axis just inside the bottom of the plate. 

 

3.4.7 For epoxy the spindle controller was set to 250. 

3.4.8 Cut time is roughly 1 hour. 

3.4.9 Once the cutting is finished, samples are carefully removed.  Special care is 

needed when removing the tension samples as to not crack them. 

3.5  SENB Cracking Procedure 

3.5.1 A new razor blade (see Figure 10) is installed into the Hummer-Hammer device 

(explained in Chapter 4).   

 

Figure 10.  Typical razor used to crack SENB samples. 

 

X 

Y 
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3.5.2 The sample is placed in the Hummer-Hammer device vice (see Figure 11). 

 

Figure 11.  Proper placement of new sample in Hummer–Hammer device vice. 

 

3.5.3 The hammer is raised until it hits the stop (normally three to five inches, see 

Figure 12). 

 

Figure 12.  Raise the hammer approximately 3 to 5 inches. 

3.5.4 The hammer is released and it strikes the razor clamp piece (see Figure 13). 
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Figure 13.  This shows typical crack after a single strike. 

 

3.5.5 While the blade is still stuck in the sample, a Sharpie is used to draw a few dots 

at the end of the crack.  The ink soaks into and stains the crack (see Figure 14). 

3.5.6 The sample is stained because sometimes there are several different cracks, and 

it is impossible to distinguish which one is the original crack.  Figure 15 shows 

how critical the staining step is. 

 

 

Figure 14.  This shows how to stain the crack. 
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Figure 15.  This image shows a non-stained sample, left, and a stained sample, right.  Notice how it is nearly 

impossible to distinguish the crack on the left sample. 

 

3.6  SENB Testing Procedure 

3.6.1 Sample testing machine set-up 

3.6.1.1 Power on the testing frame. 

3.6.1.2 Ensure roller pins on upper and lower pins roll freely 

3.6.1.3 The lower supports are opened to 2 inches wide (see Figure 16). 

 

Figure 16.  This shows proper sample placement and separation of lower supports. 

3.6.1.4 The testing software is opened on the adjacent computer. 

3.6.1.5 The load cell is then calibrated.   

2” 
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3.6.1.6 The maximum load for the test is set to 75N. 

3.6.1.7 The test rate is set to 1mmm/min. 

 

3.6.2 Test Procedure  

3.6.2.1 The sample is placed onto the lower supports with the crack directly 

under the nose.  The nose should not be touching the sample (verified 

by observing load displayed within software GUI). 

3.6.2.2 The load cell is balanced. 

3.6.2.3 The test is then started.  

3.6.2.4 The test is stopped once the sample has failed and the load value has 

significantly dropped. 

3.6.2.5 The broken sample is removed and a new sample is loaded per 3.6.2.1. 

3.6.2.6 Steps 3.6.2.1 through 3.6.2.5 are repeated until all samples are tested. 

3.6.2.7 After testing all 10 samples, the data is recorded, including the 

maximum flexure load (PQ), flexure extension at PQ, and energy at PQ 

into the Excel file (see Figure 17). 

 

 

Figure 17.  Screen capture showing typical plots and values. 
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3.6.2.8 Once all ten samples are tested, one side of each sample is kept for 

the compliance testing. 

3.6.2.9 The lower supports are closed completely (see Figure 18). 

 

Figure 18.  Lower support configured for compliance testing. 

3.6.2.10 The End of Test parameter is changed to the maximum load for each 

respective sample (see Figure 19). 

 

Figure 19.  Screen capture showing end of test input. 

3.6.2.11 Either the 1 or 3 side (i.e. the left or right side) of the broken sample is 

placed onto the closed lower supports (see Figure 20). 
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Figure 20.  Proper placement of sample for compliance testing. 

3.6.2.12 After testing all 10 samples, the flexure load (PQ) and energy (UI) at PQ  

are recorded into the Excel file on the MS Excel sheet 

3.6.2.13 The plots from the testing software are copied over to the sample 

Excel sheet. 

3.6.2.14 The testing raw data is copied onto a removable drive for back-up. 

3.6.2.15 The machines are powered off. 

 

3.6.3 Crack Measurement 

3.6.3.1 After the sample has been tested to failure, the initial crack (marked by 

Sharpie ink) is measured at three points (see Figure 21).  

3.6.3.2 The measurements are documented in an Excel test sheet. 
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Figure 21.  Crack measurement. 

3.6.4 Lessons Learned 

3.6.4.1 “Sawing” a crack using a razor blade as indicated on the ASTM standard 

[18] did not generate a sharp crack and provided inaccurate fracture 

toughness, roughly by a factor of 10 or higher. 

3.6.4.2 Because the initial crack must be a sharp crack, it is very difficult to 

determine length if the crack is not somehow marked.  This is the reason 

a Sharpie marker was used to allow the ink to soak into the crack to 

make the edge distinguishable. 

 

3.7 Tension Testing Procedure 

3.7.1 Set Up 

3.7.1.1 The machines are powered on and allowed to warm up for 30 minutes 

(see Figure 22). 

Measurement 1 

Measurement 2 

Measurement 3 
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Figure 22.  Power switch for the tension Instron frame. 

 

3.7.1.2 Pneumatic grips are used during the tension testing because of the ease 

of operation and protection provided to the samples (see Figure 23). 

 

 

Figure 23.  Pneumatic grips used during the tension testing. 
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3.7.1.3 Small pieces of electrical tape are placed onto the extensometer blades 

to prevent razor edges from cutting into the sample (see Figure 24). 

 

 

Figure 24.  Extensometer with electrical tape padding the sharp edges. 

3.7.1.4 The 5000N load cell is calibrated. 

3.7.1.5 The extensometer is also calibrated. 

3.7.1.6 The test rate is set to 5 mm/min [19]. 

3.7.1.7 The Specimen Protect function is activated and the threshold is set to 

0.5N. 

 

3.7.2 Testing 

3.7.2.1 The load cell is balanced. 

3.7.2.2 The specimen is loaded into the top grip, number 1 side at top. 

3.7.2.3 Specimen protect is turned on and the lower grip is closed (see Figure 

25). 
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Figure 25.  The arrows show the switches used to close the grips. 

3.7.2.4  The extensometer is gently attached. 

3.7.2.5 The specimen protect function is allowed to stabilize the load below the 

threshold, i.e. 0.5N. 

3.7.2.6 The load cell is balanced. 

3.7.2.7 The gauge length is reset. 

3.7.2.8 The batch name, sample number and dimensions are entered in the 

“Comment” box (see Figure 26). 

 

Figure 26. Specimen naming and dimensions. 

3.7.2.9 The rate is verified to be 5 mm/min [19]. 

Sample name 

Test Rate 

Dimensions 
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3.7.2.10 Start test. 

3.7.2.11 Once sample breaks, the extensometer is removed, along with the 

broken sample pieces. 

3.7.2.12 The location of sample failure is recorded. 

3.7.2.13 Steps 3.7.2.1 through 3.7.2.12 are repeated for remaining samples. 

3.7.2.14 After testing all samples, the maximum load (PQ), tensile stress at max 

load, tensile strain at max load, tensile strain and break and the 

modulus are recorded on the MS excel sheet. 

3.7.2.15 Both graphs (load/extension and tensile stress/strain1) are copied 

from the software to the MS Excel sheet. 

3.7.2.16 The Instron data is copied onto a removable drive for back-up. 

3.7.2.17 The machine is powered off. 
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CHAPTER 4 

HUMMER-HAMMER DEVICE 

4.1  Introduction  

The SENB test method is used to determine the fracture toughness of a material.  The critical 

piece of the sample is the natural crack.  In the ASTM [18] several crack initiating methods are 

described.  The first, and preferred method, is to tap a razor blade into the sample, thus creating 

a crack.  This method was problematic when conducted on epoxy samples because epoxy tends 

to be brittle.  The tapping method causes the brittle sample to crack all the way through.  The 

ASTM standard states that if the sample is brittle, a razor blade may be sliced through the 

sample to create a crack.  This method was implemented initially in this research.   

4.2 Problem 

There is a problem with the slicing/ sawing method.  The K1C (stress intensity factor) and G1C 

(critical energy release rate) values obtained from samples, which were cut this way, were 

roughly 10 times higher than published values.  However, on several occasions, samples would 

produce values close to the published values.  The cracks on the sliced/sawed samples were 

compared for the two sets of data (i.e., those with values close to the published data and those 

10 times higher) to determine the cause of this discrepancy.  After close inspections, it was 

determined that slicing/sawing method predominantly created blunt cracks (see Figure 27, left) 

leading to fracture toughness values 10 times higher than the published values, rather than a 

natural crack (similar to Figure 27, right) leading to fracture toughness values close to the 

published values.   



  

 

  

27 

 

 

Figure 27.  This image shows an early blunt crack sample (created by slicing/sawing) on the left and the 

current natural crack sample (created by the Hummer-Hammer device) on the right. 

4.3 Solution 

In fact, the importance of a natural crack (in the SENB test [18]), as opposed to a creating a blunt 

crack, to obtain the correct fracture toughness values is also stressed in the literature [20].  

Therefore, a natural crack initiation device is invented and successfully tested and evaluated in 

this research.  This device is able to produce a natural crack in the polymer and brittle samples 

and this has been proven two ways.  The first proof was by visual inspection.  In fact the sharp 

blade on the device does not penetrate more than one to two millimeters into the sample, while 

the natural crack propagation can be three to six millimeters into the sample, depending on the 

required length of the crack.  This shows that the end of the blade did not interfere with the 

crack tip to produce a dull/blunt crack.  The second proof was through the subsequent G1C and 

K1C values, determined according to the SENB ASTM standard [18], which were now very similar 

to published values [9].  It should be mentioned that the invention induces “natural cracks” 

consistently.  Once the device proved itself the device was named the “Hummer Hammer”, (see 

Figure 28).     
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Figure 28.  The Hummer Hammer SENB natural crack initiation device. 

 

4.4 Verification Studies 

Table 4 gives the comparison of the fracture toughness values produced employing various crack 

introduction techniques using the SENB tests [18] as well as their comparisons with those 

obtained from the miniature compact tension tests [18].  It can be seen that the Hummer-

Hammer technique induces “natural cracks” and produces fracture toughness values that are 

close to the published data [9] as well as those for the miniature compact tension tests [18]. 

Table 4.  Comparison of published fracture toughness values employing various techniques. 

Sample G1C 
[J/m^2] 

K1C [MPa 
m0.5] 

Crack type 

Epoxy (University of Sydney) 
[20] 

NA 0.8 Natural (similar to Hummer 
Hammer), SENB [18] 

Epon Epoxy TDS [9] 300 NA Compact Tension [18] 

Epon Epoxy 3325 3.1 saw method, SENB [18] 

Epon Epoxy 321 1.0 Hummer Hammer, SENB [18] 

Epon Epoxy 333 1.1 Compact Tension [18] 
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4.5 Intellectual Property Pursuit 

Initial inquiries with one of the authors of the ASTM standard [18] as to what the best method 

to induce “natural cracks’ in the SENB [18] samples was to hire a technician with “golden 

hands”.  Obviously reducing the amount of variables and uncertainties will lead to more 

systematic and productive research.  The Hummer-Hammer device achieves just that and 

significantly improves the repeatability of the natural cracks and eliminates the need for a 

technician with “golden hands”.  A patent and publication search for a similar device was 

conducted and no similar devices were found.  A patent application is being pursued [21]. 

4.6 Conclusions   

The Hummer-Hammer device produces “natural cracks” and fracture toughness values for the 

ASTM standard test [18] which are in line with published values [10].   
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CHAPTER 5 

PROCESSING AND FABRICATION 

5.1  Introduction 

As with many research and laboratory projects, there are a large number of variables which 

must be dealt with.  This research project was no different.  To reduce the impact of unknown 

variables, the process was kept as precise, controlled, and repeatable as possible.   

5.2  Mixing 

The mixing of nanomaterials is different than mixing of larger sized materials.  A high shear 

mixing method does not properly mix the nanomaterials within the polymers.  This was 

demonstrated first hand in the lab.  One sample was mixed using a high shear mixer and another 

identical sample was mixed with a tip sonicator.  After the mixing process, both samples were 

safely stored for several days.  After this period of time the nanomaterials in the shear mixed 

sample had already settled to the bottom of the container while the nanomaterials were still 

evenly distributed in the sonicated sample.  This was also confirmed in another publication [8].  

This experiment helps confirm that the sonication method successfully mixes the nanomaterials 

in the various samples (see Figure 29).   

 

Figure 29.  This image shows how the nanomaterials settle in the samples on the left while the 

sonicated samples stayed evenly distributed and properly mixed on the right. 

The various sonication parameters also influence the outcome of the mixing.  The duration, 

power, atmospheric conditions, and temperature during the sonication process all affect the 

level of enhancement.  The duration vs. effectiveness plot would be similar to a bell curve.  If the 
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sample is not sonicated long enough, the reactions between the nano-material and resin Part B 

do not occur.  If the sample is sonicated for too long, then the nanomaterials break down and do 

not enhance the resin as they should.  This means that there is an ideal time for which the 

sample should be sonicated, and depending on the nano-material, that time ranges from one to 

three hours.  The power output of the sonicator has a similar effect, too little and the reaction 

does not occur, too much and the nanomaterials are broken down.  The nanomaterials will also 

oxidize [17] if exposed to the atmosphere during the sonication process.  To prevent this, the 

sample is kept under an inert argon atmosphere during the sonication process.  During some 

initial experiments, the argon accidently ran out and the sample was exposed to regular 

atmosphere for a majority of the sonication.  The sample was repeated with the proper argon 

environment and then it was compared to the previous sample.  The sample in the argon 

environment exhibited higher mechanical toughness values.  To keep the sample at the ideal 

temperature, which was 90 degrees Celsius, a circulating water bath system was constructed 

(see Figure 30).  On several occasions, early on, the system malfunctioned resulting in 

temperatures that were too high and too low, and just like the argon accident, the sample was 

repeated.  It was shown that if the temperature was too low, the reaction did not occur, and if it 

was too high, it damaged the nanomaterials.  

All of the mixing parameters had to be balanced and properly monitored to ensure a properly 

enhanced sample.  The use of a timer on the sonicator, argon bath to shield the sample, and 

finely tuned water bath system resulted in properly mixed samples.        
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Figure 30.  Tip sonicator and cooling bath setup.  The top-right (1) arrow shows the cold water inlet and the 

bottom-right (2) arrow shows the hot water outlet.  The top-left (3) arrow shows the argon line into the top of the 

glass vessel containing the nanoresin sample. 

5.3  Degasing 

The resin systems had an approximate pot life of 10 hours after the Part A and Part B were 

mixed.  The mixing process would introduce countless micro bubbles into the sample.  Voids 

from bubbles, in the past samples, would negatively impact the mechanical testing data.  The 

degassing process, which involved placing the freshly mixed uncured sample into a vacuum 

chamber for an hour, would eliminate nearly all of the bubbles in the sample.   This technique 

eliminates the bubbles in the samples resulting in more consistent and reliable 

nanoresin/nanocomposites property values and high-performance parts. 

5.4  Cure Cycle and Monitoring 

Every cure cycle was monitored with a temperature data logger.  This would confirm that the 

oven controller successfully ran the preprogrammed cure cycle.  An improperly cured plate 

would result in poor mechanical performances.  This added process-control eliminated any 

uncertainty and process variability in this aspect (see Figure 31).   
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Figure 31.  This is an example of a cure cycle temperature profile process-control which was created from data 

stored in the temperature logger.  It compares the actual cure cycle in red to the programmed one in blue. 

5.5  Sample Dimension Consistency 

Another key aspect of process-control and consistent data is tight sample dimension tolerances.  

This was achieved by two specific methods.  The first was the use of vertical glass plates as the 

sample mold and the second was the use of a CNC machine to cut the samples.   

Initially, the sample plates were cast on a single horizontal plate with dams.  This process 

creates a relatively flat sample plate.  However, the sample plate normally varied in thickness by 

up to half a millimeter across the plate.  The plates average 3mm in thickness, and a 0.5mm 

fluctuation is around 15% of the average thickness.  This was remedied by using two vertical 

glass plates as a mold.  The glass is extremely flat and the use of two of them basically 

eliminated the thickness variance.  Now the average thickness only varies by 0.05mm at most, 

which is a less than 2% difference.   

The other useful tool in dimensional consistency was the use of a CNC machine to cut the 

tension dog bone samples and the SENB rectangles.  The gage thickness of the tension samples 

would vary by up to 0.2 mm when cut by a hand operated milling machine.  The CNC cut 

samples would only vary at most by 0.05mm.  The quantitative value of the tight dimensional 

tolerances manifested the low standard deviations in the mechanical testing data.  This is 

discussed in more detail in Section 6.6.       
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CHAPTER 6 

MECHANICAL PERFORMANCE EVALUATIONS 

6.1  Introduction 

The primary goal of this part of this study is to experimentally evaluate the mechanical 

performance of various nanoresins by measuring their tensile and fracture toughness values.  

Each of these testing methods returns very specific mechanical property data, which indicates 

whether the nano-material enhanced the resin system or not.   

6.2  Sample Specifications 

6.2.1 Tension 

The tension sample (see Figures 32 and 33) dimensions were derived from the ASTM D 638-03 

Standard [19].  The dimensions are from a Type IV specimen.  The key dimensions are the 

thickness and width of the gage section.  The standard calls for a thickness of 3.2 ± 0.4mm (used 

in this work).  The gage is ideally 6 ± 0.5mm, however, “Overall widths greater than the 

minimum indicated may be desirable for some materials in order to avoid breaking in the grips” 

[19].  The resin systems tend to be brittle and initial samples had issues breaking in the grips.  

The width was then set to 7mm, which resolved the issue.  The grip dimensions provided in the 

standard were followed as well.  

 

Figure 32.   Tension sample with associated ASTM standard [19] dimensions, in mm. 
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Figure 33.  This is an image of a typical tension sample. 

The tension test provides the strength, stiffness, strain at maximum load, and strain-to-failure of 

the material.  These values are obtained from two different plots which are the load-deflection 

curve and the stress-strain curve.  The load-deflection curve is produced by using data directly 

acquired by the Instron testing frame and an extensometer.  The stress-strain curve is produced 

by the following two equations: 

  
    

                    
             (1) 

 

  
          

                    
             (2) 

 The Modulus is then determined from the slope of the initial linear section of the stress-strain 

curve.  The strength is the maximum stress and the strain-to-failure is the strain at sample 

failure.    
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6.2.2 SENB (Single-Edge-Notched-Bending) 

Below, in Figure 34, is a rendering of a SENB sample showing the geometry and dimensions, 

according to the ASTM standard [18]. 

 

Figure 34.  SENB sample and associated dimensions in mm.  

Figure 35 shows a typical pristine epoxy SENB sample, which has been cracked utilizing the 

Hummer-Hammer device.  Figure 36 shows a nano-material enhanced SENB sample which has 

already been tested. 

 

Figure 35.  A pristine SENB sample, cracked and ready to be tested. 
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Figure 36.  A typical nano-material enhanced SENB sample, which has already been tested. 

The specimen dimensions were derived from the specifications given in the ASTM Standard [18].  

The thickness is a driving dimension for the SENB samples which was set at 3.3 mm in the initial 

part of the nanoresin research at HNL.   The ASTM [18] states that the width of the sample shall 

be four times that of the thickness, which results in a width of 12.8mm.  The length of the 

sample is then 4.4 times that of the width, which results in 56.3mm.  However, since the span of 

the supports is 50.8mm, it was determined that rounding down the 56.3mm to 56mm was 

allowable.  The depth of the natural crack is required to be between 45% and 55% of the width 

of the sample.  The Hummer-Hammer device [21] was successfully used to systematically 

produce “natural cracks” which fell between the given ranges.   

The SENB test provides the fracture toughness of the sample.  This is expressed through two 

different and important values, which are K1C and G1C.  K1C is the stress intensity factor which 

is the linear-elastic fracture toughness of a material.  K1C values for polymers average around 1 

MPa    while metals range from 20 to 60 MPa   .  G1C is the strain energy release rate, 

expressed in 
 

   .  The following equations define the K1C and G1C:  
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In Equation (3), P is the applied load, B is the thickness of the specimen, a is the crack length and 

W is the width of the specimen. 
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Equation (4) shows how the GIC value is calculated after determining the KIC value. Also in 

Equation (4),   is the Poisson’s ratio and E is the modulus.   

6.3  Tension Mechanical Testing Results 

There are several sources for the data contained in Table 3.  The first source is for a pure, or 

pristine, sample given in the manufactures material data sheet (MDS).  The “original” samples 

are from the initial plates created at the HNL.  These tests are then repeated in this work, and 

they are denoted by the “repeat” label.  Some nanomaterials and specific processes had not 

been tested before and those experiments are denoted by the “new” label.  Under each 

comparison there is a percent change value which compares the respective sample to the 

pristine baseline to gage the level of enhancement. 

In Table 5 “EP” stands for Epon 828 (the Part A), “J” stands for Jaffemine (the Part B), “pristine” 

stands for the baseline, “AND” is the HNL designation for Angstron GNSs, “CGA” is the HNL 

designation for XG Sciences GNSs, “CNT-COOH” stands for CNTs with COOH functional groups 

and purchased from Nano Lab, “CNT-NH2” stands for CNTs with NH2 functional groups and 

purchased from Nano Lab, and “0.02, 0.03, etc.” stand for the weight percentage of the nano-

material used within the resin system to create “nanoresin”(e.g. 0.03 represents 0.03% of nano-

material by weight, so that a 337.50g plate contains 0.10g of nanomaterials).          
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Table 5.  Epon pristine and nanoresin tension test data. 

 Tension 
     

Results 
Strength 

[MPa] STD 

Strain at 
max 

load/stress Strain-to-failure 
Modulus 

[GPa] 

EPJ Pristine 
     manufacturer MDS 67.00 

 
0.04 0.07 

 original 67.85 0.34 0.05 0.11 2.61 

repeat 67.85 0.21 0.05 0.10 2.57 

EPJ AND0.02 
     original 65.78 0.44 0.05 0.12 2.52 

repeat 66.40 0.41 0.05 0.08 2.56 

enhancement % -2.14% 
 

-5.20% -25.00% -1.92% 

EPJ AND0.03 
     new 62.52 0.06 0.05 0.12 2.51 

enhancement % -8.53% 
 

-7.14% 15.13% -2.23% 

EPJ CGA0.03 
     original 67.56 0.15 0.05 0.11 2.51 

repeat 64.21 0.42 0.05 0.11 2.52 

enhancement % -5.36% 
 

-2.40% -2.55% -3.64% 

EPJ CNT COOH (0.03%) 
     new 65.11 0.19 0.05 0.12 2.50 

enhancement % -4.04% 
 

-4.44% 14.26% -2.76% 

EPJ CNT NH2 (0.03%) 
     new 65.20 0.40 0.05 0.08 2.65 

enhancement % -3.91% 
 

-8.89% -16.83% 3.00% 

 

Table 5 compares the averages from all of the Epon epoxy samples.  The strength does slightly 

decrease in all of the samples.  There is also a slight decrease in the strain at max load/stress 

and strain-to-failure in all of the samples except for EPJ AND0.03.  The strain at failure for EPJ 

AND0.03 increased by 15%, which helps confirm the increased fracture toughness values 

discussed later.  All of the samples also saw a slight decrease in modulus.  This is not necessarily 

detrimental; it just means that the sample is more flexible.   
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In Table 6, HLYG stand for the Hunstman LY 1564 epoxy system, “AND” is the HNL designation for 

Angstron GNSs, 0.03 is the weight percentage of nanomaterials used in the resin system, and 3 

hour or 5 hour is the duration of the sonication process.  Unlike the Epon samples, the 

Hunstman samples in Table 6 did show increases in every property.   The most notable values 

being the near 10% increase in strength and the near 60% improvement in strain-to-failure for 

the HLYG AND0.03 5HR sample. 

Table 6.  Huntsman pristine and nanoresin tension test data. 

Tension 
     

Results 
Strength 

[MPa] STD 

Strain at 
max 

load/stress Strain-to-Failure Modulus [GPa] 

HLYG Pristine 
     new 66.57 0.47 0.04 0.06 2.53 

HLYG AND0.03 3 Hour 
     new 72.27 0.50 0.05 0.09 2.54 

enhancement % 8.56% 
 

15.56% 57.07% 0.28% 

HLYG AND0.03 5 Hour 
     new 71.30 0.37 0.05 0.09 2.61 

enhancement % 7.11% 
 

7.55% 57.07% 2.87% 

 

In general, various nanomaterials tend to increase the toughness rather than the strength.  The 

purpose of the tension testing is to verify that the toughness enhancements do not significantly 

decrease the strength.    The averages of all of the respective tension samples are shown in 

Figure 37, where MKII stands for the repeated sample plates.  There are two observations made 

from the plots shown in Figure 37.  One is that all of the strength values are within ± 10% of each 

other.  The next is that the enhanced Hunstman samples exhibited some improvements in 

strength while none of the Epon samples improved in strength.  In addition, the moduli for both 

Epon and Hunstman epoxies remained unchanged for all practical purposes.     
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Figure 37.  Stress-strain plots for the averages obtained from each set of samples. 

To ease the visual representation of the data, Figure 37 is split into Figure 38 through Figure 40.  

Figure 38 shows only the Epon resin and its GNS-enhanced nanoresin samples.  Again the pristine 

sample is slightly stronger, yet two out of the three enhanced samples showed increased strains 

at failure.  This increase of the failure strain is to be expected because these samples also had 

increases in fracture toughness.   

 

Figure 38.  Side-by-side comparison of only the Epon and GNS-enhanced nanoresin samples. 
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The CNTs did not significantly increase or decrease the strength of the Epon resin, as shown in 

Figure 39.  The CNTs did slightly improve the Epon’s strain-at-failure though.  Figure 40 shows the 

stress-strain curves for the Hunstman resin for both the pristine and GNS-enhanced nanoresins.   

 

Figure 39.  The comparison between Epon and CNT-enhanced nanoresin samples. 

 

Figure 40.  Side-by-side comparison of only the Huntsman and GNS-enhanced nanoresin samples. 
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As stated before, the nanomaterials have not increased the strength of the Epon epoxy.  This 

was not the case with the Hunstman LY1564 epoxy resin system.  The strengths of the Epon and 

Hunstman pristine samples are quite comparable.  The GNS- enhanced Hunstman samples did 

exhibit close to a 10% improvement in strength, while those for Epon did not change in strength.  

The other notable improvement was the 50% increase in strain-to-failure.   The moduli for all of 

the samples remained the same, for all practical purposes.    

6.4  SENB Mechanical Testing Results 

This section contains the data summaries for the SENB testing on the various pristine and 

enhanced nanoresin samples, which are given for Epon 828 in Table 7 and Hunstman LY 1564 in 

Table 8.   

Table 7.  SENB results for the Epon pristine and enhanced nanoresin data. 

 SENB 
    Results K1C [MPa m0.5] STD G1C [J/m^2] STD 

EPJ Pristine 
    original 1.06 0.11 329.27 47.23 

 repeat 1.12 0.16 321.69 47.98 

EPJ AND0.02 
    repeat 1.24 0.10 406.40 74.00 

enhancement % 10.71% 
 

26.33% 
 EPJ AND0.03 

    new 1.24 0.05 437.48 24.71 

enhancement % 9.31% 
 

26.47% 
 EPJ CGA0.03 

    original 1.22 0.50 432.10 40.50 

repeat 1.30 0.07 473.93 47.71 

enhancement % 16.40% 
 

47.33% 
 EPJ CNT COOH (0.03%) 

    new 1.06 0.08 352.75 52.87 

enhancement % -5.03% 
 

9.66% 
 EPJ CNT NH2 (0.03%) 

    new 1.12 0.17 424.81 82.49 

enhancement % -0.32% 
 

32.06% 
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There are several notable results in Table 7.  The first overall one is that all of the samples with 

GNSs exhibited fracture toughness improvements shown by the increased KIC and GIC values.  

The best out of all of the GNS samples was EPJ CGA0.03, which showed a nearly 50% GIC 

improvement.  The CNT enhanced samples behaved differently.  All of them showed a slightly 

decreased KIC while also having an increased GIC.  The EPJ CNT NH2 sample’s GIC value was 30% 

higher than the pristine, which is more improvement than all but one of the GNS samples.   

Table 8.  SENB results for the Huntsman pristine and enhanced nanoresin data. 

 SENB 
    Results K1C [MPa m0.5] STD G1C [J/m^2] STD 

HLYG Pristine 
    Manufacturer MDS 1.00 

 
255.00 

 new 0.97 0.67 254.33 36.73 

HLYG AND0.03 3HR 
    new 0.96 0.14 344.60 53.41 

enhancement % -0.85% 
 

35.49% 
 HLYG AND0.03 5HR 

    new 0.84 0.10 201.22 29.15 

enhancement % -13.93% 
 

-20.88% 
  

Table 8 summarizes the results of the Hunstman fracture toughness samples.  The pristine 

sample was nearly identical to the manufacturers MDS.  This helps confirm that the 

manufacturing process was conducted properly.  The purpose of this section of the study was to 

determine what effect the sonication time had on the samples functionalization.  In principle, an 

optimized sonication time would allow for the best functionalization of the nano-material and 

resin Part B.  The HLYG AND0.03 3HR sample, sonicated for the usual three hours, showed a 

slight decrease in KIC and a remarkable GIC improvement of 35%.  For example, samples 

sonicated for less than three hours did not produce the excellent results obtained at three 

hours.  Samples sonicated for five hours also showed a decrease in both KIC and GIC.   
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Figure 41 shows all of the SENB samples load-deflection curves.  The area under the curve, 

roughly forming a right triangle, with the vertical member being drawn from the maximum load 

down, is proportional to the energy required to propagate the natural crack.  The most notable 

sample is again EPJ CGA0.03 since the area under the curve is the largest and nearly 50% larger 

than the pristine sample.   

 

 

Figure 41.  SENB load-deflection plot compares the average values from each set of samples. 
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Figure 42 shows the enhancement exhibited by CGA0.03 clearer than Figure 41.  The pristine 

sample does show two peaks, the first at 0.22mm of deflection and a 27N load and the second 

peak at 0.27mm of deflection and again 27N of load.  The area used to calculate the KIC and GIC 

values is taken from the first failure point, which is the first peak.  The vertical blue line (at 0.23 

mm is added to the plot to assist in distinguishing the area used, and is not part of the original 

plot.  The area used for the enhanced CGA0.03 sample is the area of the larger triangle in Figure 

42.  

 

 

Figure 42.  SENB load-deflection compares the pristine sample with the best enhanced nanoresin 
sample, CGA0.03. 
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The CNTs did enhance the toughness of the Epon samples somewhat, as shown in Figure 42.  The 

pristine sample and EPJ-CNTNH2-0.03 did fail at similar loads; however, the enhanced sample 

was able to hold that load while deflecting more.  This resulted in a larger area under the curve, 

thus more energy was absorbed before the failure.    

 

 

Figure 43.  SENB load-deflection plot compares the pristine Epon sample with the CNT enhanced 

samples. 
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The Huntsman samples clearly show the result of too much sonication time, as shown in Figure 

44.  The three hour sample failed at a higher load and almost the same deflection as the pristine 

sample, again showing more area under the curve, and higher toughness values.  The five hour 

sample is nearly identical to the pristine sample, showing that the graphene did not properly 

react with the resin Part B.   

 

Figure 44.  SENB load-deflection plots comparing the pristine Huntsman samples with the enhanced 

Huntsman samples. 

6.5  Standard Deviations 

The methodical manufacturing and machining process is validated in the data as well.  All of the 

testing data had low standard deviations.  The SENB data clearly fluctuates the most, yet the 

standard deviations still range from acceptable (24%) to good (under 15%).  The tension data 

exhibited extremely low standard deviations.  The data for each specific property from every set 

of tension samples had standard deviations that were less than 1%.  The precise manufacturing 

methods and tight specimen dimensional tolerances are quantitatively shown through the low 

standard deviations.   
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CHAPTER 7 

CONCLUSIONS AND FUTURE WORK 

This research effort creating and testing nanoresins has proved that nanomaterials do 

significantly impact the performance of various resin systems.  The best nanoresin was shown to 

be Epon 828 with XG Science’s CGA graphene at a 0.03 weight percentage concentration.  This 

combination produced a nearly 50% fracture toughness improvement, 2% decrease in strain, 3% 

decrease in modulus, and only a 5% decrease in overall strength.  The fracture toughness 

improvement is worthwhile considering the minimal decrease in strength, strain, and modulus.   

The Hunstman resin system along with nanomaterials did show some interesting results as well.  

The Hunstman resin was the only one to show a nearly 10% improvement in strength and a 57% 

improvement of strain-to-failure.  The KIC did not improve but the GIC did improve by 35%. 

GNSs were not the only nanomaterials to produce interesting results.  The CNTs in EPJ-CNT-NH2 

sample produced only a slight decrease in various tension values.  More importantly the CNTs 

increased the GIC value by 32%. 

These values verify that the use of nanomaterials in various resin systems does produce 

enhancements.  The numbers show that the EPJ-CGA0.03 sample produces the best fracture 

toughness enhancements.  Further research will produce even better enhancements and the 

implementation of composites using nanoresins.   

As shown in this work, factors that affect the properties enhancements of the nanoresins 

include an optimized sonication time, the type of nanomaterials (e.g. CNTs or GNSs) and their 

functionalization with various functional groups, and proper mixing with the host resin (similar 

to those shown in this work).  Finally the best nanoresin system should be utilized in a 

composite structure, and subsequent mechanical properties tests should be conducted to 

determine the extent of fiber composite enhancements, employing the enhanced nanoresins.  

This enhancement could potentially lead to stronger and tougher turbine blades, wave turbine 

blades, composite aircraft structures, and many more.      
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Appendix 

Instron and Bluehill Specific Standard Operating Procedure 

 

This appendix explains the specific manufacturing steps, processes, and Instron and Bluehill 

operation. 

A.1 Plate Preparation Procedure 

A.1.1 Plate Surface Inspection and Preparation Inspect glass plates for voids and 

scratches. 

A.1.1.1 Ensure plate is flat using a level 

A.1.1.2 Use a hand scraper to gently scrape off any residue Frekote or resin that 

has adhered to the surface during previous casting (see Figure A1). 

 

Figure A1.  One of two glass sheets used to create the sample plate mold. 

A.1.1.1 On the back side of one glass plate, draw a 25x25cm square (see Figure 

A1). 

A.1.1.2 Inspect and clean another plate as a matching pair. 

A.1.1.3 Number each corner 1-4 starting in the top left corner in the 

counterclockwise direction. 

A.1.1.4 Assign the pair of plates one number if not already labeled (e.g., Plate 

#1). 

A.1.1.5 Use Ethyl Alcohol and compressed air to clean the surfaces of the 

plates.  Repeat as necessary to ensure plates are free of dust particles. 

A.1.2 Mold Release Application 

A.1.2.1 Transfer plates to the fume hood for Frekote application. 
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A.1.2.2 Clean front side of glass plate surface with Ethyl Alcohol.  

A.1.2.3 Spray 3 pulls of Frekote onto a lint free cloth and wipe onto glass 

surface of both glass plates. 

A.1.2.4 Using a dry corner of the cloth, wipe off any excess Frekote to prevent 

streaks. 

A.1.2.5 Wait 10-15 minutes and apply another layer of Frekote and repeat to 

achieve a total of 3 layers. 

A.1.3 Sealant Tape Application 

A.1.3.1 Using a ruler, measure and cut two pieces of 14cm length high 

temperature sealant tape and four 16cm length pieces (see Figure A2).  

 

 

Figure A2.  The image shows the high temperature sealant tape used to contain the resin in the mold. 

 

A.1.3.2 Take one of the 14cm tape and stretch out to the length of about 28cm 

and stick along the bottom line of the square and use the backing to 

press tape onto the glass surface for good adhesion (see Figure A3). 

 



  

 

  

52 

 

 

Figure A3.  Proper technique in applying the mold tape. 

 

A.1.3.3 Take one of the 16cm tape pieces and stretch out to the length of the 

left side of the square to the top edge of the glass pate, snip off the 

overhang and repeat this step for the right side (see Figure A4) 

 

 

Figure A4.  Applying the vertical section of tape. 

 

 

A.1.3.4 Ensure the corners are tightly sealed to prevent leakage 
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A.1.3.5 Repeat steps A.3.1.2 – A.3.1.4 with the remaining tape to add a second 

layer. 

A.1.4 Vertical Plate Preparation 

A.1.4.1 Obtain 6 glass spacers and measure and record thickness.  

A.1.4.2 Use spacers that are within 3 +/- 0.01 mm. 

A.1.4.3 Position spacers by placing two on each side of the sealant tape 

A.1.4.4 Sandwich the two glass plates with the mold release side facing each 

other. 

A.1.4.5 Place three C-clamps on the left and right side of the plate and use two 

metal spring clamps on the bottom (see Figure A5). 

A.1.4.6 Note: Before resin pouring, the two bottom clamps will be removed.  

A.1.4.7 Inspect sealant for good adhesion on both glass surfaces. 

 

 

Figure A5.  Completed mold ready for resin. 
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A.2   Epon and Jaffemine Resin Mixing, Nano-material dispersion, and 

Casting Procedure 
A2.1 Traveler and Can Preparation 

A.2.1.1 Print a copy of “Sample Traveler 08Aug11_Rev001”. 

A.2.1.2 Each traveler is designated to one plate; initial each step after 

completion. 

A.2.1.3 Obtain a tin can and use a can opener to cut out top portion 

A.2.1.4 Label can with sample name. 

A.2.1.5 Record weight of can. 

A2.2 Set up IKA Mixing Equipment 

A.2.2.1 Ensure the shaft and blades are tightly held together by a bolt using an 

Allen key. 

A.2.2.2 Attach the mixing blade to the head using the collet chuck. 

A.2.2.3 Place a lab jack under the blade. 

A.2.2.4 All mixing must be performed under the fume hood. 

A2.3 Mixing Part A and Part B (Unmodified/Modified) 

A.2.3.1 Charge can with EPON 828 using a spatula and record the weight. 

A.2.3.2 Center the can under the mixing blade and strap in place. 

A.2.3.3 Submerge mixing blade in the resin (note: the blade should not touch 

the bottom surface of the can). 

A.2.3.4 Turn on IKA mixer and set to 300 RPM. 

A.2.3.5 Mix for 10 minutes. 

A.2.3.6 Obtain Part B (unmodified or modified) following its sonication and 

dispersion procedure. 

A.2.3.7 Using a 10mL syringe, slowly add Part B to Part A while mixing. 

A.2.3.7.1 Add 35% by weight of Part B to Part A. 

A.2.3.7.2 For example if using 250g of EPON, add 87.5g of Jaffemine. 

A.2.3.8 Start the timer and mix for 30 minutes. 

A.2.3.9 Lift the mixing blade right above the surface of the resin mixture and 

increase the speed to remove the excess off the blade. 

A.2.3.10 Turn off the IKA mixer and disassemble blade. 
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A.2.3.11 Wipe excess resin with paper towel and rinse with Acetone, Ethanol, 

or BioSolv cleaning solution.  

A2.4 DSC Uncured Sample Preparation 

A2.4.1 Obtain an aluminum foil pan and a small snack sized Ziploc bag. 

A2.4.2 Label with sample name, date, and initials. 

A2.4.3 After mixing, immediately pour a small sample into the aluminum pan, 

Ziploc, and place in freezer. 

A2.5 Degas 

A2.5.1 Weigh and record the can + resin mixture.  

A2.5.2 Place can in small vacuum oven and degas at 27 inHg for 1 hour. 

A2.5.3 Measure and record weight of can + resin mixture after degas and note 

any differences. 

A2.6 Viscosity Sample Preparation 

A2.6.1 Using a 10mL syringe, obtain 9mL of the resin mixture and slowly pour 

into the SSA disposable chamber. 

A2.6.2 Careful not to introduce bubbles during pour as it may produce false 

viscosity readings. 

A2.6.3 Immediately place the chamber in the small sample adapter of the 

Brookfield viscometer for test. 

A2.7 Resin Pouring 

A2.7.1 Obtain a vertical glass plate mold and label with the sample name. 

A2.7.2 Remove the two metal clamps on the bottom of the plate and set 

upright.  

A2.7.3 Cut the bottom corner of the large Ziploc and place in between the two 

glass plates. 

A2.7.4 Gently and slowly pour resin mixture into the Ziploc and fill the mold to 

the edge of the square line. 

A2.7.5 Cover top of mold plate with parafilm and take down to large oven in 

Room 140.  
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A.3  Epoxy and Nanomaterials Mixing Processes 

The selected CNTs and GNSs are given in Tables A1 and A2, respectively.   

Table A1.  General information about the graphene and GNSs used. 

Supplier Class Surface Area [nm
2]

 
GNS Thickness 

[nm] 

GNS Diameter 

[nm] 

C/O ratio 

(SEM/EDS) 

Functional 

Groups 

XG Sciences (XG 700) GO 750 ~ 2 < 2000 81/18 
Carboxyl 
Hydroxyl 
Crabonyl 

Angstrom (N006) GNP 110 ~10-20 < 14,000 100 
NA 

 

Table A2.  General information about the CNTs used. 

Supplier Class Length [µm] purity CNT Diameter [nm] 
Functional Groups 

Nano-Lab (COOH) CNT 5-20 >95% 15 
COOH 

Nano-Lab (NH2) CNT 5-20 >95% 15 
NH2 

 

A.3.1 Base Polymers 

A.3.1.1 Epoxy Epon 828 / Jaffemine D-230. 

A.3.1.2 Hexion 712-3766 / Luperox DDM-9 catalyst (Cure at 70 C for 2 hours) 

 

A.3.2 Epoxy Nanomaterials Mixing Processes 

Table A3 lists various processes used to mix the GNS and CNT materials with the epoxy resin 

systems.  The processes (1) through (4) listed in Table A3 are explained in the following. 
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Table A3.  This table shows the various mixing processes.  The third one (highlighted in green/grey) is the primary 

process (BJ stands for Bor Jang [17]) . 

Process 
Dispersion 

Medium 

Dispersion 

Conditions 

Tip Sonicator 

(1) Ethanol Process Ethanol 2.5 hrs, < 45 C Low amplitude (~20) 

(2) BJ Process - 1 Part B 2.5 hrs, < 45 C Low amplitude (~20) 

(3) BJ Process - 2 Part B 3 hrs, 80-90 C High amplitude (~70) 

(4) Direct Mix Part A 2 hours, 1700RPM Not Required 

 

Process (1): Ethanol was used as the dispersion medium for Nanomaterials. The dispersed 

medium was mixed with Part A using IKA mixer at 300 rpm for 30 minutes.  Ethanol was 

evaporated from Part A under vacuum and heat at 50 C. Part B was mixed with the modified 

Part A mixture using IKA mixer for 30 minutes at 300 rpm. 

 

Process (2) & Process (3): Part B was used as the dispersion medium for Nanomaterials. The 

dispersed part B mixture was mixed with Part A directly using IKA mixer at 300 rpm for 30 

minutes. The Part A and B mix is then degassed using the small vacuum oven at 27inHg for 30 

min.  

 

Process (4): Nanomaterials were mixed in Part A directly using IKA mixer at 1700 rpm for 2 

hours. Part B is then added and mixed for 30 min at 300 rpm. The contents are degassed for 1 

hour at 27inHg using the small vacuum oven. 
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A.4  Sample Machining Procedure 

A.4.1 Cut a plastic sacrificial back plate, which is roughly 25cm by 25cm and 0.7cm 

thick.  A smooth sacrificial plate is needed so that the tape has a suitable surface 

to adhere to.   

A.4.2 Place rows of double sided tape onto the plastic, with roughly 1 cm between 

rows. 

A.4.3 Center and press the plate onto the taped plastic 

A.4.4 Press firmly all around the plate to ensure sufficient adhesion 

A.4.5 Strap plate onto CNC router bed (see Figures A6 and A7). 

 

Figure A6.  CNC used to cut samples for testing. 
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Figure A7.  Location of plate on CNC (note this is only the back plastic and does not have a sample plate taped to it). 

 

A.4.6 Verify router bit is clean and ready to cut. 

A.4.7 Plug in spindle power, turn on computer, and turn on servo controller. 

A.4.8 Open Mach3 software, select 3 axis option. 

A.4.9 Hold down green button on servo controller until red LED turns off (see Figure 

A8). 

 

Figure A8.  The CNC servo controller.  Press the green Enable button for several seconds until the red LED shuts off 
to sync the servos with the computer. 
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A.4.10 Click the reset button to allow the machine to move (see Figure A9). 

 

Figure A9.  CNC computer screen shot.  Note the large Reset button in the bottom left hand corner, the Load G-
Code button on the left middle, and the Cycle Start button outlined in green. 

A.4.11 Use the arrow keys to verify that the machine is synced. 

A.4.12 Load the G-code from the desktop named “new plate 3.3”. 

A.4.13 Zero the X-axis (see Figure A10) and the Y-axis (see Figure A11). 

A.4.14 Zero Z around 0.5mm above the sample plate (see Figure A10). 

 

Figure A10.  This figure shows where to zero the X-axis.  Note the distance between the spindle and the strap, 
approximately 5 to 10 mm (see double arrow in the figure). 
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Figure A11.  This figure shows where to zero the Y-axis just inside the bottom of the plate. 

 

A.4.15 For epoxy set the spindle controller to 250, for polyester set it to 170. 

 

 

Figure A12.  CNC Spindle motor controller. 

 

X 

Y 
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A.4.16 Set vacuum timer for 1 hour 15 minutes (see Figure A13). 

 

 

Figure A13.  CNC vacuum time box. 

 

A.4.17 Click start. 

A.4.18 Observe machine for first pass on first tension sample to ensure everything 

appears to be cutting as normal. 

A.4.19 Cut time is roughly 1 hour. 

A.4.20 Once complete, use vacuum to clean any residual dust. 

A.4.21 Remove the plate. 

A.4.22 Carefully remove the samples.  Take special care with the tension samples as to 

not crack them. 

A.5  SENB Cracking Procedure 

A.5.1 Clean samples to be cracked, trim off any remaining tabs from machining, 

remove any leftover tape. 

A.5.2 Install a new razor blade (see Figure A14) into the Hummer-Hammer device 

(explained in Chapter 4).   
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Figure A14.  Typical razor used to crack SENB samples. 

 

A.5.3 Place the sample in the Hummer-Hammer device vice (see Figure A15). 

 

Figure A15.  Proper placement of new sample in Hummer–Hammer device vice. 
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A.5.4 Raise the hammer until it hits the stop (normally three to five inches, see Figure 

A16). 

 

Figure A16.  Raise the hammer approximately 3 to 5 inches. 

A.5.5 Release the hammer and let it strike the razor clamp piece (see Figure A17). 

 

 

Figure A17.  This shows typical crack after a single strike. 
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A.5.6 While the blade is still stuck in the sample, use a Sharpie to draw a few dots at 

the end of the crack.  The ink will soak in and stain the crack (see Figure A18). 

A.5.7 The sample is stained because sometimes there are several different cracks, and 

it is impossible to distinguish which one the original crack is.  Figure A19 shows 

how critical the staining step is. 

A.5.8 Raise the razor clamp piece and carefully remove the sample. 

 

 

Figure A18.  This figure shows how to stain the crack. 

 

 

Figure A19.  This image shows a non-stained sample, left, and a stained sample, right.  Notice how it is nearly 
impossible to distinguish the crack on the left sample. 
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A.6  SENB Testing Procedure 

A.6.1 Instron testing machine set-up 

A.6.1.1 Power on the Instron frame and allow to warm up for 30 minutes (see 

Figure A20). 

 

Figure A20.  To power on the Instron frame, start with the power supply on the floor and then the actual frame. 

 

A.6.1.2 Ensure roller pins on upper and lower pins roll freely 

A.6.1.3 Bolt the lower supports open at 2 inches wide (see Figure A21). 

A.6.1.4 Ensure the nose (upper pin) is evenly spaced in-between and parallel to 

the lower supports. 

 

Figure A21.  This figure shows proper sample placement and separation of lower supports. 

 

2” 
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A.6.1.5 Open BlueHill and the corresponding Excel file with sample dimensions. 

A.6.1.6 Open SENB test method, “SENB Small Sample…”. 

A.6.1.7 Create a new folder then a file with batch name (both have same name) 

e.g. \EPJ-AND1035-BJ(CNC)\ EPJ-AND1035-BJ(CNC).is_flex. 

A.6.1.8 Calibrate the load cell using BlueHill Software by clicking on load-cell 

icon  located in the upper right and follow the prompts to calibrate. 

The icon will change to  once calibrated. 

A.6.1.9 Click on the “Method” tab. 

A.6.1.10 Enter the sample name in the “General\Sample Description” and “Graph 

1”. 

A.6.1.11 Ensure “Control\End of Test\End Test 1\Criteria 1” is set to flexure load 

and 75N (see Figure A22). 

 

Figure A22.  End of test conditions. 

A.6.2 Test Procedure  

A.6.2.1 Place sample onto the lower supports with crack directly under the 

nose.  Ensure nose is not touching sample (verify by observing load 

displayed within BlueHill GUI). 

A.6.2.2 Input sample name and dimensions from the Excel sheet . 

A.6.2.3 Balance the load cell (see auto balance in Figure A23). 

A.6.2.4 Reset extension by clicking . 

A.6.2.5 Start test by pressing,      
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Figure A23.  Auto-balance pop up window. 

A.6.2.6 Stop/Return crosshead after sample fails; noted by sharp decrease on 

load-displacement plot. 

A.6.2.7 Remove sample and load new sample per A.6.2.1. 

A.6.2.8 Repeat steps A.6.2.1 through A.6.2.7 until all samples are tested. 

A.6.2.9 After testing all 10 samples, record the maximum flexure load (PQ), 

flexure extension at PQ, and energy at PQ into the Excel file (see Figure 

A24). 
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Figure A24.  Screen capture showing typical plots and values 

 

A.6.2.10 Finish sample. 

A.6.2.11 Start a new sample for compliance using the same test method and 

suffix the file name prefixed with “_COMPL”. 

A.6.2.12 Close the lower supports completely (see Figure A25). 

 

Figure A25.  Lower support configured for compliance testing. 
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A.6.2.13 Change “Control\End of Test\End Test 1\Criteria 1\Value 1”, set the PQ 

for that specific sample (see Figure A26). 

 

Figure A26.  Screen capture showing end of test input. 

A.6.2.14 Place either the 1 or 3 side (i.e. the left or right side) of the broken 

sample onto the closed lower supports (see Figure A27). 

 

Figure A27.  Proper placement of sample for compliance testing. 
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A.6.2.15 After testing all 10 samples, record the flexure load (PQ) and energy 

(UI) at PQ into the Excel file on the MS Excel sheet. 

A.6.2.16 Copy the both graphs (load/extension and tensile stress/strain1) from 

BlueHill to the MS Excel sheet. 

A.6.2.17 Copy the Instron data onto a removable drive for back-up 

A.6.2.18 Power off machine. 

 

A.6.3 Crack Measurement 

A.6.3.1 After the sample has been tested to failure, take half the sample and 

measure the initial crack (marked by Sharpie ink) length at three points (see 

Figure A28).  

A.6.3.2 Document measurements on Excel test sheet for calculations 

 

Figure A28.  Crack measurement. 

A.6.4 Lessons Learned 

A.6.4.1 “Sawing” a crack using a razor blade as indicated on the ASTM standard [18]did not 

generate a sharp crack and provided inaccurate fracture toughness, roughly by a factor 

of 10 or higher. 

A.6.4.2 Because the initial crack must be a sharp crack, it is very difficult to determine length if 

the crack is not somehow marked.  This is the reason a Sharpie marker was used to 

allow the ink to soak into the crack to make the edge distinguishable. 

 

Measurement 1 

Measurement 2 

Measurement 3 
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A.7   Tension Testing Procedure 

A.7.1 Set Up 

A.7.1.1 Ensure lead screw lock-nuts are loose. 

A.7.1.2 Power on the machines and allow them to warm up for 30 minutes (see 

Figure A29). 

 

Figure A29.  Power switch for the tension Instron frame. 

 

A.7.1.3 Turn on the air cylinder to 90 psi for the pneumatic grips and connect 

the grips (see Figures A30 and A31). 
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Figure A30.  Connect the airlines on the top and bottom grip after valve on master air tank has been 
opened (the fittings are shown by the arrows). 

 

 

Figure A31.  Air tank for pneumatic grips. 
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A.7.1.4 Place a small piece of electrical tape onto the extensometer blades to 

prevent razor edges from cutting into the sample (see Figure A32). 

 

 

Figure A32.  Extensometer with electrical tape padding the sharp edges. 

 

A.7.1.5 Open BlueHill and the corresponding MS Excel file with the sample 

dimensions. 

A.7.1.6 Open the tension test method, “Tension Test Example-davood-

3.im_tens”. 

A.7.1.7 Create a new folder then a file with the same batch name. 

A.7.1.8 Calibrate the load cell using BlueHill Software by clicking on load-cell 

icon  located in the upper right and follow the prompts to 

calibrate. The icon will change to  once calibrated. 

A.7.1.9 Calibrate the extensometer using BlueHill by clicking the strain 1 icon 

 located in the upper right. 

A.7.1.10 Click on the “Method” tab. 

A.7.1.11 Under “Method\General\Sample\Sample description” insert the batch 

name in text box. 
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A.7.1.12 Ensure the “Method\Control\Test\Rate 1” is set to 5 mm/min [19]. 

A.7.1.13 Change the titles on “Method\Graph 1” and “Method\Graph 2” to the 

batch name. 

A.7.1.14 Activate Specimen Protect functionality from the “Control Panel Setup”

 in the upper left and set threshold to 0.5N 

A.7.1.15 Click “Test” tab to prepare for testing. 

A.7.2 Testing 

A.7.2.1 Balance load cell, . 

A.7.2.2 Load specimen into top grip, number 1 side at top, jog up and down to 

ensure sample will be gripped properly in lower grip. 

A.7.2.3 Turn on specimen protect and close lower grip (see Figure A33). 

 

Figure A33.  The arrows show the switches used to close the grips. 

A.7.2.4 Gently attach extensometer. 

A.7.2.5 Allow specimen protect to stabilize the load below the threshold, i.e. 

0.5N 
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A.7.2.6 Balance load cell and extensometer by either selecting the soft-keys on 

the software or the corresponding button the control panel. 

A.7.2.7 Reset the gauge length by pressing the button on the control panel or 

selecting and resetting the gauge length. 

A.7.2.8 Place the batch name and sample number in the “Comment” box and 

input sample dimensions (see Figure A34). 

 

Figure A34. Specimen naming and dimensions. 

A.7.2.9 Verify the rate is set to 5 mm/min [19]. 

A.7.2.10 Start test. 

A.7.2.11 Once sample breaks, remove extensometer, and broken sample 

pieces. 

A.7.2.12 Return frame to original length. 

A.7.2.13 Document location of sample failure. 

A.7.2.14 Repeat steps A.7.2.1 through A.7.2.13 for remaining samples. 

A.7.2.15 After testing all samples, record the maximum load (PQ), tensile stress 

at max load, tensile strain at max load, tensile strain and break and 

the Modulus on the MS excel sheet. 

A.7.2.16 Identify any anomalies observed while testing or equipment 

malfunctions on the test sheet. 

A.7.2.17 Copy the both graphs (load/extension and tensile stress/strain1) from 

BlueHill to the MS Excel sheet. 

A.7.2.18 Copy the Instron data onto a removable drive for back-up. 

A.7.2.19 Power off machine, close air valve, disconnect airlines at grips and 

release pressure. 

  

Sample name 

Test Rate 

Dimensions 
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